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Abstract Abstract 
The arrest of DNA replication in Escherichia coli is triggered by the encounter of a replisome with a Tus 
protein-Ter DNA complex. A replication fork can pass through a Tus-Ter complex when traveling in one 
direction but not the other, and the chromosomal Ter sites are oriented so replication forks can enter, but 
not exit, the terminus region. The Tus-Ter complex acts by blocking the action of the replicative DnaB 
helicase, but details of the mechanism are uncertain. One proposed mechanism involves a specific 
interaction between Tus-Ter and the helicase that prevents further DNA unwinding, while another is that 
the Tus-Ter complex itself is sufficient to block the helicase in a polar manner, without the need for 
specific protein-protein interactions. This review integrates three decades of experimental information on 
the action of the Tus-Ter complex with information available from the Tus-TerA crystal structure. We 
conclude that while it is possible to explain polar fork arrest by a mechanism involving only the Tus-Ter 
interaction, there are also strong indications of a role for specific Tus-DnaB interactions. The evidence 
suggests, therefore, that the termination system is more subtle and complex than may have been 
assumed. We describe some further experiments and insights that may assist in unraveling the details of 
this fascinating process. 
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IN T R O D U C T IO N

S co p e

D N A  re p l ic a t io n  in  E s c h e r ic h ia  c o l i  in i t ia te s  a t  o r iC ,  th e  

u n iq u e  o r ig in  o f  r e p l ic a t io n ,  a n d  p r o c e e d s  b id ire c tio n a lly  

(1 1 9 ). T h is  c r e a te s  tw o  r e p l ic a t io n  fo rk s  th a t  in v a d e  th e  d u p le x  

D N A  o n  e i th e r  s id e  o f  th e  o r ig in . T h e  fo rk s  m o v e  a r o u n d  th e  

c i rc u la r  c h ro m o s o m e  a t  a  r a te  o f  a b o u t  1 ,000 n u c le o t id e s  p e r  

s e c o n d  a n d  so  m e e t  a b o u t  40  m in  a f te r  in i t ia t io n  in  a r e g io n  

o p p o s i te  o r iC .  I n  th is  r e g io n  a re  lo c a te d  a s e r ie s  o f  s ite s ,  c a lle d  

te rm in a t io n  o r  T e r  s ite s , t h a t  b lo c k  r e p l ic a t io n  fo rk s  m o v in g  in  

o n e  d ir e c t io n  b u t  n o t  th e  o th e r  (F ig . 1). T h is  c r e a te s  a “ r e p l i ­

c a t io n  fo rk  t r a p ” th a t  a llo w s fo rk s  to  e n t e r  b u t  n o t  to  le a v e  th e  

te rm in u s  re g io n  (6 6 , 67).

H e r e  w e  g ive  a h is to r ic a l  o v e rv ie w  o f  th e  d e v e lo p m e n t  o f  th is  

m o d e l  f o r  th e  p ro c e s s  o f  r e p l ic a t io n  te rm in a t io n  in  E . c o l i , a n d  

th e n  w e  e x a m in e  in  m o le c u la r  d e ta i l  th e  c u r r e n t  h y p o th e s e s  

c o n c e rn in g  th e  m e c h a n is m  b y  w h ic h  in te r a c t io n  o f  th e  r e p l i ­

c a t io n  te r m in a to r  p r o te in  (T u s )  a t  T er  s ite s  le a d s  to  p o la r

* C o r r e sp o n d in g  a u th or . M a il in g  ad d ress:  S c h o o l o f  C h em istr y , U n i ­

v e r s ity  o f  S o u th a m p to n , S o u th a m p to n  S 0 1 7  1B J , U n it e d  K in gd om . 

P h o n e : (4 4 )  23  80 5 9  4 1 6 4 . F ax: (4 4 )  23  80 59  68 05 . E -m ail:  D .C .N e y lo n  

@ so to n .a c .u k .

a r r e s t  o f  a d v a n c in g  r e p l ic a t io n  fo rk s . S o m e  n e w  in s ig h ts  a re  

d e v e lo p e d .

S e v e ra l  a s p e c ts  o f  r e p l ic a t io n  te rm in a t io n  (7 , 13 , 19 , 2 6 , 58 , 

67, 78 , 108 , 120, 145, 153) a n d  T u s -T e r  in te r a c t io n  (8 5 , 170 ) 

h a v e  b e e n  re v ie w e d  p re v io u s ly . A lth o u g h  d isc u ss io n  h e r e  is 

l im ite d  to  th e  sy s te m  as  i t  h a s  e v o lv e d  in  E . c o l i  a n d  c lo se ly  

r e la te d  e u b a c te r ia ,  u n d e r s ta n d in g  o f  te rm in a t io n  in  E . c o l i  h a s  

d e v e lo p e d  in  p a r a l le l  w ith  w o rk  o n  th e  m e c h a n is t ic a l ly  r e la te d  

sy s te m  in  B a c il lu s  s u b t ili s  (2 6 , 1 69) . T h e  B . s u b t ili s  t e rm in a t io n  

sy s te m  is th e  o n ly  o th e r  o n e  w h e re  th e  m o le c u la r  s t r u c tu r e  o f  

th e  r e p l ic a t io n  t e r m in a to r  p r o te in  ( R T P )  in  c o m p le x  w ith  a 

c o g n a te  T er  s ite  is  k n o w n  a n d  th e  o n ly  o n e  w h e re  s t r u c tu r e s  o f  

b o th  th e  f re e  (2 7 , 13 4) a n d  D N A -b o u n d  (1 7 2 ) fo rm s  o f  th e  

p r o te in  h a v e  b e e n  d e te r m in e d .  A lth o u g h  th e  T e r  s ite s  in  B . 

su b t ili s  w e re  in it ia l ly  th o u g h t  to  b e  s im ila r  to  th o s e  f ro m  E . c o l i  

(7 1 ), th e  tw o  te r m in a to r  p r o te in s  a r e  c o m p le te ly  u n r e la te d  in  

s e q u e n c e  a n d  in  s t r u c tu re  a n d  b in d  th e i r  r e s p e c tiv e  T er  s ite s  in  

q u ite  d if fe re n t  w ay s (8 5 , 172). R T P  b in d s  a s  a d im e r  o f  d im e rs  

to  tw o  s y m m e tr ic  h a lf -s ite s  w ith in  a fu ll  B . s u b t ili s  T er  s ite  

(d is c u s s e d  r e c e n t ly  in  d e ta i l  in  r e f e r e n c e  4 4 ) , w h ile  as  d e ­

s c r ib e d  b e lo w , T u s  b in d s  as  a m o n o m e r  to  a fu ll  ( a sy m m e tr ic )  

E . c o l i T e r  s ite .

D N A  sy n th e s is  a t  r e p l ic a t io n  fo rk s  is m e d ia te d  b y  a m u lt i ­

p r o te in  a s se m b ly  c a lle d  th e  re p l i s o m e , w h ic h  a c c o m p lish e s
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F IG . 1. P o s it io n s  o f  T e r  s i t e s  a n d  th e  tu s  g e n e  o n  th e  E . c o l i  c h r o ­

m o so m e . A ll  T e r  s i t e s  are o r ie n te d  s o  th a t  th e  r e p lic a tio n  fo r k s can  

tr av el in  th e  o r ig in -to -te r m in u s  d ir e c t io n  b u t n o t  th e  o p p o s ite  d ir e c ­

t io n . T h e  tu s  g e n e  is  ju s t  d o w n s tr e a m  o f  T erB .

c o n c e r te d  D N A  sy n th e s is  o n  b o th  th e  le a d in g  a n d  la g g in g  

s t r a n d s  (F ig . 2 ) . T h e  ro le s  o f  th e  in d iv id u a l  p r o te in  c o m p o ­

n e n t s  o f  th e  re p l i s o m e  a n d  th e  m a c ro m o le c u la r  in te r a c t io n s  

th a t  d e te rm in e  its  s t r u c tu r e  a n d  fu n c t io n  h a v e  b e e n  th e  s u b je c t  

o f  in te n s iv e  s tu d y  o v e r  th e  p a s t  25 y e a r s ,  a n d  th is  h a s  le d  to  

s o p h is t ic a te d  m o d e ls  fo r  h o w  th e  c o m p le x  w o rk s . T h e s e  h a v e  

b e e n  th e  s u b je c t  o f  r e c e n t  re v ie w s  (8 , 15, 34 , 35 , 118, 153 ).

E a c h  r e p lis o m e  (F ig . 2 B ) is c o m p r is e d  o f  a n  a s y m m e tr ic  

d im e r ic  D N A  p o ly m e ra s e  I I I  h o lo e n z y m e  (1 1 8 ), w h ic h  is r e ­

sp o n s ib le  fo r  c o n c e r te d  d u p lic a t io n  o f  b o th  te m p la te  s t r a n d s  

(F ig . 2 A ), to g e th e r  w ith  a p r im o s o m e  th a t  r e p e a te d ly  s y n th e ­

s iz es  s h o r t  R N A  p r im e r s  o n  th e  la g g in g  s tr a n d . T h e  p r im o s o m e  

m o v e s  o n  th e  la g g in g  s t r a n d  in  th e  5 '- 3 '  d ire c tio n ,  p o w e r e d  by  

th e  r in g -s h a p e d  h e x a m e r ic  D n a B  h e l ic a se , w h ic h  is  a lso  r e ­

sp o n s ib le  fo r  s e p a r a t io n  o f  th e  te m p la te  D N A  s tra n d s .  T h u s ,  if  

w e  w e re  to  p r o p o s e  fo r  th e  m o m e n t  t h a t  a  c o m p le x  o f  T u s  w ith  

a T er  s ite  p ro v id e s  a p h y s ic a l b lo c k  to  p ro g re s s  o f  a r e p l ic a t io n  

fo rk , w e  m ig h t e x p e c t  th is  to  b e  m a n if e s te d  a s  a n  in h ib i t io n  o f  

s t r a n d  s e p a r a t io n  b y  D n a B  a t  th e  a p e x  o f  th e  r e p l ic a t io n  fo rk  

(F ig . 2 B ). W e  w ill r e tu r n  l a te r  to  e x a m in e  th e s e  p ro c e s s e s  in  

d e ta il .

O r ig in s  o f  th e  C o n c e p t  o f  R e p lic a tio n  T e r m in a tio n

I n te r e s t  in  th e  p ro c e s s  o f  r e p l ic a t io n  te rm in a t io n  w a s  la rg e ly  

s p a rk e d  b y  th e  d isc o v e ry  t h a t  r e p l ic a t io n  in  E . c o l i  p r o c e e d s  

b id ire c tio n a lly  f ro m  o r iC ,  lo c a te d  a t  85 m in  o n  th e  1 0 0 -m in  

l in k a g e  m a p  o f  th e  c i rc u la r  c h ro m o s o m e  ( 1 7 ,1 4 6 ) .  I t  w as  c le a r , 

th e r e f o r e ,  th a t  tw o  r e p l ic a t io n  fo rk s  m o v in g  in  o p p o s i te  d ir e c ­

t io n s  w o u ld  m e e t  a t  s o m e  p o in t  a p p ro x im a te ly  h a lfw a y  a r o u n d  

th e  c h ro m o s o m e  f ro m  th e  o r ig in  (F ig . 1). T w o  e a r ly  r e p o r ts  

p la c e d  th e  s ite  o f  t e rm in a t io n  a t  so m e  p o in t  c lo se  to  th e  trp  

o p e r o n  a t  28 m in  ( 2 2 ,1 1 7 ) .  W ith in  th e  e r r o r  o f  th e  m a p p in g  by  

B ird  e t  al. (2 2 ), th e  t e rm in a t io n  s ite  w a s  o b s e rv e d  to  b e  d ia ­

m e tr ic a lly  o p p o s i te  o r iC .  T h o s e  w o rk e rs  b r ie f ly  d is c u s se d  tw o  

m e c h a n is m s  fo r  te rm in a t io n ,  fa v o r in g  s im p le  c o llis io n  o f  r e p ­

lic a t io n  fo rk s  o v e r  t e rm in a t io n  a t  a  sp e c if ic  s ite . T h e y  n o te d ,  

h o w e v e r , t h a t  th e r e  w a s  n o  s t ro n g  e v id e n c e  in  f a v o r  o f  e i th e r  

m e c h a n ism .

T h e  q u e s tio n  o f  w h e th e r  r e p l ic a t io n  te r m in a te d  a t  a  sp ec if ic  

s ite  w a s  e x a m in e d  in  v a r io u s  e x p e r im e n ta l  sy s te m s, a n d  th e  

f irs t  in d ic a t io n  o f  th e  e x is te n c e  o f  a d is c re te  te rm in u s  w as

F IG . 2. P r o te in -p r o te in  in te r a c t io n s  in  th e  E s c h e r ic h ia  c o l i  r e p liso m e  a s  it  a p p r o a c h e s  th e  T u s -J e r  te r m in a t io n  b lo c k . ( A )  T h e  D N A  p o ly m e r a se  

III (P o l  II I )  h o lo e n z y m e  is  an  asy m m e tric  d im e r  c o n ta in in g  10  d iffe re n t su b u n its  th a t in c lu d e  th e  tw in  p o ly m e r a s e  ( a )  su b u n its  th a t s im u lta n e o u s ly  

r e p lic a te  th e  tw o  s tr a n d s o f  th e  D N A  te m p la te . (B )  T h e  r e p liso m e  is  a m u lt ip r o te in  c o m p le x  m a d e  u p  o f  th e  D n a B  h e lic a se ,  th e  D n a G  p r im a se ,  

an d  th e  P o l III  h o lo e n z y m e . E a c h  r e p lic a te d  str an d  c o m m e n c e s  w ith  a sh o rt  R N A  p rim er sy n th e s iz e d  b y  D n a G  p r im ase  r e c r u ite d  fr o m  so lu t io n  

b y  in te r a c t io n  w ith  D n a B . S in g le -s tr a n d e d  D N A  is  p r o te c te d  b y  S S B . A d a p te d  fr o m  F ig . 2  o f  r e fe r e n c e  1 53  w ith  th e  p e r m is s io n  o f  th e  a u th o rs .
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fo u n d  in  s tu d ie s  w ith  th e  c o n ju g a tiv e  R  p la s m id  R 6K  a n d  a 

d e le t io n  m u ta n t  o f  it ,  R S F 1 0 4 0  (3 3 ,1 1 2 ) .  E le c t r o n  m ic ro sc o p ic  

e x a m in a tio n  o f  R S F 1 0 4 0  r e p l ic a t io n  in te r m e d ia te s  sh o w e d  tw o  

o r ig in s  ( a  a n d  (3) a n d  a s in g le  te rm in u s  (3 3 ). R e p l ic a t io n  w as  

in i t ia te d  f ro m  th e  a  o r ig in , p ro g re s s in g  f irs t  to w a rd s  th e  

“r ig h t ,” h a l t in g  a t  th e  te rm in u s ,  a n d  th e n  p ro g re s s in g  to w a rd s  

th e  “l e f t” f ro m  th e  s a m e  o r ig in  to  th e  s a m e  te rm in u s .  R e p l i ­

c a t io n  c o u ld  a lso  o c c u r  f ro m  th e  (3 o r ig in  in  th e  s a m e  a s y m ­

m e tr ic ,  b id i r e c t io n a l  m a n n e r  to  th e  s a m e  te rm in u s .  T h e  te r m i ­

n u s  is th u s  r e s p o n s ib le  fo r  c o n v e r t in g  u n id i r e c t io n a l  r e p l ic a t io n  

in to  a s e q u e n t ia l  b id ir e c t io n a l  m o d e  (3 3 ). T h e s e  c o n c lu s io n s  

a re  u n a f f e c te d  b y  r e c e n t  s tu d ie s  th a t  sh o w  th e  in i t ia t io n  o f  R 6K  

r e p l ic a t io n  to  b e  m o re  c o m p lic a te d ,  in v o lv in g  lo o p in g  in te r a c ­

t io n s  o f  th e  77 r e p l ic a t io n  in i t ia to r  p r o te in  b o u n d  a t  a  th i r d  

o r ig in  (7 ) w ith  th e  a  a n d  (3 o r ig in s  (1 , 2).

S o o n  a f te r ,  in  19 77 , e v id e n c e  fo r  a d is c re te  s ite  f o r  t e r m in a ­

t io n  in  th e  E . c o l i  c h ro m o s o m e  w as  r e p o r te d .  L o u a r n  e t  al.

( 1 1 0 ) c h a n g e d  th e  p o s i t io n  o f  r e p l ic a t io n  in i t ia t io n  by  in te g r a t ­

in g  R -p la s m id  o r ig in s  a t  v a r io u s  s ite s  in  th e  c h ro m o s o m e  o f  a 

t e m p e r a tu re - s e n s i t iv e  m u ta n t  w ith  a m u ta t io n  in  d n a A ,  th e  

g e n e  t h a t  e n c o d e s  th e  r e p l ic a t io n  in i t ia to r  p r o te in  D n a A  (1 1 9 ). 

T h e s e  s tr a in s  c o u ld  n o t  in i t ia te  r e p l ic a t io n  f ro m  o r iC  a t  th e  

n o n p e rm is s iv e  t e m p e r a tu r e ,  b u t  r e p l ic a t io n  c o u ld  s ti l l  in i t ia te  

a t  th e  in te g r a te d  o r ig in s  a n d  p r o c e e d  b id ire c tio n a lly . I t  w as  

f o u n d  to  te rm in a te  d ia m e tr ic a l ly  o p p o s ite  o r iC  ( b e tw e e n  

attd\>80 a t  28  m in  a n d  a t t P I H  a t  45 m in )  e v e n  w h e n  th e  n e w  

o r ig in  w as  d is p la c e d  b y  26  m in  f ro m  it. U s in g  a s im ila r  sy s te m , 

K u e m p e l  e t  al. (10 3 , 10 4) lo c a te d  th e  te rm in u s  b e tw e e n  a r o D  

a n d  r a c  a t  38  a n d  30  m in , re sp e c tiv e ly , a n d  L o u a r n  e t  al. ( I l l ) 

l a te r  r e d u c e d  th is  in te rv a l  to  th e  6 m in  b e tw e e n  m a n  a n d  ra c .

I t  w a s  s till a n  o p e n  q u e s t io n  w h e th e r  th e  R 6K  a n d  E . c o l i  

t e rm in i  w o rk e d  b y  th e  s a m e  m e c h a n is m . B o th  te rm in i  b lo c k e d  

r e p l ic a t io n  a t  sp e c if ic  s ite s ,  a n d  b o th  s e e m e d  to  w o rk  i n d e p e n ­

d e n t ly  o f  th e  s ite  o f  in i t ia t io n  a n d  th e  ty p e  o f  o r ig in . T h e  E . c o l i  

t e rm in u s  c o u ld  b lo c k  b id ir e c t io n a l  r e p l ic a t io n  in i t ia te d  f ro m  

o r iC  o r  ( sy m m e tr ic  o r  a s y m m e tr ic )  r e p l ic a t io n  f ro m  v a r io u s  

in te g r a te d  p la s m id  o r  p h a g e  o r ig in s  a t  v a r io u s  lo c a tio n s  (103 , 

1 0 4 ,1 1 0 ) ,  w h ile  th e  R 6K  te rm in u s  c o u ld  b lo c k  re p l ic a t io n  f ro m  

th e  R 6K  o r ig in s  in  R S F 1 0 1 0  (3 3 ) a n d  f ro m  a C o lE l  o r ig in  in  

tw o  d if fe re n t  p o s i t io n s  in  a p la s m id  (9 8 ). B o th  te rm in i  a p p a r ­

e n t ly  b lo c k e d  r e p l ic a t io n  fo rk s  a r r iv in g  a t  th e  te rm in u s  f ro m  

b o th  d ire c tio n s . H o w e v e r , a s  d e s c r ib e d  a b o v e , th e  m o d e s  o f  

r e p l ic a t io n  a re  q u i te  d if fe re n t.  I n  a d d i t io n ,  w h ile  th e  R 6K  t e r ­

m in u s  re g io n  w a s  lo c a te d  to  a 2 1 6 -b p  s e g m e n t  o f  D N A  (1 2 ), 

th e  c o n t in u in g  d ifficu lty  in  p in p o in t in g  th e  p r e c is e  lo c a tio n  o f  

th e  c h ro m o s o m a l  te rm in u s  w a s  b e g in n in g  to  su g g e s t  t h a t  i t  w as  

a la rg e  re g io n  r a th e r  th a n  a sp e c if ic  s ite .

T h is  p r o b le m  w as  so lv e d  in  1987 w ith  th e  r e a l iz a t io n  t h a t  th e  

E . c o l i  t e rm in u s  w a s  m a d e  u p  o f  d is c re te  lo c i t h a t  s e p a ra te ly  

b lo c k e d  r e p l ic a t io n  fo rk s  m o v in g  in  o p p o s i te  d ir e c tio n s  in  a 

p o la r  m a n n e r  (3 8 , 6 8 , 138). T h e  f irs t  tw o  te rm in a t io n  s ite s  

id e n t i f ie d  w e re  s i tu a te d  a t  e i th e r  e n d  o f  th e  te rm in u s  re g io n  

(F ig . 1); o n e  w a s  lo c a te d  c lo se  to  trp  a t  28  m in  a n d  th e  o th e r  

n e a r  m a n A  a t  36  m in  ( 6 8 ,1 3 8 ) .  T h is  p o la r  b lo c k  to  p ro g re s s  o f  

th e  f o rk  th e r e fo r e  a p p e a r e d  to  b e  d if fe re n t  f ro m  t h a t  a t  th e  

R 6K  te rm in u s ,  w h ic h  w a s  k n o w n  to  b lo c k  f o rk  m o v e m e n t  f ro m  

e i th e r  d ir e c t io n  (1 1 , 33 , 98).

R e s o lu t io n  o f  th e  s im ila r ity  o f  th e  tw o  sy s te m s  h a d  to  w a it  

o n e  m o re  y e a r  fo r  n u c le o t id e  s e q u e n c e s  f ro m  th e  E . c o l i  t e r ­

m in u s  to  b e c o m e  a v a ila b le  (62, 7 1 ). T h e  te rm in a to r s  th a t

E. c o l i  C h rom osom e

T e r A  

T e r B  

T e r C  

T e r D  

T e r E  

T e r F  

T e r G  

T e r H  

T e r l  

T e r J

R6K Plasmid

AATTAGTATGTTGTAACTAAAGT
AATAA-T-------------- AGT
ATATA- •-------------- TAT
CATTA-T-------------- ATG
TTAAA-T-------------- GCA
CCTTC-T-----------G-CGAT
GTCAA-G-------------- CCA
CGATC-T------------- TCTC
AACAT-G-A------------CCG
ACGCA-T-A------------TGC

T e r R l CTCTT-TG-------------ATC
T e r R 2  CTATT-AG------------CTAG

Consensus AGGATGTTGTAACTAA
Allowed subs N— GN---------TG-N
Position | | | | .

5 10 15 20

F IG . 3. N u c le o t id e  s e q u e n c e s  o f  T e r  s i te s  fr o m  th e  E . c o li  c h r o m o ­

so m e  a n d  R 6 K  p la sm id s. B a se  p a irs th a t in te ra c t w ith  th e  T u s  p r o te in  

are  in d ic a te d  b y  th e  sh a d e d  r e g io n s . In  th e  o r ie n ta t io n  sh o w n  fo r  th e se  

s e q u e n c e s ,  r e p lic a tio n  fo r k s a p p r o a c h in g  fr o m  th e  le f t  are b lo c k e d , 

w h ile  th o s e  e n te r in g  fr o m  th e  r igh t are u n im p e d e d .

w o u ld  e v e n tu a lly  b e  n a m e d  T erA  a n d  T e rB  (F ig . 3) h a d  a s t ro n g  

s im ila r ity  to  th e  tw o  h a lv e s  o f  a n  im p e r fe c t  in v e r te d  r e p e a t  in  

th e  R 6K  te rm in u s  (6 2 , 71 , 75 ). T h e  tw o  R 6K  s e q u e n c e s  

( n a m e d  T e r R l  a n d  T e r R 2 )  w e re  id e n t ic a l  to  T e rA  a n d  T erB  a t  

15 a n d  12 p o s i t io n s ,  r e s p e c tiv e ly  (F ig . 3 ). In  b o th  th e  R 6K  

p la s m id s  a n d  th e  E . c o l i  c h ro m o s o m e , th e  T er  s e q u e n c e s  w e re  

p la c e d  so  a s  to  fo rm  a “ re p l ic a t io n  fo rk  t r a p ” th a t  w o u ld  a llo w  

a re p l i s o m e  to  e n t e r  th e  re g io n  b e tw e e n  th e  tw o  T e r  s ite s  b u t  

n o t  to  le a v e . T e r  s e q u e n c e s  w e re  a lso  fo u n d  in  a v a r ie ty  o f  

o th e r  p la s m id s  as  w e ll a s  in  o th e r  b a c te r ia  (3 0 ), a n d  th e  n u m ­

b e r  o f  T er  s ite s  id e n t i f ie d  in  th e  E . c o l i  c h ro m o s o m e  a lso  

in c re a s e d ,  f irs t  to  4  (4 8 , 6 2 ), th e n  to  5 (6 3 ), a n d  f in a lly  to  10, 

a f te r  th e  p u b l ic a t io n  o f  th e  e n t i r e  g e n o m e  s e q u e n c e  (2 3 ) a n d  

a n  in - d e p th  s tu d y  o f  n u c le o t id e  s u b s t i tu t io n s  b y  C o s k u n -A r i  

a n d  H ill  (3 0 ).

C O M P O N E N T S  O F  T H E  R E P L IC A T IO N  

T E R M IN A T IO N  S Y S T E M

T h e  T e r m in a to r  (T e r )  S e q u e n c e s

S e q u e n c e s  o f  th e  k n o w n  2 3 -b p  T er  s i te s  a re  sh o w n  in  F ig . 3. 

T h e  s tr ic tly  c o n s e rv e d  G C 6 b a s e  p a i r  is fo llo w e d  by  a v e ry  

h ig h ly  c o n s e rv e d  1 3 -b p  c o re  re g io n  in  w h ic h  a few  s u b s t i tu t io n s  

a re  a llo w e d . T h e  s e q u e n c e  is a s y m m e tr ic , m ir ro r in g  th e  a s y m ­

m e try  o f  th e  r e p l ic a t io n  fo rk  b lo c k . In  te rm in i  o r ie n te d  as  in  

F ig . 3 , r e p l ic a t io n  fo rk s  a r r iv in g  f ro m  th e  le f t  a re  b lo c k e d  w h ile  

th o s e  f ro m  th e  r ig h t  p a s s  th r o u g h  u n im p e d e d .  T h e  c o re  s e ­

q u e n c e  is u s u a lly  a s s o c ia te d  a t  th e  fo rk -b lo c k in g  s id e  w ith  a 

p r e c e d in g  A T -r ic h  re g io n  (3 0 ).

O n c e  sm a ll D N A  f ra g m e n ts  c o n ta in in g  T e rA  a n d  T erB  as  

w e ll as  th e  tw o  T erR  s ite s  w e re  a v a ila b le , i t  w a s  sh o w n  th a t  th e y  

c o u ld  b lo c k  r e p l ic a t io n  fo rk s  in  C o lE l  p la s m id s  in  v iv o  (139 ,
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1 59 ), a n d  p r o o f  th a t  th e  m in im a l T e r  s e q u e n c e s  w e re  in d e e d  

su ffic ie n t to  b lo c k  r e p l ic a t io n  fo rk s  in  a p o la r  m a n n e r  c a m e  

a f te r  th e y  h a d  b e e n  in s e r te d  in to  p la s m id s  as  sy n th e tic  o lig o ­

n u c le o t id e s  (6 2 , 71, 75 ).

A  tr an s-A c tin g  F a cto r

A tte n t io n  w a s  a t  th e  s a m e  tim e  b e g in n in g  to  b e  fo c u s e d  o n  

th e  m e c h a n is m  o f  te rm in a t io n .  I t  h a d  b e e n  s u s p e c te d  s in c e  th e  

e a r ly  1980s t h a t  a  D N A -b in d in g  p r o te in  m ig h t b e  in v o lv e d . 

B a s tia  e t  al. (1 2 ) h a d  sh o w n  th a t  th e  R 6K  te rm in u s  d id  n o t  

h a v e  a n y  s ig n if ic a n t tw o fo ld  sy m m e try , e ffec tiv e ly  ru lin g  o u t  

s te r ic  h in d ra n c e  d u e  to  D N A  s e c o n d a ry  s t r u c tu r e  as  a m e c h ­

a n ism  fo r  r e p l ic a t io n  fo rk  b lo c k a g e . M o re o v e r ,  th e  p la s m id  

te rm in u s  w a s  c a p a b le  o f  b lo c k in g  r e p l ic a t io n  fo rk s  in  e x tra c ts  

p r e p a r e d  f ro m  c e lls  w h ic h  d id  n o t  c o n ta in  a n  R 6K -d e r iv e d  

p la s m id ,  in d ic a t in g  th a t  a n y  p r o te in  in v o lv e d  is  e n c o d e d  b y  th e  

h o s t  c h ro m o s o m e  (5 3 ).

T h e  s e c o n d  lin e  o f  e v id e n c e  fo r  in v o lv e m e n t o f  a D N A -  

b in d in g  p r o te in  a ro s e  f ro m  d e le t io n  s tu d ie s  u s e d  to  n a r ro w  

d o w n  th e  lo c a t io n s  o f  T erA  a n d  T erB . T e rB  w as  q u ic k ly  lo c a te d  

to  a 4 -k b  re g io n ,  w h ile  T e rA  w a s  m o re  d if ficu lt to  lo c a te  p r e ­

c isely . H o w e v e r , d e le t io n  o f  th e  T e rB  r e g io n  in a c t iv a te d  a r r e s t  

a c tiv ity  a t  T erA , im p lic a tin g  a & w zs-actin g f a c to r  e n c o d e d  n e a r  

th e  T erB  a r r e s t  s ite  (6 9 ). K u e m p e l  a n d  c o w o rk e rs  n a m e d  th e  

p u ta t iv e  g e n e  tu s  f o r  “ te rm in a t io n  u t i l iz a t io n  s u b s ta n c e .”

T h e  f irs t  d e s c r ip t io n  o f  th e  & w zs-actin g f a c to r  w a s  b y  H ill  e t  

al. (7 2 ), w h o  is o la te d  th e  g e n e  e n c o d in g  a D N A -b in d in g  p r o ­

te in  b y  s c re e n in g  d e le t io n  a n d  in s e r t io n  m u ta n ts  w ith  m u ta ­

t io n s  in  th e  T e rB  r e g io n . T h e y  r e p o r te d  th e  g e n e  s e q u e n c e s  a n d  

th e  c o n s tru c t io n  o f  tu s  s t r a in s  t h a t  w e re  d e f ic ie n t  in  t e r m in a ­

t io n  ac tiv ity . T h e s e  m u ta n ts  w e re  c o m p le m e n te d  b y  p la sm id -  

b o rn e  c o p ie s  o f  tu s .  T h e  g e n e  w a s  p r e d ic te d  to  e n c o d e  a 36 - 

k D a  p o ly p e p t id e ,  a n d  i t  d i r e c te d  o v e r p r o d u c t io n  o f  a p r o te in  

e s t im a te d  b y  g e l e le c tro p h o r e s is  to  b e  th is  size  (7 2 ).

S o o n  a f te r ,  tw o  o th e r  g ro u p s  i s o la te d  a p r o te in  th a t  b o u n d  to  

R 6K  T er  D N A . S is ta  e t  al. (1 5 9 ) p u r if ie d  a n  ~ 4 0 - k D a  p r o te in  

th a t  b o u n d  th e  T e rR  s e q u e n c e  a n d  d e f in e d  its  b in d in g  s ite  by  

u s in g  c o p p e r -p h e n a n th r o l in e  fo o tp r in tin g .  A  m u ta te d  T e r  s ite  

w ith  c h a n g e s  a t  six o f  th e  p r o te c te d  r e s id u e s  lo s t  b o th  th e  

a b ility  to  b in d  th e  p u r if ie d  p r o te in  a n d  th e  a b ility  to  a r r e s t  

r e p l ic a t io n  fo rk s  in  v iv o. K o b a y a sh i e t  al. (9 6 ) r e p o r te d  is o la ­

t io n  o f  a f r a g m e n t  o f  D N A  e n c o d in g  te rm in u s -b in d in g  ac tiv ity , 

t o g e th e r  w ith  in s e r t io n  m u ta n ts  th a t  h a d  lo s t  th e  a b ility  to  b in d  

a T e r  s i te ,  w h e th e r  o n  a p la s m id  o r  in  th e  c h ro m o s o m e . T h e  

a c tiv ity  a s s o c ia te d  w ith  th e  g e n e  w a s  s e n s itiv e  to  t r e a tm e n t  

w ith  p r o te a s e s  a n d  h e a t  b u t  n o t  to  t r e a tm e n t  w ith  R N a s e  (9 6 ). 

