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SUMMARY

One o f  th e  t r a n s p o s i t i o n  p r o t e in s  o f  Tn7, TnsB, was 
o v e r e x p re s s e d ,  and p u r i f i e d  subshD^Uo-lly. The
p r o t e in  has a su b u n i t  m o lecu la r  w eight  o f  around 85 kDA, 
which is  c o n s is t e n t  w i th  p r e d ic t i o n  from the  DNA sequence,  
and a p p e a r s  t o  e x i s t  as a monomer i n  s o l u t i o n .  The  

i d e n t i t y  o f  th e  p o ly p e p t id e  was confirmed by N - te rm in a l  
se que nc ing ,  which a ls o  d e m o n s t r a te d  t h a t  t h e  s i t e  o f  

t r a n s l a t i o n a l  i n i t i a t i o n  is  the  f i r s t  AUG in  the  read ing  

frame, and t h a t  th e r e  i s  no N - te rm in a l  process ing o f  the  
p r o t e in .

A Tn7-end s p e c i f i c  DNA b ind ing  a c t i v i t y  c o p u r i f i e s  

w i t h  t h i s  p r o t e i n ,  and t h i s  a c t i v i t y  i s  fo u n d  o n l y  in  
t n s B - c o n t a i n i n g  c e l l s .  T h i s  a c t i v i t y  was f u r t h e r  

c h a ra c te r is e d  using non-denatu r ing  e le c t r o p h o r e s is ;  the  

p a t t e r n  o f  bands  s e e n  i s  c o m p l e x .  A p p a r e n t  b i n d i n g ,  

constants  and r a te s  o f  a s s o c ia t io n  and d i s s o c i a t i o n  were 

determined; th e  b ind ing  a c t i v i t y  was found to  have a 2000-  

f o ld  s p e c i f i c i t y  f o r  Tn7 ends in  co m p et i t ion  exper im ents ,  
and to  induce a bend in  th e  DNA on b in d in g .  The b i o l o g i c a l  

i m p l i c a t i o n s  o f  th e s e  r e s u l t s  a r e  d i s c u s s e d .  Two h o s t -  

encoded p r o t e in s ,  IHF and FIS,  were te s te d  f o r  b in d in g  to  

Tn7 ends, but no convincing evidence was found f o r  such an 
i n t e r a c t i o n .

The b i n d i n g  s i t e s  f o r  TnsB w e re  l o c a t e d  by 

f o o t p r i n t i n g ,  to  a repeated 22 bp m o t i f  found a t  both ends 

o f  T n 7 .  The bound s i t e  shows r e g i o n s  o f  e n h a n c e d  

s e n s i t i v i t y  to  DNasel c le av age ,  in d i c a t i n g  a s t r u c t u r a l  

change in  the  DNA. A p o t e n t i a l  in v e r te d  repea t  is  proposed 

to  be involved in  fa v o u r in g  the  s t r u c t u r a l  change.
The r o le  o f  TnsB in  t r a n s p o s i t i o n  is  proposed to  be 

the re c o g n i t io n  and b r in g in g  to g e th e r  o f  th e  transposon  

ends. A l in k a g e  d i f f e r e n c e ,  o f  around - 2 ,  was seen when a 

l i n e a r  m in i - T n 7  was r e c i r c u 1a r i s e d  in  t h e  p r e s e n c e  o f  
TnsB, compared w i th  in  i t s  absence, which was dependent on 
th e re  being two transposon ends on th e  same DNA m olecu le .



The r e s u l t s  d e m o n s t r a t e  t h a t  t h e  r e  m^besome k i n d  o f  

i n t e r a c t i o n  between th e  ends, mediated by TnsB. S i m i l a r  

experiments w i th  s i n g l y  nicked plasmid su b s t ra te s  d id  not  
show any trapped l in k a g e ;  these  r e s u l t s  can be ex p la in e d  

by p r o p o s i n g  t h a t  a l l  t h e  i n d u c e d  s u p e r c o i l s  a r e  

s e g re g a te d  i n t o  th e  domain be tw ee n  t h e  two t r a n s p o s o n  

ends.
T ra n s p o s i t io n  assays were reconsidered w i th  a view to  

c a r r y in g  out mutageneses o f  t r a n s p o s i t i o n  components. An 

assay based on p a p i l l i a t i o n  was designed and t e s t e d ,  and 
t h i s  may have p o t e n t i a l  to  be developed as a l a r g e - s c a l e  

s c re e n .
F i n a l l y ,  an e x p e r i m e n t  was d e s i g n e d  i n  w h ic h  

he terodup lex  transposons were used to  determine whether  

Tn7 i s  r e p l i c a t e d  d u r i n g  t r a n s p o s i t i o n .  S t r a i n  and  

t r a n s p o s o n  c o n s t r u c t i o n s  a r e  d e s c r i b e d ,  and t h e  

im p l ic a t io n s  o f  r e s u l t s  from t h i s  type of  exper im ent  are  

discussed.
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INTRODUCTION

1



1.1 General  I n t r o d u c t io n

Transposable elements can be d e f in e d  as d i s c r e t e  DNA 

sequences t h a t  can move w i t h o u t  p e r m u t a t i o n  o f  t h e i r  

sequence between s i t e s  in  t h e  genome. They were  f i r s t  

repo rted  by Barbara McCl intock f o l lo w i n g  ob se rv a t io n s  of  
i n s t a b i l i t y  in  p igm entat ion  o f  maize ke rn e ls  (M cC l in tock ,  
1950) ,  and were c a l l e d  ' c o n t r o l l i n g  e le m e n ts ’ because o f  

t h e i r  phenotypic e f f e c t s  due to  a l t e r e d  gene express ion .  
The s i g n i f i c a n c e  o f  t h e  d i s c o v e r y  was n o t  f u l l y  

a p p re c ia te d  u n t i l  t ra n s po sa b le  DNA was a lso  d iscovered in  
b a c t e r i a  in  th e  1 9 6 0 \ s .  T h e re  were  two p a r t s  t o  t h i s  

d is co v e ry .  F i r s t l y ,  bacter iophage Mu ( T a y l o r ,  1964) ,  and 
i n s e r t i o n  sequences (Jordan e t  a l . , 1 9 6 8 )  were de tec ted  by 

t h e i r  a b i l i t y  to  cause m uta t ion ,  and e le c t r o n  microscopy  

o f  h e te r o d u p le x e s  showed t h a t  t h e s e  m u t a t i o n s  w ere  

a s s o c i a t e d  w i t h  p h y s i c a l  g a i n  o f  a s e g m e n t  o f  DNA. 
S u b s e q u e n t ly ,  in  th e  1 9 7 0 ’ s,  a c q u i s i t i o n  o f  a n t i b i o t i c  

r e s is ta n c e  w i th  a concomitant increas e  in  the  s i z e  o f  the  

r e c i p i e n t  DNA was observed (Hedges and J a c o b ,  1 9 7 4 ;  
Kleckner  e t  a ! . , 1975) .

Since then ,  many more b a c t e r i a l  elements have been 

i d e n t i f i e d  and c h a r a c t e r i s e d , in  both Gram-negat ive and 

G r a m - p o s i t i v e  s p e c i e s .  They  c o n f e r  a v a r i e t y  o f  
phenotypes ,  i n c l u d i n g  drug r e s i s t a n c e  (eg  Tn5; T n 3 ) ,  

to lue ne  degradat ion  (eg Tn4653) and heavy metal r e s is ta n c e  

(eg T n 5 0 1 ) .  DNA t r a n s p o s i t i o n  has a l s o  been s t u d i e d  in  

e u k a r y o t ic  organisms, in c lu d in g  yeast  (eg Ty1) ,  Drosophi1 a 

(eg P-e lements ,  re tro transposons  such as c o p ia . f o l d b a c k ) ,  
nematodes (eg Tc1 o f  C . e l e g a n s ) and p l a n t s  (e g  Tam 

e l e m e n t s  o f  A n t  i r  rh  i num m a . iu s ) . The w o rk  has been  

f a c i l i t a t e d  by the advent o f  m olecu lar  b io log y  te chn iqu es ,  
.w i th  DNA sequencing being p a r t i c u l a r l y  i m p o r t a n t  in  

i d e n t i f y i n g  and d e l i n e a t i n g  new e l e m e n t s ,  and i n  
e s t a b l i s h in g  common f e a t u r e s .

As th e  s u b j e c t  o f  t h i s  t h e s i s  i s  t h e  b a c t e r i a l  
transposon Tn7, the r e s t  o f  t h i s  I n t r o d u c t io n  w i l l  m ain ly
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be concerned w i t h  p r o k a r y o t i c  t r a n s p o s a b l e  e l e m e n t s .  

However, some o f  the  general  f e a t u r e s  d e s c r ib e d ,  and the  

id e a s  and concepts  i n v o l v e d ,  a r e  e q u a l l y  a p p l i c a b l e  t o  

t ran s p o s o n s  in  h i g h e r  o r g a n is m s .  T r a n s p o s i t i o n  i,n bo th  

p r o k a r y o t i c  and e u k a r y o t i c  o rg a n is m s  has r e c e n t l y  been  

e x t e n s iv e ly  reviewed in  'M o b i le  DNA’ (1989:  Howe and Berg, 
Eds. ) .

NOTE on t e r m i n o l o g y :  t h e  t e r m  ' t r a n s p o s o n ’ was 

o r i g i n a l l y  used t o  d e s c r i b e  m o b i l e  e l e m e n t s  w h ic h  

conta ined  drug re s is ta n c e  genes, such as Tn3 and Tn10, and 

t o  exc lude elements such as the  i n s e r t i o n  sequences and 

Mu. For the  purposes o f  t h i s  t h e s i s ,  however, I  s h a l l  use 

t h e  t e r m s  ' t r a n s p o s o n ’ and ' t r a n s p o s a b l e  e l e m e n t ’ 
in te rc h a n g e a b ly .