T h e y  a lso  d e te r m in e d  th e  s e q u e n c e  o f  th e  g e n e , o v e r p r o d u c e d  

a n d  p u r if ie d  th e  g e n e  p r o d u c t ,  a n d  d e m o n s t r a te d  its  b in d in g  to  

b o th  T e rR  s ite s  b y  D N a s e  I  f o o tp r in t in g  (6 5 ).

A ll  th r e e  a c tiv itie s  w e re  s o o n  sh o w n  to  b e  th o s e  o f  th e  s a m e  

p r o te in ,  e n c o d e d  by  th e  tu s  g e n e  s i tu a te d  ju s t  fo llo w in g  T erB  

(F ig . I  a n d  4 ). T h e  T u s  p r o te in  b o u n d  to  a ll k n o w n  T er  s ite s  

a n d , o n c e  b o u n d ,  c o u ld  b lo c k  th e  p ro g re s s  o f  a r e p l ic a t io n  fo rk . 

A  r e m a in in g  q u e s t io n  w a s  h o w  th e  m o v in g  fo rk  w a s  b lo c k e d . 

D id  th e  T u s -T e r  c o m p le x  in te r a c t  sp e c if ic a lly  w ith  so m e  c o m ­

p o n e n t  o f  th e  m o v in g  r e p l is o m e , o r  d id  i t  m e re ly  a c t  as  a c la m p  

o n  th e  D N A  p re v e n t in g  its  p a s s a g e  th r o u g h  th e  T e r  s ite ?  W ith  

th e  g e n e ,  th e  p r o te in ,  a n d  h y p o th e s e s  in  h a n d ,  s e v e ra l  g ro u p s  

ta c k le d  th e  m e c h a n is m  o f  r e p l ic a t io n  te rm in a t io n .
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F IG . 4. R e la t io n s h ip  b e tw e e n  T e rB  a n d  th e  tu s  g e n e . T h e  tu s  g e n e  

a n d  its  —10  p r o m o te r  r e g io n  a n d  r ib o so m e -b in d in g  site  (R B S )  are  

sh ow n . T h e  T u s  p r o te in  r e g u la te s  tu s  g e n e  e x p r e s s io n  b y  b in d in g  to  th e  

T e rB  s e q u e n c e  an d  b lo c k in g  th e  in it ia t io n  o f  tr a n sc r ip tio n  o f  tu s . T h e  

T e rB  s e q u e n c e  is  e n c lo s e d  in  th e  b ox , an d  b a se  p a ir s th a t in te ra c t  w ith  

T u s  are sh a d e d  a s  in  F ig . 3.

T h e  tu s  G e n e  a n d  T u s P r o te in

T h e  tu s  g e n e  lie s  I I  b a s e  p a i r s  d o w n s tr e a m  o f  th e  T erB  site  

(F ig . 4 ). B o th  its  r ib o s o m e -b in d in g  s ite  a n d  th e  —10 re g io n  o f  

its  p r o m o te r  o v e r la p  T erB , w h ic h  s u g g e s te d  t r a n s c r ip t io n  o f  th e  

g e n e  to  b e  r e g u la te d  b y  th e  b in d in g  o f  T u s  to  its  r e c o g n it io n  

s e q u e n c e .  T w o  r e p o r ts  c o n f irm e d  th is  in  1991. P r im e r  e x te n ­

s io n  s tu d ie s  o n  te m p la te s  c o n ta in in g  T erB  s h o w e d  th a t  th e  

p re s e n c e  o f  ac tiv e  T u s  r e d u c e d  t r a n s c r ip t io n  o f  tu s  a n d  th a t  th e  

a d d i t io n  o f  m o re  T erB  s ite s  o n  a h ig h -c o p y -n u m b e r  p la s m id  

in c re a s e d  its  t r a n s c r ip t io n  (1 4 4 ). M o re o v e r ,  N a ta r a ja n  e t  al.

(1 3 0 ) sh o w e d  t h a t  T u s  c o u ld  b lo c k  its  o w n  tr a n s c r ip t io n  in  v itro  

a n d  th a t  th e  p r o te in - D N A  c o m p le x  c o u ld  p r e v e n t  R N A  p o ly ­

m e ra s e  f ro m  b in d in g  to  th e  p r o m o te r .  R o e c k le in  a n d  K u e m p e l  

(1 4 3 ) l a te r  m a p p e d  a c c u ra te ly  th e  t r a n s c r ip t io n a l  s t a r t  s ite  in  

v iv o  to  a s ite  w ith in  T erB  (F ig . 4 )  a n d  c o n f irm e d  th a t  e x p re s s io n  

o f  T u s  is a u to re g u la te d .

T h e  g e n e  c o d e d  fo r  a p r o te in  o f  308  a m in o  a c id s  ( a f te r  

r e m o v a l o f  th e  N - te r m in a l  m e th io n in e  r e s id u e ) w ith  a m a ss  o f  

3 5 ,6 5 2  D a . T h e  p r o te in  s e q u e n c e  sh o w e d  n o  s im ila r i ty  to  an y  

k n o w n  D N A -b in d in g  m o tif .  T h e  p u r if ie d  p r o te in  h a d  a p i  o f  

7 .5 , s ig n if ic a n tly  lo w e r  th a n  th e  v a lu e  o f  10.5  c a lc u la te d  f ro m  its  

a m in o  a c id  c o m p o s it io n . S in ce  th e r e  w a s  n o  in d ic a t io n  th a t  th e  

p r o te in  w a s  p h o s p h o ry la te d ,  th is  s u g g e s te d  th a t  th e  te r t ia r y  

s t r u c tu re  h a d  a la rg e  e f fe c t o n  th e  io n iz a t io n  s ta te  o f  s e v e ra l  

b a s ic  r e s id u e s .  G e l  f i l t r a t io n  a n d  s u c ro se  d e n s ity  g r a d ie n t  c e n ­

t r i f u g a t io n  sh o w e d  th a t  T u s  w a s  a m o n o m e r  in  s o lu t io n  w ith  a 

S to k e s  r a d iu s  o f  23  A  a n d  a n  ax ia l r a t io  o f  tw o  (3 1 ). T h is  w o u ld  

a llo w  i t  to  c o v e r  13 b p  o f  D N A  o n  b in d in g , w h ic h  w a s  in  g o o d  

a g r e e m e n t  w ith  th e  re s u lt s  o f  th e  e a r l ie r  fo o tp r in t in g  s tu d ie s  

(1 5 9 ).

T u s  w a s  sh o w n  b y  fo o tp r in t in g  w ith  c o p p e r -p h e n a n th r o l in e  

(1 5 9 ), D N a s e  I  (6 5 , 1 30 ), a n d  h y d ro x y l r a d ic a ls  (5 4 , 158) to  

b in d  to  s e v e ra l  T er  s ite s . I t  b o u n d  e x tre m e ly  a v id ly  to  th e  T erB  

s ite ; th e  T u s -T e rB  c o m p le x  h a d  a m e a s u r e d  d is s o c ia tio n  c o n ­

s ta n t  ( K d ) o f  3 .4  X  1 ( P 13 M  a n d  a d is s o c ia tio n  h a lf- life  in  v itro  

o f  550 m in  a t  p H  7.5 in  a b u f fe r  c o n ta in in g  150 m M  p o ta s s iu m  

g lu ta m a te  (5 4 ). I ts  b in d in g  to  R 6K  T e r R I  u n d e r  id e n t ic a l  c o n ­

d i t io n s  w a s  w e a k e r ;  th e  m e a s u r e d  v a lu e  o f  K D  w a s  30  t im e s  

h ig h e r ,  p r im a r ily  d u e  to  a h ig h e r  d is s o c ia tio n  r a te  (5 4 ). T h e  

p r o te in  w a s  sh o w n  to  b in d  to  T erB  a s  a m o n o m e r ,  w h ic h  is 

u n u s u a l  fo r  a D N A -b in d in g  p r o te in  b u t  c o n s is te n t  w ith  th e  

a s y m m e try  o f  th e  T e r  s ite s  a n d  r e p l ic a t io n  fo rk  a r r e s t  (3 1 ).

P R O P O S E D  M E C H A N IS M S  O F  R E P L IC A T IO N  

F O R K  A R R E S T

T h e  b a s is  o f  th e  m e c h a n is m  o f  fo rk  a r r e s t  w a s  s o o n  e s ta b ­

lis h e d . T h e  T u s -T e rB  c o m p le x  w a s  sh o w n  to  b lo c k  th e  a c tio n  o f
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th e  m a jo r  re p lic a t iv e  D N A  h e l ic a s e ,  D n a B  in  v i t ro  in  a n  o r i ­

e n t a t io n - d e p e n d e n t  m a n n e r  (9 1 , 106 ). T h e  o r ie n ta t io n  o f  th e  

b lo c k  w a s  th e  s a m e  as  fo r  th e  a r r e s t  o f  r e p l ic a t io n  fo rk  m o v e ­

m e n t  b o th  in  v iv o  a n d  in  v i t ro  (61, 70 , 106, 113).

I n  th e  n o r m a l  p ro c e s s  o f  r e p l ic a t io n ,  D n a B  is a t  th e  f r o n t  o f  

th e  r e p lis o m e  (F ig . 2 B ). I t  is a  r in g -s h a p e d  h o m o h e x a m e r ic  

e n z y m e  t h a t  t r a n s lo c a te s  in  th e  5 '- to - 3 '  d ir e c t io n  o n  th e  lag - 

g in g - s tr a n d  te m p la te  to  u n w in d  d o u b le - s t r a n d e d  D N A  in  f ro n t  

o f  th e  D N A  p o ly m e ra s e  I I I  h o lo e n z y m e , th e  m u lt is u b u n i t  r e p -  

lic a se  (118, 15 3 ) t h a t  s im u lta n e o u s ly  sy n th e s iz e s  b o th  s t r a n d s  

(F ig . 2 A ). O n e  s t r a n d  ( th e  le a d in g  s t r a n d )  is r e p l ic a te d  c o n ­

t in u o u s ly , w h ile  th e  o th e r  ( la g g in g )  s t r a n d  is s y n th e s iz e d  dis- 

c o n t in u o u s ly  in  a s e r ie s  o f  (O k a z a k i)  f ra g m e n ts .  T h e  r e p l ic a ­

t iv e  R N A -p r im in g  e n z y m e , D n a G  p r im a s e  (4 9 ), is r e c r u i te d  by  

D n a B  f o r  th e  p r im in g  o f  e a c h  n e w  f r a g m e n t  o n  th e  d is c o n t in ­

u o u s  s t r a n d  (1 3 3 ). T h e  s in g le - s t r a n d e d  s e c tio n s  t h a t  r e s u l t  

f ro m  h e l ic a se  a c tio n  a r e  c o a te d  w ith  s in g le - s t r a n d e d  D N A -  

b in d in g  p r o te in  (S S B ). D n a B  is p h y s ic a lly  a s s o c ia te d  w ith  th e  

re p lic a s e  th r o u g h  th e  t  s u b u n i t  o f  th e  h o lo e n z y m e  (9 3 ).

W h e n  p ro g re s s  o f  th e  r e p lis o m e  w a s  h a l te d  b y  th e  T u s -T e r  

c o m p le x , b o th  in  v i t r o  (7 0 ) a n d  in  v iv o  (1 2 6 ), D N A  sy n th e s is  

c o n t in u e d  r ig h t  u p  to  4  b a se  p a i r s  b e fo re  th e  c o n s e rv e d  G C 6 

b a s e  p a i r  in  th e  T erB  s ite  (F ig . 3 ). T h is  is a  s u rp r is in g  r e s u l t  

g iv e n  th e  size  o f  th e  p o ly m e ra s e  h o lo e n z y m e , l e t  a lo n e  th e  

e n o rm i ty  o f  th e  e n t i r e  r e p lis o m e . S in ce  th e  le a d in g - s tr a n d  t e m ­

p la te  is k n o w n  to  b e  e x c lu d e d  f ro m  th e  c e n t r a l  c h a n n e l  o f  

D n a B  (8 0 , 8 7 ) , i t  is c o n c e iv a b le  t h a t  th e  ac tiv e  s ite  o f  th e  

le a d in g - s tr a n d  p o ly m e ra s e  is v e ry  c lo se  to  th e  p o in t  o f  s t r a n d  

s e p a r a t io n  b y  th e  h e l ic a se  (F ig . 2 B ). H o w e v e r , i t  a p p e a r s  m o re  

lik e ly  th a t  d is s o c ia tio n  o f  D n a B  f ro m  th e  r e p lis o m e  o c c u rs  as  

p a r t  o f  th e  a r r e s t  p ro c e s s . I n  th e  p r e s e n c e  o f  D n a G  p r im a s e ,  

th e  d is t r ib u t io n  o f  le a d in g - s tr a n d  s to p  s i te s  c h a n g e d , sh o w in g  a 

d e g re e  o f  se n s itiv i ty  o f  le a d in g - s tr a n d  sy n th e s is  to  th e  p r o te in  

c o m p le m e n t  o f  th e  la g g in g  s t r a n d  (7 0 ).

L a g g in g -s tra n d  sy n th e s is  s to p p e d  50 , 6 6 , o r  82  b p  b e fo re  th e  

T e rB  s ite  (7 0 ). T h e  5 0 -b p  (1 7 -n m ) g a p  c o u ld  b e  e n v is a g e d  a s  a 

lo o p  b o u n d  b y  o n e  o r  tw o  te t r a m e r s  o f  SS B  o n  th e  la g g in g  

s t r a n d  (F ig . 5 ). T h is  im p lie s  t h a t  th e  lo o p  is e i th e r  to p o lo g ic a lly  

o r  p h y s ic a lly  c o n s t r a in e d  f ro m  c lo s in g  a n y  f a r th e r  to  a llo w  

p r im in g  b y  D n a G  b e fo re  d is s o c ia tio n  o f  D n a B . T h e  1 6 -b p  

sp a c in g  b e tw e e n  th e  la g g in g -s tra n d  p r im in g  s i te s  m a y  re f le c t  

so m e  a s p e c t  o f  p r o te in  o rg a n iz a t io n  o n  th e  la g g in g  s t r a n d  th a t  

a ffec ts  th e  s ite  o f  p r im in g  o r  s u b s e q u e n t  p r im e r  e x te n s io n  o r  

m a y  s im p ly  b e  d u e  to  th e  s e q u e n c e  sp e c if ic ity  o f  th e  D n a G  

p r im a s e  (49, 70).

T h is  in f o rm a tio n  a llo w s th e  d e v e lo p m e n t  o f  a  q u ite  d e ta i le d  

m o d e l  o f  th e  r e p l ic a t io n  a r r e s t  p ro c e s s  (F ig . 5 ) . T u s  b o u n d  to  

a T e r  s ite  fa c e s  in  o n e  d ir e c t io n  to w a rd s  a n  o n c o m in g  r e p l ic a ­

t io n  fo rk . T h e  D n a B  h e l ic a se  a p p r o a c h e s  th e  T u s -T e r  c o m p le x  

a n d  is b lo c k e d  f ro m  p ro c e e d in g .  B e fo re  i t  d is s o c ia te s , i ts  in ­

t e r a c t io n  w ith  p r im a s e  le a d s  to  sy n th e s is  o f  a f in a l la g g in g - 

s t r a n d  p r im e r  a t  a  d is ta n c e  th a t  m a y  b e  d ic ta te d  b y  th e  p h a s e  

o f  b in d in g  o f  SS B  te t r a m e r s  to  th e  la g g in g -s tra n d  te m p la te .  

D is s o c ia t io n  o f  D n a B  th e n  le a v e s  a Y - fo rk e d  s t r u c tu re  w h ic h  is 

s in g le  s t r a n d e d  v e ry  c lo se  to  th e  T er  s ite . A  f u r th e r  t e t r a m e r  (o r  

tw o )  o f  SS B  th e n  b in d s  ra p id ly  to  th e  e x p o s e d  s in g le - s t r a n d e d  

D N A  to  p r o te c t  it.  D N A  p o ly m e ra s e  I I I  h o lo e n z y m e  th e n  

s y n th e s iz e s  th e  le a d in g  s t r a n d  o f  D N A  r ig h t  u p  to  th e  T e r  s ite  

a n d  c o m p le te s  sy n th e s is  o f  th e  la s t -p r im e d  O k a z a k i f r a g m e n t  

o n  th e  la g g in g  s t r a n d .  In  v iv o  th e  re p l i s o m e  m u s t  e i th e r  r e a s ­

s e m b le  a n d  e v e n tu a lly  p a s s  th r o u g h  th e  b lo c k  o r  d is s o c ia te , 

le a v in g  th e  Y - s tru c tu r e  b e h in d .  In  th e  l a t t e r  c a se , th e  s in g le ­

s t r a n d e d  lo o p  m ig h t p e r s is t  ( b o u n d  b y  S S B ), o r  th e  sy n th e s is  

m ig h t b e  c o m p le te d  b y  D N A  r e p a i r  m e c h a n is m s  o r  b y  e lo n g a ­

t io n  o f  th e  le a d in g  s t r a n d  o f  th e  o th e r  r e p l ic a t io n  fo rk . T h e  

Y -fo rk  s t r u c tu r e s  a re  k n o w n  to  p e r s is t  in  v iv o  in  p la sm id s  

w h o se  r e p l ic a t io n  h a s  b e e n  b lo c k e d  b y  c o r re c tly  o r ie n te d  T er  

s ite s  (7 6 ). A  q u e s tio n  th a t  r e m a in s  to  b e  e x a m in e d  in  a s a t is ­

f a c to ry  w a y  is  th e  p r e c is e  d e f in i t io n  o f  th e  p r o te in  c o m p le m e n t  

o f  a f o rk  s ta l le d  a t  T u s -T e rB  a n d ,  in  p a r t i c u la r ,  a t  w h ic h  p o in t  

th e  D n a B  h e l ic a se  d is so c ia te s .

W h a t  o c c u rs  w h e n  a r e p l ic a t io n  fo rk  a p p ro a c h e s  f ro m  th e  

o th e r  (p e rm is s iv e )  d ir e c t io n  is m u c h  le ss  c le a r .  K h a tr i  e t  al. 

(9 1 ) s u g g e s te d  th a t  th e  T u s  p r o te in  r e m a in s  a s s o c ia te d  w ith  

o n e  s t r a n d  ( th e  s t r a n d  sh o w n  in  F ig . 3 )  o f  th e  u n w o u n d  D N A  

a f te r  D n a B  h a s  p a s s e d  th r o u g h  th e  T e r  s ite  f ro m  th e  p e rm is s iv e  

s id e . H o w e v e r , G o tt l i e b  e t  al. (5 4 ) fo u n d  th a t  T u s  h a d  n o  

a ffin ity  f o r  e i th e r  s t r a n d  o f  D N A  in  th e  s in g le - s t r a n d e d  fo rm , 

a n d  N e y lo n  e t  al. (1 3 1 ) a lso  r e p o r te d  t h a t  th e  a ffin ity  o f  T u s  fo r  

e a c h  s e p a r a te  s t r a n d  o f  th e  T erB  s ite  w a s  th e  s a m e  as  t h a t  f o r  

a n o n sp e c if ic  s in g le - s t r a n d e d  D N A  u n d e r  lo w -sa lt  c o n d i t io n s  

w h e re  b in d in g  c o u ld  b e  o b se rv e d . V e ry  lit t le  w o rk  h a s  b e e n  

r e p o r te d  o n  th e  p ro c e s s  b y  w h ic h  th e  h e l ic a se  p a s s e s  th r o u g h  

th e  T u s -T e r  c o m p le x  w h e n  i t  a p p ro a c h e s  f ro m  th e  p e rm is s iv e  

d ire c tio n .

A n o th e r  r e m a in in g  issu e  is th e  n a tu r e  o f  th e  in te r a c t io n  

b e tw e e n  T u s  a n d  D n a B . D o e s  T u s  m e re ly  a c t  a s  a c la m p  o n  th e  

D N A , o r  a r e  th e r e  sp e c if ic  p r o te in - p r o te in  o r  p ro te in -D N A -  

p r o te in  in te r a c t io n s  b e tw e e n  T u s  a n d  th e  o n c o m in g  h e lic a se  

(o r  o th e r  c o m p o n e n t  o f  th e  r e p l i s o m e )? T h e s e  tw o  p o s s ib ilit ie s  

c a n  b e  b ro a d ly  d e s c r ib e d  as  th e  “c la m p  m o d e l” a n d  th e  “ in ­

t e r a c t io n  m o d e l .” T h e s e  tw o  s im p le  m e c h a n is m s  w e re  in itia lly  

p r o p o s e d  w ith  th e  e x p e c ta t io n  t h a t  th e  q u e s tio n  w o u ld  b e  

re s o lv e d  ra p id ly . H o w e v e r , i t  s ti ll r e m a in s  c o n t ro v e rs ia l  in  sp ite  

o f  p u b l ic a t io n  d u r in g  th e  e n s u in g  y e a rs  o f  a h ig h - re s o lu t io n  

c ry s ta l s t r u c tu re  o f  th e  T u s -T e rA  c o m p le x  (8 5 ). A  th i r d  p o te n ­

t ia l  m e c h a n is m  th a t  h a s  b e e n  re c e n tly  s u g g e s te d  (1 3 1 ) is o n e  in  

w h ic h  T u s  in te r a c ts  w ith  th e  h e l ic a se  (o r  o th e r  e le m e n ts  o f  th e  

r e p l i s o m e )  th r o u g h  th e  D N A . T h a t  is, th a t  T u s  e n g in e e rs  a 

s t r u c tu re  in  th e  D N A  o n  th e  n o n p e rm is s iv e  s id e  t h a t  p r e v e n ts  

th e  f u r th e r  p a s s a g e  o f  th e  h e l ic a se . A  f o u r th  a n d  r e la te d  a l t e r ­

n a t iv e , a p p a r e n t ly  y e t  to  b e  te s te d  e x p e r im e n ta lly , is t h a t  th e  

h e l ic a se  g e n e r a te s  a s t r u c tu r e  in  th e  D N A  a t  th e  p e rm is s iv e  

fa c e  th a t  ac tiv e ly  p r o m o te s  d is s o c ia tio n  o f  T u s  a n d /o r  a s t r u c ­

tu r e  a t  th e  n o n p e rm is s iv e  fa c e  t h a t  in c re a s e s  th e  a ffin ity  o f  T u s  

fo r  th e  T e r  s ite .  In  th e  r e m a in d e r  o f  th is  re v ie w , w e  w ill e x a m ­

in e  th e  a v a ila b le  e v id e n c e  fo r  th e s e  p o s s ib le  m o le c u la r  m e c h ­

a n ism s  o f  T u s - m e d ia te d  p o la r  r e p l ic a t io n  f o r k  a r r e s t  a t  T er  

s ite s .

E v id e n c e  fo r  S p e c if ic  P r o te in -P r o te in  In te r a c tio n s

A  la rg e  n u m b e r  o f  p u b l ic a t io n s  o n  as say s  o f  T u s  ac tiv ity  

a p p e a r e d  s o o n  a f te r  th e  tu s  g e n e  a n d  T e r  s e q u e n c e s  b e c a m e  

a v a ila b le , a n d  th e  e ffec ts  o f  T u s  p r o te in  o n  a r a n g e  o f  r e p l ic a ­

t io n  a ssay s , b o th  in  v i t r o  a n d  in  v iv o , w e re  r e p o r te d .  T h e s e  le d  

ra p id ly  to  th e  d e s c r ip t io n  o f  th e  f irs t  tw o  c la sse s  o f  m o d e l  

d e s c r ib e d  a b o v e . T h e  f irs t  s tu d ie s  e x a m in e d  th e  e ffe c t o f  th e  

T u s -T e r  c o m p le x  o n  th e  D N A -u n w in d in g  a c tiv itie s  o f  a r a n g e  

o f  h e l ic a se s  in  in  v i t r o  a s say  sy s te m s. L e e  e t  al. f o u n d  th a t  th e  

n o n p e rm is s iv e  fa c e  o f  T u s -T e rB  b lo c k e d  th e  a c tio n s  o f  th e  f o u r
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F IG . 5. R e p lis o m e  o f  E . c o l i  a n d  m e c h a n ism  o f  r e p lic a tio n  fo r k  

ar res t b y  a T u s -T er  c o m p le x . (A )  T h e  r e p liso m e  m o v in g  a lo n g  th e  

D N A  t e m p la te  a p p r o a c h e s  T u s , an d  th e  D n a B  h e lic a se  a ss is ts  p r im a se  

to  lay  d o w n  th e  la st  la g g in g -str a n d  p rim er. (B )  D n a B  h e lic a s e  a c t io n  is

h e l ic a se s  th e y  te s te d :  D n a B , U v rD , R e p ,  a n d  P r iA  (1 0 5 , 106). 

O n  th e  o th e r  h a n d ,  B a s tia  a n d  c o w o rk e rs  d e s c r ib e d  a te n d e n c y  

in  th e i r  r e s u lt s  w ith  th e  T u s -T e rR 2  c o m p le x  in  a d if fe re n t  assay  

sy s te m  fo r  th e  c o m p le x  to  sp e c if ic a lly  b lo c k  th e  s u b s e t  o f  r e p ­

l ic a t io n  fo rk  h e l ic a se s  (1 4 , 91 , 1 47 ). F ro m  re s u lt s  o f  a f u r th e r  

s tu d y , H ia s a  a n d  M a r ia n s  s u g g e s te d  t h a t  w h ile  T u s -T e rB  c o u ld  

b lo c k  t r a n s lo c a t io n  o f  D n a B , P r iA , a n d  th e  p r im o s o m e  (b u t  

n o t  U v rD )  in  a p o la r  m a n n e r ,  i t  d id  n o t  in h ib i t  b o n e  f id e  D N A  

h e l ic a se  a c tiv ity  (6 0 ). T h e  c o n tro v e rs y  o v e r  th e  m e c h a n is m  o f  

a n t ih e l ic a s e  a c tiv ity  c a n  th e r e fo r e  b e  t r a c e d  to  d if fe re n t  re s u lts  

o b ta in e d  f ro m  e x a m in in g  th e  e ffec ts  o f  T u s  b in d in g  to  d if fe re n t  

T er  l ig a n d s  in  d if fe re n t  e x p e r im e n ts .  T h e  d ifficu lt ie s  in  in t e r ­

p r e ta t io n  o f  th e  a c tio n  o f  T u s  in  th e s e  in  v itro  r e a c t io n s  h a v e  

c o n t in u e d  to  th e  p r e s e n t  day.

I n  th e  e x p e r im e n ts  o f  B a s tia  a n d  c o w o rk e rs , th e  T u s -T e rR  

c o m p le x  w a s  o b s e rv e d  to  b lo c k  th e  re p lic a t iv e  h e l ic a s e s  D n a B  

a n d  s im ia n  v iru s  40 (S V 4 0 )  T  a n t ig e n ,  b u t  i t  f a i le d  to  b lo c k  

h e l ic a se s  in v o lv e d  in  D N A  r e p a i r  o r  p la s m id  ro llin g -c irc le  r e p ­

l ic a t io n , in c lu d in g  R e p ,  D d a ,  T r a l ,  a n d  U v rD  (1 4 , 91 , 147). 

E v e n  th o u g h  th e  b lo c k  to  th e  a c tio n  o f  T  a n t ig e n  (a  3 '- 5 '  

h e l ic a s e )  s e e m e d  to  b e  a t  th e  fa c e  p e rm is s iv e  fo r  D n a B , th e y  

n o n e th e le s s  f a v o re d  a m e c h a n is m  t h a t  in v o lv e s  sp e c if ic  p ro -  

t e in - p ro te in  in te r a c t io n s  b e tw e e n  T u s  a n d  a d o m a in  o f  th e  

r e p lic a t iv e  h e lic a se s . In  s u p p o r t  o f  th is ,  th e y  c i te d  th e  ( u n p u b ­

l is h e d )  o b s e rv a t io n  o f  a d i r e c t  in te r a c t io n  b e tw e e n  T u s  a n d  

D n a B  (1 1 4 ). M o re  re c e n tly ,  th e  s a m e  g r o u p  h a s  d e s c r ib e d  

e x p e r im e n ts  u s in g  a y e a s t  tw o -h y b rid  sy s te m  th a t  p ro v id e  e v i ­

d e n c e  o f  in  v iv o  in te r a c t io n  b e tw e e n  th e  tw o  p r o te in s  (1 2 7 ). 

T h e y  a lso  d e s c r ib e  th e  b in d in g  o f  D n a B  to  a n  im m o b iliz e d  

g lu ta th io n e  S - t r a n s f e r a s e - T u s  fu s io n  p r o te in  a n d  is o la t io n  o f  

m u ta n ts  o f  T u s  th a t  h a v e  r e d u c e d  b in d in g  to  D n a B  a n d  s im i ­

la r ly  r e d u c e d  fo rk -b lo c k in g  a c tiv ity  b u t  n e a r -n o r m a l  T e rR  b in d ­

in g . T h is  is th e  s t r o n g e s t  e v id e n c e  to  d a te  f o r  a sp e c if ic  in t e r ­

a c t io n  b e tw e e n  T u s -T e rR  a n d  th e  o n c o m in g  h e lic a se .

I n  c o n t r a s t  to  th e  r e s u lts  o f  B a s tia  a n d  c o w o rk e rs , in  th e  

e x p e r im e n ts  o f  L e e  e t  al. a n d  o th e r  g ro u p s  s tu d y in g  th e  T u s -  

T e rB  in te r a c t io n ,  th e  c o m p le x  im p e d e d  th e  p ro g re s s  o f  b o th  

r e p lic a t iv e  a n d  r e p a i r  h e l ic a se s  (6 0 , 105, 1 06) . I n  a d d i t io n ,  it  

d id  so  in  a p o la r  m a n n e r .  T h a t  is, th e  s a m e  fa c e  o f  th e  T u s -T e r  

c o m p le x  b lo c k e d  D n a B  t r a n s lo c a t in g  in  th e  5 '- 3 '  d i r e c t io n  b u t  

a lso  b lo c k e d  S V 4 0  T  a n t ig e n  (5 , 6 4 ), P r iA  (6 0 , 1 0 5 ), U v rD  

(1 0 6 ), a n d  T r a l  (6 4 ) t r a n s lo c a t in g  o n  th e  o p p o s i te  s t r a n d  in  th e  

3 '- 5 '  d ire c tio n .  T h is  w o u ld  su g g e s t  t h a t  th e  a c tio n  o f  th e  c o m ­

p le x  is e i th e r  as  a c la m p  o r  d ir e c te d  a g a in s t  s o m e  a s p e c t  o f  

h e l ic a se  s t r u c tu r e  a n d /o r  fu n c tio n  th a t  is su ffic ie n tly  g e n e r a l  to  

b e  e x h ib ite d  b y  a ll th o s e  te s te d .  T h e  id e a  th a t  a  c la m p  m ig h t b e  

su ffic ie n t is s u p p o r te d  b y  a r e p o r t  th a t  a  m u ta n t  E c o R I  r e s t r ic ­

t io n  e n d o n u c le a s e  th a t  b in d s  to  its  r e c o g n it io n  s e q u e n c e  w ith  a 

d is s o c ia tio n  c o n s ta n t  o f  ~ 2 .5  X  1 (U 13 M , b u t  d o e s  n o t  c lea v e  

D N A  (9 5 , 1 7 3 ), w as  c a p a b le  o f  b lo c k in g  th e  h e l ic a se  a c tio n  o f

b lo c k e d  b y  T u s , a n d  D n a B  d is s o c ia te s  fr o m  th e  te m p la te . (C )  D N A  

p o ly m e r a se  III (P o l  II I )  h o lo e n z y m e  c o m p le te s  le a d in g -s tr a n d  sy n th e ­

s is  u p  to  th e  T u s -T er  c o m p le x  an d  ( D )  s y n th e s iz e s  th e  la st O k a za k i  

fr a g m e n t o n  th e  la g g in g  str an d , w h ic h  w ill e v e n tu a lly  b e  lig a te d  by  

D N A  lig a se  to  th e  p e n u ltim a te  fr a g m e n t fo l lo w in g  r e m o v a l o f  its  R N A  

p r im er  b y  D N A  p o ly m e r a se  I (n o t  sh o w n ). (E )  T h e  h o lo e n z y m e  th e n  

d is s o c ia te s , le a v in g  a Y - fo r k e d  str u c tu r e  th a t is  s in g le  str a n d e d  o n  th e  

la g g in g  stra n d  n e a r  th e  T u s -T er  c o m p le x .
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D n a B , U v rD , a n d  S V 4 0  T  a n t ig e n  (1 4 ). T h e  b lo c k  w a s  o r i e n ­

ta t io n  in d e p e n d e n t ,  s in c e  E c o R I  b in d s  to  D N A  as a sy m m e tr ic  

d im e r . L a te r ,  i t  w a s  sh o w n  th a t  th e  la c  r e p r e s s o r - o p e r a to r  

c o m p le x  c a n  s u b s ta n tia l ly  in h ib i t  th e  a c tio n  o f  a r a n g e  o f  h e ­

lic a se s  in  v itro ,  in c lu d in g  D n a B  (1 7 5 ). T h e  e ffe c tiv e n e ss  o f  

th e s e  u n r e la te d  p r o te in - D N A  c o m p le x e s  in  b lo c k in g  r e p l ic a ­

t io n  fo rk s  w o u ld  a p p e a r  to  in d ic a te  t h a t  a  s im p le  c la m p  is 

su ffic ie n t to  h a l t  h e l ic a s e s  in  v itro .