1 _2 General p r o p e r t ie s  o f  transposons
The te rm in i  o f  a transposon d e f in e  the  t ran spo s in g  

u n i t ,  and are  h i g h l y  co nserved  be tw een i s o l a t e s  o f  t h e  
same element.  The two ends o f  a transposon co n ta in  r e l a t e d  

sequence e le m e n ts .  Commonly t h i s  i s  in  t h e  fo rm  o f  an 

in v e r te d  repeat ,  which confe rs  symmetry on the  transposon.  
In  some transposons the  two ends co n ta in  common sequence 

m o t i f s ,  which may be a r r a n g e d  d i f f e r e n t l y  in  t h e  two  

t e r m i n i :  eg Mu ( C r a ig ie  e t  a l . , 1984) and Tn7 ( L i c h t e n s t e i n  

and Brenner, 1982) in  E . c o l i , Tn554 in  S . aureus (Murphy e t  

a ! . , 1 9 8 5 ) ,  and th e  f o ld b a c k  e l e m e n t  in  D . me 1a n o g a s t e r  

( P o t t e r ,  1982) .  The conserved sequences a t  th e  ends o f  a 

transposon are a b s o lu te ly  re q u ire d  f o r  t r a n s p o s i t i o n  (eg  
Tn10: Way and K leckner,  1984; I S 1 : Gamas e t  a l . ,  1985 ) .

For the c la s s ic a l  b a c t e r i a l  transposons, and some o f  

t h e  e u k a r y o t i c  e l e m e n t s ,  a common c o n s e q u e n c e  o f  

t r a n s p o s i t i o n  is  th e  g e n e r a t i o n  o f  a 3 - 1 3  bp d i r e c t  
d u p l ic a t io n  of  the t a r g e t  sequence f l a n k i n g  th e  in s e r t e d  

transposon (G r in d ley  and S h e r r a t t ,  1978) .  The t ran spo son -  
s p e c i f i c  s i z e  o f  th e  d u p l i c a t i o n  i n d i c a t e s  t h a t  i t  i s  

dependent  on t ran s p o s o n -e n c o d e d  f u n c t i o n s .  The d i r e c t  

repeats  are not requ ired  f o r  f u r t h e r  t r a n s p o s i t i o n ,  but
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are  b e l ie v e d  to  be generated as a consequence o f  staggered  

c leavage o f  th e  t a r g e t ;  t h i s  f e a t u r e  is  in corpo ra ted  in t o  

models f o r  t r a n s p o s i t i o n  mechanisms (eg  B e r g ,  1977 ;  
Shapi ro ,  1979) .

A second c la s s  o f  e lement in  b a c t e r i a  inc ludes  Tn554 

o f  S . a u r e u s  ( M u r p h y ,  1 9 8 9 ) ,  and t h e  c o n j u g a t i v e  

transposons such as Tn916 (S c o t t  e t  a l . , 1 9 8 8 ;  Caparon and 

S c o t t ,  1989) .  These do not genera te  a t a r g e t  d u p l i c a t i o n ,  

and t r a n s p o s e  by a mechanism r e l a t e d  t o  phage lambda  

i n t e g r a t i o n ,  w i th  staggered breaks made a t  the  e le m e n t ’ s 

ends and in  the  t a r g e t .  Th is  a l t e r n a t i v e  form o f  mobile  

e le m e n t ,  more c l o s e l y  r e l a t e d  t o  b a c t e r i o p h a g e  th a n  t o  

o t h e r  t r a n s p o s a b le  e le m e n t s ,  w i l l  n o t  be c o n s i d e r e d  

f u r t h e r .
The s iz e  o f  most transposons f a l l s  in  the  range 0 . 7 -  

40 kb, a l th o u g h  e le m ents  as l a r g e  as 70 kb have been  
repo rted  (Tsuda e t  al  . , 1 989) .  At l e a s t  some (and in  the  

case o f  small  e le m e n ts ,  p r o b a b l y  a l l )  o f  t h e  c o d in g  

c a p a c i ty  is  taken up w i th  genes which a l lo w  th e  element  

i t s  m o b i l i t y .  The enzymatic a c t i v i t i e s  encoded are  termed  
t h e  ' t r a n s p o s a s e ’ . A l th oug h  t h e  p r e c i s e  n a t u r e  o f  t h e  

a c t i v i t i e s  e n c o d e d  w i l l  de pen d  on t h e  mode o f  
t r a n s p o s i t i o n  (eg whether th e  in te r m e d ia te  is  DNA or RNA), 
common f e a t u r e s  w i l l  be requ irements  f o r  re c o g n i t io n  o f ,  
and c leavage a t ,  the ends o f  the  transposon, f o r  c leavage  

a t  the t a r g e t  s i t e ,  and f o r  l i g a t i o n  o f  the  transposon  

ends in t o  the c leaved t a r g e t .

1 .3  P ro k a r y o t ic  transposons
Transposable  elements in  b a c t e r i a  have t r a d i t i o n a l l y  

been c l a s s i f i e d  according to  t h e i r  g e n e t ic  o r g a n is a t io n .  
Not a l l  elements can be f i t t e d  in t o  t h i s  c l a s s i f i c a t i o n  
( e g  T n 7 )  (a n d  t h e  c l a s s i f i c a t i o n  s h o u l d  p e r h a p s  be 

e x tended  to  f o u r  c la s s e s  t o  i n c l u d e  t h e  c o n j u g a t i v e  
t ransposons) .

Perhaps a more usefu l  c l a s s i f i c a t i o n  is  in  terms o f  
w h e t h e r  t h e  p r e d o m i n a n t  mode o f  t r a n s p o s i t i o n  i s
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r e p l i c a t i v e  o r  c o n s e r v a t i v e ;  as e x p e c t e d ,  t h e  c l a s s e s  

d e f in e d  in  t h i s  way a re  very  s i m i l a r  to  the  o r i g i n a l  form;  

t h i s  second c l a s s i f i c a t i o n  is  a m echan is t ic  one, and the  

t r a n s p o s i t i o n  m ech an ism  w i 11 d e t e r m i n e  t h e  g e n e t i c  

s t r u c t u r e  as w e l l  as t h e  o b s e r v e d  t r a n s p o s i t i o n a l  

p r o p e r t i e s .  P r e v i o u s l y  u n c l a s s i f i e d  t r a n s p o s o n s  can be 

r e a d i l y  accommodated. However, th e  b a c t e r i a l  transposons  

a r e  d i s c u s s e d  h e r e  i n  t h e i r  c l a s s i c a l  g r o u p s  as a 

c o n v e n ie n t  way o f  d e s c r i b i n g  t h e  d i f f e r e n t  t y p e s .  The  

s t r u c tu r e s  o f  the  d i f f e r e n t  c la sses  a re  shown in  f i g u r e
1 . 1 ,  and some o f  th e  consequences o f  t r a n s p o s i t i o n  in  

f i  gure 1 .2 .

1 . 3 . 1  C l a s s  I :  i n s e r t i o n  s e q u e n c e s  and c o m p o s i t e
transposons

I n s e r t i o n  sequences ( I S ’ s :  r e v i e w e d  by G a la s  and  
Chandler ,  1989) are  small ( 0 . 7 - 2  k b ) .  Much o f  the  coding  

c a p a c i t y  o f  t h e  e l e m e n t  i s  g e n e r a l l y  t a k e n  up w i t h  

encoding th e  t r a n s p o s i t i o n  f u n c t i o n s .  The t r a n s p o s a s e  

coding regions are  c h a ra c te r is e d  by t h e i r  compact g e n e t ic  

o r g a n is a t io n ,  w ith  m u l t i p l e  o v e r la p p in g  reading frames,  
the  expression o f  which is  re g u la te d  by f r a m e s h i f t i n g . The 

te rm in i  o f  in s e r t io n  sequences a re  in v e r te d  rep e a ts ,  o f  9 

( I S 5 0 ) to  30 ( I S 2 ) bp.
Composite transposons are  l a r g e r  than IS e lements ,  

and the  a d d i t io n a l  coding c a p a c i ty  is  g e n e r a l ly  taken up 

in  encoding accessory de term inants  which are  not re q u ire d  

f o r  t r a n s p o s i t i o n .  They are composed o f  two IS  e lements ,  
in  e i t h e r  r e l a t i v e  o r i e n t a t i o n ,  f l a n k i n g  t h e  a c c e s s o r y  

g e n e ,  such as a d ru g  r e s i s t a n c e  g e n e ;  eg T n 1 0 :  

t e t r a c y c l i n e  r e s i s t a n c e  gene f l a n k e d  by IS 1 0  e l e m e n t s  

( K l e c k n e r ,  1 9 8 9 ) ;  Tn5: IS 5 0  e l e m e n t s  f l a n k i n g  a gene
c o n f e r r i n g  r e s i s t a n c e  t o  k a n a m y c in  ( B e r g ,  1 9 8 9 ) .  
T ran sp o s i t io n  fu n c t io n s  are prov ided by the IS  e lements .  
The coherence o f  th e  com posi te  t r a n s p o s o n  ( t e n d e n c y  t o  

remain as a u n i t )  could be due t o  m uta t iona l  i n a c t i v a t i o n  
o f  p a r ts  of  the  IS elements (eg IS50L in  Tn5: R o th s te in  e t
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F i g u r e  1 .1  I l l u s t r a t i o n  o f  t h e  o r g a n i s a t i o n  o f  t h e  
t r a n s p o s a b le  e le m e n ts  c l a s s e s  I - I I I ,  d i s c u s s e d  in  t h e  
t e x t .
Arrows i n d i c a t e  th e  d i r e c t i o n  o f  t r a n s c r i p t i o n ;  t h e  
in v e r te d  repeats  a t  the  transposon ends are  shown as b lack  
t r i a n g l e s .  Blocks in d ic a t e  the  s i t e - s p e c i f i c  recom binat ion  
s i t e s  res (Tn3 r e s o l u t i o n )  and g ix  (Mu i n v e r s i o n ) .
(From G r in d le y  and Reed, 1985)

M marker gene, eg a n t i b i o t i c  re s is ta n c e  
G i n v e r t i b l e  G reg ion



a l . , 19 80 ) ,  i n h i b i t i o n  o f  t r a n s p o s i t i o n  a t  th e  i n t e r n a l
ends by m arker  gene t r a n s c r i p t i o n , i n t e r a c t i o n s  w i t h  

c e l l u l a r  f a c t o r s  (eg dam methylase a t  the  o u ts id e  end o f  

IS10:  Roberts e t  a l . , 1985) or  combinations o f  these .
The products o f  in s e r t i o n  sequence t r a n s p o s i t i o n  are  

g e n e r a l l y  s im ple  i n s e r t io n s  in t o  a new t a r g e t  s i t e  ( f i g u r e  