E x p e r im e n ts  w ith  s u r ro g a te  sy s te m s  d o  n o t  s u p p o r t  th is  

v iew . In  a n  in g e n io u s  s e r ie s  o f  e x p e r im e n ts ,  A n d e r s e n  e t  al. (6 ) 

c o m p a r e d  th e  e ffe c tiv e n e ss  a n d  p o la r i ty  o f  th e  T u s -T e r  c o m ­

p le x  in  v iv o  in  E . c o l i  a n d  B . su b til is .  A lo n g s id e  th is , th e  fu n c ­

t io n a lly  s im ila r  b u t  u n r e la te d  r e p l ic a t io n  t e rm in a t io n  sy s te m  o f  

B . su b t ili s  w a s  c o m p a r e d  in  b o th  o rg a n ism s . W h ile  B . su b til is  

R T P - T e r l  w o rk e d  w e ll to  te rm in a te  r e p l ic a t io n  in  b o th  o r g a n ­

ism s , th e  E . c o l i  T u s -T e rB  c o m p le x  w a s  v e ry  m u c h  m o re  e ffe c ­

tiv e  in  its  n a tu r a l  h o s t .  I n  e a r l ie r  s im ila r  e x p e r im e n ts ,  K a u l  e t  

al. (9 0 ) h a d  a lso  sh o w n  th e  B . s u b t ili s  t e rm in a t io n  sy s te m  to  b e  

e ffec tiv e  in  E . c o li .  T h e s e  d a ta  m ig h t in d ic a te  a fu n d a m e n ta l  

d if fe re n c e  in  m e c h a n is m  b e tw e e n  th e  tw o  sy s te m s  a n d  s u p p o r t  

th e  e x is te n c e  o f  a sp e c if ic  in te r a c t io n  b e tw e e n  T u s -T e r  a n d  a 

r e p l i s o m a l  p r o te in ( s )  in  E . c o l i,  a t  le a s t .

O n  th e  o th e r  h a n d ,  in  e v o lu t io n a ry  te rm s , i t  is n o t  s u rp r is in g  

th a t  th e  sy s te m s  w o rk  s o m e w h a t  b e t te r  in  th e i r  n a tu r a l  c o n te x t.  

N a tu r a l  sy s te m s  u n d e r  s e le c tio n  p r e s s u r e  w o u ld  b e  e x p e c te d  to  

ta k e  a d v a n ta g e  o f  o p p o r tu n i t i e s  to  im p ro v e  th e i r  eff ic ienc y . 

I n d e e d ,  i t  w o u ld  b e  s u rp r is in g  in  th e  sp e c if ic  c a se  o f  th e  T u s -  

T er  a c t in g  a g a in s t  E . c o l i  D n a B  if  th e re  w a s  n o t  a f u n c t io n a l  

in te r a c t io n  th a t  h a d  d e v e lo p e d  to  im p ro v e  th e  e ff ic ien cy  o f  

r e p l ic a t io n  a r r e s t .  H o w e v e r , i t  is n o t  c le a r  h o w  h ig h ly  sp ec if ic  

in te r a c t io n s  c o u ld  d e v e lo p  to  p la y  a g e n e r a l  r o le  in  a n t ih e l ic a s e  

ac tiv ity . P e r h a p s  th e  m o re  p e r t i n e n t  q u e s tio n  is w h e th e r  T u s -  

D n a B  in te r a c t io n s  a re  l im ite d  to  s m a ll im p ro v e m e n ts  in  a 

s in g le  p r o te in - p r o te in  in te r fa c e  o r  w h e th e r  th e y  p la y  a n  im p o r ­

t a n t  r o le  in  th e  m o re  g e n e r a l  c a se  o f  T u s  a c tiv ity  a g a in s t  th e  

fu ll  r a n g e  o f  h e lic a se s .

S T R U C T U R E  O F  T H E  W is-T e r  C O M P L E X  A N D  

M O L E C U L A R  B A S IS  O F  R E P L IC A T IO N  A R R E S T

A  la rg e  a m o u n t  o f  d a ta  is a v a ila b le  o n  th e  T u s -T e r  in te r a c ­

t io n ,  in c lu d in g  r e s u lts  o f  D N A  f o o tp r in t in g ,  k in e tic  s tu d ie s , 

e ffec ts  o f  m u ta t io n s  to  b o th  T u s  a n d  th e  T e r  s e q u e n c e ,  a n d  th e  

g e n e  s e q u e n c e s  o f  T u s  p r o te in s  f ro m  r e la te d  b a c te r ia .  In  th is  

s e c tio n ,  w e  w ill a n a ly z e  th e  p u b l is h e d  d a ta  o n  th e  T u s -T e r  

in te r a c t io n ,  s ta r t in g  w ith  th e  c ry s ta l s t r u c tu re  o f  th e  c o m p le x  

(8 5 ), fo llo w e d  b y  f o o tp r in t in g  a n d  k in e tic  s tu d ie s . T h is  w ill b e  

fo llo w e d  b y  th e  d a ta  o n  T er  D N A  m u ta t io n s  a n d  m u ta t io n a l  

s tu d ie s  o f  th e  T u s  p r o te in  i ts e lf  a n d  th e n  b y  a n  an a ly s is  o f  th e  

p r o te in  s e q u e n c e s  f ro m  th r e e  r e la te d  b a c te r ia l  sp e c ie s , a s  w e ll 

as  tw o  f u r th e r  p r o te in s  w ith  s e q u e n c e  s im ila r ity  to  T u s . T h e r e  

h a s  b e e n  n o  p re v io u s  an a ly s is  o f  a ll th e  a v a ila b le  d a ta  w ith in  

th e  f ra m e w o rk  o f  th e  c ry s ta l s t r u c tu re .  F in a lly , w e  w ill s u m m a ­

r iz e  th e  re s u lt s  a n d  e x a m in e  a s e r ie s  o f  m o d e ls  o f  p r o te in -D N A  

a n d  p r o te in - p r o te in  in te r a c t io n s  a t  th e  s ite  o f  r e p l ic a t io n  a r ­

r e s t.

T h e C r y sta l S tr u c tu r e  o f  th e  T u s-T er  C o m p le x

T h e  f irs t  c ry s ta l s t r u c tu re  o f  a r e p l ic a t io n  t e r m in a to r  p r o te in  

to  b e  r e p o r te d  w a s  th a t  o f  th e  d im e r ic  B . s u b til is  R T P  in  1995 

(2 7 ). T h is  w a s  fo llo w e d  q u ic k ly  by  m o d e ls  f o r  th e  s t r u c tu re s  o f

th e  c o m p le x  o f  th e  R T P  d im e r  a n d  t e t r a m e r  w ith  h a l f  a n d  fu ll 

T er  s ite s ,  d e r iv e d  f ro m  c o n s o lid a tio n  o f  th e  s t r u c tu r e  o f  th e  

f re e  p r o te in  w ith  a n  e x te n s iv e  s e r ie s  o f  b io c h e m ic a l  d a ta  (115, 

125, 134, 135). T h e  s t r u c tu r e  o f  th e  h a lf-s ite  c o m p le x  d e t e r ­

m in e d  s u b s e q u e n t ly  b y  a c o m b in a t io n  o f  n u c le a r  m a g n e tic  r e s ­

o n a n c e  a n d  c ry s ta l lo g ra p h ic  s tu d ie s  (1 7 2 ) w a s  la rg e ly  in  a c c o rd  

w ith  th e s e  m o d e ls .

T h e  E . c o l i  T u s -T e rA  c o m p le x  w a s  c ry s ta lliz e d  b y  K a m a d a  e t  

al .,  a n d  th e  X -ra y  c ry s ta l s t r u c tu r e  w a s  r e p o r te d  in  1996 (85, 

8 6 ). T h e  s t r u c tu r e  (P r o te in  D a ta  B a n k  c o d e  1 E C R ) ,  sh o w n  in  

F ig . 6 , is a  u n iq u e  p r o te in  fo ld  c o n s is tin g  o f  tw o  d is c o n tin u o u s  

d o m a in s  t h a t  s t r a d d le  th e  T erA  d o u b le  h e lix . T h e  tw o  d o m a in s  

a re  jo in e d  b y  tw o  a n t ip a r a l le l  p a i r s  o f  (3 s t r a n d s  t h a t  m a k e  u p  

th e  c o re  D N A -b in d in g  d o m a in  ((3IF  a n d  (3G H ) a n d  a lso  b y  th e  

L 4  lo o p . T h e s e  tw o  p a i r s  o f  s t r a n d s  lie  in  th e  m a jo r  g ro o v e  o f  

T erA . T h e  s t r u c tu re  o f  T u s  in  th e  c o m p le x  is 3 7 %  h e lix , 2 8 %  

s h e e t ,  a n d  3 5 %  lo o p s  a n d  tu rn s .  T h e  a l ,  a l l ,  a n d  a l i i  a m p h i-  

p a th ic  h e l ic e s  fo rm  a n  a n t ip a r a l le l  b u n d le  th a t  r u n s  p a r a l le l  to  

th e  D N A  b u t  m a k e s  n o  c o n ta c t  w ith  it.  T h e  a l V  a n d  a V  h e lic e s  

a lo n g  w ith  th e  L I  a n d  L 2  lo o p s  lie  a t  th e  to p  o f  th e  la rg e r  

( N - te rm in a l)  d o m a in . W ith  th e  a V I - a V I I  r e g io n  in  th e  s m a lle r  

C - te rm in a l  d o m a in ,  th e y  c o m p le te  th e  fa c e  o f  T u s  th a t  b lo c k s  

th e  p ro g re s s in g  h e l ic a se  ( th e  n o n p e rm is s iv e  o r  fo rk -b lo c k in g  

fa c e ) .  T h re e  o f  th e  f o u r  m a in  lo o p s  ( L I  to  L 3 ) a r e  a t  th e  

n o n p e rm is s iv e  e n d  o f  th e  c o m p le x . T h e  re m a in in g  lo o p  (L 4 ) 

lie s  a t  th e  p e rm is s iv e  e n d  in  th e  m in o r  g ro o v e , m a k in g  a n u m ­

b e r  o f  D N A  c o n ta c ts .

T h e r e  a r e  th r e e  m a in  re g io n s  o f  (3 s t r u c tu re .  T h e  (3 G H O N  

a n d  (3 JIF L  re g io n s  h a v e  s t r a n d s  in  th e  m a jo r  g ro o v e  o f  th e  

T e rA  D N A  a n d  a re  in v o lv e d  in  b a s e  r e c o g n it io n .  T h e  o th e r  

m a in  (3 s h e e t  ( (3 E K D A C ) sits a t  th e  b o t to m  o f  th e  N  d o m a in  

a n d  is in v o lv e d  in  s ta b iliz in g  th e  (3 JIF L  re g io n  th r o u g h  h y d ro -  

p h o b ic  c o n ta c ts  a s  w e ll as  c o n tr ib u t in g  to  th e  h y d ro p h o b ic  c o re  

o f  th e  N  d o m a in . T h e  h y d ro p h o b ic  c o re s  o f  b o th  d o m a in s  a re  

la rg e ly  m a d e  u p  o f  r e s id u e s  in  th e  a  h e lic e s . T h e  c o re  o f  th e  N  

d o m a in  c o n s is ts  o f  r e s id u e s  f ro m  h e l ic e s  a l  to  a l i i  as  w e ll as  

th e  (3 E K D A C  s h e e t ,  w h ile  th e  c o re  o f  th e  s m a lle r  C  d o m a in  is 

m a d e  u p  m o s tly  o f  r e s id u e s  f ro m  a V I  a n d  a V I I .  C o n tr ib u t io n s  

f ro m  th e  (3 G H O N  s h e e t  m a k e  u p  th e  r e m a in d e r  o f  th e  h y d ro -  

p h o b ic  c o re  o f  th e  C  d o m a in .

T h e  d o u b le - s t r a n d e d  T erA  c a p tu r e d  w ith in  th e  c o m p le x  is 

s ig n if ic a n tly  d e f o r m e d  f ro m  th e  c a n o n ic a l  s t r u c tu re  o f  B -fo rm  

D N A . T h e  a v e ra g e  h e l ic a l  tw is t is 29 .5°, c o m p a r e d  to  th e  c a ­

n o n ic a l  v a lu e  o f  34 .6° (8 5 ). T h e  D N A  b a c k b o n e  is a lso  d e ­

f o rm e d  b e tw e e n  G 1 7  a n d  A 1 4  (F ig . 7) d u e  to  i t  b e in g  s a n d ­

w ic h e d  b e tw e e n  th e  (3F a n d  (3G s t r a n d s  a n d  th e  L 4  lo o p . T h e  

p r o p e l l e r  a n g le  o f  th e  A T 1 6  b a s e  p a i r  is —24.2°. T h e  D N A  is 

c o n s e q u e n t ly  u n d e r w o u n d ,  m a k in g  th e  m a jo r  g ro o v e  d e e p e r  

a n d  e x p a n d in g  th e  m in o r  g ro o v e , a n d  i t  is b e n t  o v e ra ll  th r o u g h  

a b o u t  20° (8 5 ). T h e  T erA  f r a g m e n t  in  th e  c ry s ta l d o e s  n o t  

e x te n d  b e y o n d  th e  p r o te in  a n d  th e r e f o r e  p ro v id e s  lit t le  in f o r ­

m a t io n  a b o u t  th e  D N A  s tr u c tu re  a t  th e  p e rm is s iv e  e n d  o f  th e  

c o m p le x ; i t  is th u s  p o s s ib le  t h a t  th e  D N A  w o u ld  b e  f u r th e r  

d e f o r m e d  b y  c o n ta c ts  w ith  th e  p r o te in  b e y o n d  th e  e x tre m ity  o f  

th e  c o c ry s ta l liz e d  f r a g m e n t  (F ig . 7).

T h e  p r o te in  is fo ld e d  a b o u t  th e  D N A  lig a n d , a n d  th e  c o m ­

p le x  c a n n o t  b e  d is r u p te d  w i th o u t  d e fo rm in g  th e  p r o te in  s t r u c ­

t u r e  (F ig . 6 ). K a m a d a  e t  al. (8 5 ) s p e c u la te d  th a t  T u s  m a y  be  

c a p a b le  o f  b in d in g  a s in g le  s t r a n d  o f  D N A  e x te n d in g  f ro m  th e  

p e rm is s iv e  fa c e  o f  th e  c o m p le x  a n d  p r o p o s e d  a m o d e l  f o r  T u s
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F IG . 6. T h e  crys ta l str u ctu re  o f  th e  T a s - T e r A  c o m p le x , P D B  c o d e  

1 E C R  (8 5 ) .  T h r e e  v ie w s  o f  th e  T u s -T er  c o m p le x  are  sh o w n . T h e  to p  

v ie w  is  lo o k in g  d o w n  th e  D N A  fr o m  th e  n o n p e r m iss iv e  fa c e  o f  th e  

c o m p le x . T h e  m id d le  v ie w  is  r o ta te d  90° fr o m  th e  first t o  sh o w  th e  fr o n t  

o f  th e  c o m p le x . T h e  b o tto m  v ie w , r o ta te d  a fu r th e r  90°, is  a lo n g  th e  

D N A  fr o m  th e  p e r m issiv e  e n d  o f  th e  c o m p le x . T h e  p e r m issiv e  a n d  

n o n p e r m iss iv e  fa c e s  are in d ic a te d  in  th e  m id d le  v ie w . T h e  b a lls  in d i ­

ca te  th e  ( 5 ' )  str an d s th a t w o u ld  p a s s  th r o u g h  th e  c en tra l c h a n n e l  o f  th e  

D n a B  h e lic a s e . I m a g e s  o f  p r o te in  s tr u c tu r es  in  th is  a n d  su c c e e d in g  

f ig u r es  w e r e  g e n e r a te d  in  S W I S S -P D B  V I E W E R  v e r s io n  3 .7  (http :  

//c a .e x p a sy .o r g /sp d b v /)  (5 6 )  a n d  r e n d e r e d  u s in g  P O V - R A Y  v e r s io n  

3 .1 g .w a tc o m .w in 3 2  (w w w .p o v ra y .o r g ).

re m o v a l b y  a h e l ic a se  a p p r o a c h in g  th e  p e rm is s iv e  fa c e  th a t  

in v o lv e s  a s s o c ia tio n  o f  T u s  w ith  th e  s in g le - s t r a n d e d  D N A  

p r o d u c t ,  le a d in g  to  d e f o r m a t io n  o f  th e  s t r u c tu re  a n d  its  u n ­

fo ld in g  f ro m  th e  D N A . C o n v e rs e ly , i t  is a lso  p o s s ib le  t h a t  a

s in g le  D N A  s t r a n d  e x te n d in g  f ro m  th e  n o n p e rm is s iv e  fa c e  

c o u ld  b e  b o u n d  by  T u s , le a d in g  to  a t ig h te r  in te r a c t io n  th a t  

im p e d e s  d isa sse m b ly  o f  th e  T u s -T e r  c o m p le x .

P r o te in -D N A  B in d in g  In te r a c tio n s

T h e  c o re  D N A -b in d in g  d o m a in  o f  T u s  is th e  tw is te d  (3 -sh ee t 

s t r u c tu re  m a d e  u p  o f  th e  (3IF a n d  (3G H  s tr a n d s .  E a c h  o f  th e  

fo u r  s t r a n d s  is se v e n  o r  8 r e s id u e s  lo n g  (F ig . 8 ). T h e  g ap  

b e tw e e n  (3F a n d  (3G is o n e  r e s id u e  in  le n g th ,  a n d  th a t  b e tw e e n  

(3H a n d  (31 is tw o  r e s id u e s .  T h e  tw is t in  th e  D N A  lig a n d  is 

s ta b il iz e d  b y  a v a r ie ty  o f  p r o te in  in te r a c t io n s ,  b o th  w ith  th e  

D N A  b a c k b o n e  a n d  w ith  th e  b a s e s  (F ig . 7). W ith in  th e  p r o te in ,  

th e  tw is t is f a c i l i ta te d  b y  P ro 2 3 8 , w h ic h  a llo w s (31 to  tu r n  

th r o u g h  a lm o s t 90° a n d  p a s s  u n d e r n e a th  (3F to  th e  in s id e  o f  th e  

m a jo r  g ro o v e . H y d ro g e n  b o n d s  b e tw e e n  A s n l7 4  ( in  th e  (3F-(3G 

tu r n )  a n d T y r 2 8 0  (in  (3M ), b e tw e e n  L y s l7 5  ( in  (3G) a n d  G ln 2 5 2  

( in  (3J), a n d  b e tw e e n  L ys2 35  ( in  th e  (3H-(3I tu r n )  a n d  A sn 5 1  (in  

L I ) f u r th e r  s ta b iliz e  th e  tw is t in  th e  D N A .

B e tw e e n  th e m , (3FG  a n d  (3H IJ c o n ta in  c lo se  to  h a l f  o f  th e  

re s id u e s  m a k in g  D N A  c o n ta c ts ;  r e m a in in g  r e s id u e s  t h a t  m a k e  

c o n ta c ts  a r e  c o n c e n t r a te d  in  o th e r  (3 s t r a n d s  a n d  lo o p s  (8 5 ). 

O n ly  e ig h t  o f  th e  r e s id u e s  th a t  c o n ta c t  D N A  a re  in  a  h e lic e s . 

A lth o u g h  th e  D N A  c o n ta c ts  a r e  d is t r ib u te d  th r o u g h o u t  th e  

le n g th  o f  th e  T e rA  f r a g m e n t ,  th e y  e x h ib it  a  s t r ik in g  s t r a n d  

sp e c if ic ity  in  th e  s e n se  t h a t  th e y  a re  c o n c e n t r a te d  n e a r  th e  5 ' 

e n d  o f  e a c h  s t r a n d  (F ig . 7).

T h e r e  a r e  17 r e s id u e s  th a t  m a k e  s e q u e n c e -sp e c if ic  c o n ta c ts  

w ith  T erA  D N A  (F ig . 8 ). N e a r ly  h a l f  o f  th e s e  a re  h y d ro p h o b ic ,  

a n d  th e  r e m a in d e r  a re  m a in ly  h y d ro g e n -b o n d e d  in te r a c t io n s  

b e tw e e n  c h a rg e d  o r  p o la r  a m in o  a c id  s id e  c h a in s  a n d  p o la r  

d o n o r /a c c e p to r  a to m s  o f  th e  b a s e s  in  th e  m a jo r  g ro o v e . S e v e ra l 

o f  th e  l a t t e r  in te r a c t io n s  a r e  m e d ia te d  b y  w a te r  m o le c u le s . 

O n ly  th e  h y d ro p h o b ic  c o n ta c t  b e tw e e n  T h r l 3 6  a n d  T 8 in v o lv e s  

a r e s id u e  in  a n  a  h elix .

I n  c o n tra s t ,  n o  fe w e r  th a n  31 r e s id u e s  m a k e  n o n sp e c if ic  

c o n ta c ts  w ith  th e  d e o x y r ib o se  p h o s p h a te  b a c k b o n e  o f  th e  D N A  

(F ig . 8 ). W h ile  th e s e  r e s id u e s  a re  s till c o n c e n t r a te d  in  th e  

c e n t r a l  D N A -b in d in g  m o tif ,  th e y  a re  m o re  w id e ly  d is t r ib u te d  

th a n  th o s e  th a t  m a k e  s e q u e n c e -sp e c if ic  c o n ta c ts .  T h e  m a jo r i ty  

o f  th e  p h o s p h a te  in te r a c t io n s  in v o lv e  c h a r g e d  o r  p o la r  s id e  

c h a in s , p a r t ic u la r ly  g u a n id in e ,  a m in e ,  a n d  a m id e  g ro u p s , a n d  

n e a r ly  h a l f  a r e  w a te r  m e d ia te d .  M o s t o f  th e s e  r e s id u e s  lie  in  (3 

s h e e ts  o r  in  lo o p  re g io n s . O n  th e  o th e r  h a n d ,  n e a r ly  a ll th e  

p ro te in -d e o x y r ib o s e  in te r a c t io n s  a re  h y d ro p h o b ic ,  u su a lly  in ­

v o lv in g  th e  C 4 ' a n d  C 5 ' a to m s  o f  th e  s u g a r , w h ic h  p r o t r u d e  

in to  th e  m in o r  g ro o v e  o f  th e  D N A . T h e  o n ly  re s id u e  th a t  

in te r a c ts  w ith  th e  C l '  a n d  C 2 ' o f  th e  d e o x y r ib o se  in  th e  m a jo r  

g ro o v e , I l e l7 8 ,  a lso  m a k e s  a s e q u e n c e -sp e c if ic  h y d ro p h o b ic  

c o n ta c t  in  th e  m a jo r  g ro o v e . A r g l9 8  m a k e s  th e  o n ly  h y d ro g e n  

b o n d  c o n ta c ts  w ith  a s u g a r , f ro m  th e  s id e  c h a in  N (£ )H 2  to  th e  

0 4 '  o f  A 5  a n d  G 6. O th e r  r e s id u e s  th a t  m a y  m a k e  c o n ta c ts  th a t  

a re  n o t  e x p lic i t  in  th e  c ry s ta l s t r u c tu r e  a re  L y s2 4 9 , H is2 5 3 , a n d  

H is3 0 4 , w h ic h  c o u ld  m a k e  w a te r -m e d ia te d  c o n ta c ts ,  a n d  

G ln 2 9 4 , w h ic h  c a n  b e  r o ta t e d  to  m a k e  a c o n ta c t  w ith  th e  

5 '- p h o s p h a te  o f  A 1 4 .

N o ta b ly , r e s id u e s  t h a t  m a k e  n o n sp e c if ic  c o n ta c ts  a re  o f te n  

p o s i t io n e d  su c h  th a t  th e y  f la n k  th o s e  th a t  m a k e  s e q u e n c e -  

sp e c if ic  c o n ta c ts .  I t  m a y  b e  th a t  th e  n o n sp e c if ic  in te r a c t io n s  a re  

r e q u i r e d  to  p o s i t io n  th e  b a c k b o n e  in te r a c t io n s  c o r re c tly  fo r  

o p t im a l  b in d in g  o r ,  c o n v e rse ly , t h a t  th e  n o n sp e c if ic  in te r a c ­
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F IG . 7. S u m m ar y  o f  c o n ta c ts  b e tw e e n  T u s  a n d  T e rA .  A d a p te d  fr o m  r e fe r e n c e  3 0  w ith  p e r m is s io n  o f  th e  p u b lish e r . A r r o w s  sh o w  in te r a c t io n s  

b e tw e e n  a m in o  a c id  sid e  c h a in s  a n d  g r o u p s in  th e  b a se  p airs. R e s id u e s  in  th e  T e rA  o l ig o n u c le o t id e  u s e d  fo r  d e te r m in a t io n  o f  th e  crys ta l str u ctu re  

w e r e  A 4  to  T 1 8  o n  o n e  stra n d  an d  T 1 9  to  T 5  o n  th e  o th e r  a n d  are sh o w n  w ith  b o ld fa c e  o u t l in e s . D a s h e d  l in e s  in d ic a te  p o s s ib le  in te r a c t io n s  a t th e  

p e r m is siv e  e n d  th a t  w e r e  n o t  s e e n  in  th e  crysta l str u ctu r e  ( s e e  th e  te x t  fo r  d e ta ils ) .

t io n s  p ro v id e  a m e a n s  to  a llo w  T u s  to  s lid e  a lo n g  D N A  s e a r c h ­

in g  f o r  its  sp e c if ic  b in d in g  c o n ta c ts .

D N A  M o d if ic a tio n  a n d  P r o te c tio n  S tu d ie s

T h e  T u s -T e r  in te r a c t io n  w a s  e x a m in e d  b y  D N A  f o o tp r in t in g  

a n d  p r o te c t io n  s tu d ie s  s o o n  a f te r  b o th  p r o te in  a n d  D N A  w e re  

a v a ila b le . S is ta  e t  al. (1 5 9 ) u s e d  c o p p e r -p h e n a n th r o l in e  f o o t ­

p r in t in g  to  sh o w  p r o te c t io n  b y  T u s  b in d in g  o f  14  to  16 n u c le ­

o t id e s  o n  b o th  s t r a n d s  o f  T e r R l  a n d  T e rR 2 . T h e  f o o tp r in t  

s h o w e d  n o  p r e f e r e n c e  f o r  b in d in g  to  o n e  s t r a n d  o v e r  th e  o th e r .

D N a s e  I  f o o tp r in t in g  sh o w e d  p r o te c t io n  o f  a s im ila r ,  b u t  

la rg e r ,  r e g io n  d u e  to  le s s e r  a c c e ss ib ility  o f  th e  e n z y m e  c o m ­

p a r e d  to  th e  c o p p e r -p h e n a n th r o l in e  c le a v a g e  a g e n t.  T h is  assay  

sh o w e d  a s lig h t p r e f e r e n c e  f o r  p r o te c t io n  o f  th e  u p p e r  s t r a n d  

sh o w n  in  F ig . 9 (6 5 ). In  l a te r  s tu d ie s  w ith  b o th  T erB  (5 4 ) a n d  

T e r R l /2  (1 5 8 ), m o re  d e ta i l e d  e x p e r im e n ts  u s in g  h y d ro x y l r a d ­

ic a l f o o tp r in t in g ,  m e th y la tio n  p r o te c t io n ,  a n d  e th y la t io n  in t e r ­

f e r e n c e  g av e  b ro a d ly  c o n s is te n t  re su lts .

B o th  th e  H ill  a n d  B a s tia  g ro u p s  (5 4 , 15 8) r e p o r te d  G 1 0 , 

G 1 3 , a n d  G 1 7  to  b e  p r o te c te d  f ro m  m e th y la t io n  b y  T u s  b in d in g
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F IG . 8. S e q u e n c e  a n d  se c o n d a r y  stru ctu r e  o f  th e  T u s  p r o te in  (d a ta  are fr om  r e fe r e n c e  8 5 ). T h e  31  r e s id u e s  th a t m ak e  n o n sp e c if ic  c o n ta c ts  to  

th e  D N A  b a c k b o n e  are in  b lu e . T h e  17  r e s id u e s  th a t m a k e  d ir ec t  or  w a te r -m e d ia te d  sp e c if ic  c o n ta c ts  w ith  th e  D N A  b a s e s  are in  red .

(F ig . 9 ) , a s  w o u ld  b e  e x p e c te d  f ro m  th e  c ry s ta l s t r u c tu re  (F ig . 

7). T h e  T e r R l  s ite  w a s  a lso  p r o te c te d  a t  th e  g u a n o s in e  s u b s t i ­

t u te d  fo r  T 2 0  o f  th e  T e rB  s e q u e n c e ,  w h ile  m e th y la tio n  a t  A 1 6  

w a s  e n h a n c e d  a t  b o th  T er  s ite s , c o n s is te n t  w ith  its  s o lv e n t 

e x p o s u re  a n d  d is to r t io n  f ro m  th e  B  fo rm  in  th e  c ry s ta l s t r u c ­

tu r e .  T erB  a lso  sh o w e d  e n h a n c e d  m e th y la t io n  a t  A l l ,  a g a in  a 

r e f le c tio n  o f  th e  so lv e n t e x p o s u re  a n d  d e v ia tio n  f ro m  a B -fo rm  

s t r u c tu re ,  w h ile  T e r R l  D N A  sh o w e d  e n h a n c e d  m e th y la t io n  a t  

th e  g u a n o s in e  s u b s t i tu te d  a t  A 8 , a n o th e r  so lv e n t-e x p o s e d  r e s ­

id u e  th a t  m a y  b e  f u r th e r  d is to r te d  a s  a r e s u l t  o f  th e  s u b s t i tu ­

t io n . E th y la t io n  in te r f e r e n c e  sh o w e d  th a t  th e  p h o s p h a te s  b e ­

tw e e n  G 1 0  a n d  T 1 4  (o n  th e  to p  s t r a n d  a s  sh o w n  in  F ig . 9) as  

w e ll as  th o s e  b e tw e e n  A 1 8  a n d  C 1 3  (o n  th e  b o t to m  s tr a n d )  

w e re  n e c e s s a ry  f o r  T u s  b in d in g  ( 5 4 ,1 5 8 ) .  T h e  p h o s p h a te s  o f  a ll 

th e s e  n u c le o t id e s  in te r a c t  w ith  T u s  in  th e  c ry s ta l s t r u c tu re  (F ig .