1 . 2 A ) .  I n  some c a s e s ,  a * c o i n t e g  r a t e ’ s t r u c t u r e  i s  

o b se rv e d ,  in  which th e  donor and t a r g e t  r e p ! i c o n  a r e  
fused ,  jo in e d  by d i r e c t l y  repeated copies o f  the  element  

( f i g u r e  1 .2 B ) .  For example, IS903 forms c o in t e g r a te s  a t  a 

f requency o f  around 1% (W e in er t  e t  a l . , 1 9 8 4 ) ;  f o r  I S 1 , the  

c o i n t e g r a t e  f re q u e n c y  i s  h i g h e r  (O h ts u b o  e t  a l . , 1 9 8 0 ;  

G a l a s  and C h a n d l e r ,  19 82 ) .  The s t r u c t u r e  o f  t h e  

c o i n t e g r a t e  i n d i c a t e s  t h a t  t h e  e l e m e n t  m ust  h a v e  

r e p l i c a t e d  during  t r a n s p o s i t i o n ,  whereas the simple i n s e r t  

could have been formed w i th  or  w i th o u t  r e p l i c a t i o n .
Composite transposons are  a b le  to  t ranspose in  the  

same way as t h e i r  pa re n t  IS e lements;  th e  ones about which 

most is  known g e n e r a l ly  produce s im ple  i n s e r t i o n s .  In  the  

case o f  Tn10, i t  has been demonstrated t h a t  the  transposon  

i s  n o t  r e p l i c a t e d  d u r i n g  t r a n s p o s i t i o n  ( B e n d e r  and  
K leckner ,  1986; see chapter  7 ) .  The composite transposon  

has a g r e a t e r  r e p e r t o i r e  o f  t r a n s p o s i t i o n  events than an 
IS  e l e m e n t ;  i n  a d d i t i o n  t o  m ovem ent o f  t h e  w h o le  

transposon, th e  IS elements might t ranspose in dependent ly ,  
and the  presence o f  two IS elements on a plasmid c re a te s  

two p o s s ib le  t ransposab le  segments -  one c o n ta in in g  th e  
d r u g  r e s i s t a n c e  g e n e ,  and t h e  ' i n v e r s e ’ t r a n s p o s o n  

c o n ta in in g  the plasmid o r i g i n  ( f i g u r e  1 .2 C ) .
I n t e r m o l e c u l  a r  s im p le  i n s e r t i o n  and c o i n t e g r a t i o n  

both have in t ra m o le c u la r  analogues (rev iewed by K leckner ,  
1 9 8 1 ) .  S im ple  i n s e r t i o n  w i t h i n  t h e  same m o le c u le  g i v e s  

r.ise to  d e l e t i o n  in v ers io n s  or a d ja c e n t  d e le t io n s  ( f i g u r e  
1.2D; Tomcsanje e t  a l . , 1 9 9 0 ) ,  depending on the o r i e n t a t i o n  

o f  t h e  t a r g e t .  The t a r g e t  i s  i n v a r i a b l y  w i t h i n  t h e  
t ran spo s on  ( i . e .  between th e  t r a n s p o s i n g  e n d s ) ;  t h i s  
s e l e c t i v i t y  is  c o n s is te n t  w ith  models f o r  c o n s e rv a t iv e
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A

Figure  1 .2  Transposon-mediated rearrangements
L e t t e r s  U-Z a re  used t o  i n d i c a t e  t h e  c o n f i g u r a t i o n  o f  
genes f l a n k i n g  the  tran spo sab le  e lement.  The transposon i s  
shown as a b lock .  In  A and B the  t a r g e t  DNA is  shown w i th  
a heavy l i n e .  Where a p p r o p r i a t e ,  t h e  t a r g e t  s i t e  i s  
i n d i c a t e d  H —) . A r r o w s  i n d i c a t e  o r i e n t a t i o n  o f  t h e  
transposon where t h i s  is  r e l e v a n t .

A. s imple in s e r t i o n
C. inverse  t r a n s p o s i t i o n
D. d e le t i o n  in v e rs io n

B. c o in t e g r a t e

E. a d ja c e n t  in v e r s io n



t ran sp o s i  t i o n .

1 . 3 . 2  C lass I I :  T n 3 - l i k e  transposons
Class I I  e lements ,  o f  average s i z e  5 kb, a re  l a r g e r  

than IS  e lements ,  and, l i k e  composite transposons, encode 

accessory genes such as a n t i b i o t i c  (eg a m p i c i l l i n :  Tn3) or  

heavy metal (eg mercury: Tn21) re s is ta n c e  d e te rm in a n ts .
However, th e  ac cessory  gene in  t h e s e  e l e m e n t s  i s  an 

in t e g r a l  p a r t  o f  the  transposon. The c la ss  I I  t ransposons  

have t e r m i n a l  i n v e r t e d  r e p e a t s  o f  3 8 - 4 0  bp, and m o s t l y  

generate  a 5 bp t a r g e t  d u p l i c a t i o n  (rev iewed by S h e r r a t t ,  

1 9 8 9 ) .  Two s u b c l a s s e s  o f  t y p e  I I  e l e m e n t s  can be 

d is t in g u is h e d  on the  basis o f  t h e i r  g e n e t ic  o r g a n is a t io n  
and t h e i r  a b i l i t y  to  cross-complement.

In te r m o le c u la r  t r a n s p o s i t i o n  occurs by a tw o -s te p ,  
r e p l i c a t i v e  pathway (A r th u r  and S h e r r a t t ,  1979) ,  mediated  

by two t ran spo so n -en co ded  enzym es .  T ra n s p o s a s e  ( t h e  
p ro d u c t  o f  th e  t n p A gene) m e d i a t e s  t r a n s p o s i t i o n  t o  

g e n e r a t e  a c o i n t e g r a t e .  The second enzyme, r e s o l v a s e  

(encoded by the  tn pR gene) then regenera tes  the  donor and 

t a r g e t  r e p l i c o n s ,  each c a r r y i n g  a t r a n s p o s o n ,  by s i t e -  

s p e c i f i c  r e c o m b i n a t i o n  a t  a s i t e  ( r e s ) w i t h i n  t h e  

transposon.
The i n t r a m o l e c u l a r  a n a lo g u e s  o f  c o i n t e g r a t i o n  a r e  

a d ja c e n t  in vers io ns  or  d e l e t i o n s ,  depending on the  t a r g e t  

o r i e n t a t i o n  ( f i g u r e  1 .2 E ) ;  the  t a r g e t  is  always o u tw i th  
the  transposon ends (Bishop and S h e r r a t t ,  1984) .

A phenomenon which was f i r s t  observed f o r  T n 3 - l i k e  

e le m e n ts  is  t r a n s p o s i t i o n  im m u n i t y ,  w hereby  r e p l i c o n s  

c o n ta in in g  a copy o f  the transposon are  poor t a r g e t s  f o r  

subsequent t r a n s p o s i t io n  events  (Robinson e t  a l . , 1 9 7 7 ) .  A 
s in g le  38 bp transposon end is  s u f f i c i e n t  to  .cause th e  

e f f e c t ,  i . e .  th e  same sequences t h a t  a r e  r e q u i r e d  f o r  
t r a n s p o s i t i o n  (Kans and Casadaban, 1987 ) ,  although i t  has 

been shown f o r  Tn1000 t h a t  t r a n s p o s i t i o n  and immunity can 
be uncoupled (W ia te r  and G r in d le y ,  1990b).  The mechanism 

o f  t r a n s p o s i t i o n  immunity is  not c l e a r ,  but the phenomenon
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i s  c l e a r l y  im po rtan t  in  l i m i t i n g  th e  number o f  transposon  

copies w i t h i n  a c e l l .

1 . 3 . 3  C lass  I I I :  t ran spo s in g  bacte r ioph age
The b e s t  c h a r a c t e r i s e d  members o f  t h i s  c l a s s  a r e  

b a c t e r io p h a g e  Mu (M izu u c h i  and C r a i g i e ,  1 9 8 6 )  and i t s  
heteroimmune r e l a t i v e  D108 ( r e v i e w e d  by P a t o ,  1 9 8 9 ) .  

Elements in  t h i s  c la ss  are  la r g e  (around 40 k b ) ,  as they  

code  f o r  t h e  s t r u c t u r a l  p r o t e i n s  r e q u i r e d  f o r  t h e  
e x t r a c e l 1u l a r  stage o f  the  phage l i f e c y c l e .  T ra n s p o s i t io n  

i s  an i n t e g r a l  p a r t  o f  th e  l i f e c y c l e ;  f o r m a t i o n  o f  a 

lysogen on i n f e c t i o n  is  by a s imple i n s e r t i o n ,  t h a t  has 

been shown to  be c o n s e rv a t iv e  (Ackroyd and Symonds, 1983;  

Harshey, 1984) .  The phage r e p l i c a t e s  by m u l t i p l e  cy c le s  o f  
t r a n s p o s i t i o n  v i a  unresolved c o i n t e g r a t e s , which r e s u l t s  

in  th e  packaged phage c o n t a i n i n g  random h o s t  se q u e n c e s  
a t tac h e d  to  the  ends.

Two t r a n s p o s i t i o n  f u n c t i o n s  a r e  en cod ed ;  Mu A i s  

re q u ire d  f o r  a l l  t r a n s p o s i t i o n  even ts ,  and co n ta in s  the  
transposase a c t i v i t i e s .  Mu B, w h i l s t  not being a b s o l u t e ly  

r e q u i r e d ,  s t i m u l a t e s  t r a n s p o s i t i o n  1 0 - f o l d ,  and i s  

res p o n s ib le  f o r  t a r g e t  s i t e  s e l e c t i o n  and the phenomenon 

o f  t r a n s p o s i t i o n  im m unity .  E x p e r i m e n t s  j_n v i t r o  have  

suggested t h a t  the  presence o f  Mu A p r o t e in  bound to  phage 
ends causes Mu B to  d is s o c ia t e  from t h a t  DNA molecule ( a t  

th e  expense o f  ATP),  so th e  DNA i s  l e s s  e f f i c i e n t l y  
u t i l i s e d  as a t a r g e t  (Adzuma and M izuuch i ,  1988, 1989) .