7).
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F IG . 9. S u m m ar y  o f  th e  r e s u lts  o f  fo o tp r in t in g  s tu d ie s  b y  S ista  e t  a l. 

(1 5 8 )  an d  G o tt lie b  e t  a l. (5 4 ) .  A r r o w s  in d ic a te  p r o te c t io n  fr o m  h y ­

d roxy l r a d ic a l c le a v a g e . F il le d  c ir c le s in d ic a te  p r o te c t io n  fr o m  m e th ­

y la t io n  b y  d im e th y l su lfa te . O p e n  c ir c le s  sh o w  e n h a n c e d  m e th y la tio n .  

T h e  b as e  p a ir s th a t  in te r a c t  w ith  T u s  are  sh a d e d  as in  F ig . 3.

A lth o u g h  m o s t  o f  th e  p r o te c te d  n u c le o t id e s  w e re  w ith in  th e  

r e g io n  b o u n d  b y  T u s  in  th e  c ry s ta l s t r u c tu r e ,  f ro m  G 6 to  A 1 8  

o n  th e  to p  s t r a n d  a n d  f ro m  T 1 9  to  C 6 o n  th e  b o t to m  s t r a n d  

(F ig . 3 ) , b o th  g ro u p s  r e p o r te d  p r o te c te d  s i te s  o u ts id e  th is  r e ­

g io n . S is ta  e t  al. (1 5 8 ) fo u n d  f o u r  su c h  s ite s ,  b e tw e e n  1 a n d  3 

b a s e  p a i r s  p r e c e d in g  a n d  1 fo llo w in g  th e  T u s -b in d in g  s ite  in  th e  

T e rR 2  s e q u e n c e  (F ig . 9). W h ile  G o tt l i e b  e t  al. (5 4 ) d e s c r ib e d  

tw o  p r o te c te d  s ite s  p r e c e d in g  T e rB , th e s e  w e re  o n ly  1 b a s e  p a i r  

f ro m  th e  b in d in g  s ite  a n d  c o u ld  b e  e x p la in e d  b y  o c c lu s io n  by  

th e  o v e rh a n g in g  p r o te in .  T h e  T e rR 2  p r o te c t io n  s i te s  a re  m o re  

d if ficu lt to  e x p la in  o n  th e  b a s is  o f  th e  s ta t ic  c ry s ta l s t r u c tu re .

T h e  Kd  o f  th e  T u s -T e rR 2  c o m p le x  h a s  b e e n  e s t im a te d  to  b e  

3 0 -fo ld  h ig h e r  th a n  th a t  fo r  T u s -T e rB  (5 4 ). I f  th is  is la rg e ly  th e  

r e s u l t  o f  th e  lo ss  o f  s e q u e n c e -sp e c if ic  in te r a c t io n s ,  th e n  th e  

p r o te c te d  s i te s  o n  T e rR 2  m a y  re f le c t  g r e a te r  m o b il ity  o f  th e  

p r o te in  o n  th is  D N A . C o n v e rse ly , i t  m a y  s im p ly  b e  th e  c a se  

th a t  th e  c ry s ta l s t r u c tu r e  d o e s  n o t  a c c u ra te ly  r e p r e s e n t  th e  

m o b il ity  in  s o lu t io n  o f  th e  a m in o  a c id  s id e  c h a in s  in  th e  v ic in -  

ity.

A n o th e r  e x p la n a t io n  is t h a t  T u s  e n g in e e rs  s t r u c tu r e s  in  th e  

D N A  a t  e a c h  e n d  o f  th e  c o m p le x  th a t  a re  r e s is ta n t  to  h y d ro x y l 

r a d ic a l  c le a v a g e . A t  th e  p e rm is s iv e  fa c e  o f  th e  c o m p le x  (F ig . 6 ), 

th is  m a y  b e  th e  r e s u l t  o f  s t r a n d  s e p a r a t io n .  T h is  is s u g g e s te d  by  

th e  r u n  o f  f o u r  A T  b a s e  p a i r s ,  th e  tw is te d  c o n fo rm a t io n s  o f  th e  

A T 1 6  a n d  T A 1 8  b a s e  p a i r s ,  a n d  th e  n u c le o t id e  s u b s t i tu t io n  

d a ta  t h a t  w ill b e  d is c u s se d  b e lo w . A t  th e  n o n p e rm is s iv e  fa c e , 

s t r a n d  s e p a r a t io n  m a y  b e  in d ic a te d  b y  th e  s e v e re  tw is t in d u c e d  

in  th e  A T 5  b a s e  p a ir .  T h e  h ig h  A T  c o n te n t  in  D N A  a t  th e  

n o n p e rm is s iv e  e n d  o f  m o s t  T er  s i te s  (F ig . 3 ) , th e  n u c le o t id e  

s u b s t i tu t io n  d a ta  (b e lo w ) , a n d  th e  v e ry  c lo se  a p p r o a c h  o f  D N A  

p o ly m e ra s e  in f e r r e d  f ro m  th e  p o s i t io n  o f  th e  e n d  o f  le a d in g -  

s t r a n d  sy n th e s is  (7 0 ) m a y  a lso  su g g e s t th a t  s t r a n d  s e p a r a t io n  

o c c u rs  a t  th is  p o in t .

N u c le o t id e  S u b s t itu t io n  S tu d ie s

T h e  e ffec ts  o n  T u s  b in d in g  o f  s u b s t i tu t io n  o f  b a s e  p a i r s  a t  

v a r io u s  p o in ts  in  th e  T e rB  s e q u e n c e  w e re  e x a m in e d  b y  a  v a r ie ty  

o f  a p p ro a c h e s .  D u g g a n  e t  al. (4 2 ) in v e s tig a te d  th e  e f fe c t o n  th e  

f re e  e n e rg y  (A G ) o f  b in d in g  (o r  a n  a p p a r e n t  A G * b a s e d  o n
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d is s o c ia tio n  r a te  c o n s ta n ts )  o f  r e p la c in g  th e  b a s e  in  e a c h  o f  th e  

f o u r  c o n s e rv e d  d e o x y g u a n o s in e  r e s id u e s  (F ig . 9) w ith  7 -d e a z a -  

g u a n in e ,  2 - a m in o p u r in e ,  a n d  in o s in e . E a c h  o f  th e s e  s u b s t i tu ­

t io n s  r e m o v e s  a sp e c if ic  f u n c t io n a l  g ro u p  f ro m  th e  g u a n in e  

b a s e , a n d  r e p la c e m e n t  b y  2 - a m in o p u r in e  a lso  d is tu rb s  b a se  

p a i r in g  w ith  c y to s in e . T h e y  a lso  r e p la c e d  G C  b a s e  p a i r s  w ith  

2 - a m in o p u r in e  • u r a c i l  b a s e  p a i r s ,  w h ic h  fo rm  a m o re  s ta b le  

h y d ro g e n  b o n d in g  a r r a n g e m e n t .  F u r th e r m o r e ,  to  in v e s tig a te  

th e  ro le  o f  th y m in e  m e th y l g ro u p s  in  th e  b in d in g  in te r a c t io n ,  

six  th y m in e  b a s e s  w e re  r e p la c e d  w ith  u ra c il ,  as  w e ll as  w ith  

5 -b ro m o -  a n d  5 - io d o u ra c i l  (4 1 , 4 2 ). B ro m in e  a n d  io d in e  a to m s  

a re  a p p ro x im a te ly  th e  s a m e  size  a s  a m e th y l g ro u p  a n d  c o u ld  

c o m p e n s a te  fo r  th e  lo ss  o f  th is  g ro u p .  D u e  to  th e  g r e a te r  

e le c tro n e g a t iv ity  o f  io d in e ,  a n  in c re a s e  in  b in d in g  b y  th e  s u b ­

s t i tu t io n  o f  io d o -  o v e r  b r o m o u r id in e  w o u ld  a lso  c o n f irm  th e  

p re s e n c e  n e a rb y  o f  a p o la r iz a b le  a m in o  ac id .

W h e r e  a th y m in e  m e th y l g r o u p  is in v o lv e d  in  a h y d ro p h o b ic  

in te r a c t io n ,  th e r e  w a s  fo u n d  to  b e  a p o s it iv e  A A G * (i.e ., m o re  

r a p id  d is s o c ia tio n )  f o r  th e  s u b s t i tu t io n  o f  h a lo g e n a te d  u ra c il .  

T h e  tw o  m a in  th y m in e  m e th y l in te r a c t io n s  a re  a t  n u c le o tid e s  

T 1 2  a n d  T 1 6 , a n d  th e s e  a re  th e  tw o  th y m in e s  w ith  th e  h ig h e s t  

A A G* f o r  c o n v e rs io n  to  u r a c i l  a n d  th e  h a lo g e n a te d  a n a lo g s . A  

n e g a tiv e  A A G * (s lo w e r  d is s o c ia tio n )  fo r  io d o -  a n d  b ro m o u ra c i l  

su b s t i tu t io n  w a s  o b s e rv e d  fo r  m o d if ic a tio n s  o f  T 8 , T 1 4 , a n d  

T 1 9  a n d  in d ic a te s  th e  p re s e n c e  o f  a p o la r iz a b le  g r o u p  in  th e  

m in o r  g ro o v e  (4 1 ). T h is  is  c o n f irm e d  b y  th e  c ry s ta l s t ru c tu re  

fo r  T 8 ( in te ra c ts  w ith  L y s8 9 ) a n d  T 1 4  ( in te ra c ts  w ith  L y s l7 5 ) ,  

a n d  a c o n ta c t  w ith  T 1 9  c a n  b e  f o rm e d  b y  r o ta t in g  th e  s id e  c h a in  

o f  A rg 2 8 8 . I n  m o s t  c a se s  th e  T u s  c o m p le x  w ith  T erB  r e p la c e d  

w ith  a 2 -a m in o p u r in e :u ra c i l  b a s e  p a i r  w a s  o b s e rv e d  to  b e  

s lig h tly  m o re  s ta b le  th a n  a 2 - a m in o p u r in e  • c y to s in e  b a se  p a i r ,  

in d ic a t in g  th a t  u n fa v o ra b le  b a s e  p a i r in g  c o n t r ib u te s  p a r t  

(G C 1 0 )  o r  m o s t  ( C G I 7) o f  th e  in c re a s e  in  A G . H o w e v e r  a t  

G C 1 3 , w h e re  th e  N 4  o f  c y to s in e  in te r a c ts  w ith  H is l7 6 ,  th e  

s u b s t i tu t io n  o f  u r a c i l  f o r  c y to s in e  o p p o s i te  2 - a m in o p u r in e  

g re a tly  d e s ta b i l iz e d  th e  T u s -T e r  in te r a c t io n  (4 2 ).

C o s k u n -A r i  a n d  H ill  (3 0 ) c h o s e  a n  a l te rn a t iv e  a p p r o a c h  o f  

r e p la c e m e n t  o f  b a se  p a i r s  in  T erB  w ith  a ll th r e e  n a tu r a l  a l t e r ­

n a te s  a n d  p r o d u c e d  a n e a r -c o m p le te  s e t  o f  a ll p o s s ib le  s u b s t i ­

tu t io n s  in  th e  re g io n  G C 6 to  A T 2 1 . T h is  a l lo w e d  th e m  to  

id e n tify  th r e e  n e w  T e r  s ite s  in  th e  E . c o l i  g e n o m e  s e q u e n c e ,  to  

d e f in e  in  g e n e r a l  te rm s  w h ic h  T e r  s ite s  a re  s t ro n g  o r  w e a k  

T u s -b in d in g  s ite s ,  a n d  to  sp e c ify  p re c is e ly  w h ic h  r e s id u e s  in  th e  

c o n s e n s u s  s e q u e n c e  a re  im p o r ta n t  fo r  b in d in g  as  w e ll a s  fo r  

r e p l ic a t io n  f o rk  a r r e s t  a c tiv ity  in  v iv o.

T h e  n u c le o t id e  s u b s t i tu t io n  d a ta  n e e d  to  b e  in te r p r e te d  

c a re fu lly . A  s in g le  s u b s t i tu t io n  c o u ld  a ffe c t D N A  s ta b ili ty , th e  

e n t ro p ic  c o s t  o f  re m o v in g  w a te r  f ro m  its  h y d ra t io n  sh e ll ,  a n d  

e v e n  th e  in te r n a l  s t r u c tu r e  o f  th e  T u s  p r o te in ,  as  w e ll a s  d i ­

re c t ly  a f fe c tin g  b in d in g . A s  e x p e c te d ,  th e  c o m b in e d  s u b s t i tu ­

t io n  d a ta  a g re e  b ro a d ly  w ith  th e  c ry s ta l s t r u c tu re  a n d  c o n s e r ­

v a t io n  o f  r e s id u e s  w ith in  th e  T er  s ite s . T h e  m o s t  im p o r ta n t  b a se  

p a i r s  f o r  T u s  b in d in g  w e re  fo u n d  to  lie  in  th e  m o s t  c o n s e rv e d  

re g io n s  (F ig . 3 ). F o r  e x a m p le , th e  T A 7  b a s e  p a i r ,  w h ic h  is n o t  

c o n s e rv e d  a n d  d o e s  n o t  c o n ta c t  T u s  in  th e  c ry s ta l s t r u c tu re ,  

w a s  fo u n d  to  b e  d is p e n s a b le ,  a n d  th e  p a r t ia l ly  c o n s e rv e d  A T S  

b a s e  p a i r  sh o w e d  to le r a n c e  fo r  th e  G C  s u b s t i tu t io n  f o u n d  in  a 

n u m b e r  o f  n a tu r a l  T er  s ite s  (3 0 ).

I n  g e n e ra l ,  th e r e  w a s  a c o r r e la t io n  b e tw e e n  b in d in g  e n e rg y  

a n d  r e p l ic a t io n  a r r e s t  a c tiv ity  in  v ivo. H o w e v e r , a t  th e  n o n p e r ­

m is s iv e  e n d ,  th e  th r e e  s u b s t i tu t io n s  a t  G C 6 a ll h a d  a m u c h  

la rg e r  e f fe c t o n  re p l ic a t io n  a r r e s t  th a n  e x p e c te d  o n  th e  b a s is  o f  

th e  c h a n g e  in  b in d in g  e n e rg y , in d ic a t in g  th a t  th is  b a se  p a i r  is 

im p o r ta n t  fo r  r e p l ic a t io n  a r r e s t  f o r  r e a s o n s  th a t  a re  n o t  r e la te d  

p r im a r ily  to  th e  s ta b ili ty  o f  th e  T u s -T e rB  c o m p le x  (3 0 ).

I t  is a lso  d if ficu lt to  c o r r e la te  th e  c ry s ta l s t r u c tu re  (85 ) w ith  

th e  e ffec ts  o f  so m e  s u b s t i tu t io n s  a t  th e  p e rm is s iv e  fa c e  (3 0 ). 

A lth o u g h  c h a n g e s  to  th e  c o n s e rv e d  A T 1 9  b a s e  p a i r  c a u s e d  a 

la rg e  c h a n g e  in  A G  fo r  b in d in g  a n d  a b o l is h e d  r e p l ic a t io n  a r r e s t  

a c tiv ity , th e  c ry s ta l s t r u c tu r e  sh o w s n o  e x p lic it s e q u e n c e - s p e ­

c ific  in te r a c t io n  a t  th is  s ite . T h e  A rg 2 8 8  s id e  c h a in  c a n  b e  

b r o u g h t  in to  c o n ta c t  w ith  e i th e r  0 2  a n d  N 3  o r  N 3  a n d  0 4  o f  

th is  th y m id in e ,  d e p e n d in g  o n  w h e th e r  its  N e  is s im u lta n e o u s ly  

p o s i t io n e d  to  in te r a c t  w ith  a d e n in e  o r  th y m in e  a t  T A 1 8  (F ig . 

7). T h e  N 3 - 0 4  in te r a c t io n  c o u ld  a lso  b e  s t r e n g th e n e d  if  th e  

s t r a n d s  w e re  s e p a r a te d ,  b u t  th e  q u a n t i ta t iv e  d a ta  o ffe r  li t t le  

g u id a n c e  a b o u t  w h ic h  in te r a c t io n s  a re  m o s t  like ly . S u b s ti tu t io n  

a t  A T 2 0 , w h ic h  lie s  b e y o n d  th e  D N A  u s e d  fo r  c ry s ta lliz a tio n , 

r e d u c e d  a r r e s t  ac tiv ity  w h ile  h a v in g  o n ly  a m o d e s t  e ffe c t o n  

b in d in g  (3 0 ). T h is  m a y  b e  d u e  to  in te r a c t io n s  (n o t  s e e n  in  th e  

c ry s ta l s t r u c tu r e )  w ith  T rp 2 4 3  a n d  G ln 2 4 8  (F ig . 7) o r  to  s t r u c ­

t u r a l  c h a n g e s  in  th e  D N A  r e q u i r e d  fo r  f o r k  a r r e s t  ac tiv ity . 

F in a lly , a t  th e  a d ja c e n t  A T 2 1  s ite , n o w  w e ll aw ay  f ro m  th e  

p r o te in ,  th e r e  w a s  a lso  a n  e f fe c t o n  b o th  b in d in g  a n d  a r r e s t  

a c tiv ity , a g a in  su g g e s tin g  a ro le  f o r  D N A  s tr u c tu re  in  th e  b in d ­

in g  r e a c t io n ,  th e  a r r e s t  r e a c t io n ,  o r  b o th  (3 0 ). W e  n o te  th a t  

G ln 2 4 8  c a n  b e  p o s i t io n e d  f o r  p o te n t ia l  in te r a c t io n s  w ith  T 2 1 

(F ig . 7).

T h e  ro le  o f  th e  f o u r  b a se  p a i r s  G C 6 a n d  A T 1 9  to  A T 2 1  m a y  

w e ll b e  c o n c e r n e d  w ith  e n g in e e r in g  o f  a s t r u c tu r e  in  th e  D N A  

th a t  a ffec ts  h e l ic a se  p a s s a g e  th r o u g h  th e  T u s -T e r  c o m p le x . T h is  

s t r u c tu re  m ig h t in c lu d e  th e  s e p a r a t io n  o f  th e  D N A  s t r a n d s  a t  

o n e  o r  th e  o th e r  e n d  o f  th e  c o m p le x , a n d  th is  is s u p p o r te d  by  

o th e r  e le m e n ts  o f  th e  c ry s ta l s t r u c tu re  (8 5 , 170). T h e  re s u lts  

a re  a lso  c o n s is te n t  w ith  a d y n a m ic  c o m p le x  in  w h ic h  p a r t i a l  

u n b in d in g  p ro c e s s e s  p la y  a ro le  in  th e  a n t ih e l ic a s e  ac tiv ity . In  

th is  c a se  th e s e  a n o m a lo u s  b a s e  p a i r s  w o u ld  b e  in v o lv e d  in  

b in d in g  o f  in te r m e d ia te s  o n  th e  b in d in g -u n b in d in g  p a th w a y  

b u t  n o t  in  th e  f in a l s te a d y -s ta te  T u s -T e r  c o m p le x .

M u ta n ts  o f  T u s

R e p o r t e d  m u ta n ts  o f  T u s  ( s u m m a riz e d  in  T a b le  1) fa ll  in to  

tw o  m a in  g ro u p s ,  th o s e  is o la te d  b y  s c re e n in g  fo r  d e fe c tiv e  

re p l ic a t io n  a r r e s t  ac tiv ity  o r  r e d u c e d  h e l ic a se  in te r a c t io n  a n d  

th o s e  g e n e r a te d  d e l ib e ra te ly  to  t e s t  h y p o th e s e s  b a s e d  o n  s t r u c ­

tu r a l  o r  b io c h e m ic a l  d a ta .  A s  w ith  th e  n u c le o t id e  s u b s t i tu t io n  

d a ta ,  c o m p a r is o n  o f  th e  e ffec ts  o f  th e s e  m u ta t io n s  o n  b o th  

D N A  b in d in g  a n d  re p l ic a t io n  fo rk  a r r e s t  a c tiv ity  h a s  th e  p o ­

t e n t ia l  to  id e n tify  f a c to r s  in v o lv e d  in  f o r k  a r r e s t  b e y o n d  th o s e  

th a t  r e la te  s im p ly  to  b in d in g  o f  T u s  to  th e  T e r  s e q u e n c e s .  I t  is 

a lso  te m p tin g  to  in f e r  th e  re la t iv e  c o n t r ib u t io n s  o f  th e  v a r io u s  

c o n ta c ts  r e v e a le d  b y  th e  c ry s ta l s t r u c tu r e  to  th e  sp e c if ic ity  o f  

T u s -T e r  b in d in g .

I t  s h o u ld  b e  n o te d ,  h o w e v e r , t h a t  m a n y  o f  th e  a m in o  a c id  

s u b s t i tu t io n s  th a t  h a v e  b e e n  s tu d ie d  r e s u l te d  in  a d e c re a s e  in  

p o s it iv e  c h a rg e  in  th e  n e ig h b o rh o o d  o f  th e  c h a n g e d  re s id u e  

a n d  so  m ig h t a lso  a ffe c t th e  n o n sp e c if ic  in te r a c t io n  o f  T u s  w ith  

D N A  s e q u e n c e s  t h a t  d o  n o t  r e s e m b le  T er  s ite s . T u s  b in d s  

r e a s o n a b ly  av id ly  to  su c h  s ite s ; m e a s u r e d  v a lu e s  o f  K D  in d ic a te
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T A B L E  1. E ffe c ts  o f  a m in o  ac id  m o d if ic a t io n s  o n  th e  a c t iv it ie s  o f  T u s

T us  s tru c tu re  M u ta tio n (s )

E ffect o n  T us activ ity

D N A  a n d  D n a B  h e licase  b in d in g R e p lic a tio n  a r re s t a n d  a n tih e lic a se  activ ity

W ild  type  

L I

N o n e

P 4 2 S

P 4 2 L

E 4 3 Q

V 4 4 T

K 4 5 A

K 4 6 A

E 4 7 Q

D 4 8 N

E 4 9 A

E 4 9 K

t m  =  15 0  min"-6 

t l n  =  9 m in"
J^~TeR2

th r e e -fo ld  in c r e a se , D n a B  b in d in g  red u ced "

h a  =  4 8  m in 6 

h a  =  15 m in 6 

h a  =  3 4 8  m in 6

K D TerR2 fo u r fo ld  d e c r e a se ,  D n a B  b in d in g  red u ced "  

h a  =  1^5 m in 6 

t l n  =  2 7 4  m in 6

t m  =  175  m in , K D TerB u n ch an ged " '6

K D TerR2 tw o fo ld  in c r e a se , D n a B  b in d in g  red u ced "

100% ; n o  gr ow th , 13%  fu ll  le n g th  r ep , 2 .4  fm o l6 

37%  o f  w t ar res t activity"

N o  a n t ih e lic a se  activity"

N o  gr ow th , 14%  fu ll le n g th  r e p 6

N o  gr ow th , 19%  fu ll le n g th  r e p 6

N o  gr ow th , 11%  fu ll le n g th  r e p , 2 .8  fm o l6

G ro w th , 54%  fu ll  le n g th  r e p , 5 .0  fm o l6

G ro w th , 56%  fu ll  le n g th  r e p , 2 .4  fm o l6

F u ll a n t i-h e lic a se  a n d  in  v itr o  r e p lic a tio n  arre st activity"

N o  gr ow th , 10%  fu ll le n g th  r e p , 2 .7  fm o l6

G ro w th , 26%  fu ll  le n g th  r e p , 2 .5  fm o l6

38%  o f  w ild -ty p e  arre st activity"

D e fe c t iv e  a n t ih e lic a se  an d  in  v itr o  r e p lic a tio n  arrest  

activity"

51% , 7 .9  fm o l6

E 4 7 Q /E 4 9 A

E 4 7 Q /E 4 9 Q

H 5 0 N

H 5 0 Y

N 5 1 D

P 5 2 L

t l a  =  2 1 2  m in 6 

h a  =  109  m in 6

t m  =  26  m in , K D TerB s ix fo ld  in c rease"

K D TerR2 tw o fo ld  in c r e a se , D n a B  b in d in g  red u ced "

G ro w th , 39%  fu ll  le n g th  r e p , 3 .3  fm o l6 

G ro w th , 30%  fu ll  le n g th  r e p , 4 .0  fm o l6 

N o  gr ow th , 13%  fu ll le n g th  r e p , 2 .7  fm o l6 

81%  o f  w ild -ty p e  arre st activity"

N o  gr ow th , 17%  fu ll le n g th  r e p 6 

A n t ih e lic a s e  ac tiv ity  red u ced "

L 2 E 8 4 A

N 8 5 D

K 8 9 A

R 9 3 H

^ n s D N A  u n a jfe c te d , K D TerB 2 0 0 - fo ld  in c r e a se 6 

k„ TerB 1 0 -fo ld  d e c r e a s e ,  k / erB 2 0 -fo ld  in c r e a se 6 

P a rtia l o r  c o m p le te  d efect"

N o  g ro w th 6 

N o  g ro w th 6

G row th"

0 D P 9 5 S

P 9 5 H

P 9 5 L

N o t  d e te cta b le "

P a rtia l o r  c o m p le te  d efect"  

P a rtia l o r  c o m p le te  d efect"

G row th"

G row th"

G row th"

« I V E 1 4 1 A /R 1 4 5 A N o  g ro w th 6

a I V - a V L 1 5 0 Q P a rtia l o r  c o m p le te  d efect" G row th

« V Y 1 5 6 C P a rtia l o r  c o m p le te  d efect" G row th

o V - f lE L 1 5 9 P N o t  d e te cta b le " G row th"

0 F G 1 7 1 D

A 1 7 3 T

A 1 7 3 V

P a rtia l o r  c o m p le te  d efect"

K D TerB 4 ,0 0 0 -fo ld  in c r e a se , k dTerB 1 0 0 0 -fo ld  

in crease"  

h a  =  0-5 m in 6
^ n s D N A  u n a ffe c te d , K D TerB 4 ,0 0 0 -fo ld  in c r e a se 6 

k aTerB 4 0 -fo ld  d e c r e a s e ,  k / erB 1 0 0 -fo ld  in c r e a s e 6 

K D TerB 1 0 0 -fo ld  in c r e a se , A-rfTerB 1 0 0 -fo ld  in crease"

G row th

In active"

G ro w th , 182%  fu ll  le n g th  r ep , 10 .9  fm o l6 

A ctive"

0 G K 1 7 5 E G row th"

L 3 R 1 9 8 A X q U sd n a p o-fold  in c rea se , K DTerB 150 -fo ld  in c rease6 

k aTerB 5 0 -fo ld  d e c r e a s e ,  k / erB fo u r fo ld  in c r e a se 6 

t m  =  2  m in 6

G ro w th 6

a V I I R 2 0 5 A /E 2 0 6 A

R 2 1 0 A /R 2 1 4 A

N o  g ro w th 6 

N o  g ro w th 6

P H R 2 3 2 S P a rtia l o r  c o m p le te  d efect" G row th

PI Q 2 3 7 R

P 2 3 8 L

R 2 4 1 L

P a rtia l o r  c o m p le te  d efect"

N o t  d e te ctab le ;"  p a rt ia l o r  c o m p le te  d efect"  

P a rtia l o r  c o m p le te  d efect"

G row th

G row th""

G row th

PJ Q 2 5 0 A

Q 2 5 2 R

V DNA u n a ffe c te d , K D TerB 4 0 0 - fo ld  in c r e a se 6 

k aTerB e ig h tfo ld  d e c r e a s e ,  k dTerB 5 0 -fo ld  in c r e a se 6 

P a rtia l o r  c o m p le te  d efect" G row th"

C o n t in u e d  o n  fa c in g  p a g e
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T A B L E  1— C o n t in u e d

T us  s tru c tu re M u ta tio n (s )

E ffect o n  T us activ ity

D N A  a n d  D n a B  h e licase  b in d in g R e p lic a tio n  a r re s t a n d  a n tih e lic a se  activ ity

A 2 5 4 D 1 %  D N A  b in d in g  o f  w ild  typ e In active"

p J -p K P 2 5 6 L 4%  D N A  b in d in g  o f  w ild  typ e In active"

P K -P L D 2 6 6 A N o  gr ow th 6

D 2 6 6 N N o  g ro w th 6

a S k o k a tas  e t  al. (160, 161) r e p o rte d  m u ta n t  T u s  p ro te in s  se lec ted  fro m  a  survival assay w h e re  cell g ro w th  is a sso c ia ted  w ith  d e fe c tiv e  rep lic a tio n  a r re s t  activ ity . 

E q u ilib r iu m  d isso c ia tio n  c o n s ta n ts , d isso c ia tio n  a n d  a sso c ia tio n  r a te  c o n s ta n ts , a n d  th e  ha lf-life  (tlf2) o f  d isso c ia tio n  m e a s u re d  by n itro c e llu lo se  filte r  b in d in g  w e re  also  

re p o rte d , to g e th e r  w ith  th e  p e rc e n ta g e  o f  rep lic a tio n  a r re s t  activ ity .

b H e n d e rso n  e t  a l. (59) r e p o r te d  a  sim ilar  g ro w th  assay o f  re p lic a tio n  a r re s t  activ ity  a s  w ell a s  a  q u a n tita tiv e  assay o f  in  v ivo a r re s t  ( in c rea s in g  p e rc e n ta g e  o f  fu ll- leng th  

p la sm id  rep lic a tio n  fro m  13%  fo r  w ild- type  T u s  to  10 0%  in  th e  a b se n c e  o f  T u s  show s loss  o f  re p lic a tio n  a r re s t  activ ity) a n d  a n  in  v itro  h e lic a se  assay  (in c re a s in g  q u a n tity  

o f  lib e ra te d  D N A  [to  a  m ax im u m  o f  10.7 fm ol] sho w s loss  o f  an tih e lic a se  ac tiv ity ), as  w ell as  th e  ha lf-l ife  o f  d isso c ia tio n  fro m  TerB. 

c M u lu g u  e t  al. (12 7) r e p o rte d  eq u ilib riu m  d isso c ia tio n  co n s ta n ts  m e a su re d  by a  ge l sh if t assay.

d N ey lo n  e t  a l. (13 1) re p o rte d  eq u ilib riu m  a n d  d isso c ia tio n  a n d  a sso c ia tio n  r a te  co n s ta n ts  fo r b in d in g  to  TerB  a n d  n o n sp e c ific  D N A  o b ta in e d  fro m  a n  S P R  assay  (in  

250 a n d  100 m M  K Q , resp ec tiv ely) .

e K a m a d a  e t  a l. (8 5)  r e p o r te d  m u ta n t  T u s  p ro te in s  se lec ted  fro m  a  survival assay  w h e re  cell g ro w th  is a sso c ia ted  w ith  d e fe c tiv e  rep lic a tio n  a r re s t  activ ity ; all m u ta n t 

p ro te in s  w e re  re p o r te d  to  h a v e  a  p a r tia l o r  c o m p le te  d e fe c t  in  Ter  b ind in g.

b in d in g  to  b e  104- to  105-fo ld  w e a k e r  th a n  th a t  to  T erB  (55 , 

131 ). E le c tr o s ta t ic  in te r a c t io n s  c le a r ly  m a k e  a m a jo r  c o n t r ib u ­

t io n  to  b in d in g  o f  T u s  to  b o th  sp e c if ic  a n d  n o n sp e c if ic  s ite s . In  

a s tu d y  o f  th e  e f fe c t o f  KC1 c o n c e n t ra t io n s  o n  th e  T u s  -T e rB  

in te r a c t io n ,  u s in g  s u r fa c e  p la s m o n  r e s o n a n c e  (S P R ) ,  N e y lo n  e t  

al. (1 3 1 ) sh o w e d  t h a t  a  p lo t  o f  In K D  v e r s u s  In [KC1] h a d  a s lo p e  

o f  a b o u t  —11 a n d  th a t  th is  v e ry  s u b s ta n t ia l  s a l t  d e p e n d e n c e  is 

e s se n tia l ly  c o m p le te ly  d u e  to  e ffec ts  o n  th e  a s s o c ia tio n  r a te  

c o n s ta n t .  K a p u r  e t  al. (8 9 ) f u r th e r  s h o w e d  t h a t  th e  d is s o c ia tio n  

c o n s ta n ts  o f  c o m p le x e s  o f  T erB  w ith  v a r io u s  m u ta n t  fo rm s  o f  

T u s  w e re  c o r r e la te d  w ith  th e  io n ic  s t r e n g th  d e p e n d e n c e  o f  

th e i r  d is s o c ia tio n , as  d e te r m in e d  b y  e le c tro s p ra y  io n iz a t io n  

m a ss  s p e c tro m e try .  T h u s ,  in  u s in g  m e a s u r e m e n ts  w ith  T u s  

v a r ia n ts  w ith  c h a rg e  c h a n g e  s u b s t i tu t io n s  to  c o m m e n t  o n  s p e c ­

if ic ity , i t  is c le a r ly  n e c e s s a ry  to  s e p a r a te  g e n e r a l  e le c tro s ta t ic  

e ffec ts  f ro m  th o s e  d u e  to  d is ru p t io n  o f  s e q u e n c e -s p e c if ic  c o n ­

ta c ts .  W h ile  th e  w o rk  o f  N e y lo n  e t  al. (1 3 1 ) in d ic a te s  t h a t  th is  

c o u ld  b e  d o n e  b y  c o m p a r in g  b in d in g  o f  th e  v a r ia n t  p r o te in s  to  

T er  a n d  n o n sp e c if ic  D N A  s e q u e n c e s  as  a fu n c t io n  o f  io n ic  

s t r e n g th ,  th is  h a s  n o t  y e t  b e e n  d o n e  fo r  a n y  v a r ia n t  o f  T u s .