T r a n s p o s i t io n  generates  a 5 bp t a r g e t  d u p l i c a t i o n .  The 
ends o f  Mu do not c o n s is t  o f  in v e r te d  repe a ts ,  but c o n ta in  

a common re p e a te d  m o t i f  which i s  t h e  b i n d i n g  s i t e  f o r  
transposase ( C r a ig ie  e t  a l . , 1 9 8 4 ) .

1 .4  Models o f  t r a n s p o s i t i o n
Models o f  t r a n s p o s i t i o n  mechanisms a r e  o f  two t y p e s .  

N o n - r e p l i c a t i v e , s im p le  i n s e r t i o n s  can be e x p l a i n e d  by 

' c u t  and p a s t e ’ models (Berg, 19 77 ) .  In  these models, th e  
transposon is  excised from the  donor by do u b le -s tranded
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cleavages (which may or  may not occur s im u l ta n e o u s ly ) ,  and 

l i g a t e d  in t o  th e  c leaved t a r g e t .  The t a r g e t  c leavage is  

staggered between the  two s t ra n d s ;  DNA s y n th e s is  to  r e p a i r  
th e  gaps generates th e  t a r g e t  s i t e  d u p l i c a t i o n .

T ra n s p o s i t io n  o f  Tn10 is  b e l ie v e d  to  use t h i s  type  

o f  p a t h w a y ,  f o r  a v a r i e t y  o f  r e a s o n s .  The e l e g a n t  

h e t e r o d u p le x  e x p e r im e n t  o f  B ender  and K l e c k n e r  ( 1 9 8 6 )  
d e m o n s t r a t e d  g e n e t i c a l l y  t h a t  b o t h  s t r a n d s  o f  t h e  

t ra n s p o so n  a re  m a in ta in e d  in  t h e  p r i m a r y  t r a n s p o s i t i o n  

product ,  i n d ic a t in g  t h a t  on ly  l i m i t e d  r e p l i c a t i o n  o f  the  

t ransposon has occurred ,  i f  a t  a l l  (d iscussed more f u l l y  

i n  c h a p t e r  7 ) .  Tn10  p r o m o t e s  a d j a c e n t  d e l e t i o n  and  

d e l e t i o n  i n v e r s i o n  r e a r r a n g e m e n t s  ( f i g u r e  1 . 2 )  ( t h e  

s t r u c t u r e  o f  which can most e a s i l y  be e x p la in ed  by a c u t -  

and-paste  model) and does so in  v i t r o  using s u b s t a n t i a l l y  

p u r i f i e d  t ra n s p o s a s e  (B e n ja m in  and K l e c k n e r ,  1 9 8 9 ) .  I n  
a d d i t i o n ,  Tn10 has been shown to  induce the  SOS response 

(Roberts  and K leckner ,  1988) ,  presumably because o f  the  

fo rm at io n  o f  double s tranded breaks in  the  DNA (M o r is a to  

and K le c k n e r ,  1 9 8 4 ) ,  and t r a n s p o s a s e  m u ta n ts  have been  

i s o la t e d  which promote the  e x c is io n  o f  a l i n e a r  transposon  
f ragment (H an i fo rd  e t  a l . , 1 9 8 9 ) .

R e p l i c a t i v e  t r a n s p o s i t i o n  m odels  f o r  c o i n t e g r a t e  
fo rm a t io n  were proposed in  1979 by Shap iro ,  and by A r th u r  

and S h e r r a t t ;  the s t re n g th  o f  these models is  t h a t  they  

a l l o w  f o r  th e  p r o d u c t io n  o f  s i m p l e  i n s e r t i o n s  as an 

a l t e r n a t i v e  product o f  the  same pathway ( f i g u r e  1 . 3 ) .  They 
a ls o  p re d ic te d  the s t r u c t u r e  o f  in t r a m o le c u la r  r e p l i c a t i v e  

events before  they were demonstrated e x p e r im e n t a l ly .
The ch o ic e  between r e p l i c a t i v e  and c o n s e r v a t i v e  

t r a n s p o s i t i o n  is  made a t  ( 3 )  in  f i g u r e  1 .3 ,  i . e .  whether  

t h e r e  is  a second round o f  s t ra nd  c leavage and r e l i g a t i o n  

( • 6 , 7 ) ,  o r  c o n t i n u a t i o n  o f  r e p l i c a t i o n  t h r o u g h  t h e  

t r a n s p o s o n  ( 4 , 5 ) .  The r a t i o  o f  s i m p l e  i n s e r t s  t o  

c o i n t e g r a t e s  g e n e ra te d  by a g i v e n  t r a n s p o s o n  c o u ld  be 

determined by the e f f i c i e n c y  o f  repl isome fo rm at io n  a t  th e  

te rm in i  (G r in d le y  and Reed, 1985) .  Evidence from j_n v i t r o
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F ig u r e  1 .3  The S h a p i r o / A r t h u r  and S h e r r a t t  model o f  
t r a n s p o s i t i o n
1) The t ran s p o so n  i s  c le a v e d  a t  t h e  3 ’ e n d s ,  and t h e  
t a r g e t  is  c u t  w i t h  a t r a n s p o s o n - s p e c i f i c  s t a g g e r  w i t h  
recessed 3 ’ hydroxyl groups.
2) The transposon ends are  t r a n s f e r r e d  to  the  p r o t ru d in g  
ends o f  the  t a r g e t ,  forming two r e p l i c a t i o n  fo rk s  ( 3 ) .
4) R e p l ic a t io n  may continue through the e lement ,  fo l lo w e d  
by s e a l i n g  o f  th e  r e p l i c a t e d  ends;  t h i s  g e n e r a t e s  a 
c o i n t e g r a t e ,  which can be r e s o l v e d  by s i t e - s p e c i f i c  
recombination ( 5 ) .
6) A l t e r n a t i v e l y ,  r e p l i c a t i o n  may te rm in a te ,  a f t e r  r e p a i r  
synthes is  across the t a r g e t  s i t e  staggered break.  A second 
round o f  s t r a n d  breakages and r e l i g a t i o n s  g e n e r a t e s  a 
simple i n s e r t  a f t e r  r e p a i r  o f  gaps.
( a f t e r  G r in d le y  and Reed, 1985)

p a re n ta l  transposon DNA 

newly r e p l i c a t e d  transposon DNA

t a r g e t  s i t e  d u p l ic a t io n



e x p e r im e n ts  on phage Mu s u p p o r t s  t h i s  m ode l;  u p t a k e  o f  

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

exchange is  as shown in  f i g u r e  1 .3 ,  and a t r a n s p o s i t i o n  

i n t e r m e d i a t e  w i t h  a s t r u c t u r e  c o n s i s t e n t  w i t h  t h e  one  

proposed has been i s o la t e d  (M izu u c h i ,  1984; C r a i g i e  and 

M izu u ch i ,  1985b; reviewed by Mizuuchi and C r a i g i e ,  1986) .

1 .5  The transposase enzyme
Transposases are  la r g e ,  complex enzymes re s p o n s ib le  

f o r  m e d ia t in g  th e  t r a n s p o s i t i o n  r e a c t i o n ,  i . e .  s t r a n d  

c leavage a t  the  transposon ends and a t  the  t a r g e t  s i t e ,  

and r e l i g a t i o n .  In  o rd e r  to  do t h i s ,  the  transposase might  
be expected to  recognise and bind to  sequences in  th e  ends 

o f  the  transposon, and t h i s  has now been demonstrated f o r  

s e v e r a l  e le m e n ts ,  eg phage Mu ( C r a i g i e  e t  a l . , 1 9 8 6 ) ,  

TnlOQO ( W i a t e r  and G r i n d l e y ,  1 9 8 8 ) ,  Tn3 ( I c h i k a w a  e t  

a l . , 1 9 8 7 ;  New e t  a l . , 1 9 8 8 ) ,  and IS1 (Z e rb ib  e t  a l . , 1 9 8 7 ,  

1990b) .  Where f o o t p r i n t i n g  da ta  are  a v a i l a b l e ,  th e  b ind ing  

s i t e  is  found to  l i e  w i t h i n  the  in v e r te d  re p e a t  (Tn1000,  
T n 3 ) ,  o r ,  in  the  case o f  MuA, to  inc lud e  sequences which 

a re  found repeated in  the  two ends.
M u t a t i o n a l  a n a l y s e s  o f  t h e  ends  o f  s e v e r a l  

transposons have been c a r r ie d  ou t  ( IS 90 3 :  D erb ysh ire  e t
a l . , 1 9 8 7 ;  IS10: Huisman e t  a l . , 1 9 8 9 ;  Tn21: M a r t in  e t  al  . , 
1989; IS1 : Z e r b ib  e t  a l . , 1  9 9 0 ) .  The d a t a  f ro m  t h e s e
s t u d i e s  i n d i c a t e  t h a t  t h e  i n v e r t e d  r e p e a t  o f  t h e  

transposons can be considered to  c o n s is t  o f  two domains. A 
domain invo lved  in re c o g n i t io n  and b ind ing by transposase  

beg ins  around bp number 6 o f  t h e  i n v e r t e d  r e p e a t ,  and
i n c lu d e s  most o f  th e  r e s t  o f  t h e  i n v e r t e d  r e p e a t .  The
t e r m i n a l  3 bp o f  th e  e le m e n t  can be m u ta te d  w i t h o u t  

a f f e c t i n g  b ind ing ,  and these sequences are  thought to  be 

invo lv ed  in ' g u i d i n g ’ the  transposase to  the  te rm in u s ,  and 

in  m edia t ing  c leavage.
The transposases are  a ls o  found to  have n o n - s p e c i f i c  

DNA-binding a c t i v i t y ,  w i th  a lower a f f i n i t y  than t h a t  o f
s p e c i f i c  b ind ing;  i t  is  suggested t h a t  the  n o n - s p e c i f i c
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a c t i v i t y  is  re q u ire d  f o r  search ing  th e  DNA to  f i n d  the  

transposon ends, or  f o r  t a r g e t - s i t e  b ind ing ( Ic h ik a w a  e t  
a l . , 1987) .

In  the case o f  Mu, an in  v i t r o  system e x i s t s ,  which 

uses p u r i f i e d  components; the  transposase (MuA) prov ides  

a l l  the  enzymatic a c t i v i t i e s  req u ire d  f o r  the  c leavage and 

r e l i g a t i o n  rea c t io n s  l i s t e d  above. The IN p r o t e in s  o f  two 

r e t r o v i r u s e s  have a ls o  been shown t o  be both necesary and 

s u f f i c i e n t  f o r  j_n v i  t r o  i n t e g r a t i o n  ( MoMLV: C r a i g i e  e t  

a l .  ,1.990; ASLV: Katz e t  a l . , 1 9 9 0 ) .  The same is  l i k e l y  to  
be t r u e  f o r  o ther  e le m e n ts ’ t ran s p o sa s es .

The le v e l  o f  transposase is  g e n e r a l l y  r a t e - l i m i t i n g  

f o r  t r a n s p o s i t i o n  j_n v i v o . and m e c h an is m s  f o r  
t r a n s p o s i t i o n  c o n t r o l  a r e  g e n e r a l l y  d i r e c t e d  to w a r d s  

c o n tro l  o f  transposase express ion (K le c k n e r ,  1989; Berg,  
1989; see s ec t io n  1 . 7 ) .  Some o f  th e  b a c t e r i a l  transposons  

e x h i b i t  the  phenomenon o f  the  ' c i_s-act i  ng ’ t ransposase ,  
whereby the  transposase ac ts  p r e f e r e n t i a l l y  on transposon  

ends c lo s e  to  th e  t ra n s p o s a s e  c o d in g  r e g i o n  (e g  T n 10 :  

M oris a to  e t  a l . ,1983.  IS903:  G r in d le y  and Joyce, 1980) .  I t  

i s  l i k e l y  t h a t  t h i s  is  an a d d i t io n a l  c o n tro l  mechanism, so 

t h a t  the  presence o f  m u l t i p l e  copies o f  the  transposon,  
a l l  expressing transposase,  w i l l  not r e s u l t  in  an e le v a te d  

l e v e l  o f  t r a n s p o s i t i o n .  In  the  case o f  IS903 ,  i t  has been 

shown t h a t  c is  a c t io n  is  the r e s u l t  o f  l a b i l i t y  o f  the  
p r o t e in  (D erbysh ire  e t  a l . , 1 9 9 0 ) .  The phenomenon has on ly  

been observed in  p r o k a r y o t e s ,  w here  i t  i s  p r e s u m a b ly  
dependent on coupled t r a n s c r i p t i o n /  t r a n s l a t i o n .

There  is  some sequence s im i  1 a r i  t y  be tw een t h e  Tn3 

f a m i l y  t ran s p o s as es  ( M a h i l l o n  and L e r e c l u s ,  1 9 8 8 ) ,  b u t  

they do not cross-complement to  a g r e a t  e x t e n t ,  and t h e r e  
i s  l i t t l e  obvious s i m i l a r i t y  to  o th e r  types o f  e lem ents .  
H y b r id  t ran spo sas es  have been g e n e r a t e d  by homologous  

recombination between Tn21 and Tn501 transposases genes,  
a l lo w in g  the  s p e c i f i c i t y  de term inan ts  t o  be lo c a te d  (Evans 
and Brown, 1987 ) .

Some transposases from both G ra m -p o s i t iv e  and Gram-
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n e g a t iv e  elements have been found to  show s t ro n g  homology 

t o  r e t r o v i r a ]  in te g ra s e  p r o t e i n .  Examples in c lu d e  the  IS3  

c la s s  o f  i n s e r t i o n  sequences (F a y e t  e t  a l . , 1 9 9 0 )  and Tn552 
o f  S . aureus (Rowland and Dyke, 1990) .

P u r i f i c a t i o n  o f  t r a n s p o s a s e s  has p r o v e d  t o  be 

p ro b le m a t ic ,  as most o f  them are  in s o lu b le  in  moderate ly  

high s a l t  c o n c e n t ra t io n s ,  and tend to  form aggregates (eg  

T n 3 :  I c h i k a w a  e t  a l . , 1 9 8 7 ;  S l a t t e r ,  1 9 8 7 .  T n 1 0 :  H.
Benjamin, personal communication).

1 .6  The r e l a t i o n s h i p  between transposons and th e  c e l l u l a r  
genome

The r o le  played by transposons in  the  c e l l  is  s t i l l  a 

m a tte r  o f  debate .  Given the  m eta bo l ic  load imposed on the  

c e l l  by the presence o f  a t ransposon, i t  can be argued 
t h a t  th e  transposon must co n fe r  a compensatory advantage.  
For t ran spo son s  which c a r r y  drug  r e s i s t a n c e  g e n es ,  t h e  
advantage to  the  c e l l  is  apparen t ,  and th e  spread of  these  

genes c o r r e l a t e s  w e l l  w i th  the in t e n s iv e  medical  use o f  

a n t i b i o t i c s  t h i s  century  ( D a t t a  e t  a l . , 1 9 8 1 ) .  However, the  

s e l e c t i v e  advantage is  co n fe rred  by th e  gene: maintenance  

o f  the  r e s t  o f  the  transposon is  not necessary .  A more 

s o p h i s t i c a t e d  v e r s i o n  o f  t h i s  model i s  t h a t  t h e  

transposon-borne accessory genes are  not always re q u i re d ;  

by m a i n t a i n i n g  them  on t r a n s p o s o n s  ( o r  o t h e r  

extrachromosomal e n t i t i e s  l i k e  plasmids or  phage) the  s i z e  

o f  the  gene pool is  increased ,  w i th  the  r e s is ta n c e s  being  
a v a i l a b l e  when necessary,  w i th o u t  s i g n i f i c a n t l y  in c re a s in g  

the  genome s iz e  o f  the  in d iv id u a l  (Campbell ,  1981) .
In  chemostat exper im ents ,  s t r a i n s  c o n ta in in g  Tn5 or  

Tn10 were found to  out-compete isogen ic  s t r a i n s  la c k in g  
the  transposon. In  th e  case o f  Tn10 the  advantage was due 

t o  i n s e r t i o n ,  p ro b a b ly  a t  a p a r t i c u l a r  s i t e  (Chao e t  
a l . , 1  983  ) ;  w i t h  T n 5 ,  t h e  e f f e c t  d i d  n o t  r e q u i r e  

t r a n s p o s i t i o n  ( H a r t !  e t  a l . ,  1983) .
In  a changing environment in  the  w i l d ,  i t  might be 

t h a t  the  rearrangements mediated by transposons co n fe r  a
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s e l e c t i v e  advantage, in  ge n era t io n  o f  g e n e t ic  d i v e r s i t y  on 

which s e l e c t i o n  can a c t  (Campbell ,  1 9 81 ) .  The s e l e c t i o n  

f o r  t ran s p o so n  m ain tenan ce  i s  t h e n  a t  t h e  p o p u l a t i o n  

l e v e l .  The d i v e r s i t y  c r e a t e d  c o u ld  be s i m p l y  due t o  

t r a n s p o s i t i o n ,  and i t s  c o nsequ enc es  f o r  t a r g e t  gene  

ex press ion .  In  a d d i t i o n ,  th e  rearrangements mediated by 

t ran sp o s o n  a c t i v i t y  m ight  c r e a t e  new c o m b i n a t i o n s  o f  

genes, or  br ing  genes under new c o n t ro l  regimes. I t  has 

a ls o  been suggested t h a t  t r a n s p o s o n s  a c t  as p o r t a b l e  

re g io n s  o f  homology ( K l e c k n e r  and Ross,  1 9 8 0 )  on w h ic h  
c e l l u l a r  r e c o m b i n a t i o n  can a c t  t o  g e n e r a t e  new 

c o n f ig u r a t io n s  w ith  a l t e r e d  p a t te r n s  o f  gene express ion .  
In  a l l  these cases, the l in k a g e  o f  th e  transposon t o  a 

fa v o u ra b le  mutat ion ac ts  to  ensure th e  e le m e n t ’ s s u r v i v a l .
An a l t e r n a t i v e ,  a lthough not e x c lu s iv e ,  hypothesis  is

t h e  concept  o f  ' s e l f i s h  DNA’ ( D o o l i t t l e  and S a p i e n z a ,
1980; Orgel and C r ic k ,  1980) ,  which proposes t h a t  a DNA
sequence t h a t  increases i t s  p r o b a b i l i t y  o f  s u r v iv a l  in  th e
c e l l  needs no f u r t h e r  p h e n o ty p ic  j u s t i f i c a t i o n  f o r  i t s
continued e x is te n c e .  The way in  which a transposon ensures
i t s  s u r v i v a l  i s  by i t s  a b i l i t y  t o  o v e r r e p l i c a t e ;
s imultaneous e l i m i n a t i o n  o f  a l l  copies  is  then u n l i k e l y .
In c r e a s e s  in  copy number can r e a d i l y  be u n d e r s t o o d  f o r
e le m e nts  which t ra n s p o s e  r e p l i c a t i v e l y . C o n s e r v a t i v e
t r a n s p o s i t i o n  can a ls o  le a d  t o  o v e r  rep  1 i c a t  i on ; f o r
example, Tn5 and Tn10 use dam m e th y la t io n  to  couple t h e i r
t r a n s p o s i t i o n  t o  c e l l u l a r  r e p l i c a t i o n ,  so t h a t
t r a n s p o s i t i o n  occurs predominantly  immedia te ly  a f t e r  th e
passage o f  a r e p l i c a t io n  f o r k ,  when th e  elem ent has been
p a s s i v e l y  c o p i e d  by t h e  h o s t  ( R o b e r t s  e t  a l . , 1 9 8 5 ;
R e z n i k o f f ,  1 9 8 2 ) .  T r a n s p o s i t i o n  t o  a s i t e  ahead o f  t h e
r e p l i c a t i o n  fo r k  ensures f u r t h e r  r e p l i c a t i o n ;  the  Ac/Ds
elements o f maize are  observed to  transDOse in  t h i s  way

As c o n s e r v a t i v e  t r a n s -
( reviewed by F e d o ro f f ,  1989) p o s i t io n  g e n e r a l l y  d e s t ro y s

th e  donor m olecu le ,  t r a n s p o s i t i o n  a f t e r  r e p l i c a t i o n  a ls o  
ensures s u r v iv a l  o f  the  e lem ent ,  a l though th e  host  has
1 .7  Contro l  o f  t r a n s p o s i t i o n  l o s t  a c e l l  g e n e r a t io n .