G e n e t ic  m e th o d s  h a v e  b e e n  d e v e lo p e d  to  s e le c t  d ire c tly  fo r  

T u s  m u ta n ts  d e fe c tiv e  in  r e p l ic a t io n  a r r e s t  ( 1 6 0 ,1 6 1 ) .  In  o n e  o f  

th e s e ,  d e v e lo p e d  b y  S k o k o ta s  e t  al. (1 6 0 ) a n d  a lso  u s e d  by  

K a m a d a  e t  al. (8 5 ), a  T er  s ite  w a s  p la c e d  so  a s  to  d is ru p t  

r e p l ic a t io n  o f  th e  c h ro m o s o m e  o f  a tu s  re c A  s t r a in ,  a n d  tu s  

m u ta n ts  w e re  in t r o d u c e d  in to  c e lls  o n  a p la s m id . A c tiv e  T u s  

b in d s  to  th e  T er  s ite  a n d  p re v e n ts  c h ro m o s o m e  r e p l ic a t io n ,  

w h ile  T u s  m u ta n ts  d e fe c tiv e  in  f o rk  a r r e s t  a llo w  r e p l ic a t io n  a n d  

c e ll  su rv iv a l. M u ta n ts  o f  th is  ty p e  c o u ld  r e f le c t  n o t  o n ly  th e  

e ffec ts  o f  s u b s t i tu t io n s  o n  sp e c if ic  a n d /o r  n o n sp e c if ic  D N A  

b in d in g  b u t  a lso  a s p e c ts  o f  f o rk  a r r e s t  n o t  r e la te d  to  D N A  

b in d in g  o r  e v e n  th e  fo ld in g  o f  T u s  in to  a s ta b le  s t ru c tu re .  

T h e s e  e ffec ts  c o u ld  o f  c o u rs e  b e  s e p a r a te d  b y  f u r th e r  in v e s ti ­

g a t io n  o f  th e  p r o p e r t ie s  o f  th e  i s o la te d  v a r ia n t  p r o te in s ,  b u t  

th is  h a s  n o t  a lw ays b e e n  d o n e .

O f  th e  18 r e s id u e s  (T a b le  1; F ig . 10) id e n t i f ie d  in  th is  w a y  as  

b e in g  im p o r ta n t  f o r  ac tiv ity , 11 (H is5 0 , A rg 9 3 , T y r l5 6 ,  A la l7 3 ,  

L y s l7 5 ,  A rg 2 3 2 , G ln 2 3 7 , A rg 2 4 1 , G ln 2 5 2 , A la 2 5 4 , a n d  P ro 2 5 6 )  

a re  d ire c tly  in v o lv e d  in  D N A  b in d in g  a n d  3 o th e r s  (G lu 4 9 , 

L e u l5 9 ,  a n d  P ro 2 3 8 )  a re  a d ja c e n t  to  r e s id u e s  t h a t  m a k e  c o n ­

t a c t  w ith  th e  D N A . T h e  o th e r  id e n t i f ie d  r e s id u e s  w h ic h  a re  

p ro b a b ly  im p o r ta n t  in  m a in ta in in g  te r t ia r y  s t r u c tu r e  in c lu d e  

fo u r  p ro l in e s  ( re s id u e s  42 , 95 , 2 3 8 , a n d  2 5 6 ); L e u l5 0 ,  w h ic h  

c o n t r ib u te s  to  th e  h y d ro p h o b ic  c o re  o f  th e  h e lic e s  in  th e  N  

d o m a in ;  a n d  G ly l7 1 ,  w h ic h  p ro v id e s  th e  f le x ib ility  n e c e s sa ry  

f o r  (3F to  tw is t a s  i t  b e n d s  th r o u g h  ~ 9 0 °  to  p a s s  u n d e r  (3H I to  

fo llo w  th e  m a jo r  g ro o v e  o f  th e  b o u n d  D N A  m o le c u le  (F ig . 6 ). 

T h u s ,  i t  is r e a s o n a b ly  e a sy  to  e x p la in  w h y  e a c h  re s id u e  a ffec ts  

r e p l ic a t io n  a r r e s t  ac tiv ity  in  te rm s  o f  e ffec ts  o n  T u s  s ta b ili ty  o r  

T u s - D N A  b in d in g . W h ile  th e s e  s tu d ie s  c le a r ly  id e n tify  im p o r ­

t a n t  r e s id u e s ,  th e  a b s e n c e  o f  m u ta t io n s  a t  a  p a r t i c u la r  s ite  d o e s  

n o t  in d ic a te  t h a t  th e  re s id u e  is u n im p o r ta n t .  O n ly  o n e  o f  th e  

s e le c te d  m u ta n ts  (P 2 3 8 L )  w a s  o b ta in e d  in  m o re  th a n  o n e  e x ­

p e r im e n t  ( 8 5 ,1 6 1 ) ,  in d ic a t in g  th a t  th e  s a m p lin g  p ro c e s s e s  w e re  

n o t  e x h a u s tiv e .

O f  p a r t i c u la r  in te r e s t  is  th e  c o n v e rs io n  o f  G lu 4 9  to  L ys. 

A lth o u g h  th is  m u ta t io n  le d  to  a n  in c re a s e  in  s t r e n g th  o f  th e  

T u s -T e rB  in te r a c t io n ,  i t  r e d u c e d  r e p l ic a t io n  a r r e s t  a c tiv ity  in  

v iv o  (1 6 0 ). G lu 4 9  lie s  in  th e  L I  re g io n ,  n e a r  th e  n o n p e rm is s iv e  

fa c e  o f  th e  c o m p le x  (F ig . 10 ). I t  is n o t  w e ll s i tu a te d  fo r  d ir e c t  

in te r a c t io n  w ith  th e  o n c o m in g  h e l ic a se , a s  i t  is p a r t ia l ly  o c ­

c lu d e d  b y  o th e r  r e s id u e s  in  th e  L I  lo o p  a n d  th e  T e r  D N A . 

P e r h a p s  th e  m o v e m e n t  o f  th e  h e lic a se  in to  th e  re g io n  o f  th e  

T er  s ite  le a d s  to  s t r u c tu r a l  a l te r a t io n s  th a t  r e p o s i t io n  G lu 4 9 .

T h e  c h a ra c te r is t ic s  o f  th is  m u ta n t  p r o m p te d  H e n d e r s o n  e t  

al. (5 9 ) to  u s e  o l ig o n u c le o t id e -d ir e c te d  m u ta g e n e s is  to  e x a m ­

in e  a la rg e r  r a n g e  o f  m u ta n ts  w ith  m u ta t io n s  in  th e  L I  lo o p  

( re s id u e s  41 to  5 3 ). T h is  lo o p  is e x p e c te d  to  b e  a re a s o n a b ly  

a u to n o m o u s  fo ld in g  u n i t ,  as  i t  is s e p a r a te d  f ro m  a d jo in in g  

s e c o n d a ry  s t r u c tu re  e le m e n ts  by  p ro l in e  r e s id u e s  a t  p o s it io n s  

42  a n d  52. O n ly  H is5 0  in te r a c ts  d ire c tly  w ith  T e r  D N A , b u t  

o th e r  m u ta t io n s  in  L I  m a y  a lso  d e s ta b i l iz e  in te r a c t io n s  w ith  

L 2 ; L ys4 6 h a s  in te r a c t io n s  w ith  A sn 8 5  a n d  S e r88  (w h ich  m a k e s  

a c o n ta c t  to  th e  p h o s p h a te  o f  A 7 ) ,  a n d  in  s o lu t io n ,  G lu 4 7  c o u ld  

in te r a c t  w ith  A sn 8 5 . T h e  E 4 3 Q , V 4 4 T , K 4 5 A , K 4 6 A , E 4 7 Q , 

D 4 8 N , E 4 9 A , E 4 9 K , H 5 0 N , a n d  N 5 1 D  m u ta n ts  w e re  e x a m in e d  

in  a q u a n t i ta t iv e  assay  o f  a r r e s t e d  p la s m id  r e p l ic a t io n  in te r m e ­

d ia te s , a  g ro w th  a s sa y  s im ila r  to  th e  s e le c tio n  sy s te m  d e s c r ib e d  

a b o v e , a n d  f o r  b in d in g  to  T erB  a n d  in h ib i t io n  o f  D n a B  h e lic a se  

a c tiv ity  in  v i t r o  (T a b le  1). O f  th e  m u ta n ts  t h a t  h a d  d e fe c ts  in
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F IG . 10 . T h e  n o n p e r m iss iv e  fa c e  o f  th e  T u s -T er  c o m p le x . F o u r  e q u iv a le n t  v ie w s  o f  th is  fa c e  are  sh o w n , h ig h lig h tin g  th e  fe a tu r e s  th a t m ig h t  

c o m e  in to  c o n ta c t  w ith  th e  D n a B  h e lic a se .  ( A )  S e c o n d a r y  str u c tu r e  e le m e n ts  th a t c o u ld  c o n ta c t  D n a B ; (B )  r e s id u e s  a t  th e  n o n p e r m iss iv e  fa c e  o f  

th e  c o m p le x , in c lu d in g  G lu 49 ; (C )  sp a c e -f ill in g  r e p r e s e n ta t io n  c o lo r e d  b y  r e s id u e  typ e  (r e d , ac id ic; b lu e , b asic; y e llo w , p o lar ; gray , a lip h a tic);  

( D )  c h ar ge  d is tr ib u tio n  o n  th e  T u s  su rfa ce  a t  th e  n o n p e r m iss iv e  fa c e .  C h a rge  w a s  c a lc u la te d  w ith o u t  th e  T e rA  D N A  in  p la c e , u s in g  a to m ic  c h a r g es  

a n d  P o is s o n -B o ltz m a n  c a lc u la t io n  as im p le m e n te d  in  S W IS S -P D B  V I E W E R  v e r s io n  3 .7  (5 6 ).

r e p l ic a t io n  a r r e s t  (K 4 6 A , E 4 7 Q , E 4 9 K , a n d  E 4 9 A ) ,  a l l  e x c e p t 

f o r  K 4 6 A  s h o w e d  m o re  s ta b le  r a th e r  th a n  w e a k e r  T erB  b in d in g  

(5 9 ).

E lo w ev e r, th is  in  v iv o  r e p l ic a t io n  a r r e s t  d e f e c t  w a s  n o t  m i r ­

r o r e d  p re c is e ly  in  in  v i t r o  a n t ih e l ic a s e  assa y s. B o th  E 4 7 Q  a n d  

E 4 9 A  m u ta n ts  w e re  a s  e ffec tiv e  as  w ild - ty p e  T u s  in  p r e v e n t in g  

h e l ic a se  a c tio n , w h ile  th e  E 4 9 K  a n d  K 4 6 A  m u ta n ts  w e re  le ss  

e ffec tiv e . T h e s e  r e s u lts  w e re  c o n f irm e d  b y  M u lu g u  e t  al. (1 2 7 ), 

w h o  f o u n d  t h a t  th e  E 4 7 Q  m u ta n t  p r o te in  w a s  a n  e ffec tiv e  b lo c k  

to  D n a B  h e l ic a se  a c tio n  a n d  r e p l ic a t io n  fo rk s  in  in  v i t ro  as say s  

b u t  t h a t  th e  E 4 9 K  m u ta n t  w a s  d e fe c tiv e  in  b o th .  T h e s e  d a ta  

in d ic a te  a ro le  f o r  s o m e  r e s id u e s  (m o s t e s p e c ia lly  G lu 4 9 )  in  

r e p l ic a t io n  a r r e s t  b e y o n d  s im p le  D N A  b in d in g , a n d  th is  

s t r e n g th e n s  th e  c a se  fo r  a r o le  o f  T u s -D n a B  in te r a c t io n s .  T h e  

d if fe re n c e s  b e tw e e n  r e s u l t s  o b ta in e d  w ith  th e  in  v i t ro  as say s  

a n d  th e  m o re  c o m p le x  in  v iv o  sy s te m s  p re s u m a b ly  r e f le c t  n o t  

o n ly  th e  a b ility  o f  T u s  to  b lo c k  p ro g re s s  o f  th e  re p l ic a t io n  fo rk  

b u t  a lso  th e  e ff ic ien cy  w ith  w h ic h  r e p l ic a t io n  r e s t a r t  m e c h a ­

n ism s  o p e r a te  to  r e e s ta b l is h  a fu n c t io n a l  f o rk  fo llo w in g  its  

s ta llin g  a n d  d is s o c ia tio n  o f  so m e  o f  th e  re p l i s o m a l  c o m p o ­

n e n ts .  R e p l ic a t io n  r e s ta r t  m e c h a n is m s  a r e  o f  c u r r e n t  in te r e s t  

(3 2 , 120, 1 4 8 ), a n d  th e s e  s tu d ie s  h a v e  b e e n  e x te n d e d  to  th e  

sp e c if ic  c a se  o f  fo rk s  s ta l le d  b y  a T u s -T e r  b lo c k  (1 8 -2 0 , 73 , 74 , 

77, 78 , 1 2 0 -1 2 2 , 140, 145, 1 55 ). E lo w ev e r, th e s e  in v e s tig a tio n s  

a re  b e y o n d  th e  sc o p e  o f  th is  re v ie w  a n d  a re  n o t  d is c u s se d  

f u r th e r .

M u lu g u  e t  al. (1 2 7 ) r e p o r te d  a d d i t io n a l  m u ta t io n a l  e v id e n c e  

f o r  T u s -h e lic a s e  in te r a c t io n s .  A n  in  v iv o  in te r a c t io n  b e tw e e n  

T u s  a n d  D n a B  w a s  d e te c te d  u s in g  a y e a s t  tw o -h y b rid  sy s te m . A

lib ra ry  o f  r a n d o m ly  m u ta te d  tu s  g e n e s  w a s  th e n  s c r e e n e d  u s in g  

a r e v e rs e  tw o -h y b rid  s c re e n  fo r  r e d u c e d  b in d in g  to  D n a B . 

T h re e  s e le c te d  c o lo n ie s  a ll y ie ld e d  th e  s a m e  m u ta t io n ,  a  c o n ­

v e r s io n  o f  P ro 4 2  to  L e u . T h is  m u ta t io n  r e s u l te d  in  a s lig h tly  

in c re a s e d  K D  f o r  th e  c o m p le x  o f  T u s  w ith  a T e r R l  o l ig o n u c le ­

o t id e ,  a n d  th e  c o m p le x  d is s o c ia te d  m o re  ra p id ly . I t  a lso  h a d  a 

r e d u c e d  in  v i t r o  affin ity  fo r  D n a B  a n d  w a s  in c a p a b le  o f  b lo c k ­

in g  h e l ic a se  ac tiv ity . P ro 4 2  is o n  th e  s u r fa c e  o f  th e  p r o te in ,  w e ll 

aw ay  f ro m  th e  h e lic a s e -b lo c k in g  fa c e  o f  th e  c o m p le x . I t  is n o t  

c le a r  f ro m  th e  s t r u c tu re  h o w  it  c o u ld  d ire c tly  a ffec t T u s -h e li -  

c a se  in te r a c t io n s .  T h re e  o th e r  m u ta t io n s  in  th e  L I  re g io n  w e re  

a lso  e x a m in e d  fo r  e ffe c t o n  T u s -D n a B  b in d in g . L ik e  P 4 2 L , th e  

E 4 9 K  m u ta n t  h a d  r e d u c e d  T u s -D n a B  b in d in g  a n d  w a s  a lm o s t 

c o m p le te ly  d e fe c tiv e  in  in  v i t r o  a n t ih e l ic a s e  ac tiv ity . T h e  P 5 2 L  

m u ta n t  h a d  r e d u c e d  T u s -D n a B  b in d in g  a n d  s o m e w h a t  r e d u c e d  

a n t ih e l ic a s e  ac tiv ity , w h ile  th e  E 4 7 Q  m u ta n t  h a d  in c re a s e d  

b in d in g  a n d  n o r m a l  ac tiv ity . T h e  r e d u c t io n  in  a n t ih e l ic a s e  a c ­

tiv ity  c o r r e la te d  b ro a d ly  w ith  th e  m e a s u r e d  s t r e n g th  o f  b in d in g  

to  D n a B .

I n  s p ite  o f  th e  e x te n s iv e  w o rk  w ith  th e s e  s e le c te d  m u ta n t  

p r o te in s ,  n o  s in g le  m u ta t io n  o r  c o m b in a t io n  o f  m u ta t io n s  h a s  

b e e n  o b s e rv e d  to  c o m p le te ly  e l im in a te  th e  fo rk  a r r e s t  ac tiv ity  

o f  T u s  w h ile  r e ta in in g  its  s t r o n g  b in d in g  to  T er  D N A . In  fa c t, 

th e  m o s t  d e fe c tiv e , th e  E 4 9 K  m u ta n t ,  s ti l l  sh o w e d  s ig n if ic a n t 

r e p l ic a t io n  a r r e s t  ac tiv ity  (59, 1 60 ). T a k e n  to g e th e r ,  th e s e  r e ­

su lts  su g g e s t t h a t  p a r t  o f  th e  a c tiv ity  o f  T u s  r e s id e s  in  th e  

s t r e n g th  o f  D N A  b in d in g  a n d  p a r t  r e s id e s  in  in te r a c t io n s  w ith  

a r e p l i s o m a l  c o m p o n e n t  t h a t  is p ro b a b ly  D n a B .

A n o th e r  r e c e n t  s tu d y  o f  T u s  m u ta n ts  fo c u s e d  o n  r e s id u e s
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th a t  m a k e  sp e c if ic  D N A -b in d in g  c o n ta c ts .  N e y lo n  e t  al. (1 3 1 ) 

u s e d  S P R  to  m e a s u re  th e  e f fe c t o f  c o n v e r t in g  th r e e  o f  th e  

o u tly in g  D N A -b in d in g  r e s id u e s ,  L y s8 9 , A r g l9 8 ,  a n d  G ln 2 5 0 , to  

A la , a s  w e ll  a s  e x a m in in g  th e  p re v io u s ly  c h a r a c te r iz e d  A 1 7 3 T  

m u ta n t .  T h e s e  m e a s u r e m e n ts  w e re  d o n e  w ith  b u ffe r  c o n d i t io n s  

d if fe re n t  f ro m  th o s e  u s e d  p re v io u s ly , m o s t  im p o r ta n t ly  h a v in g  

s ig n if ic a n tly  h ig h e r  s a l t  c o n c e n t ra t io n s .  T h e  m e a s u r e d  K D  o f  

th e  T u s -T e rB  c o m p le x  u n d e r  th e s e  c o n d i t io n s  ( in  25 0  m M  K C1) 

w a s  a b o u t  0 .5  n M , w h ile  th e  v a lu e s  fo r  th e  K 8 9 A , R 1 9 8 A , a n d  

Q 2 5 0 A  m u ta n ts  w e re  in  th e  r a n g e  o f  90 to  22 0 n M , a n d  t h a t  f o r  

th e  A 1 7 3 T  m u ta n t  w a s  2 p ,M . T h e  la rg e  in c re a s e  in  K D  f o r  th e  

A 1 7 3 T  m u ta n t  u n d e r  th e s e  c o n d i t io n s  c o m p a r e d  w e ll w ith  th a t  

r e p o r te d  fo r  th e  s a m e  p r o te in  in  a v e ry  d if fe re n t  b u f fe r  (1 6 1 ).

T h e  c h a n g e  in  th e  d is s o c ia tio n  c o n s ta n t  f o r  th e  c o m p le x e s  o f  

th e  K 8 9 A , Q 2 5 0 A , a n d  A 1 7 3 T  m u ta n ts  w ith  T e rB  w a s  d u e  

m a in ly  to  v e ry  la rg e  in c re a s e s  in  th e  d is s o c ia tio n  r a te  c o n s ta n t

(1 3 1 ), su g g e s tin g  th a t  th e s e  r e s id u e s  h a v e  a n  im p o r ta n t  ro le  in  

m a in ta in in g  th e  c o m p le x  o n c e  fo rm e d . T h e  e f fe c t o f  th e  

R 1 9 8 A  m u ta t io n ,  h o w e v e r , w a s  d u e  la rg e ly  to  a 5 0 - fo ld  d e ­

c r e a s e  in  th e  a s s o c ia tio n  r a te .  T h is  m u ta t io n  h a d  o n ly  a m o d e s t  

( < 4 - f o ld )  e ffe c t o n  th e  d is s o c ia tio n  r a te .  I n  a d d i t io n ,  th e  

R 1 9 8 A  m u ta n t  h a d  m a rk e d ly  d e c r e a s e d  b in d in g  to  ( n o n s p e ­

c ific) D N A  th a t  d id  n o t  c o n ta in  a T er  s ite . T h e  m a g n itu d e  o f  

th e  c h a n g e  in  K D  f o r  R 1 9 8 A -T u s  b in d in g  to  n o n sp e c if ic  D N A  

w a s  c o m p a ra b le  to  th e  c h a n g e  s e e n  in  sp e c if ic  T e r  b in d in g , 

su g g e s tin g  th a t  a  la rg e  p a r t  o f  th e  e ffe c t o n  sp e c if ic  b in d in g  w as  

d u e  to  a d e f e c t  in  n o n sp e c if ic  b in d in g  (e .g .,  d u e  to  th e  d e c re a s e  

in  p o s it iv e  c h a rg e ) .  T h e  o th e r  m u ta t io n s  h a d  n o  s ig n if ic a n t 

e ffe c t o n  b in d in g  to  D N A  t h a t  d id  n o t  c o n ta in  a T e r  s ite . T h e  

e ffe c t o f  m u ta t io n s  a t  th e s e  r e s id u e s  o n  a n t ih e l ic a s e  ac tiv ity  

w a s  n o t  r e p o r te d .

A  S te p w is e  M e c h a n ism  fo r  T u s-7 e r  B in d in g  a n d  U n b in d in g

T h e  S P R  re s u lt s  o f  N e y lo n  e t  al. (1 3 1 ), in c lu d in g  a lso  m e a ­

s u r e m e n t  o f  th e  s a l t  c o n c e n t r a t io n  d e p e n d e n c e  o f  r a te  c o n ­

s ta n ts  f o r  th e  T u s -T e r  b in d in g  e q u i l ib r iu m , w e re  in te r p r e te d  as  

s u p p o r t in g  a s te p w ise  b in d in g /u n b in d in g  m e c h a n is m  (F ig . 11). 

T h e  v a lu e  o f  K D  w a s  h ig h ly  s a l t  d e p e n d e n t ,  d u e  a lm o s t e n t ire ly  

to  a s t ro n g  e ffe c t o n  th e  a s s o c ia tio n  r a te  c o n s ta n t ,  w h ic h  im ­

p lie s  th e  e x is te n c e  o f  in te r m e d ia te s  a f te r  th e  in it ia l  c o llis io n  

s te p  in  th e  b in d in g  p ro c e s s  (1 4 2 ). S te p w ise  b in d in g  in v o lv in g  

o n e  o r  s e v e ra l  in te r m e d ia te  c o m p le x e s  c o u ld , in  tu r n ,  b e  u s e d  

to  e x p la in  th e  p o la r i ty  o f  r e p l ic a t io n  fo rk  a r r e s t  a n d  s e v e ra l  

o th e r  o u ts ta n d in g  d a ta  (1 3 1 ).

I n  th is  m o d e l,  o n e  c ru c ia l  s te p  in  b o th  b in d in g  a n d  r e m o v a l 

o f  T u s  f ro m  th e  D N A  is th e  c o n v e rs io n  b e tw e e n  a n o n sp e c if ic  

T u s - D N A  c o m p le x  a n d  th e  sp e c if ic  T u s -T e r  c o m p le x . T h e  a p ­

p r o a c h  o f  th e  h e l ic a se  f ro m  th e  p e rm is s iv e  s id e  o f  th e  c o m p le x  

w o u ld  p r o m o te  th e  f o rm a tio n  o f  a lo w e r-a ffm ity  n o n sp e c if ic  

c o m p le x  th a t  w o u ld  th e n  ra p id ly  d is s o c ia te . A p p ro a c h  o f  th e  

h e l ic a se  f ro m  th e  o th e r ,  n o n p e rm is s iv e , s id e  w o u ld  p r e v e n t  

f o rm a tio n  o f  th e  n o n sp e c if ic  c o m p le x , a n d  th e  T u s  p r o te in  

w o u ld  b e  k in e tic a lly  lo c k e d  o n  th e  T er  D N A . T h is  d y n a m ic  

e q u i l ib r iu m  c o u ld  b e  a f fe c te d  b y  th e  m o d e  o f  a c tio n  a n d  s t r u c ­

t u r e  o f  th e  h e l ic a se , th e  o v e ra ll  s t r e n g th  o f  T u s  b in d in g  to  th e  

sp e c if ic  T e r  s ite ,  a n d  th e  id e n t i ty  o f  b a s e  p a i r s  th a t  d o  n o t  fo rm  

e x p lic i t  b o n d s  in  th e  c ry s ta l s t r u c tu re  b u t  w o u ld  h a v e  a ro le  in  

f o rm a tio n  o f  th e  n o n sp e c if ic  c o m p le x . W ith in  th is  m o d e l,  th e  

m u ta t io n s  in  th e  L I  lo o p  (5 9 , 127, 160) c o u ld  b e  d e s c r ib e d  as

A

V

Tus in solution

■ = >  T e r

non-specifically bound Tus 

(open form)

specifically bound Tus 

(closed form)
F IG . 11 . T u s - D N A  a n d  T u s-T e r  b in d in g . T h e  s o lu t io n  fo r m  o f  T u s  

b in d s n o n sp e c if ic a lly  to  D N A  a n d  sc a n s a lo n g  th e  d o u b le  h e lix  s e a r c h ­

in g  fo r  a T e r  s ite . O n  f in d in g  a T e r  s ite , a  s e r ie s  o f  c o n fo r m a tio n a l  

c h a n g e s  le a d s  to  fo r m a tio n  o f  th e  d o s e d  T u s -T er  c o m p le x .

h a v in g  a n  e ffe c t o n  th e  in te r n a l  e q u i l ib r iu m  b e tw e e n  sp ec if ic  

a n d  n o n sp e c if ic  c o m p le x e s  w ith o u t  r e d u c in g  th e  o v e ra ll  

s t r e n g th  o f  b in d in g . T h is  c o u ld  o c c u r  if  th e  p r o te in s  b in d  n o n ­

sp e c if ic  D N A  m o re  s tro n g ly  b u t  a re  d e s ta b i l iz e d  w ith  r e s p e c t  

to  th e  sp e c if ic  in te r a c t io n  w ith  T er  D N A . T h is  m ig h t b e  e x ­

p e c te d ,  f o r  e x a m p le , f o r  m u ta t io n s  t h a t  in c re a s e  p o s it iv e  

c h a rg e  ( o r  d e c re a s e  n e g a tiv e  c h a rg e )  n e a r  th e  b o u n d  D N A .

I n  s u m m a ry , th e  m u ta t io n s  i s o la te d  b y  s c re e n in g  p r o c e d u re s  

(T a b le  1) id e n tify  s e v e ra l  r e s id u e s  t h a t  a re  im p o r ta n t  f o r  in  

v iv o  fo rk  a r r e s t  ac tiv ity . M o s t c o n f irm  th e  im p o r ta n c e  o f  p a r ­

t ic u la r  r e s id u e s  in  D N A  b in d in g . T h e  e ffec ts  o f  th e  r e m a in d e r  

c a n  b e  e x p la in e d  in  te rm s  o f  d is tu rb in g  th e  s t r u c tu re  o f  th e  

p r o te in  t h a t  p ro v id e s  th e  s c a ffo ld in g  fo r  D N A -b in d in g  r e s i ­

d u e s . T h e  p r o p e r t ie s  o f  th e  E 4 9 K  a n d  so m e  o th e r  L I  m u ta n ts  

s u g g e s t s tro n g ly  t h a t  th e re  is m o re  to  th e  p ro c e s s  o f  r e p l ic a t io n  

a r r e s t  th a n  s im p le  D N A  b in d in g , a n d  th e r e  is e v id e n c e  f ro m  

th e  c o r r e la t io n  o f  T u s -D n a B  b in d in g  a n d  r e p l ic a t io n  a r r e s t  f o r  

a ro le  fo r  p r o te in - p r o te in  in te r a c t io n s ,  a t  le a s t  in  th e  sp ec if ic  

c a se  o f  th e  T u s -T e r  c o m p le x  b lo c k in g  th e  D n a B  h e lic a se . O n  

th e  o th e r  h a n d ,  th e  d if fe re n tia l  e f fe c t o f  so m e  r e s id u e s  o n  

sp e c if ic  T u s -T e r  b in d in g  as  o p p o s e d  to  n o n sp e c if ic  T u s -D N A  

b in d in g  su g g e s ts  a d y n a m ic  m o d e l  o f  th e  T u s -T e r  c o m p le x  th a t  

c a n  a lso  b e  u s e d  to  e x p la in  a s ig n if ic a n t a m o u n t  o f  o th e rw is e  

d if ficu lt d a ta .

C o m p a r iso n  o f  T u s  S e q u e n c e s

N e i th e r  th e  tu s  g e n e  s e q u e n c e  n o r  th e  p r o te in  s t r u c tu re  h a v e  

a n y  s ig n if ic a n t s im ila r ity  to  th e  s e q u e n c e  o r  s t r u c tu re  o f  p r o ­

te in s  w ith  o th e r  fu n c tio n s  in  E . c o l i  o r  a n y  o th e r  s p e c ie s  fo r  

w h ic h  th e  c h ro m o s o m a l s e q u e n c e  is k n o w n . F u r th e r m o r e ,
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E. coli

Salmonella

Klebsiella

Yersinia

R394
Rts-1

E. coli |V|NLS|-AALVSHI|H:
Salmonella QVE)NATQ - LDLENQIQR
Klebsiella |VTAAp-QDLLARI§H:
Yersinia SffTDI^p - IjflCQD
R394 PSBDNAFfVlLVRLLSQ
Rts-1 dd|tp|f.

aV PE | F  J G

III
PGLITLNAYRTLTVLHgP-- 
PGLITLNAYRTLTLINN P-- 
PGLITLSAYRTLTPLVJgP- - 

HLHGLITLNTYRTITPLINP-- 
[QCAGVLTtLH LYRQI RWWKgp HI

,ITSINAIKLSlQEHIl|GFSSQN-ARFSALHNACPGVMTLHLYRQIRAWHKA?p:QSi:
1 2 0 ............... 1 3 0 ................. 1 4 0 7 ........... 7 1 5 0 .............    1 6 0  7 . ............1 7 0 .

IKNLHF 
IKNLSROE 
IKNLTRD'C 
IKNVTRfflDI

.. jEKE S LLI PDKAJpiLV 
WQKKS LLRIPDK

. . 1 8 0 ............ ." .1 9 0 .

5LKSP 1 9 7

5LASP 1 9 7

1 9 7

1 9 7

LGRED 1 8 9

)VIDN 1 8 9

2 0  0

aVIl pH pi pj PK PL pM j3N

■ ■ . : * : •■■(■■■■I*  : ■ ■ ■ ■ ■  •  * .  . ■■■  ■
E. coll RSVAPWTRMWQRKIJR*YQBIAALPQNAKLKIKRPVKVQPIARVWYKGDQKQVQHACP*PLIALINRDNGAGVPI!n/GELLNYI!fAmNVQHRYKPQAQPLR 297
Salmonella RSVPPWTREQWQFKLEREYQDlAALPQQARLKIKRPVKVQPISRIWYKGQQKQVQHACPTPIIALINTDNGAGVP®IGGLENYbADNIQHRB’KPQAQPLR 297
Klebsiella RAVPPWTRfeQWQSKLEREYQDIAALPQRARLKIKRPVKVQPIARVWYAGEQKQVQYACPSPLIALMSGSRGVSVPlflGBILLNYliADNVQYRYKPEAQSLR 297
Yersinia RAVPPFTREQWRELISLjINfVQRLPEKTRLKIKRPVKVQPIARVWYQEQQKQVQHPCPMPLIAFCQHQLGAHLPKLGELTDYlSmilKHKYKPDAKPLR 297
R394 GKKE-----------------VPLALLMKQIVSVPg ERLRIRRRLKVQPSANISFRSEQHP^JG-KLTMVTAPMPFIIIQNfflPEyKMLKI YD/LIFPISRKRRNDKVHT 279
R|S.1 SEVT------------------VPVGNLAfRIANjPg-LKLRLRRPAKI JLVANIQFRADIEGEPPlLKTVTALMPYIIIQNQI- LSVFPLQNYSPRJ-IQRSK—DRLAT 277

............... 2 1 0 ................ 2 2 0 ................ 2 3 0 ..... . 2 4 0 . ......2 5 0 ...... 260...... 270...... 280...... 2 9 0  30 0

po
: :  ■: *

E. coli LIIPRLHLYVAH---- 3 0 9

Salmonella LIIPRLHLYVJiJ---- 3 0 9

Klebsiella LLIPRLHLWLASl--- 3 1 0

Yersinia LLVPRLHLYVELjP-- 3 1 1

R394 EILGT FHGE S I*VU|- - 2 9 4

Rts-1 EVIGTFHGETIBMLLGR 2 9 4

............... 3 1 0 ................

F IG . 12 . S e q u e n c e  a lig n m e n t  o f  s o m e  T u s  a n d  T u s-lik e  p r o te in s . A n  a lig n m e n t  o f  th e  T u s  p r o te in  s e q u e n c e s  fr o m  E . c o li .  S a lm o n e lla  en te r ica  

se r o v ar  T y p h im u r iu m , K le b s ie lla  p n e u m o n ia e  su b sp . o z a e n a e ,  a n d  Y e rs in ia  p e s t is ,  a lo n g  w ith  s e q u e n c e s  o f  T u s -lik e  p r o te in s  fr o m  th e  R 3 9 4  p la sm id  

o f  S. en te r ic a  ser ov a r  T y p h im u r iu m  an d  th e  R ts -1  p la sm id  o f  P r o te u s  vu lg a r is , w a s  c arr ied  o u t  a n d  c o lo r e d  u s in g  th e  d e fa u lt  p a r a m e te r s in  

C L U S T A L _ X  (6 4 ) .  E sse n t ia lly , r e s id u e s  are  c o lo r e d  w h e r e  m or e  th an  a g iv e n  p e r c e n ta g e  o f  r e s id u e s  b e lo n g  to  o n e  c lass: cy a n , a l ip h a tic  an d  

h y d r o p h o b ic  r es id u e s ;  o r a n g e , b a s ic  r es id u e s;  p u rp le , a c id ic  r es id u e s ; g r e e n , n e u tr a l h y d r o g e n  b o n d in g  r e s id u e s . A l l  g ly c in e s  are  c o lo r e d  b r ow n ,  

an d  a ll p r o lin e s  are  c o lo r e d  y e llo w . S e c o n d a r y  s tru ctu r e  e le m e n ts  fr o m  th e  T u s-T er  crysta l str u ctu re  are  sh o w n  a b o v e  th e  a lig n m e n t. R e s id u e s  th a t  

m ak e  D N A  b a c k b o n e  c o n ta c ts  in  th e  crysta l str u c tu r e  are sh o w n  w ith  a b lu e  b lo c k  a b o v e  th e  a lig n m e n t. T h o s e  r e s id u e s  th a t  m a k e  se q u e n c e -sp e c if ic  

c o n ta c ts  w ith  th e  T e r  D N A  are  sh o w n  w ith  a r e d  b lo c k . T u s  a n d  T u s-l ik e  p r o te in s  w e r e  id e n t if ie d  u s in g  P S I -B L A S T  (4 ) .

c o m p o n e n ts  o f  th e  r e p l ic a t io n  te rm in a t io n  sy s te m  o f  B . su b t ili s ,  

w h ile  fu n c tio n a lly  v e ry  s im ila r  to  th o s e  o f  th e  T u s -T e r  sy s te m , 

a lso  h a v e  n o  s ig n if ic a n t s e q u e n c e  o r  s t r u c tu r a l  s im ila r ity  (26, 

27 , 169, 170, 1 72) . T h is  a p p e a r s  to  b e  a c la ss ic  d e m o n s tr a t io n  

o f  c o n v e rg e n t  e v o lu tio n . T h e  p r o te in s  f ro m  w e ll -c h a ra c te r iz e d  

o rg a n is m s  w ith  s ig n if ic a n t s im ila r i ty  a re  T u s  ( o r  p u ta t iv e  T u s )  

p r o te in s  f ro m  b a c te r ia l  s p e c ie s  r e la te d  to  E . c o l i  (4 0 , 59 , 84 , 

13 6) a n d  th e  p r o d u c ts  o f  g e n e s  fo r  w h a t  a p p e a r  to  b e  h ig h ly  

d iv e rg e d  T u s  p r o te in s  c a r r ie d  o n  p la sm id s , in c lu d in g  R 3 9 4  o f  

S a lm o n e lla  e n te r ic a  s e ro v a r  T y p h im u r iu m  (9 7 ) a n d  R 2 7  o f  S a l ­

m o n e lla  e n te r ic a  s e ro v a r  T y p h i (1 5 6 ). T h e  R ts -1  p la s m id  o f  

P ro te u s  v u lg a r is  (1 2 8 ) c a r r ie s  tw o  g e n e s  r e la te d  to  tu s ,  o n e  o f  

w h ic h  e n c o d e s  a p r o te in  id e n t ic a l  to  th e  R 3 9 4  p r o te in .  R e c e n t  

la rg e -s c a le  s e q u e n c e  d e te r m in a t io n  o f  e n v i ro n m e n ta l  D N A  

s a m p le s  f ro m  th e  S a rg a s so  S e a  (1 6 7 ) y ie ld e d  (o n ly )  five c o m ­

p le te  o r  n e a r -c o m p le te  p r o te in  s e q u e n c e s  w ith  >  2 5 %  id e n ti ty  

to  T u s .

T h e  e x is te n c e  o f  a T u s -T e r  sy s te m  in  S. e n te r ic a  s e ro v a r  

T y p h im u r iu m  w a s  r e p o r te d  by  R o c k le in  e t  al. (1 4 4 ). T h e  s e ­

q u e n c e s  o f  b o th  th is  tu s  g e n e  a n d  th o s e  o f  K le b s ie lla  p n e u ­

m o n ia e  su b sp . o z a e n a e  a n d  Y ers in ia  p e s t i s  h a v e  b e e n  r e p o r te d  

a n d  a n a ly z e d  in  d e ta i l  (5 9 ). T h e  p r o te in  s e q u e n c e s  a r e  n e a r ly  

id e n t ic a l  in  le n g th  a n d  sh o w  7 8 %  (S . e n te r ic a  s e ro v a r  T y p h i ­

m u r iu m ) ,  7 0 %  (K . p n e u m o n ia e ) ,  a n d  5 3 %  (Y . p e s t i s )  id e n t i ty  to  

E . c o l i  T u s  (F ig . 12). T h e  d e g re e  o f  s e q u e n c e  d iv e rg e n c e  is 

c o n s is te n t  w ith  th e  p la c e m e n t  o f  th e  h o s t  sp e c ie s  in  p h y lo g e ­

n e t ic  t r e e s .  B L A S T  s e a rc h e s  (3 , 4 )  id e n tify  m u lt ip le  D N A  

s e q u e n c e s  s im ila r  to  th e  c o re  o f  T e rB  in  th e  g e n o m e s  o f  S. 

e n te r ic a  s e ro v a r  T y p h im u r iu m , Y e rs in ia  e n te r o c o l it ic a , C lo s tr id ­

iu m  a c e to b u ty l ic u m , E r w in ia  a m y lo v o r a ,  E r w in ia  c h ry sa n th e m i,  

a  B u c h n e ra  sp ., a n d  a v a r ie ty  o f  p la s m id s  (C . N e y lo n , u n p u b ­

l i s h e d  d a ta ) ,  su g g e s tin g  th a t  th e  T er  s e q u e n c e s  a n d , b y  im p li ­

c a t io n ,  a  te rm in a t io n  sy s te m  r e la te d  to  T u s -T e r  m ig h t b e  c o n ­

s e rv e d  a c ro s s  a w id e r ,  b u t  l im ite d ,  r a n g e  o f  b a c te r ia l  sp e c ie s .

E v e ry  re s id u e  id e n t i f ie d  a s  b e in g  im p o r ta n t  b y  s c re e n in g  fo r  

a r r e s t-d e fe c tiv e  m u ta n ts  is c o n s e rv e d  in  th e  f o u r  c lo se ly  r e la te d  

T u s  p r o te in s  ( i.e ., th o s e  f ro m  E . c o l i,  S. e n te r ic a  s e ro v a r  T y p h i ­

m u r iu m , Y. p e s t i s ,  a n d  K  p n e u m o n ia e ) ,  w ith  th e  s in g le  e x c e p ­

t io n  o f  A la 2 5 4  in  th e  Y e rs in ia  p r o te in  (F ig . 12 ). B o th  c y s te in e s  

a re  c o n s e rv e d  in  a ll f o u r  sp e c ie s , a n d  a p a r t  f ro m  P ro 2 9 5 , w h ic h

IgLAIFAAHLEBHKLLVARVFSLPJVKKEJ] 
IHLAALTDNLQQHSLLIARVFSLPfiVTKEAI 
.fLQALQQALSDCRLLAGRVFELPAIGKDA] 
'TLHQLHQQLDDLPLIAARVFSLPEIEKGT! 
IgLLALKMLISGSSPLFSQVSDIPPVLRGM 
) S LALLKRVLAQK S PLYARVCVX P PVADGg

’PLNRIEVKQHLGNDAQSLALRHFRHLFIQQQSENRSSKAAVRLPGVLCY
.PLDTigVTQHLGKgAEALALRHYRHLFIQQQSENRSSKAAVRLPGVLCY
'PLATIPWQHIGKTALARALRHYSHLFIQCQSENP.SSKAAVRLPGAICL
PIEQITVNITEGEHAKKLGLQHFQRLFLHHQGQHVSSKAALRLPGVLCF
iPISYVAPDHLYGHHAIQKAVDIWSDLHIKHD FSQKSARRASGVLW F
.PVNRIJPELLYGA^UEQfSQKAFTDLHIKDG---LSQKSTRRTAGVLW Y
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is s u b s t i tu te d  in  th e  K le b s ie lla  p r o te in ,  a n d  P r o l9 7 ,  w h ic h  is 

s u b s t i tu te d  in  th e  Y e rs in ia  p r o te in ,  e v e ry  p r o l in e  is c o n s e rv e d .

N e a r ly  a ll th o s e  r e s id u e s  id e n t i f ie d  a s  m a k in g  D N A  c o n ta c ts  

in  th e  c ry s ta l s t r u c tu r e  (F ig . 7 a n d  8 ) a re  c o n s e rv e d  in  a l l  f o u r  

p r o te in s  (F ig . 12 ). T h e  e x c e p t io n s  a re  T h r l 3 6 ,  I l e l7 7 ,  H is2 5 3 , 

A la 2 5 4 , V a l2 8 5 , H is2 8 7 , A rg 2 8 8 , T y r2 8 9 , a n d  G ln 2 9 4 . T h r l3 6 ,  

l ie  177, a n d  A rg 2 8 8  m a k e  (o r  p ro b a b ly  m a k e ) s e q u e n c e -sp e c if ic  

c o n ta c ts ,  w h ile  th e  o th e r s  m a k e  s u g a r -p h o s p h a te  b a c k b o n e  

c o n ta c ts .  A la 2 5 4 , H is2 8 7 , a n d  T y r2 8 9  in te r a c t  w ith  th e  D N A  

th r o u g h  th e  p e p t id e  b a c k b o n e .  T h e  T h r l 3 6  in te r a c t io n  is p r o b ­

ab ly  u n im p o r ta n t  a n d  is c o n s e rv a tiv e ly  s u b s t i tu te d  in  tw o  o f  th e  

th r e e  ca se s . I l e l 7 7  a n d  V a l2 8 5  a re  c o n s e rv a tiv e ly  s u b s t i tu te d  

b y  o th e r  n o n p o la r  a m in o  a c id s , a n d  A rg 2 8 8  is c o n s e rv a tiv e ly  

s u b s t i tu te d  w ith  ly sin e . T h e  in te r a c t io n s  o f  H is2 5 3  a n d  G ln 2 9 4  

w ith  th e  D N A  b a c k b o n e ,  if  th e y  o c c u r  in  s o lu t io n ,  c a n  b e  

r e s to r e d  in  m o d e le d  s t r u c tu re s  by  th e  o b s e rv e d  ty ro s in e  a n d  

ly s in e  s u b s t i tu t io n s ,  re sp e c tiv e ly .

I n te r p r e ta t io n  o f  p a t t e r n s  o f  c o n s e rv a tio n  in  th e  m o re  h ig h ly  

d iv e rg e d  p la s m id - e n c o d e d  p r o te in s  is le ss  s tr a ig h tfo rw a rd .  T h e  

R 3 9 4  a n d  R ts -1  p r o te in s  a re  m o re  c lo se ly  r e la te d  to  e a c h  o th e r  

t h a n  to  th e  c h ro m o s o m a lly  e n c o d e d  h o m o lo g s ; s e q u e n c e s  h a v e  

20  to  3 0 %  id e n t i ty  w ith  th e  o th e r  T u s  s e q u e n c e s .  T h e  R 3 9 4  

g e n e  is  a s s o c ia te d  w ith  o n e  e n c o d in g  a M u c A B  le s io n  b y p a s s ­

in g  D N A  p o ly m e ra s e ,  w h ic h  m ig h t su g g e s t t h a t  i t  m a in ta in s  

s o m e  ro le  in  D N A  m e ta b o l is m , a n d  th e  p la s m id  c o n ta in s  a 

n u m b e r  o f  T er-lik e  s ite s ,  in c lu d in g  o n e  th a t  p r e c e d e s  th e  tu s  

o p e n  r e a d in g  f ra m e  b u t  u p s t r e a m  o f  th e  p r o m o te r  (9 7 ). I n  th e  

E . c o l i  g e n e ,  T erB  lie s  b e tw e e n  th e  r ib o s o m e -b in d in g  s ite  a n d  

th e  —10 s e q u e n c e  o f  th e  tu s  p r o m o te r  (F ig . 4 ) . T h is  p o s i t io n  in  

th e  R 3 9 4  g e n e  is o c c u p ie d  b y  a L e x A  b o x , p la c in g  th e  p r o te in  

u n d e r  th e  c o n t ro l  o f  th e  S O S  r e s p o n s e  (9 7 ). T h e  tu s  g e n e  in  th e  

R ts -1  p la s m id  (1 2 8 ) is n o t  c lo se ly  a s s o c ia te d  w ith  a n  o b v io u s  

T er  s ite ,  a l th o u g h  a s e a r c h  o f  th e  D N A  fo r  e le m e n ts  w ith  

s im ila r ity  to  th e  T er  c o n s e n s u s  s e q u e n c e  id e n tif ie s  a n u m b e r  o f  

p o te n t ia l  T er-lik e  s ite s  e ls e w h e re  o n  th e  p la sm id .

B y  c o m p a r is o n  w ith  E . c o l i  T u s ,  a  n u m b e r  o f  s h o r t  in s e r t io n s  

a n d  d e le t io n s  o c c u r  in  th e  p la s m id -e n c o d e d  p r o te in s ,  p r im a r ily  

a t  p o in ts  c o r r e s p o n d in g  to  lo o p s  in  th e  T u s  s t r u c tu r e  (F ig . 12). 

T h is , a lo n g  w ith  th e  f a c t  t h a t  c o n s e rv e d  r e s id u e s  a re  o f te n  

f o u n d  in  in te r a c t in g  p a i r s  in  a m o d e le d  s t r u c tu re ,  c o n f irm s  th a t  

th e  o v e ra ll  to p o lo g ie s  o f  th e  p r o te in s  a r e  s im ila r .

W h e r e  k n o w n , th e  s e q u e n c e s  o f  D n a B  h e l ic a se s  f ro m  th e s e  

sp e c ie s  a re  m o re  h ig h ly  c o n s e rv e d  th a n  th o s e  o f  T u s  ( i.e ., 9 2 %  

f o r  S. e n te r ic a  s e ro v a r  T y p h im u r iu m  a n d  8 4 %  fo r  Y. p e s t i s ) ,  a n d  

th e  h o s t  D n a B  is m o s t  lik e ly  r e q u i r e d  fo r  r e p l ic a t io n  o f  th e  

p la sm id s . T h u s ,  if  T u s  m a k e s  sp e c if ic  c o n ta c ts  w ith  D n a B , it  

w o u ld  b e  e x p e c te d  th a t  e le m e n ts  in v o lv e d  w o u ld  b e  c o n s e rv e d  

a n d  th a t  th e s e  w o u ld  b e  d is t in c t  f ro m  re s id u e s  r e q u i r e d  fo r  

sp e c if ic  T er  D N A  b in d in g . A m o n g  th e  th r e e  m o s t  c lo se ly  r e ­

l a te d  p r o te in s  ( th o s e  o f  E . c o l i , K le b s ie l la , a n d  S a lm o n e l la ) ,  

th e r e  a r e  su c h  c o n s e rv e d  re g io n s  a t  th e  n o n p e rm is s iv e  e n d  o f  

th e  c o m p le x  ( th e  fa c e  th a t  w o u ld  c o m e  in to  c o n ta c t  w ith  th e  

b lo c k e d  h e l ic a s e ) .  I n  c o n t ra s t ,  r e s id u e s  a t  th e  p e rm is s iv e  fa c e  

a re  c o m p le te ly  c o n s e rv e d  o n ly  c lo se  to  th e  D N A  lig a n d  (5 9 ).

W h e n  th e  Y e rs in ia  p r o te in  is c o n s id e re d ,  h o w e v e r , th is  la rg e  

c o n s e rv e d  n o n p e rm is s iv e  fa c e  is n o t  so  a p p a r e n t .  T h e r e  a re  

s o m e  sp e c if ic  r e g io n s  th a t  a r e  s ti l l  c le a r  a s  m o re  h ig h ly  c o n ­

s e rv e d  th a n  th e i r  s u r ro u n d in g s  (F ig . 12). T h e  L 3  lo o p  in  th e  C  

d o m a in  (b e tw e e n  a V I  a n d  a V I I )  is h ig h ly  c o n s e rv e d , as  a re  

r e s id u e s  in  a r e g io n  o f  th e  N  d o m a in  d e f in e d  b y  th e  N  te rm in u s

o f  a l  a n d  th e  re g io n  a r o u n d  a l i i .  T h e  L 3  lo o p  m a y  b e  c o n ­

s e rv e d  d u e  to  th e  r e q u i r e m e n t  to  p o s i t io n  A rg l9 8 .  T h e  re g io n  

a t  th e  to p  o f  th e  N  d o m a in  is n o t  in t im a te ly  in v o lv e d  in  D N A  

b in d in g , e x c e p t th a t  A r g l3 9  m a k e s  a c lo se  c o n ta c t  to  a b a c k ­

b o n e  p h o s p h a te .  T h e  c o m p le te ly  c o n s e rv e d  G lu l4 1  p o in ts  d i ­

r e c t ly  o u t  in to  th e  so lv e n t f ro m  th e  m id d le  o f  a l V .  T h e  A rg -  

P h e - G lu  m o t i f  ( r e s id u e s  139 to  141) is a lso  c o n s e rv e d  in  th e  

R 3 9 4  p r o te in  a n d  p a r t ia l ly  c o n s e rv e d  in  th e  R ts -1  p r o te in  (F ig . 

12 ).

I n  su m m a ry , th e  tu s  g e n e  s e q u e n c e s  f ro m  S. e n te r ic a  s e ro v a r  

T y p h im u r iu m , K  p n e u m o n ia e ,  a n d  Y. p e s t i s  p ro v id e  s o m e  in ­

f o rm a tio n  o n  r e s id u e s  t h a t  a r e  im p o r ta n t  f o r  th e  a c tio n  o f  T u s  

in  v ivo. O v e ra l l  th e  p r o te in s  a r e  q u ite  s im ila r ,  a n d  D N A - b in d ­

in g  r e s id u e s  a n d  th o s e  im p o r ta n t  fo r  s e c o n d a ry  s t r u c tu r e  a re  

g e n e ra lly  c o n s e rv e d . W h e r e  a p p a r e n t ly  im p o r ta n t  r e s id u e s  

h a v e  n o t  b e e n  c o n s e rv e d ,  i t  is u s u a lly  p o s s ib le  to  m a k e  a p l a u ­

s ib le  a r g u m e n t  to  e x p la in  h o w  th e  c h a n g e  c o u ld  b e  a c c o m m o ­

d a te d .  T h e  e x is te n c e  o f  c o n s e rv e d  r e s id u e s  a t  th e  fo rk -b lo c k in g  

e n d  o f  th e  m o le c u le  t h a t  a re  n o t  in v o lv e d  d ire c tly  in  D N A  

b in d in g  p ro v id e s  f u r th e r  s u p p o r t  f o r  th e  n o t io n  th a t  fu n c tio n s  

o f  th e  p r o te in  b e y o n d  s im p le  D N A  b in d in g  a re  im p o r ta n t  in  

r e p l ic a t io n  a r re s t .

S T R U C T U R A L  IN S IG H T S  IN T O  T H E  IN T E R A C T IO N S  

O F  T u s  W IT H  H E L IC A S E S  

S tr u c tu r e s  o f  D n a B  a n d  R e la te d  H e x a m e r ic  H e lic a se s

A s p e c ts  o f  th e  s t r u c tu re s  a n d  fu n c tio n s  o f  E . c o l i  D n a B  a n d  

r e la te d  h e x a m e r ic  h e l ic a se s  h a v e  r e c e n t ly  b e e n  re v ie w e d  (24, 

28 , 3 6 , 3 7 ,1 1 6 ,1 3 7 ) .  T h e r e  is n o  a to m ic  r e s o lu t io n  s t r u c tu r e  o f  

th e  c o m p le te  h e x a m e r ic  D n a B  m o le c u le  a v a ila b le . E a c h  D n a B  

m o n o m e r  (471 re s id u e s )  is m a d e  u p  o f  tw o  d o m a in s  l in k e d  by  

a r e g io n  t h a t  m a y  fu n c t io n  a s  a f lex ib le  h in g e  (1 2 9 ). T h e  N - 

te rm in a l  d o m a in ,  c o m p r is in g  r e s id u e s  2 4  to  136 (1 2 3 ), u n d e r ­

g o e s  a m o n o m e r -d im e r  e q u i l ib r iu m  in  s o lu t io n  (1 7 1 ), is 

d im e r ic  in  th e  c ry s ta llin e  s ta te  (4 6 ), a n d  a p p e a r s  to  p a r t i c ip a te  

in  in te r a c t io n  w ith  th e  D n a G  p r im a s e  (2 1 , 29 , 133 ). T h e  la rg e r  

C - te rm in a l  d o m a in  ( c o n ta in in g  r e s id u e s  f ro m  a b o u t  170 to  

47 1 ) is a  h e x a m e r  a n d  b e a r s  th e  A T P a s e  a n d  D N A -b in d in g  

s ite s  ( 2 1 ,1 2 9 ) .  T w o  in d e p e n d e n t ly  d e te r m in e d  h ig h - re s o lu t io n  

s t r u c tu r e s  o f  th e  N - te r m in a l  d o m a in  a re  a v a ila b le  (4 6 , 1 71) , 

b u t  s in c e  th is  p a r t  o f  th e  m o le c u le  is b e l ie v e d  to  fa c e  aw ay  f ro m  

th e  r e p l ic a t io n  f o rk  (8 0 , 8 2 , 8 3 ) (F ig . 2 ) , th e s e  s t r u c tu re s  d o  n o t  

p ro v id e  u s e fu l  in fo rm a tio n  a b o u t  th e  fa c e  o f  D n a B  th a t  m a y  

c o m e  in to  c o n ta c t  w ith  th e  T u s -T e r  c o m p le x .

L o w -re s o lu tio n  s t r u c tu r e s  o f  in ta c t  fu ll- le n g th  D n a B  a n d  its  

c o m p le x  w ith  its  lo a d in g  p a r tn e r  D n a C  h a v e  b e e n  o b ta in e d  by 

im a g e  r e c o n s t r u c t io n  f ro m  e le c tro n  m ic ro g ra p h s ,  u s in g  b o th  

n e g a tiv e ly  s ta in e d  p r e p a r a t io n s  (151, 176, 178) a n d  s a m p le s  o f  

th e  n a t iv e  p r o te in s  f ro z e n  in  ic e  ( 9 ,1 5 0 ) .  T h e  g e n e r a l  s t r u c tu re  

is a  to r o id  o f  t h r e e -  o r  s ix fo ld  r o ta t io n a l  s y m m e try  ( d e p e n d in g  

o n  c o n d i t io n s )  w ith  a c h a n n e l  th r o u g h  th e  c e n te r  w id e  e n o u g h  

to  a c c o m m o d a te  o n e  o r  b o th  s t r a n d s  o f  D N A  (F ig . 13). T h e  

sy m m e try  s ta te  v a r ie s  w ith  p H  (3 9 ), a n d  th e s e  c h a n g e s  a re  

p r e s u m e d  to  in d ic a te  s ig n if ic a n t flex ib ility  t h a t  m a y  b e  r e q u i r e d  

fo r  c o n f o r m a t io n a l  c h a n g e s  th a t  o c c u r  d u r in g  t r a n s lo c a t io n  o n  

D N A  te m p la te s  o r  d u r in g  lo a d in g  o f  th e  h e l ic a se  o n to  D N A  a t  

o r ig in s  o f  r e p l ic a t io n  o r  d u r in g  r e p l ic a t io n  r e s ta r t  a t  s ta l le d  

fo rk s . I t  is c le a r  f ro m  w o rk  o n  D n a B  (8 0 , 8 7 ) a n d  th e  d is ta n tly
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F IG . 13 . R e c o n s tr u c t io n  o f  m o d e l a to m ic  r e s o lu t io n  s tr u c tu r es  o f  

th e  D n a B  h e lic a s e  w ith  th r e e fo ld  ( A  an d  C ) an d  six fo ld  (B  a n d  D )  

sy m m e tr ie s.  T h e  h e lic a s e  w o u ld  ap p r o a c h  th e  T u s -T er  c o m p le x  w ith  

th e  u p p e r  fa c e  in  C  a n d  D .  A to m ic  r e s o lu t io n  str u c tu r es  o f  th e  T 7  g e n e  

4  h e lic a s e  d o m a in  (g r e e n )  (1 5 7 )  a n d  th e  N -te r m in a l d o m a in  o f  D n a B  

(b lu e )  (4 6 )  w e r e  d o c k e d  in to  e le c tr o n  d e n s ity  m a p s d e te r m in e d  by  

e le c tr o n  m ic r o sc o p y . T h e  ar row s in  A  in d ic a te  r e g io n s  o f  th e  h e lic a se  

str u ctu re  th a t p e n e tr a te  th e  e le c tr o n  m ic r o sc o p y  su rfa ce  e n v e lo p e  in  

th e  c o m p r e s s e d  h e lic a s e  d o m a in s , s u g g e s t in g  th a t  a d d it io n a l c o n fo r ­

m a t io n a l c h a n g e s  in  th e  a to m ic  str u c tu r e  are  n e c e s sa r y  to  fit  th e  e le c ­

tr o n  m ic r o sc o p y  m ap . In  b o th  th e  th r e e fo ld  a n d  six fo ld  m o d e ls ,  th e r e  

is  a d d it io n a l u n fil le d  d e n s ity  b e tw e e n  th e  h e lic a se  a n d  N -te r m in a l  

d o m a in  (D ,  r e d  a r ro w ) th a t is  lik e ly  d u e  to  51 r e s id u e s  o f  th e  lin k e r  

r e g io n  n o t  a c c o u n te d  fo r  in  th e  a to m ic  str u c tu res . T h e  figu r e  is  r e p r o ­

d u c e d  fr o m  r e fe r e n c e  1 76  w ith  p e r m is s io n  fr o m  th e  J o u r n a l  o f  M o le c ­

u la r  B io lo g y .

p h a g e  S P P 1  h e l ic a se  (1 0 ), th e  p a p i l lo m a v iru s  E l  h e l ic a se  (4 7 ), 

a n d  th e  p la s m id  R S F lO lO -e n c o d e d  R e p A  p r o te in  (154, 174).

T h e  s e q u e n c e  s im ila r i t ie s  a m o n g  th e  h e x a m e r ic  h e l ic a s e s  le d  

to  a p r e d ic t io n  th a t  th e y  a ll p o s se s s  h e x a m e r ic  re g io n s  th a t  

h a v e  s t r u c tu re s  s im ila r  to  th a t  o f  th e  C - te rm in a l  d o m a in  o f  

D n a B  a n d  th a t  th is  d o m a in  h a s  a s t r u c tu re  r e la te d  to  th a t  o f  

th e  D N A  r e c o m b in a t io n  f a c to r  R e c A , w h ic h  fo rm s  a h e l ic a l  

s t r u c tu re  w ith  a h e x a m e r ic  r e p e a t  (2 8 , 162, 1 63 ). T h is  p r e d ic ­

t io n  h a s  b e e n  v in d ic a te d  b y  r e c e n t  d e te r m in a t io n s  o f  th e  c ry s ta l 

s t r u c tu r e s  o f  tw o  h e x a m e r ic  h e l ic a s e s  th a t  a re  d is ta n t  re la t iv e s  

o f  D n a B : th e  R S F 1 0 1 0  R e p A  p r o te in  (13 2 , 174) a n d  th e  C - 

te rm in a l  h e l ic a se  d o m a in  o f  T 7  g e n e  4  p r o te in  (1 5 2 , 157). T h e  

o v e ra ll  s t r u c tu re s  o f  th e s e  h e x a m e rs  a re  s im ila r .  T h e y  a re  r in g -  

s h a p e d  s t r u c tu r e s  a b o u t  12 n m  a c ro s s  w ith  a c e n t r a l  c h a n n e l  

w id e  e n o u g h  to  a c c o m m o d a te  a t  le a s t  a  s in g le  s t r a n d  o f  D N A . 

T h u s ,  th e y  re s e m b le  th e i r  r e c o n s tru c t io n s  f ro m  e le c tro n -m i-  

c ro s c o p e  im a g e s , a s  w e ll as  th o s e  o f  D n a B  a n d  th e  o th e r  

h e x a m e r ic  h e lic a se s . V e ry  r e c e n tly ,  th e  a to m ic  s t r u c tu r e  o f  th e  

c o m p le te  T 7  h e l ic a s e -p r im a s e  w a s  r e p o r te d  (1 6 5 ). I t  c ry s ta l ­

l iz e d  as  a r in g -s h a p e d  p a r t ic le ,  s u rp r is in g ly  w ith  se v e n  s u b u n its  

fo rm in g  th e  to ro id .