Whatever the r o le  o f  t r a n s p o s i t i o n  is  in  the  c e l l ,
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u n c o n t r o l l e d  t r a n s p o s i t i o n a l  o v e r r e p  1 i c a t i o n  w i l l  be 

d e l e t e r i o u s  to  the  c e l l ,  and so u l t i m a t e l y  a ls o  to  the  

t ransposon,  due to  th e  high le v e l  o f  mutagenesis and the  

m eta bo l ic  load imposed. Hence t o  minimise th e  s e l e c t i v e  

disadvantage o f  transposons, systems f o r  the c o n tro l  o f  

t r a n s p o s i t i o n  have e v o lv e d ,  and t h e s e  a r e  a p p a r e n t  f o r  

both p r o k a r y o t ic  and e u k a r y o t ic  transposons.
In  th e  case o f  Tn5, r e g u l a t i o n  i s  by a r e p r e s s o r  

p r o t e i n  which i s  an N - t e r m i n a l l y  t r u n c a t e d  v e r s i o n  o f  

transposase ,  and i n h i b i t s  transposase a c t i v i t y  ( I s b e r g  e t  

a l  . , 1 982  ) .  F o r  Tn10  , e x p r e s s i o n  o f  t r a n s p o s a s e  i s  

r e g u l a t e d  a t  th e  l e v e l s  o f  t r a n s c r i p t i o n  (S im ons e t  

a l . , 1 9 8 3 ;  D av is  e t  a l . , 1 9 8 5 ;  R o b e r t s  e t  a l . , 1 9 8 5 ) ,  and 
t r a n s l a t i o n  (Simons and K l e c k n e r ,  1 9 8 3 ) ,  and by i t s  

p r e f e r e n t i a l  c i  s- a c t i  on ( 1 . 5 :  M o r i s a t o  e t  a l . , 1 9 8 3 ) .
C o n t r o l  o f  Tn3 and phage Mu t r a n s p o s i t i o n  i s  by 

t r a n s c r i p t i o n a l  repress ion  o f  t ransposase express ion  ( G i l l  

e t  a l . , 1 9 7 9 ;  C r a ig ie  e t  a l . , 1 9 8 4 ) ,  and the  phenomenon o f  
immunity.

The i n s e r t i o n  sequence IS1 r e g u la te s  express ion  o f  

i t s  t r a n s p o s a s e  by f r a m e s h i f t i n g  ( S e k i n e  and O h ts u b o ,
1989) .  Two ORF’ s o f  I S 1 , in s A and in s B, are  encoded on the  

same s t ra n d ,  and both are re q u ire d  f o r  t r a n s p o s i t i o n ;  a -1  

f r a m e s h i f t  in  the  3 ’ end o f  in s A a l low s  express ion  o f  an 
in s A - i nsB fu s io n  p r o te in  which has transposase a c t i v i t y .  

The f r a m e s h i f t  region conta ins  a sequence i d e n t i f i e d  as a 

/ f r a m e s h i f t  s i g n a l ’ f o r  r e t r o v i r a l  Gag-Pol f r a m e s h i f t i n g .  

InsA has been shown to  bind to  th e  IS1 ends (Z e r b ib  e t  

a l . , 1 9 8 7 ,  1990b);  the  fu s ion  transposase p r o t e in  m ain ta ins  

t h e  he 1 i x - t u r n - h e 1 i x  dom ain  o f  I n s A ,  w h ic h  may be 
resp o ns ib le  f o r  b ind ing a c t i v i t y  in  the  transposase.  InsA 

a ls o  a c ts  as an i n h i b i t o r  o f  t r a n s p o s i t i o n  ( Z e r b i b  e t  
a 1 . ,1 9 9 0 a ) ;  r e p r e s s i o n  a c t i v i t y  o f  a t r u n c a t e d  

' t r a n s p o s a s e ’ . i s  r e m i n i s c e n t  o f  t h e  IS 5 0  ' i n h i b i t o r ’ 
mechanism. In  th e  case o f  IS1 , c o n t ro l  by InsA might be a 

r e s u l t  o f  r e p r e s s i o n  o f  IS1  t r a n s c r i p t i o n  , o r  o f  

com p et i t io n  w i th  transposase f o r  the  IS1 ends.
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The t r a n s p o s i t i o n  o f  P - e l e m e n t s  i n  D r o s o p h i l a  

p r o v id e s  a n o th e r  example o f  r e g u l a t i o n .  T r a n s p o s i t i o n  

occurs on ly  when P-elements are  in troduced  i n t o  a s t r a i n  

which d id  not p re v io u s ly  c o n ta in  any; two models proposed  

are  t h a t  the presence o f  m u l t i p l e  copies o f  the  P-e lements  

t i t r a t e s  out transposase (Simmons and Bucholz, 19 85 ) ,  or  

t h a t  th e  elements encode a re p re s s o r  ( i . e .  s i m i l a r  t o  Tn5)  

( r e v i e w e d  by E n g e l s ,  1 9 8 9 ) .  I n  a d d i t i o n ,  P - e l e m e n t  

t r a n s p o s i t i o n  is  r e s t r i c t e d  to  th e  ge rm l in e ,  and t h i s  is  

m e d ia ted  by g e r m ! i n e - s p e c i f i c  s p l i c i n g  o f  t h e  mRNA t o  

generate  a c t i v e  transposase on ly  in  t h i s  t i s s u e  (Lask i  e t  
a l . , 1 9 8 6 ) .

1 .8  in  v i t r o  tra n s p o s it io n  systems
In  o r d e r  to  s tudy  th e  b i o c h e m i c a l  d e t a i l s  o f  t h e  

t r a n s p o s i t i o n  r e a c t io n ,  severa l  groups have a t tem pted to  

s e t  up c e l l - f r e e  t r a n s p o s i t i o n  s y s t e m s .  The b e s t  

c h a r a c te r is e d  are  those o f  phage Mu (Mizuuchi e t  a l . , 1 9 8 3 ;  
and Tn10 ( M o r is a t o  and K l e c k n e r ,  19 8 7 ;  B e n ja m in  and 

K l e c k n e r , ' 1  989 ) .  " R e t ro v i  r a l  ■. i n t e g r a t i  on j_n v i  t r o  has  
r e c e n t ly  been descr ibed ( C r a i g i e  e t  a l . , 1 9 9 0 ;  Katz e t  a l . ,
1990) .

The high t r a n s p o s i t i o n  f requency e x h ib i t e d  by phage 

Mu in  both lysogenic  and l y t i c  phases, made i t  a p r e f e r r e d  

ca nd ida te  f o r  i_n v i t r o  c h a r a c t e r i s a t i o n .  In  a d d i t i o n ,  th e  

r e a c t io n  re q u ire s  only two phage-encoded p r o t e in s ,  both o f  

which have been overexpressed and p u r i f i e d  ( C r a i g i e  and 

M iz u u c h i ,  1985a; Chaconas e t  a l . , 1 9 8 5 ) .  The o r i g i n a l
system used e x t r a c t s  from MuA and B overproducing s t r a i n s ,  

and a crude c e l l  e x t r a c t ,  under c o n d i t io n s  which a l low ed  
r e p l i c a t i o n  o f  the E. col i o r i g i n  _i_n v i t r o . The r e a c t io n  

r e q u i r e d  ATP and m a g n e s iu m ,  a n d . d e m o n s t r a t e d  t h a t  
c o i n t e g r a t e  f o r m a t i o n  i n v o l v e d  r e p l i c a t i o n  o f  t h e  

t r a n s p o s o n  DNA. I n i t i a l  e x p e r i m e n t s  a s s a y e d  f u l l  
t r a n s p o s i t i o n  in to  a phage t a r g e t ;  more recen t  work, using  

p u r i f i e d  A and B p ro te in s  and host f a c t o r  (HU: C r a i g i e  e t  

a l . , 1 9 8 5 )  assayed the fo rm at ion  o f  an in te r m e d ia te ,  seen
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by gel e l e c t r o p h o r e s is ,  which i s  a fu s io n  product o f  donor  

and t a r g e t  DN A s , and was shown t o  f u n c t i o n  as an 
in te r m e d ia te  on in cu b a t io n  w i th  a r e p l i c a t io n - c o m p e te n t  

e x t r a c t  ( C r a i g i e  and M izuuchi ,  1985b) .
The in  v i t r o  system has proved to  be a powerfu l t o o l ,  

i n  a l l o w i n g  i s o l a t i o n  and c h a r a c t e r i s a t i o n  o f  t h e  
t r a n s p o s i t i o n  in te r m e d ia te ,  d e te rm in a t io n  o f  th e  p o l a r i t y  

o f  s t r a n d  t r a n s f e r  ( M i z u u c h i ,  1 9 8 4 ) , d e f i n i n g  t h e  

s u b s t r a t e  and e n z y m a t ic  r e q u i r e m e n t s  f o r  t r a n s p o s i t i o n  

( C r a i g i e  e t  a l . , 1 9 8 5 ;  Mizuuchi and Mizuuchi ,  1989) ,  and 

p ro v id in g  i n s i g h t  in t o  the  d e t a i l s  o f  the t r a n s p o s i t i o n  

mechanism, such as the  mechanism o f  b r in g in g  to g e t h e r  th e  

t ra n s p o s o n  ends and sens ing  t h e i r  r e l a t i v e  o r i e n t a t i o n  

( C r a i g i e  and M iz u u c h i , 1986) ,  and the  basis o f  immunity
(Adzuma and M izuuchi ,  1988, 1989) .

The Tn 10  s y s te m  i s  more r e c e n t  ( M o r i s a t o  and  
K l e c k n e r ,  1 9 8 7 ) ,  and a s s a y s  an i n t r a m o l e c u l a r  

t r a n s p o s i t i o n  e v e n t  w h ic h  g i v e s  r i s e  t o  t r a n s p o s o n  

c i r c l e s .  No r e p l i c a t i o n  o f  th e  transposon is  in v o lv e d ,  and 

ATP is  not re q u i re d .  The r e a c t io n  r e q u ire s  magnesium, and 
tw o  h o s t  f a c t o r s  ( I H F  and H U ) , and r e s p o n d s  t o  dam 

m e t h y l a t i o n  in  th e  same way as t h e  jjn v i vo r e a c t i o n .  