B y  m o d e lin g  th e  X -ra y  s t r u c tu re s  o f  th e  N - te r m in a l  d o m a in  

o f  D n a B  a n d  th e  C - te rm in a l  d o m a in  o f  th e  T 7  h e l ic a se  t o ­

g e th e r  in to  th e  lo w -re s o lu tio n  e le c t ro n  d e n s ity  m a p s  o b ta in e d  

f ro m  e le c t ro n  m ic ro g ra p h s ,  Y a n g  e t  al. h a v e  e la b o r a te d  a 

m o d e l  th a t  lo c a te s  th e  N -  a n d  C - te rm in a l  d o m a in s  o f  D n a B  in  

th e  in ta c t  m o le c u le ,  in  b o th  th e  C 3  a n d  th e  C 6 s y m m e try  s ta te s  

(1 7 6 ). In  th e  m o d e l ,  th e  fa c e  th a t  f irs t e n c o u n te r s  th e  T u s -T e r  

c o m p le x  is m a d e  u p  o f  th e  C - te rm in a l  (A T P a s e /h e lic a s e )  d o ­

m a in s  a n d  p r e s e n ts  a r a th e r  f la t s u r fa c e  to  th e  fo rk -b lo c k in g  

c o m p le x  (F ig . 13 ). I t  is n o t  p o s s ib le  a t  th is  s ta g e  s a tis fa c to r i ly  to  

m o d e l  p o te n t ia l  d ir e c t  in te r a c t io n s  b e tw e e n  th e  h e lic a se  a n d  

T u s .

r e la te d  p h a g e  T 7  h e l ic a se  (4 5 , 5 7 , 17 7) th a t  th e  D N A  sin g le  

s t r a n d  o n  w h ic h  th e  e n z y m e s  tr a n s lo c a te  p a s s e s  th r o u g h  th e  

c e n t r a l  c h a n n e l ,  w h ile  th e  o th e r  s t r a n d  is e x c lu d e d . T h e r e  is 

a lso  n o w  c le a r  e v id e n c e  th a t  u n d e r  so m e  c irc u m s ta n c e s  D n a B  

c a n  u n d e r g o  A T P - d e p e n d e n t  t r a n s lo c a t io n  o n  d o u b le ­

s t r a n d e d  D N A , w ith  b o th  s t r a n d s  p a s s in g  th r o u g h  th e  c e n t r a l  

c h a n n e l  (8 7 , 8 8 ). T h e  c h a n n e l  is a b o u t  30  A  a c ro s s  a n d  60 to  80 

A  d e e p  (1 5 0 , 176) a n d  c o u ld  th e re fo r e  a c c o m m o d a te  a b o u t  20 

b p  o f  d o u b le - s t r a n d e d  D N A . I t  h a s  b e e n  e s t im a te d  in d e p e n ­

d e n t ly  th a t  th e  c e n t r a l  c h a n n e l  b in d s  a s in g le - s t r a n d e d  D N A  

f r a g m e n t  20  ±  3 n u c le o t id e s  in  le n g th  (2 5 , 79, 8 1 , 82 ).

T h e  o th e r  h e x a m e r ic  h e l ic a se  w h o se  p ro g re s s  h a s  b e e n  r e ­

p o r t e d  to  b e  b lo c k e d  b y  T u s  is S V 4 0  T  a n t ig e n .  S a n  M a r t in  e t  

al. h a v e  r e p o r te d  o n  th e  lo w -re s o lu tio n  s t r u c tu r e  o f  th is  e n ­

zy m e (1 4 9 ), a n d  a h ig h - re s o lu t io n  s t r u c tu r e  o f  a c e n t r a l  r e g io n  

o f  th e  p r o te in  t h a t  is h e x a m e r ic  a n d  a c tiv e  as  a h e l ic a se  ( r e s ­

id u e s  251 to  62 7 ) h a s  r e c e n t ly  a p p e a r e d  (1 0 9 ). T h e  p r o te in  is 

u n r e la te d  in  s e q u e n c e  to  D n a B , b u t  h a s  a s im ila r  to r o id a l  

s t r u c tu re  in  s p ite  o f  th e  f a c t  t h a t  i t  t r a n s lo c a te s  o n  s in g le - 

s t r a n d e d  D N A  in  th e  o p p o s i te  ( 3 '- 5 ')  d ire c tio n .

S im ila r  lo w -re s o lu tio n  im a g e s  h a v e  b e e n  o b ta in e d  f o r  o th e r  

h e x a m e r ic  r e p lic a t iv e  h e l ic a se s  th a t  a re  n o t  y e t  k n o w n  to  in ­

te r a c t  ( in  th e  fu n c t io n a l  s e n s e )  w ith  T u s . T h e s e  in c lu d e  th e  

c o l ip h a g e  T 7  g e n e  4  h e l ic a s e -p r im a s e  (4 5 , 1 7 7 ), th e  B . su b til is

In te r a c tio n  o f  T u s  w ith  H e lic a s e s

T h e r e  a re  s e v e ra l  o th e r  w ay s b y  w h ic h  T u s  c o u ld  in te r a c t  

fu n c tio n a lly  w ith  a n  o n c o m in g  h e x a m e r ic  h e l ic a se  to  fa c il i ta te  

fo rk  b lo c k a g e . T h e  fa c e  th a t  T u s  p r e s e n ts  to  th e  h e l ic a se  is 4  to  

5 n m  a c ro s s  a t  its  w id e s t.  In  e a c h  o f  th e  h e x a m e r ic  h e lic a se s , 

th e  in te r n a l  c h a n n e l  is th u s  s m a lle r  th a n  th e  s h o r te s t  t r a n s v e rs e  

s e c tio n  o f  th e  te r m in a to r  p r o te in .  T u s  c o u ld  th e r e f o r e  a c t  as  a 

p lu g  in  th e  h e l ic a se  i f  th e  a s s o c ia tio n  b e tw e e n  th e  tw o  m o le ­

c u le s  w e re  to  b e c o m e  th is  c lo se . I t  is  a lso  p o s s ib le  th a t  T u s  

e n g in e e rs  a s t r u c tu re  in  th e  D N A  t h a t  b lo c k s  th e  p ro g re s s  o f  

th e  h e l ic a se . T h e  s m a ll f r a g m e n t  o f  D N A  u s e d  fo r  th e  c ry s ta l ­

l iz a t io n  o f  T u s  d o e s  n o t  e x te n d  fa r  e n o u g h  b e y o n d  th e  p r o te in  

to  a llo w  c o m m e n t  o n  th is  (1 7 0 ). I t  is a lso  c o n c e iv a b le  th a t  th e  

h e l ic a se  c a u se s  a r e a r r a n g e m e n t  in  th e  T u s  s t r u c tu re ,  e i th e r  by 

d ir e c t  in te r a c t io n  o r  th r o u g h  th e  D N A  t h a t  b r id g e s  th e  tw o  

m o le c u le s . I f  th is  w a s  th e  c a se , i t  w o u ld  b e  p la u s ib le  f o r  T u s  to  

fit  p a r t ia l ly  in s id e  th e  c h a n n e l  o f  D n a B , p ro v id in g  a k in e tic  

b lo c k  to  its  r e m o v a l  f ro m  th e  D N A .

T h e  fo rk -b lo c k in g  fa c e  o f  T u s  (F ig . 10) sh o w s n o  o b v io u s  

fe a tu re  th a t  c o u ld  p r e v e n t  th e  p a s s a g e  o f  th e  h e lic a se . T h e  

c o n c e n t r a t io n  o f  p o s it iv e  c h a rg e  n e a r  th e  b o u n d  T erA  D N A  

(F ig . 1 0 D ) is  c o n t r ib u te d  b y  D N A -b in d in g  r e s id u e s  a n d  is 

n e u t r a l iz e d  o n  D N A  b in d in g . T h e  s o lv e n t-e x p o s e d  r e s id u e s  

th a t  th e  h e l ic a se  w o u ld  c o n ta c t  m o s t  c lo se ly  a re  p r e d o m in a n t ly  

p o la r  r e s id u e s  (F ig . 1 0 C ), b u t  th e r e  is  n o  a p p a r e n t  b ia s  to w a rd s
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n e g a tiv e  o r  p o s it iv e  p o la r i ty ,  a n d  a t  le a s t  tw o  o f  th e  g ro u p s  a re  

a l ip h a tic . T h e  L I  lo o p  h a s  b e e n  r e p o r te d  to  b e  in v o lv e d  in  

T u s -h e lic a s e  in te r a c t io n s .  I n  p a r t i c u la r ,  G lu 4 9  w h e n  r e p la c e d  

by  L ys in c re a s e s  D N A  b in d in g  a ffin ity  b u t  r e d u c e s  re p lic a t io n  

a r r e s t  a c tiv ity  b y  6 2 %  (59, 1 60), su g g e s tin g  th a t  i t  m a y  h a v e  a 

r o le  in  T u s -h e lic a s e  in te r a c t io n s .  T h e  m u ta t io n s  o f  P ro 4 2  to  

L e u ,  G lu 4 7  to  G in , G lu 4 9  to  L ys, a n d  P ro 5 2  to  L e u  h a v e  b e e n  

r e p o r te d  to  r e d u c e  T u s -h e lic a s e  in te r a c t io n  (1 2 7 ). H o w e v e r , 

n e i th e r  P ro 4 2  n o r  P ro 5 2  is e x p o s e d  n e a r  th e  n o n p e rm is s iv e  

fa c e  in  th e  s t r u c tu re  (F ig . 1 0 B ), so  s u b s ta n t ia l  s t r u c tu r a l  r e a r ­

r a n g e m e n t  w o u ld  b e  n e c e s s a ry  to  e n a b le  d ir e c t  c o n ta c t  w ith  

th e  h e l ic a se . G lu 4 9  is s i tu a te d  so  t h a t  i t  c o u ld  c o n ta c t  D n a B , 

b u t  i t  is  s ti l l  w e ll b e lo w  th e  u p p e r  f a c e  o f  th e  c o m p le x  (F ig . 10). 

I t  is th e re fo r e  p ro b a b le  t h a t  th e  e ffec ts  o f  th e s e  m u ta t io n s  a re  

th r o u g h  s o m e  in d i r e c t  m e c h a n is m  o r  th a t  th e y  b e c o m e  u n c o v ­

e r e d  b y  th e  a c tio n  o f  th e  h e l ic a se  a t  th e  n o n p e rm is s iv e  e n d  o f  

th e  T e r  s ite . O n  th e  b a s is  o f  th e  c ry s ta l s t r u c tu re ,  e x p o s e d  

re s id u e s  a t  th e  n o n p e rm is s iv e  fa c e  o f  th e  c o m p le x  (e .g ., th o s e  

in  L 3  o r  a l V  [F ig . 6]) a r e  b e t t e r  s i tu a te d  to  in te r a c t  w ith  th e  

o n c o m in g  h e lic a se . I t  is o f  in te r e s t  t h a t  m u ta t io n s  in  th e s e  

re s id u e s  h a v e  n o t  b e e n  s e le c te d  in  th e  s c re e n  fo r  th o s e  th a t  

in te r a c t  w ith  D n a B .

O th e r  r e s id u e s  t h a t  m ig h t m a k e  c o n ta c t  w ith  th e  o n c o m in g  

h e l ic a se  a r e  in  L 2 , a l V ,  a V ,  a n d  th e  a V I - L 3 - a V I I  re g io n  (F ig . 

6 ). T h e s e  re g io n s  e a c h  m a k e  a t  le a s t  o n e  c o n ta c t  w ith  th e  

D N A . I n  fa c t,  th e s e  r e s id u e s  a c c o u n t  f o r  n e a r ly  a ll o f  th e  D N A  

c o n ta c ts  o u ts id e  o f  th e  c o re  b in d in g  d o m a in . H o w e v e r , i t  is n o t  

p o s s ib le  to  d e te r m in e  if  s e c o n d a ry  s t r u c tu r e  e le m e n ts  a re  

p la c e d  to  f a c il i ta te  th e  in te r a c t io n  o f  th e  b in d in g  r e s id u e s  w ith  

D N A  o r  if  D N A  b in d in g  is r e q u i r e d  to  p o s i t io n  r e s id u e s  w ith in  

th e  s e c o n d a ry  s t r u c tu r e  e le m e n ts  in  th e  c o r r e c t  p la c e  to  b lo c k  

th e  p a s s a g e  o f  th e  h e lic a se . W ith  th e  e x c e p t io n  o f  r e s id u e s  in  

L I  a n d  tw o  o th e r s  (L y s8 9  in  L 2  a n d  A r g l9 8  in  L 3 ) , th e  e ffec ts  

o f  m u ta t io n s  a t  th e  n o n p e rm is s iv e  e n d  o f  th e  c o m p le x  h a v e  n o t  

b e e n  s tu d ie d  in  d e ta i l  (T a b le  1).

T h u s ,  in  c o n t r a s t  to  e x p e c ta tio n s ,  th e  s t r u c tu re  o f  th e  T u s -  

T er  c o m p le x  o ffe rs  n o  c o n v in c in g  e v id e n c e  c o n c e rn in g  th e  

m e c h a n is m  o f  p o la r  r e p l ic a t io n  f o rk  a r r e s t .  I t  m a y  b e  s ta te d  in  

g e n e r a l  te rm s  th a t  th e  T u s -T e r  in te r a c t io n  w o u ld  h a v e  to  b e  

d is r u p te d  d u r in g  u n w in d in g  o f  th e  D N A  d o u b le  h e lix  a n d  th a t  

th e  c o m p le x  is to o  la rg e  to  a llo w  h e l ic a se s  to  p a s s  o v e r  it. 

A to m ic  r e s o lu t io n  s t r u c tu r a l  a n d  f u r th e r  m e c h a n is t ic  in f o rm a ­

t io n  a b o u t  r e le v a n t  h e l ic a se s  s h o u ld  u l t im a te ly  a llo w  f u r th e r  

c o m m e n t  o n  th e  n a tu r e  o f  sp e c if ic  T u s -h e lic a s e  in te ra c t io n s .

M E C H A N IS M S  O F  P O L A R  R E P L IC A T IO N  A R R E S T

I n  s p ite  o f  th e  la rg e  v o lu m e  o f  in fo rm a tio n  a v a ila b le  o n  T u s  

a n d  its  in v o lv e m e n t a s  a n  a n t ih e l ic a s e  in  r e p l ic a t io n  f o rk  b lo c k ­

a g e , th e re  a r e  m a n y  m e c h a n is t ic  a s p e c ts  o f  th e  p ro c e s s  th a t  a re  

u n c e r ta in .  U n d e r  th e s e  c irc u m s ta n c e s  i t  m a k e s  s e n se  to  b rie fly  

s u m m a r iz e  th e  e s ta b l is h e d  d a ta .

( i)  T h e  d e ta i ls  o f  a n t ih e l ic a s e  ac tiv ity  a n d  r e p l ic a t io n  a r r e s t  

a p p e a r  to  b e  s tro n g ly  d e p e n d e n t  o n  th e  id e n t i ty  o f  th e  T er  s ite ,  

th e  m o d e  o f  a c tio n  o f  th e  h e l ic a se , a n d  th e  c o m p le m e n t  o f  

o th e r  p r o te in s  in  th e  t r a n s lo c a t in g  r e p lis o m e . T h e  in  v itro  

e x p e r im e n ts ,  w h ile  th e y  s h e d  l ig h t o n  th e  a c tio n  o f  th e  T u s -T e r  

c o m p le x , p ro b a b ly  d o  n o t  fu lly  re f le c t  th e  d e ta i ls  o f  r e p l ic a t io n  

a r r e s t  a n d  s u b s e q u e n t  r e p l ic a t io n  r e s ta r t  p ro c e s s e s  in  v ivo.

(ii)  A  s im p le  m o le c u la r  c la m p  c a n  b e  a n  e ffec tiv e  a n t ih e l i ­

c a se  in  v itro . T h e  E c o R I  E 1 1 1 Q  m u ta n t  b in d s  s tro n g ly  to  its  

D N A  r e c o g n i t io n  s e q u e n c e  a n d  p r e v e n ts  th e  p a s s a g e  o f  a v a ­

r ie ty  o f  h e l ic a se s  (1 4 ). T h is  p r o te in  b in d s  to  its  D N A  re c o g n i ­

t io n  s e q u e n c e  w ith  a K D  ( 9 5 ,1 7 3 )  th a t  is c o m p a ra b le  to  th a t  o f  

th e  T u s -T e rB  c o m p le x  (5 4 ), a n d  o th e r  p r o te in - D N A  c o m p le x e s  

c a n  h a v e  a c o m p a ra b le  e ffe c t (1 7 5 ).

(iii)  F o r  a m o n o m e r ic  D N A -b in d in g  p r o te in  lik e  T u s ,  a  s im ­

p le  th e rm o d y n a m ic  c la m p  c a n n o t  a c c o u n t  fo r  th e  p o la r i ty  o f  

r e p l ic a t io n  fo rk  a r r e s t .  A  p la u s ib le  c la m p  m o d e l  m u s t  in c lu d e  

k in e tic  o r  s t r u c tu r a l  d e ta i ls  to  e x p la in  p o la r i ty .

(iv) T h e r e  is e v id e n c e  f ro m  b o th  p r o te in  m u ta n t  a n d  n u c le ­

o t id e  s u b s t i tu t io n  s tu d ie s  t h a t  th e  e f fe c t o f  s o m e  s u b s t i tu t io n s  

o n  r e p l ic a t io n  a r r e s t  c a n n o t  b e  e x p la in e d  in  te rm s  o f  th e i r  

e ffe c t o n  D N A  b in d in g . In  p a r t ic u la r ,  s u b s t i tu t io n s  a t  P ro 4 2 , 

G lu 4 9 , G C 6, a n d  A T 1 9  h a v e  a m u c h  g r e a te r  n e g a tiv e  e f fe c t o n  

r e p l ic a t io n  o r  h e lic a se  a r r e s t  th a n  w o u ld  b e  e x p e c te d  f ro m  

th e i r  e f fe c t o n  D N A  b in d in g . T h e r e  is a  g e n e r a l  b u t  n o t  a b s o ­

lu te  c o r r e la t io n  b e tw e e n  th e  s t r e n g th  o f  T u s  b in d in g  to  D n a B  

a n d  in  v i t r o  a n t ih e l ic a s e  a c tiv ity  (T a b le  1).

(v ) U n d e r  s o m e  c irc u m s ta n c e s , w h e n  b o u n d  to  T e rB ,  T u s  

a p p e a r s  to  b e  c a p a b le  o f  a n t ih e l ic a s e  a c tio n  a g a in s t  a  w id e  

v a r ie ty  o f  h e l ic a se s , in c lu d in g  5 '- 3 ' ,  3 '- 5 ' ,  re p lic a t iv e ,  a n d  n o n -  

r e p lic a t iv e . T h e r e f o r e ,  i f  in te r a c t io n s  b e tw e e n  T u s  a n d  th e s e  

h e l ic a se s  a r e  r e le v a n t  to  g e n e r a l  a n t ih e l ic a s e  ac tiv ity , th e  in ­

t e r a c t io n  m u s t  b e  w ith  a p o r t io n  o f  th e  h e l ic a se  th a t  is su ffi ­

c ie n tly  w e ll c o n s e rv e d .

(v i) W h ile  th e  c ry s ta l s t r u c tu r e  o f  th e  T u s -T e rA  c o m p le x  is in  

a c c o rd  w ith  m o s t  o f  th e  o th e r  a v a ila b le  d a ta ,  th e r e  a r e  so m e  

th a t  a r e  n o t  e a s ily  e x p la in e d . In  p a r t i c u la r ,  th e  s t r u c tu re  d o e s  

n o t  p ro v id e  a n  e x p la n a t io n  f o r  th e  p r o te c t io n  o f  D N A  fro m  

c le a v a g e  a t  b a s e  p a i r s  b e y o n d  th e  r e a c h  o f  th e  p r o te in  in  th e  

c o m p le x , th e  e f fe c t o n  D N A  b in d in g  o f  s e v e ra l  a m in o  a c id  a n d  

n u c le o t id e  s u b s t i tu t io n s  a t  p o s i t io n s  w h e re  n o  in te r a c t io n  is 

o b s e rv e d , a n d  th e  e v o lu t io n a ry  c o n s e rv a tio n  o f  re g io n s  o f  th e  

p r o te in  t h a t  a re  n o t  in v o lv e d  in  D N A  b in d in g . I n  p a r t ic u la r ,  

th e  fo rk -b lo c k in g  fa c e  o f  th e  p r o te in  a p p e a r s  to  b e  m o re  h ig h ly  

c o n s e rv e d  th a n  th e  p e rm is s iv e  fa c e .

H a v in g  a c c e p te d  th e s e  g e n e ra l iz a t io n s ,  w e  c a n  m a k e  f u r th e r  

s ta te m e n ts .  A  s im p le  c la m p  m e c h a n is m  is n e c e s s a ry  b u t  n o t  

su ffic ie n t. T h is  le a d s  to  th e  q u e s t io n  o f  w h a t  o th e r  m e c h a n is m s  

c o u ld  b e  u s e d .  T w o  b r o a d  c la sse s  a r e  p o s s ib le . T h e  f irs t  in v o k e s  

a ro le  f o r  d y n a m ic s  o f  th e  p r o te in - D N A  s t r u c tu re  as  th e  h e l i ­

c a se  c o m p e te s  w ith  T u s  fo r  th e  D N A . T h e  s e c o n d  in v o k e s  

p r o te in - p r o te in  in te r a c t io n s  b e tw e e n  T u s ,  th e  h e l ic a se , a n d  

p o te n t ia l ly  o th e r  p ro te in s .  T h is  c o u ld  in c lu d e  a ro le  fo r  D N A  

s t r u c tu ra l  c h a n g e s  e n g in e e re d  b y  T u s  to  b lo c k  th e  p ro g re s s  o f  

th e  h e lic a se  o r  e n g in e e r e d  b y  th e  h e l ic a se  to  a ffe c t th e  affin ity  

o f  T u s  f o r  th e  T er  D N A . I t  is lik e ly  th a t  a s p e c ts  o f  a l l  th e s e  

m e c h a n is m s  o p e r a te ;  e v o lu tio n  d o e s  n o t  s e le c t  in te l l ig e n tly  

a m o n g  s im p le  a n d  d e f in e d  m e c h a n is m s  b u t  is p r e s u m e d  to  ta k e  

a d v a n ta g e  o f  a n y  p h y s ic a l e ffe c t th a t  f in e  tu n e s  th e  s e le c te d  

fu n c tio n . I t  s h o u ld  b e  n o te d  in  th is  c o n te x t  t h a t  i t  is n o t  e v e n  

c le a r  w h a t  is th e  se le c tiv e  a d v a n ta g e  o f  m a in ta in in g  th e  T u s -  

T er  sy s te m  (6 1 , 6 8 , 100, 144).

P r o sp e c ts  fo r  th e  F u tu re

T h e  m e c h a n is m  o f  p o la r  r e p l ic a t io n  fo rk  a r r e s t  b y  th e  T u s -  

T er  c o m p le x  is a  p r o b le m  w o r th y  o f  r e s o lu t io n ,  b e c a u s e  it  

r e p r e s e n ts  a w e ll -d e v e lo p e d  m o d e l  sy s te m  f o r  a n  u n u s u a l  k in d
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o f  p r o te in - D N A  in te r a c t io n .  I n  w h a t  fo llo w s, w e  d e s c r ib e  so m e  

o f  th e  e x p e r im e n ts  r e q u i r e d  to  f u r th e r  d e f in e  th e  p ro c e s s . T h e  

m o s t  s ig n if ic a n t q u e s t io n  re d u c e s  to  h o w  to  e x p la in  th e  p o la r i ty  

o f  th e  p ro c e s s . F u n d a m e n ta l ly ,  a n d  i t  m a y  se e m  to  b e  s ta t in g  

th e  o b v io u s , a ll th a t  is  r e q u i r e d  to  e x p la in  p o la r i ty  is t h a t  th e  

p a th w a y  f o r  d is s o c ia tio n  o f  T u s  f ro m  its  c o m p le x  w ith  a T er  s ite  

s h o u ld  b e  d if fe re n t  d e p e n d in g  o n  w h e th e r  th e  re p l i s o m e  is 

a p p ro a c h in g  f ro m  th e  p e rm is s iv e , a s  o p p o s e d  to  th e  n o n p e r ­

m is s iv e , fa c e .

W e  n o te  t h a t  p r o te in  o l ig o m e r iz a t io n  (e .g .,  m o n o m e r  to  

d im e r  o r  d im e r  to  te t r a m e r )  d u r in g  D N A  b in d in g  o c c u rs  in  

m a n y  c o m p a ra b le  sy s te m s, in c lu d in g  m a n y  r e p r e s s o r - o p e r a to r  

in te r a c t io n s ,  a n d  th a t  i t  o f te n  o c c u rs  in  a s te p w ise  f a sh io n . A  

m u lt is te p  ( c o o p e ra t iv e )  p ro c e s s  is c a p a b le  o f  so lv in g  th e  p r o b ­

le m  o f  a c h ie v in g  h ig h  o v e ra ll  b in d in g  a ffin ity  a n d  sp e c if ic ity  

w h ile  s ti l l  a llo w in g  th e  d is s o c ia tio n  r a te  to  b e  h ig h  e n o u g h  to  

a llo w  q u ic k  p h y s io lo g ic a l r e s p o n s e s  (1 4 1 ). I n  th e  c a se  o f  a 

r e p l ic a t io n  f o r k  a p p r o a c h in g  T u s -T e rB  f ro m  th e  p e rm is s iv e  

d ire c tio n ,  a  h ig h  r a te  o f  d is s o c ia tio n  o f  T u s  c o u ld  a lso  r e s u l t  

f ro m  b re a k in g  th e  p ro c e s s  d o w n  in to  a s e r ie s  o f  s te p s .

P o la r i ty  c a n  a lso  b e  a c h ie v e d  in  th is  w a y  in  th e  c a se  o f  

m u lt im e r ic  p r o te in s .  F o r  e x a m p le , th e  B . s u b til is  r e p l ic a t io n  

t e rm in a t io n  sy s te m  c o n s is ts  o f  a s e r ie s  o f  im p e r f e c t  in v e r te d  

r e p e a t  T er  s e q u e n c e s  a n d  a p r o te in ,  R T P ,  t h a t  b in d s  s e q u e n ­

t ia lly  a s  a h o m o d im e r  to  e a c h  o f  tw o  a d ja c e n t  h a lf - s ite s  d u r in g  

f o rm a tio n  o f  th e  f o rk -a r r e s t in g  c o m p le x  (4 4 , 101, 169). I t  is 

c le a r  t h a t  in  th e  c a se  o f  R T P ,  p o la r i ty  o f  r e p l ic a t io n  te r m in a ­

t io n  c o u ld  b e  a d e q u a te ly  e x p la in e d  b y  c o o p e ra tiv i ty  in  b in d in g  

o f  th e  s e c o n d  d im e r ,  c o u p le d  w ith  d if fe re n tia l  a ffin ity  o f  b in d ­

in g  o f  th e  p r o te in  a t  e a c h  o f  th e  h a lf -s ite s  (4 3 , 101 , 172). 

H o w e v e r , e v e n  in  th is  c a se , th is  is n o t  th e  w h o le  s to ry  ( r e ­

v ie w e d  in  r e f e r e n c e  44 ). I t  m a y  w e ll b e  t h a t  th e  T u s -T e r  a n d  

R T P -T e r  c o m p le x e s  s h a re  a s p e c ts  o f  m e c h a n is m , e v e n  th o u g h  

th e i r  s t r u c tu r e s  d o  n o t.

C a n  a c la m p  m e c h a n is m  b e  u s e d  to  e x p la in  p o la r i ty  o f  a c tio n  

o f  a m o n o m e r ic  p r o te in - D N A  c o m p le x , su c h  a s  th a t  b e tw e e n  

T u s  a n d  T e r  s ite s ?  W ith in  th e  c la ss  o f  c la m p  m e c h a n is m s  th e re  

a re  a v a r ie ty  o f  p o s s ib ilit ie s . T h e  s im p le s t  (F ig . 14) is o n e  fo r  

w h ic h  th e  p a s s a g e  o f  a h e l ic a se  th r o u g h  th e  T e r  s ite  r e q u ir e s  

th e  c o m p le te  d is s o c ia tio n  o f  T u s  in  a s in g le  s te p . W ith  th is  

m e c h a n is m , h o w e v e r , i t  is n o t  p o s s ib le  to  e x p la in  p o la r i ty .  A  

h e l ic a se  a p p r o a c h in g  e i th e r  fa c e  o f  th e  c o m p le x  w o u ld  h a v e  to  

o v e rc o m e  th e  s a m e  e n e rg e t ic  b a r r i e r  to  p a s s  th ro u g h . K in e t ic  

o r  o th e r  a s p e c ts  n e e d  to  b e  a d d e d  to  e x p la in  p o la r i ty .

M o re  c o m p lic a te d  c la m p  m e c h a n is m s  in v o lv e  a c o n c e r te d  

s te p w ise  p ro c e s s  b y  w h ic h  th e  h e l ic a se  m o v e s  in to  th e  T er  s ite ,  

r e m o v in g  T u s . T h e  s im p le s t  fo rm  o f  a s te p w ise  d is s o c ia tio n  

m o d e l,  a  tw o -s te p  m e c h a n is m , c a n  e x p la in  th e  p o la r i ty  o f  th e  

T u s -T e r  c o m p le x  (F ig . 15 ). H e r e ,  th e  b in d in g  r e s id u e s  a re  d i ­

v id e d  in to  tw o  c la s se s , r e s id u e s  a t  th e  p e rm is s iv e  e n d  o f  th e  

c o m p le x  a n d  r e s id u e s  a t  th e  n o n p e rm is s iv e  ( fo rk -b lo c k in g )  

fa c e . A  h e l ic a se  a r r iv in g  f ro m  th e  p e rm is s iv e  s id e  c a n  su c c e s s ­

fu lly  c o m p e te  w ith  th e  T u s  r e s id u e s  b in d in g  to  th is  e n d  o f  th e  

T er  D N A , c a u s in g  a c o n f o r m a t io n a l  c h a n g e  in  th e  r e m a in in g  

D N A -b in d in g  re s id u e s  th a t  e i th e r  r e m o v e s  T u s  f ro m  th e  D N A  

d ire c tly  o r  a llo w s th e  h e l ic a se  to  f u r th e r  c o m p e te  su c c e ssfu lly  

f o r  th e  r e m a in in g  b in d in g  s ite s . W h e n  th e  h e l ic a se  a p p ro a c h e s  

f ro m  th e  o th e r  s id e , th e  c o m p e ti t io n  b e tw e e n  h e l ic a se  a n d  T u s  

is su c h  th a t  T u s  c a n n o t  so  e a s ily  b e  re m o v e d . T h e  m o s t  c o m ­

p le x  m o d e l  o f  th is  ty p e  w o u ld  d e s c r ib e  th e  c o n f o r m a t io n a l
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F IG . 14 . A  “ c o m p le te  d is s o c ia t io n ” m o d e l  o f  T u s  a c tio n . A s  sh o w n , 

th e  p e r m issiv e  fa c e  o f  th e  T u s -T er  c o m p le x  is  o n  th e  le f t  an d  th e  

n o n p e r m iss iv e  fa c e  is  o n  th e  r igh t. D n a B  a p p r o a c h in g  th e  p e r m issiv e  

fa c e  fo r  r e p lic a tio n  c o m e s  in to  c o n ta c t  w ith  th e  T u s -T er  c o m p le x ,  

le a d in g  to  c o m p le te  d is s o c ia t io n  o f  T u s . D n a B  a p p r o a c h in g  th e  n o n ­

p e r m is siv e  ( fo r k -b lo c k in g )  fa c e  is  b lo c k e d  fr o m  p r o c e e d in g  fa r th er  by  

th e  T u s-T e r  c o m p le x .

c h a n g e s  a n d  c h a n g e  in  b in d in g  e n e rg y  r e s u l t in g  f ro m  th e  r e ­

m o v a l o f  e a c h  D N A -b in d in g  re s id u e  as  th e  h e l ic a se  p ro g re s s e s  

f ro m  e i th e r  fa c e : a  z ip p e r  m o d e l  (1 3 1 ). T h is  c o u ld  b e  a g o o d  

a n a lo g y  b e c a u s e  a z ip p e r  is i ts e lf  in h e re n t ly  p o la r .