Experiments using s t r a n d - s p e c i f i c  probes have a l lowed th e  

s t r u c t u r e  o f  t h e  p r o d u c t s  t o  be d e t e r m i n e d ;  s t r a n d  

i n t e r r u p t i o n s  a r e  o b s e r v e d  a t  t h e  5 ’ ends o f  t h e  

t r a n s p o s o n ,  which i s  c o n s i s t e n t  w i t h  t h e  t r a n s p o s i t i o n  
models shown above (Benjamin and K lec kner ,  1989) .

1 .9  Transposon Tn7 

Tn7 i s  an u n u s u a l ly  l a r g e  t r a n s p o s o n  (1 4  k b ) ,  w h ic h  

c o n f e r s  r e s i s t a n c e  to  t r i m e t h o p r i m ,  s t r e p t o m y c i n ,  and  

s p e c t i n o m y c i n . F i r s t  i s o l a t e d  f r o m  p l a s m i d  R483 by 
t r a n s p o s i t i o n  o f  i t s  drug r e s is ta n c e s  (B ar th  e t  a l . , 1 9 7 6 :  

Barth and D a t ta ,  1977) ,  i t  was o r i g i n a l l y  known as TnC, 
and i t s  f i r s t  reported  use was in  i n s e r t i o n s !  mutageneses 

o f  p l a s m i d  RP4 ( B a r t h  and G r i n t e r ,  1 9 7 7 ;  B a r t h  e t  
a l . ' ,  19 78 ) .  I t  was apparent from t h i s  e a r l y  work t h a t  Tn7
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F ig u re  1 .4  R e s tr ic t io n  map o f  Tn7
The map i s  ta k e n  from G o s t i - T e s t u  e t  a l  . , 1 9 8 3 .  The  
o r g a n i s a t i o n  o f  th e  r e p e a te d  sequences  a t  t h e  ends i s  
shown below the map; arrows re p re s e n t  the 22 bp m o t i f ,  and 
s o l i d  squares  th e  8 bp t e r m i n a l  i n v e r t e d  r e p e a t .  An 
o u t l i n e  o f  the  g e n e t ic  s t r u c t u r e  is  in d ic a te d  above the  
map, w i th  arrows showing the  d i r e c t i o n  o f  t r a n s c r i p t i o n .

Tp d h f r l  ( t r im e th o p r im  r e s is ta n c e )
Sm aadA ( s t rep to m yc in /spe c t in o m yc in  r e s is t a n c e )

B=BclI Ba=BamHI B g=BglI I  Bs=BstE I I  C=Cla I E=EcoRI 
H=Hi n d l l l  H i= H in c I I  P=PvuII  Ps=PstI  X=XbaI



had i n t e r e s t i n g  t r a n s p o s i t i o n a l  p r o p e r t i e s .  F i r s t l y ,  a l l  

th e  chromosomal i n s e r t io n s  i s o l a t e d  in  E. co1 i mapped to  a 

s i n g l e  s i t e  (B ar th  e t  a l . , 1 9 7 6 ) ,  in  marked c o n t r a s t  to  the  

low  d e g r e e  o f  s i t e  s e l e c t i v i t y  e x h i b i t e d  by o t h e r  

transposons.  The chromosomal i n s e r t i o n  s i t e  i s  known as 

th e  ' h o t s i t e ’ o r  a t t Tn7: use o f  the  l a t t e r  te rm ino log y  is  
not in tended to  imply any analogy w i th  the  phage X  a t t  

s i t e .
Secondly, a lthough i n s e r t i o n s  in t o  plasmids d id  not  

d i s p la y  such marked s i t e  s p e c i f i c i t y ,  they  a l l  occurred in  

a p a r t i c u l a r  o r i e n t a t i o n  w i t h  r e s p e c t  t o  t h e  p l a s m id  

r e s t r i c t i o n  map (B ar th  and G r i n t e r ,  1987; Barth  e t  a l . ,  

1978; Moore and K r i s h n a p i l l a i , 1982 ) .  The reason f o r  t h i s  

i s  not  known. I t  may be t h a t  th e  transposon recognises  

some o r i e n t a t i o n - s p e c i f i c  f e a t u r e  o f  the  plasmid; i t  i s  

u n l i k e l y  to  be r e p l i c a t i o n ,  as some o f  t h e  p l a s m id s  

r e p l i c a t e  b i - d i r e c t i o n a l l y ,  no r  t r a n s c r  i p t  i on , f o r  a 

s i m i l a r  ' re a s o n . ' 'F lo res  ; (1 991 )  suggests t h a t  the  phenomenon 
might be a r e s u l t  o f  the  co n ju g a t io n  process by which the  

products were i s o la t e d ;  t h i s  is  a t e s t a b l e  hypo the s is .

1 .1 0  Tn7 t r a n s p o s i t i o n  fu n c t io n s
Complementation s tu d ie s  by Mark Rogers (1986;  Rogers 

e t  a l . , 1 9 8 6 ) ,  and i n s e r t i o n a l  mutagenesis by Waddell and 
C ra i  g ( 1988)  i d e n t i f i e d  f i v e  t r a n s p o s i t i o n  f u n c t i o n s ,  

accounting f o r  9 kb o f  the  coding c a p a c i ty  o f  Tn7. The 

experiments a lso  demonstrated t h a t  t r a n s p o s i t i o n  can be 

complemented e f f i c i e n t l y  in  t r a n s . The genes were named 
t n s A - E . f o r  t ransposon s e v e n ,  t o  a v o i d  i m p l i c a t i o n s  

concerning the a c t i v i t i e s  o f  the  gene products ,  and they  
c o r r e l a t e  w i t h  th e  open r e a d i n g  f r a m e s  d e t e r m i n e d  by 

F l o r e s  e t  a l  . ( 1 9 9 0 ) .  The genes can in  some c a s e s  be
c o r r e l a t e d  w ith  p ro te in s  produced from cloned fragments o f  

Tn7 (B re v e t  e t  a l . , 1 9 8 5 ) ,  and w i th  e a r l i e r  da ta  rega rd ing  

Tn7 t r a n s p o s i t i o n  requirements (Hauer and S hap iro ,  1984;  

Smith and Jones, 1984, 1986; O u arts i  e t  a l . , 1 9 8 5 )
N o t  a l l  t h e  f u n c t i o n s  a r e  r e q u i r e d  f o r  a l l
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t r a n s p o s i t i o n  events ,  as shown e a r l i e r  by Smith and Jones 

(1984 )  and Hauer and Shapiro  ( 1 9 8 4 ) .  Two pathways o f  Tn7 

t r a n s p o s i t i o n  a re  o b s e rv e d ,  w h ic h  r e q u i r e  o v e r l a p p i n g  
subsets o f  tns  genes. A l l  t r a n s p o s i t i o n  events r e q u i r e  tns  

ABC. H ig h  f r e q u e n c y  t r a n s p o s i t i o n  t o  t h e  h o t s i t e  
a d d i t i o n a l l y  r e q u i r e s  tn s D ,  w h e re a s  t n s ABC+E p ro m o te s  

t r a n s p o s i t i o n  a t  100 - f o l d  lower frequency to  random s i t e s  
u n re la te d  to  a t t Tn7.

The d i f f e r e n t  t a r g e t  c h o i c e s  o f  t h e  two p a th w a y s  
i m m e d i a t e l y  s u g g e s t  r o l e s  f o r  TnsD and T n s E , i n  

r e c o g n i t i o n  and s e l e c t i o n  o f  s p e c i f i c  (T n sD )  and non
s p e c i f i c  (TnsE) in s e r t i o n  s i t e s .  Indeed, a tnsD-dependent  

DNA-binding a c t i v i t y  s p e c i f i c  f o r  a t tTn 7  has been d e tec te d  

( E k a t e r i n a k i , 1987; K.McCurrach, personal communication;
Waddell and C ra ig ,  1989) .

The ro le s  o f  TnsABC are  les s  c l e a r .  TnsC has been 
shown to  i n t e r a c t  w i th  TnsD in  b ind ing  to  the  h o t s i t e ,  in  

an ATP-dependent manner (N .C r a ig ,  personal communication).  
The combination o f  ATP h y d r o ly s is  and t a r g e t  s i t e  choice  

i s  rem in is cen t  o f  the  a c t i v i t i e s  o f  MuB. TnsB has been 

shown t o  bind to  th e  ends o f  Tn7 ( E k a t e r i n a k i , 1 9 8 7 ;
McKown e t  a l . , 1 9 8 7 ;  t h i s  t h e s i s )  s u g g e s t i n g  a r o l e  in  
t ransposon end re c o g n i t io n  (c h a p te rs  4 and 5 ) .

The t n s  genes  a r e  a l l  t r a n s c r i b e d  i n  t h e  same  

d i r e c t i o n  (F lo re s  e t  a l . , 1 9 9 0 ) ,  from a promoter P1 in  th e  

r ig h t -h a n d  end o f  the  transposon ( E k a te r in a k i  , 1 9 87 ) .  A
second promoter is  found upstream o f  t n s B ( E k a t e r i n a k i , 
19 87 ) .  Mutat ions in  tns  A show p o l a r i t y  on t n s B (Waddell  
and C ra ig ,  1988) ,  in d i c a t i n g  t h a t  they are  c o - t r a n s c r i b e d . 
There is  no evidence f o r  p o la r  e f f e c t s  between the  o th e r  

t n s  g e n e s ,  s u g g e s t i n g  t h a t  t h e y  a r e  i n d e p e n d e n t l y  

t r a n s c r ib e d ;  however, no promoters have been d e te c te d  in  

f u n c t io n a l  assays, and the read ing  frames are  very  c l o s e l y  

spaced or  o v e r lap p in g ,  which is  c h a r a c t e r i s t i c  o f  genes 

t h a t  are  t r a n s l a t i o n a l 1y coupled (Nomark, 1986) .