A  v a r ia n t  o f  th is  m o d e l  in v o lv e s  a p ro g re s s iv e  c h a n g e  in  th e  

a ffin ity  o f  T u s  f o r  th e  D N A  as a r e s u l t  o f  th e  p r e s e n c e  o r  a c tio n  

o f  th e  h e lic a se . D ir e c t  h e l ic a s e -T u s  in te r a c t io n  w o u ld  b e  o n e  

w a y  o f  a c c o m p lis h in g  th is . A n o th e r  w o u ld  b e  f o r  T u s  to  b in d  

w ith  d if fe re n t a ffin ity  to  a n  in te r m e d ia te  f o rk e d  D N A  s tru c tu re  

e n g in e e re d  b y  h e lic a se  a c tio n  a t  e i th e r  th e  n o n p e rm is s iv e  o r  

th e  p e rm is s iv e  e n d . A s  w e  h a v e  n o te d  e a r l ie r ,  th e r e  a re  s e v e ra l  

e x p e r im e n ta l  d a ta  t h a t  s u p p o r t  th e  l a t t e r  p o ss ib ility . I t  is a lso  

n o ta b le  t h a t  a m in o  a c id  in te r a c t io n s  s e e n  in  th e  c ry s ta l s t r u c ­

t u r e  a t  th e  p e rm is s iv e  fa c e  a r e  a lm o s t e n t i r e ly  w ith  th e  s t r a n d  

th a t  w o u ld  p a s s  th r o u g h  th e  c e n t r a l  c h a n n e l  o f  th e  h e lic a se  

(8 5 ), a n d  th e r e  is a  c lu s te r  o f  b a s ic  r e s id u e s  ( i.e ., L y s l l9 ,  

H is l6 3 ,  L y s2 4 5 , L y s2 4 9 , a n d  H is2 5 3 )  p o s i t io n e d  ju s t  o u t  o f  

r e a c h  o f  th e  d u p le x  D N A  in  th e  s t r u c tu r e  su c h  th a t  th e y  m ig h t 

i n te r a c t  w ith  th e  d is p la c e d  s t r a n d  a t  th e  p e rm is s iv e  fa c e , p r o ­

g re ss iv e ly  d r iv in g  f u r th e r  d e s ta b i l iz a t io n  o f  th e  d u p le x  D N A  

( 8 5 ,1 7 0 ) .  A n  a l te r n a te  e x p la n a t io n  c o m e s  f ro m  e x a m in a t io n  o f  

b a s ic  r e s id u e s  s im ila rly  p la c e d  a t  th e  n o n p e rm is s iv e  fa c e  ( i.e .,  

A r g l4 5 ,  L y s l9 2 ,  L y s l9 5 ,  a n d  A rg 2 0 5 ). S tr a n d  s e p a r a t io n  by  th e  

h e l ic a se  c o u ld  b r in g  D N A  p h o s p h a te  g ro u p s  in to  c lo se  p ro x -
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F IG . 15 . A  sim p le  tw o -s te p  m o d e l o f  T u s -T er  a n d  D n a B  in te r a c ­

tio n s.  (L e f t )  D n a B  a p p r o a c h in g  th e  p e r m issiv e  fa c e  o f  th e  T u s -T er  

c o m p le x  p r o m o te s  th e  fo r m a tio n  o f  th e  o p e n , n o n sp e c if ic a lly  b o u n d  

fo r m  o f  T u s , w h ic h  m ay  d is so c ia te  d ir ec tly  or  s lid e  a lo n g  th e  D N A .  If  

D n a B  m o v e s  in to  th e  T e r  s ite  b e fo r e  T u s  ca n  r etu rn  to  th e  sp ec if ic a lly  

b o u n d  c lo s e d  fo r m , th e n  h e lic a se  a c tiv ity  c o n t in u e s . (R ig h t )  D n a B  

a p p r o a c h in g  fr o m  th e  n o n p e r m iss iv e  fa c e  c a n n o t  p r o m o te  th e  fo r m a ­

t io n  o f  th e  o p e n  fo r m  o f  th e  c o m p le x , a n d  fu r th e r  D N A  u n w in d in g  is 

b lo c k e d .

im ity  w ith  th e s e  r e s id u e s ,  th e re b y  s im p ly  s tr e n g th e n in g  th e  

T u s -T e r  in te r a c t io n .

T h e  fu n d a m e n ta l  r e q u i r e m e n t  o f  th is  fo rm  o f  m o d e l  is th a t  

th e  p a th w a y  fo r  d is s o c ia tio n  o f  T u s  f ro m  th e  T er  D N A  is 

l im ite d . T h a t  is, th e r e  is a n  in te r m e d ia te  in  th e  d is s o c ia tio n  

p a th w a y  th a t  is a c c e ss ib le  o n ly  w h e n  th e  h e lic a se  a p p ro a c h e s  

f ro m  th e  p e rm is s iv e  ( o r  th e  n o n p e r m is s iv e ) d ire c tio n .  A  s im p le  

e x p la n a t io n  fo r  th is  b e h a v io r  c o u ld  b e  t h a t  th e  h e l ic a se , s i t t in g  

as  a c u p  o v e r  th e  fo rk -b lo c k in g  fa c e  o f  T u s ,  p h y s ic a lly  p r e v e n ts  

th e  r e m o v a l  o f  r e s id u e  c o n ta c ts  t h a t  w o u ld  o rd in a r i ly  b e  d is ­

r u p te d  e a r ly  in  th e  d is s o c ia tio n  p a th w a y . H o w e v e r , th is  w o u ld  

n o t  so  s im p ly  e x p la in  th e  p o la r i ty  o f  a c tio n  o f  th e  T u s  -T e rB  

c o m p le x  a g a in s t  th e  d im e r ic  h e l ic a se s , su c h  a s  R e p  (1 0 6 ).

W h ile  th e  d is s o c ia tio n  p a th w a y  is d if ficu lt to  p r o b e  d ire c tly , 

by  e x a m in in g  th e  a s s o c ia tio n  p a th w a y  in  d e ta i l  i t  m a y  b e  p o s ­

s ib le  to  d e f in e  in te r m e d ia te s  t h a t  a re  d is fa v o re d  w h e n  th e  

re p lis o m e  a p p r o a c h e s  f ro m  th e  n o n p e rm is s iv e  s id e . N e y lo n  e t  

al. (1 3 1 ) p r o p o s e d  a m u lt is te p  (z ip p e r )  m o d e l  f o r  th e  b in d in g  

o f  T u s  to  T er  D N A  b a s e d  o n  S P R  s tu d ie s  o f  T u s  a n d  T u s  

m u ta n ts .  M in im a lly , th e  p r o te in  f irs t b in d s  n o n sp e c if ic a lly  to  

th e  D N A  b e fo re  sp e c if ic  in te r a c t io n s  c o m e  in to  p la y , c lo s in g  

th e  s t r u c tu r e  a n d  le a d in g  to  d e f o r m a t io n  o f  th e  D N A  (F ig . 11). 

T h is  is s u g g e s te d  b y  th e  o b s e rv a t io n  th a t  A r g l9 8  p la y s  an  

im p o r ta n t  p a r t  in  n o n sp e c if ic  D N A  b in d in g  b u t  h a s  a re la tiv e ly

m in o r  ro le  in  d e te rm in in g  sp e c if ic ity , w h e re a s  L ys8 9, A la l7 3 ,  

a n d  G ln 2 5 0  a p p e a r  to  b e  im p o r ta n t  f o r  sp e c if ic , b u t  n o t  n o n ­

sp e c if ic , b in d in g . T h a t  is, s o m e  r e s id u e s  in v o lv e d  in  a g e n e r a l  

n o n sp e c if ic  a s so c ia tio n  w ith  D N A  a p p e a r  to  b e  s e p a r a te  f ro m  

th o s e  in v o lv e d  in  d e te r m in in g  th e  s e q u e n c e  sp e c if ic ity  o f  th e  

in te r a c t io n .  I n  a d d i t io n ,  th e  s t ro n g  s a l t  d e p e n d e n c e  o f  th e  

a s s o c ia tio n  r a te  su g g e s ts  th a t  p r o te in  c o n f o r m a t io n a l  c h a n g e s  

ta k e  p la c e  a f te r  th e  in it ia l  c o llis io n  s te p  (1 4 2 ).

T h e  s o lu t io n  s t r u c tu r e  o f  f re e  T u s  is s ig n if ic a n tly  d if fe re n t  

f ro m  th e  b o u n d  s t r u c tu r e .  T h is  is s u g g e s te d  by  c i rc u la r  d ic h ro -  

ism  s p e c tro s c o p ic  d a ta  in d ic a t in g  a s m a lle r  p r o p o r t i o n  o f  

(3 -sheet s t r u c tu re  in  th e  f re e  p r o te in  (3 1 ) th a n  in  th e  c ry s ta l 

s t r u c tu re  (8 5 ). B a s ic  r e s id u e s ,  in c lu d in g  A r g l9 8 ,  a r e  in v o lv e d  

in  th e  in it ia l  s ta g e s  o f  D N A  b in d in g , fo rm in g  a n  o p e n  n o n s p e ­

c ific  c o m p le x  p re s u m a b ly  c a p a b le  o f  s c a n n in g  D N A  in  s e a rc h  

o f  T er  s ite s . O n  f in d in g  a T er  s ite ,  r e s id u e s  in v o lv e d  in  s e ­

q u e n c e -sp e c if ic  b in d in g , in c lu d in g  b u t  b y  n o  m e a n s  l im ite d  to  

L ys8 9, A la l7 3 ,  a n d  G ln 2 5 0 , a r e  in  p o s i t io n  to  b in d  sp ec if ic a lly  

to  th e i r  l ig a n d  s ite s . T h is  le a d s  s e q u e n tia l ly  to  th e  f o rm a tio n  o f  

th e  b o u n d  p r o te in  s t r u c tu re ,  c lo s in g  th e  c o m p le x  a n d  d e f o r m ­

in g  th e  D N A . T h is  p ro c e s s  w o u ld  b e  e x p e c te d  to  b e  h ig h ly  s a lt  

d e p e n d e n t ,  r e s u l t in g  in  e x te n s iv e  c h a rg e  n e u t r a l iz a t io n  a n d  

b u r ia l  o f  a la rg e  p o r t io n  o f  th e  s o lv e n t-e x p o s e d  p r o te in  a n d  

D N A  su rfa c e s .

T h is  m o d e l  c a n  b e  u s e d  to  e x p la in  so m e  o f  th e  o u ts ta n d in g  

d a ta  t h a t  a p p e a r  to  c o n t r a d ic t  a  c la m p  m o d e l.  T h e  p r e s e n c e  o f  

p r o te c t io n  s ite s  o u ts id e  th e  a p p a r e n t  r e a c h  o f  th e  p r o te in  (F ig . 

9) is n o w  p r e d ic te d  fo r  a c o m p le x  th a t  is in  e q u i l ib r iu m  b e ­

tw e e n  a sp e c if ic a lly  b o u n d  fo rm  a n d  a n o n sp e c if ic a lly  b o u n d  

fo rm . F u r th e r m o r e ,  th is  su g g e s ts  t h a t  su c h  s ite s  c o u ld  s p r e a d  

f a r th e r  in  c a se s  w h e re  th e  sp e c if ic  b in d in g  is w e a k e r ,  su c h  as  

w ith  T e r R l ,  a s  is o b s e rv e d  (5 4 , 158 ). T h is  c a n  a lso  e x p la in  a n  

a p p a r e n t  d is c re p a n c y  b e tw e e n  re s u lts  o n  th e  e ffec ts  o f  th e  

R 1 9 8 A  m u ta t io n .  N e y lo n  e t  al. (1 3 1 ) r e p o r te d  o n ly  a m in o r  

e ffe c t o f  m u ta g e n e s is  o n  th e  r a te  o f  d is s o c ia tio n  o f  T u s  f ro m  

T e rB , w h e re a s  H e n d e r s o n  e t  al. (5 9 ) r e p o r te d  a 7 5 -fo ld  in ­

c r e a s e .  T h is  m a y  b e  a t t r ib u te d  to  th e  d if fe re n c e  in  D N A  f r a g ­

m e n ts  u s e d  in  e a c h  c a se . H e n d e r s o n  e t  al. u s e d  a s ig n ific a n tly  

lo n g e r  D N A  f r a g m e n t  in  th e i r  m e a s u r e m e n ts ,  a n d  th is  s h o u ld  

in c re a s e  th e  c o n t r ib u t io n  o f  n o n sp e c if ic  b in d in g  to  d is s o c ia ­

t io n . N e y lo n  e t  al. (1 3 1 ) n e v e r th e le s s  r e p o r te d  a la rg e  e ffe c t o f  

th e  R 1 9 8 A  m u ta t io n  o n  n o n sp e c if ic  b in d in g , le a d in g  to  an  

im m e a s u ra b ly  h ig h  d is s o c ia tio n  r a te  c o n s ta n t  in  th e i r  a s sa y  (in  

0.1 M  K C1). T h e  D N A  le n g th  d e p e n d e n c e  o f  k in e tic  a n d  t h e r ­

m o d y n a m ic  p a r a m e te r s  f o r  s ite -sp e c if ic  D N A - p r o te in  in te r a c ­

t io n s  h a s  b e e n  u s e d  in  s e v e ra l  in s ta n c e s  to  c o m m e n t  o n  th e  

im p o r ta n c e  o f  n o n sp e c if ic  in te r a c t io n s  (1 6 , 92, 168). T h e s e  

s tu d ie s  h a v e  b e e n  e s p e c ia lly  u s e fu l  in  d is s e c t in g  th e  s te p w ise  

a s se m b ly  o r  d isa sse m b ly  o f  s ite -sp e c if ic  D N A  c o m p le x e s  w ith  

p r o te in  o lig o m e rs , b u t  s im ila r  s tu d ie s  w ith  T u s  o r  o th e r  m o ­

n o m e r ic  D N A -b in d in g  p r o te in s  h a v e  n o t  b e e n  r e p o r te d .

A m in o  a c id  a n d  n u c le o t id e  s u b s t i tu t io n  d a ta  c a n  a lso  b e  

e x p la in e d  b y  th e  z ip p e r  m o d e l.  T h o s e  r e s id u e s  th a t  h a v e  a 

g r e a te r  o r  d if fe re n t  e ffe c t o n  r e p l ic a t io n  a r r e s t  t h a n  is e x p e c te d  

f ro m  th e  c h a n g e  in  b in d in g  e n e rg y  p la y  a ro le  in  th e  k in e tic s  o f  

b in d in g  o r  d is s o c ia tio n . A  c o m p re h e n s iv e  s tu d y  o f  th e  e ffec ts  o f  

m u ta t io n s  in  D N A -b in d in g  r e s id u e s  w ill p ro v id e  m o re  d e ta ils  

o f  h o w  s te p w ise  b in d in g /u n b in d in g  ta k e s  p la c e . T h e  s o lu t io n  

s t r u c tu re  o f  u n l ig a n d e d  T u s  w o u ld  a lso  b e  v e ry  h e lp fu l .

I f  a n  in a c c e s s ib le  in te r m e d ia te  o n  th e  d is s o c ia tio n  p a th w a y  is
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s im ila r  to  th e  c o m p le x  b e tw e e n  T u s  a n d  n o n sp e c if ic  D N A  

se q u e n c e s ,  th e n  s o m e  o f  th e  d is c re p a n c ie s  in  th e  r e s u lts  o f  

h e l ic a se  as say s  c a n  a lso  b e  e x p la in e d . O n e  o f  th e  m a in  d if fe r ­

e n c e s  b e tw e e n  as say s  f ro m  d if fe re n t  r e s e a r c h  g ro u p s  is th e  u se  

o f  T e r R l  as  o p p o s e d  to  T e rB . B in d in g  to  T e r R l  is s ig n ific a n tly  

w e a k e r  th a n  b in d in g  to  T erB  (5 4 ) a n d  m a y  b e  p a r t  w a y  b e tw e e n  

a n  “ o p e n ” n o n sp e c if ic  c o m p le x  a n d  a “ c lo s e d ” sp e c if ic  T u s -  

T e rB  c o m p le x . I f  th is  in te r m e d ia te  is m o re  a c c e ss ib le , th e n  

h e l ic a se s  w ith  d if fe re n t  m o d e s  o f  a c tio n , su c h  a s  th o s e  in v o lv e d  

in  r e p l ic a t io n  a s  o p p o s e d  to  r e p a ir ,  m a y  b e  e x p e c te d  to  d isp la c e  

T u s  m o re  o r  le ss  e ffic ien tly .

S in ce  i t  s e e m s  th a t  u n d e r  s o m e  e x p e r im e n ta l  c o n d it io n s ,  th e  

T u s -T e r  c o m p le x  is c a p a b le  o f  a r r e s t in g  th e  p ro g re s s  o f  th e  

r e p lic a t iv e  h e x a m e r ic  h e l ic a se s  in  a p o la r  m a n n e r ,  b u t  n o t  th a t  

o f  th e  m o n o m e r ic  o r  d im e r ic  r e p a i r  ( o r  ro l l in g -c i rc le ) h e l ic a se s  

(1 4 , 9 1 ,1 4 7 ) ,  i t  m a y  b e  i l lu m in a tin g  to  c o n s id e r  th e  d if fe re n c e s  

in  s t r u c tu re  a n d  m e c h a n is m  b e tw e e n  th e s e  tw o  c la sse s  o f  e n ­

z y m es. S tru c tu r a l  s tu d ie s ,  f o r  e x a m p le , w ith  th e  ro llin g -c irc le  

h e l ic a se s  E . c o l i  R e p  a n d  B a c il lu s  s te a r o th e m io p h il u s  P c rA  

sh o w  th a t  th e  s ite  o f  D N A  s t r a n d  s e p a r a t io n  is w ith in  a c h a n n e l  

in  th e  p r o te in  s t r u c tu r e s  (9 9 , 116, 166). In  c o n t r a s t ,  g iv e n  th a t  

th e  h e x a m e r ic  e n z y m e s  a r e  b e l ie v e d  to  w o rk  by  a s t r a n d  e x ­

c lu s io n  m e c h a n is m , s t r a n d  s e p a r a t io n  m a y  o c c u r  r ig h t  a t  th e  

fa c e  o f  th e  o n c o m in g  h e lic a se . T h e  fu n c t io n a l  in te r a c t io n s  o f  

th e  tw o  c la sse s  o f  h e l ic a se s  w ith  T u s -T e r  m ig h t th e re fo r e  b e  

q u ite  d if fe re n t: o n ly  w ith  th e  h e x a m e r ic  h e l ic a se s  m ig h t s t r a n d  

s e p a r a t io n  in f lu e n c e  th e  T u s -T e r  in te r a c t io n  b e fo re  th e  

p ro g re s s  o f  th e  h e l ic a se  is p h y s ic a lly  b lo c k e d  b y  d ir e c t  c o llis io n  

o f  th e  p r o te in s .  P o la r  r e p l ic a t io n  fo rk  a r r e s t  b y  th e  h e x a m e r ic  

h e l ic a se s  c o u ld  th e n  b e  e x p la in e d  b y  d if fe re n tia l  e ffec ts  o f  h e -  

l ic a s e -m e d ia te d  s t r a n d  s e p a r a t io n  o n  th e  r a te  o f  d is s o c ia tio n  o f  

th e  T u s -T e r  c o m p le x , d e p e n d in g  o n  w h e th e r  s t r a n d s  a re  b e in g  

s e p a r a te d  a t  th e  p e rm is s iv e  o r  th e  n o n p e rm is s iv e  fa c e . I f  s t r a n d  

s e p a r a t io n  w a s  im p o r ta n t  in  d e te rm in in g  p o la r i ty ,  th e n  p o la r i ty  

sh o u ld  n o t  b e  o b s e rv e d  in  as say s  th a t  m e a s u re  t r a n s lo c a t io n  o f  

h e l ic a se s  r a th e r  th a n  a u th e n t ic  D N A  u n w in d in g . S u c h  as say s  

a re  te c h n ic a l ly  c h a lle n g in g .

I t  is th u s  p o s s ib le  in  s e v e ra l  w ay s to  e x p la in  th e  p o la r i ty  o f  

r e p l ic a t io n  f o rk  a r r e s t  in  te rm s  o f  a m e c h a n is m  th a t  d o e s  n o t  

n e c e s s a r i ly  in v o lv e  a n y  d ir e c t  p h y s ic a l in te r a c t io n  b e tw e e n  

re p l i s o m a l  c o m p o n e n ts  a n d  th e  te rm in a t io n  c o m p le x . N e v e r ­

th e le s s ,  th e r e  a re  o th e r  s tu d ie s  th a t  su g g e s t th a t  su c h  sp e c if ic  

p r o te in - p r o te in  in te r a c t io n s  ex is t.  T h e  p r im a ry  f u n c t io n a l  e v i ­

d e n c e  is f ro m  A n d e r s e n  e t  al. (6 ), w h o  sh o w e d  th a t  th e  T u s -T e r  

c o m p le x  is a  m u c h  m o re  e ff ic ie n t b lo c k  to  th e  r e p l ic a t io n  fo rk  

in  E . c o l i  th a n  i t  is in  B . s u b t ili s  a n d  th a t  th e  c o n v e rse  is t r u e ,  

to  a le s s e r  e x te n t ,  o f  th e  B . s u b t ili s  r e p l ic a t io n  te rm in a t io n  

sy s te m . T h is  su g g e s ts  th a t  a n  e le m e n t  o f  th e  r e p l ic a t io n  a r r e s t  

p ro c e s s  is sp e c if ic  to  th e  T u s -T e r  c o m p le x  a n d  th e  E . c o l i  

r e p lis o m e .

M o re o v e r ,  a s  d e s c r ib e d  a b o v e , th e r e  a r e  o th e r  r e c e n t  r e p o r ts  

th a t  p ro v id e  b o th  d ir e c t  (1 2 7 ) a n d  in d ir e c t  (5 9 ) e v id e n c e  fo r  

p r o te in - p r o te in  in te r a c t io n s .  T h e  e ffec ts  o f  tw o  L I  m u ta t io n s ,  

E 4 7 Q  a n d  E 4 9 K , o n  D N A  b in d in g , r e p l ic a t io n  a r r e s t ,  a n d  

b in d in g  to  D n a B  a re  c o n s is te n t  w ith  a ro le  fo r  T u s -h e lic a s e  

in te r a c t io n s ,  a n d  th e  p r e f e r e n t i a l  e v o lu t io n a ry  c o n s e rv a tio n  o f  

r e s id u e s  o n  th e  fo rk -b lo c k in g  fa c e  o f  T u s  is su g g e s tiv e  o f  in ­

te ra c t io n s  b e tw e e n  T u s  a n d  th e  r e p lis o m e . F u r th e r  s tu d ie s  o n  

th e  n a tu r e  a n d  s t r e n g th  o f  th e  T u s - D n a B  in te r a c t io n  a re  r e ­

q u ire d .  W e  n o te  th a t  th e  c o n s e rv e d  G C 6  b a s e  p a i r  o f  T e r  s ite s ,

w h ic h  w h e n  m u ta te d  a ffec ts  r e p l ic a t io n  f o rk  a r r e s t  m o re  p r o ­

fo u n d ly  th a n  D N A  b in d in g  (3 0 ), is p o s i t io n e d  a t  th e  n o n p e r ­

m is s iv e  fa c e  o f  th e  c o m p le x  c lo se  to  r e s id u e s  in  th e  L I  lo o p  o f  

T u s  ( in c lu d in g  G lu 4 9 ) . T h is  m a y  s ig n a l th e  e x is te n c e  o f  a n e w  

k in d  o f  in te r a c t io n  o f  G C 6  a n d  L I  a t  so m e  s ta g e  o f  a p ro c e s s  

o f  h e l ic a s e - p r o m o te d  d is s o c ia tio n  o f  th e  T u s -T e r  c o m p le x .

T h e r e  a re  a lso  o th e r  r e p l is o m a l  c o m p o n e n ts  t h a t  c o u ld  b e  

in v o lv e d . T h e  t  s u b u n i t  o f  D N A  p o ly m e ra s e  I I I  h o lo e n z y m e  is 

th e  o rg a n iz a t io n a l  c e n te r  o f  th e  r e p lic a s e ,  c o o r d in a t in g  a n d  

p h y s ic a lly  l in k in g  th e  a c tio n s  o f  th e  tw o  re p l ic a t io n  f o rk  p o ly ­

m e ra s e s  a n d  D n a B  (5 0 , 51 , 94 , 107, 1 18) . I n  th e  a b s e n c e  o f  

th e s e  in te r a c t io n s ,  th e  p ro g re s s  o f  b o th  th e  h e l ic a se  a n d  th e  

re p lic a s e  is r e t a r d e d  (9 3 ). I t  is te m p tin g ,  s im p ly  o n  g r o u n d s  o f  

e le g a n c e ,  to  su g g e s t th a t  T u s  c o u ld  d is r u p t  th e  in te r a c t io n  o f  t  

a n d  D n a B  to  d e s ta b i l iz e  th e  re p l i s o m e , le a d in g  to  d is s o c ia tio n  

o f  D n a B . T h e  p o ly m e ra s e  c o u ld  th e n  c o n t in u e  to  e x te n d  th e  

le a d in g  s tr a n d ,  h a l t in g  w h e n  i t  c o m e s  in to  c o n ta c t  w ith  T u s . In  

fa c t, T u s  m ig h t e v e n  c o m p e te  w ith  t  fo r  its  b in d in g  s ite  o n  

D n a B . F u r th e r  in te r a c t io n s  o f  T u s  w ith  r e p l i s o m a l  c o m p o ­

n e n ts ,  i f  th e y  w e re  to  ex is t, w o u ld  a lso  g o  s o m e  w a y  to w a rd s  

e x p la in in g  th e  d is c re p a n c ie s  b o th  a m o n g  as say s  a n d  b e tw e e n  in  

v iv o  a n d  in  v i t r o  r e s u lts ,  as  w e ll as  th e  sp e c ie s  sp e c if ic ity  o b ­

s e rv e d  by A n d e r s e n  e t  al. (6 ).

T h e  is su e  o f  m e a s u r e m e n ts  o f  D N A  b in d in g  is a n  im p o r ta n t  

o n e . V a r io u s  r e s e a r c h  g ro u p s  h a v e  m e a s u r e d  e q u i l ib r iu m  d is ­

s o c ia t io n  c o n s ta n ts  a n d  a s s o c ia tio n  a n d  d is s o c ia tio n  r a te  c o n ­

s ta n ts  in  d if fe re n t  e x p e r im e n ta l  sy s tem s. In  m o s t  c a se s  o n ly  

b in d in g  to  sp e c if ic  T e r  D N A  f ra g m e n ts  h a s  b e e n  e x a m in e d . 

T h e  le n g th s  a n d  s e q u e n c e s  o f  th e s e  f ra g m e n ts  a lso  v a ry  a m o n g  

la b o ra to r ie s .  I f , as  s u g g e s te d , b in d in g  to  n o n sp e c if ic  a n d  T er  

D N A  in v o lv e s  d if fe re n t g ro u p s  o f  r e s id u e s ,  a n d  if  th e s e  p la y  

d if fe re n t  ro le s  in  th e  r e p l ic a t io n  a r r e s t  p ro c e s s ,  th e n  th e  d if ­

f e r e n c e s  a m o n g  th e s e  as say s  c r e a te  a s ig n if ic a n t p r o b le m  in  

in te r p r e ta t io n  o f  d a ta .

M o re  w o rk  c le a r ly  n e e d s  to  b e  d o n e .  T h e  to o ls  to  e x a m in e  

a n d  d is s e c t p r o te in - p r o te in  in te r a c t io n s  o r  D N A  s e c o n d a ry  

s t r u c tu re  a r e  a v a ila b le  a n d  s h o u ld  b e  b r o u g h t  to  b e a r  o n  th e  

p ro b le m . D e ta i le d  k in e tic  s tu d ie s  o f  th e  c o m p e ti t io n  b e tw e e n  

T u s  a n d  D n a B  fo r  th e  D N A , c o m b in e d  w ith  c ro s s - lin k in g  e x ­

p e r im e n ts ,  s h o u ld  g ive  in s ig h ts  in to  th e  p ro c e s s  o f  r e p l ic a t io n  

a r r e s t .  D e ta i l e d  a n d  c o m p re h e n s iv e  e x a m in a tio n  o f  th e  e ffec ts  

o f  m u ta t io n s  o n  th e  a s s o c ia tio n  a n d  d is s o c ia tio n  p ro c e s s e s  w ill 

p ro v id e  f u r th e r  c lu e s  to  th e  e v e n ts  p r e c e d in g  th e  r e m o v a l  o f  

T u s  o r  th e  h e l ic a se  f ro m  th e  D N A . A t te n t io n  s h o u ld  a lso  b e  

r e fo c u s e d  o n  th e  a p p r o a c h  o f  D n a B  f ro m  th e  p e rm is s iv e  e n d  o f  

th e  c o m p le x . T h e  p ro c e s s  b y  w h ic h  D n a B  re m o v e s  T u s  f ro m  

th e  D N A  h a s  r e c e iv e d  l i t t le ,  i f  a n y  a t te n t io n  d e s p i te  th e  fa c t 

t h a t  u n d e r s ta n d in g  th e  p o la r i ty  o f  a n t ih e l ic a s e  a c tio n  d e p e n d s  

c r it ic a lly  o n  u n d e r s ta n d in g  h o w  th e  h e l ic a se  o v e rc o m e s  th e  

b a r r i e r  w h e n  t r a n s lo c a t in g  in  th is  d ire c tio n .

S tru c tu r a l  s tu d ie s  o f  th e  f re e  p r o te in  a n d  o f  th e  o p e n  p ro -  

te in - D N A  a n d  c lo s e d  fu ll-s iz e  T u s -T e r  c o m p le x e s  w o u ld  p r o ­

v id e  a h e lic a se -e y e  v ie w  o f  th e  c o m p le x  a s  i t  a p p ro a c h e s .  T h e  

d y n a m ic s  o f  th e  T u s -T e rB  c o m p le x  v e rs u s  th e  T u s - T e r R l  c o m ­

p le x  m a y  p ro v id e  im p o r ta n t  c lu e s  to  th e  f a c to r s  t h a t  le a d  to  th e  

e x p e r im e n ta lly  o b s e rv e d  d if fe re n c e s  b e tw e e n  th e m . S im u la ­

t io n s  c o u ld  p ro v id e  c lu e s  to  th e  m o le c u la r  d y n a m ic s  th a t  o c c u r  

w ith in  th e  v a r io u s  c o m p le x e s . A n o th e r  im p o r ta n t  r e q u i r e m e n t  

is a  d e ta i l e d  e x a m in a tio n  o f  th e  e ffec ts  o f  th e  p r o te in  c o m p le ­

m e n t  o n  in  v i t ro  r e p l ic a t io n  a n d  h e l ic a se  assa y s. I t  is c le a r  th a t
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s o m e  o f  th e  e le m e n ts  o f  th e  in  v iv o  p ro c e s s  m a y  b e  m is s in g  

f ro m  th e  in  v itro  assays.

F u r th e r  m o le c u la r  d is s e c t io n  o f  th e  Tus-T e r c o m p le x , th e  

h e l ic a s e -D N A  c o m p le x , th e  re p l i s o m e , a n d  th e  in te r a c t io n s  

a m o n g  th e m  c a n  b e  e x p e c te d  u lt im a te ly  to  u n ra v e l  th e  d e ta ils  

o f  th is  f a s c in a t in g  p ro c e s s . F in a lly , w e  n o te  in  p a s s in g  th a t  

p o la r  b in d in g  p r o te in - m e d ia te d  re p lic a t io n  fo rk  a r r e s t  is n o t  

r e s t r ic te d  to  p ro k a ry o t ic  re p lic o n s . S tu d y  o f  s im ila r  p ro c e s s e s  

in  y e a s t  a n d  m a m m a lia n  sy s te m s  is u n d e r  w ay  (s e e , f o r  e x a m ­

p le ,  r e f e r e n c e s  52 , 102, a n d  12 4 a n d  re f e r e n c e s  th e re in ) .
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