1.11 The a t tTn7  s i t e
T ra n s p o s i t io n  to  the chromosomal h o t s i t e  occurs a t  a
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h i g h  f r e q u e n c y  ( a r o u n d  U ) , and i s  b o t h  s i t e -  and  

o r i e n t a t i o n - s p e c i f i c .  The s i t e  l i e s  a t  minute 84 on the  

E . c o l i  chromosome, between the  genes glmS and phoS (Gay e t  
a l . , 1 9 8 6 )  and has been cloned and sequenced ( L ic h t e n s t e i n  

and Brenner, 1981, 1982) .  The cloned s i t e  r e t a i n s  s i t e  and 
o r i e n t a t i o n  s p e c i f i c i t y .  The p o in t  o f  i n s e r t i o n  l i e s  in  

th e  glmS rho-dependent t e r m in a t o r  (Gay e t  a l . ,  1986);  when 
Tn7 has in s e r te d ,  the  glmS t r a n s c r i p t  te rm in a te s  a t  a rho-  

independent te rm in a to r  in  the  r i g h t  end o f  the  transposon  

(Gay e t  a l . , 1 9 8 6 ;  G r in g au z  e t  a l . ,  1 9 8 8 ) .  The e x t e r n a l  

t r a n s c r i p t  te rm in a te s  be fore  th e  tns  coding re g io n ,  so the  

tn s  genes a re  not e x p ress ed  f ro m  t h i s  t r a n s c r i p t ;  a 
s i m i l a r  c o n t r o l  mechanism i s  seen w i t h  Tn10 ( D a v i s  e t  

a l . , 1 9 8 5 ) .  Tn7 i n s e r t i o n  does n o t  i n t e r r u p t  t h e  g 1 mS 
coding sequence, and so has no phenotype; t h i s  may e x p la in  

why such a high t r a n s p o s i t i o n  frequency can be t o l e r a t e d .
D e le t io n  s tu d ie s  to  d e f in e  th e  sequences re q u ire d  f o r  

h o t s i t e  a c t i v i t y  h a v e  shown t h a t  a l l  t h e  r e q u i r e d  

sequences l i e  to  the glmS s id e  o f  the  p o in t  o f  i n s e r t i o n ,  

and do not  in c lu d e  th e  5 bp t a r g e t  sequen ce  t h a t  i s  

d u p l ic a te d  as a r e s u l t  o f  Tn7 i n s e r t i o n  (McKown e t  a l  , 
1988; Qadri  e t  a l . , 1 9 8 9 ;  see f i g u r e  1 . 6 ) .  The t n s D-  

dependent b in d in g  a c t i v i t y  r e c o g n i s e s  t h e s e  u p s t re a m  
sequences (Waddel l  and C r a i g ,  1 9 8 9 ) .  T h i s  ‘ a c t i o n  a t  a 

d i s t a n c e ’ is  rem in is cen t  o f  type I  r e s t r i c t i o n  enzymes, 
which c le a v e  a t  a s i t e  o t h e r  t h a n  t h e i r  b i n d i n g  s i t e .  

Tn7 chromosomal h o t s i t e s  have been fo u n d  in  many o t h e r  
species  o f  b a c t e r ia .  These in c lu d e  Pseudomonas aeruginosa  

(Caruso and Shapiro ,  1982) ,  Cau lobacte r  crescentus ( E l y ,  
1982) ,  Xanthomonas campestr is  pv. campestr is  (T urner  e t  

a l  . ,  1984) ,  V i b r i o  parahaemolyt icus (Thomasian and V o l l ,
1.989) Pseudomonas f l u o r e s c e n s  ( B a r r y  e t  a l . , 1  9 8 6 ) ,  and 

s e v e r a l  o t h e r s .  Tn7 i n s e r t s  i n t o  s e v e r a l  s i t e s  i n  one 

V i b r i o  spec ies ,  and shows a p re fe re n c e  f o r  one s i t e  which  

r e s u l t s  in  i 1v auxotrophy (Thompson e t  a l . , 1 9 8 1 ) .  The  

h o t s i t e s  f r o m  K l e b s i e l l a  pneumoni ae and Se r  r a t  i a 

marcescens have been sequenced ,  and a r e  fo u n d  t o  have  

homology to  glmS o f  E. col i over the  reg ion re q u ire d  f o r
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a t t  s i t e  a c t i v i t y  ( I . Q a d r i ,  personal communication).
I f  no a t t  s i t e  is  a v a i l a b l e ,  tnsABC+D d i r e c t s  Tn7 to  

*pseudo-a t t * s i t e s ,  w i th  some sequence homology t o  the  

requ ire d  reg ion o f  a t tT n 7 ,  a t  a lower frequency than to  
a t t T n7 (K ubo  e t  a l  . , 1 9 9 0 ) .  t n s ABC + E -  m e d i a t e d
t r a n s p o s i t i o n  is  to  s i t e s  u n re la te d  to  the h o t s i t e .

Because the  re q u ire d  sequences l i e  to  one s id e  o f  th e  
p o in t  o f  i n s e r t i o n ,  t r a n s p o s i t i o n  o f  Tn7 to  th e  s i t e  does 

not d i s r u p t  those sequences. However, secondary i n s e r t i o n s  

i n t o  an occup ied  h o t s i t e  have n o t  been d e t e c t e d .  T h i s  

could be an immunity e f f e c t  analogous to  t h a t  o f  Tn3; Tn7 

does show im m unity ,  but  th e  s t r e n g t h  o f  t h e  e f f e c t  i s  

v a r i a b l e  (Hauer  and S h a p i r o ,  1984;  A r c i s z e w s k a  e t  a l . ,  

1989) .  A l t e r n a t i v e l y ,  the  e f f e c t  may be due t o  s t r u c t u r a l  

changes in  the  DNA f o l lo w in g  i n s e r t i o n .

1 .12  The te rm in i  o f  Tn7
Each term inus o f  Tn7 has a 28 bp in v e r te d  r e p e a t ,  th e  

o u ts id e  8 bp o f  which are  p e r f e c t l y  conserved between th e  

l e f t  and r i g h t  ends ( L i c h t e n s t e i n  and B r e n n e r ,  1 9 8 2 ) .  

W ith in  the re p e a t  l i e s  a 22 bp m o t i f ,  which i s  f u r t h e r  

repeated ,  g iv in g  a t o t a l  o f  f o u r  copies in  the  r i g h t  end 

and th re e  in  the  l e f t .  Hence the  ends o f  the  transposon  

a re  asym metr ic  w i t h  r e s p e c t  t o  t h i s  m o t i f ,  w h ic h  i s  
r e f l e c t e d  in  f u n c t io n a l  asymmetry; two minimal r i g h t  ends 

( 7 0  bp )  i n  i n v e r t e d  o r i e n t a t i o n  a r e  c a p a b l e  o f  

t r a n s p o s i t i o n ,  whereas two l e f t  ends ( 1 6 6  bp) a r e  n o t  

(Arciszewska e t  a l . , 1 9 8 9 ) .  There is  f u r t h e r  asymmetry in  

t h e  o r g a n i s a t i o n  o f  t h e  2 2  bp r e p e a t s ,  w h i c h  a r e  

contiguous in  the  r i g h t  end, but separated by spacers o f  

d i f f e r e n t  lengths  in  the  l e f t  end. Another d i f f e r e n c e  was 
noted by F l o r e s  e t  a l  ( 1 9 9 0 ) ;  a s t r o n g l y  c o n s e r v e d  AT 

d i n u c le o t id e  in  the  r i g h t  end copies is  GG in  th e  l e f t  end 

ones.
TnsB has been shown t o  r e p r e s s  P1 i_n v i v o  

( E k a t e r i n a k i , 1987; Rogers e t  a l . , 1 9 8 6 ) .  The -3 5  reg io n  o f  

P1 l i e s  w i t h i n  t h e  f i n a l  22 bp c o p y ,  and i t  has been  

proposed t h a t  th e s e  r e p e a t s  a r e  t h e  b i n d i n g  s i t e  f o r
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* t ra n s p o s a s e * , ( s p e c i f i c a l l y ,  f o r  TnsB). Th is  is  supported  

by the  work presented in  t h i s  t h e s i s .
The r i g h t  end o f  Tn7 a ls o  c o n ta ins  a dam m e th y la t io n  

s i t e ,  and p o t e n t i a l  IHF b ind ing  s i t e s .  No d i f f e r e n c e s  in  

t r a n s p o s i t i o n  f re q u e n c y  have been d e t e c t e d  i n  s t r a i n s  
mutant in  these p r o te in s  ( E k a t e r i n a k i , 1987) .

1 .13  Tn7 drug re s is ta n c e s
The t r i m e t h o p r i m  r e s i s t a n c e  gene c a r r i e d  on Tn7 

encodes a ty p e  I  d i h y d r o f o l a t e  r e d u c t a s e  enzym e, w h ic h  
confe rs  r e s is ta n c e  to  t r im e th o p r im  because o f  i t s  lower  

a f f i n i t y  f o r  th e  t o x i c  a n a lo g u e  t h a n  t h e  chromosomal  
enzyme ( F l i n g  and E l w e l l , 1980) .  The gene is  0 .5  kb long,  
and the  product has a su b u n i t  m o lecu la r  weight  o f  18 kDa 

and e x i s t s  as a dimer (Novak e t  a l . , 1 9 8 3 ) .  A c q u is i t io n  o f  

Tn7 i s  th e  most common response in  the  w i ld  to  s e l e c t i o n  

w ith  t r im e th o p r im  (P u lkk in en  e t  a l . , 1 9 8 4 ;  Steen and Skold ,  
1985; K r a f t  e t  a l . , 1 9 8 6 ) ;  the  drug is  used e x t e n s iv e ly  in  

both human and v e t e r i n a r y  medicine to  t r e a t e  k idney and 

o t h e r  u r i n a r y  t r a c t  i n f e c t i o n s ,  so Tn7 has a m e d ic a l  
i mportance.

The s p e c t i n o m y c i  n / s t r e p t o m y c i n  r e s i s t a n c e  i s  
c o n fe rred  by aadA, encoding an a d e n y ly l t r a n s f e r a s e  enzyme 
which d e t o x i f i e s  the  a n t i b i o t i c s  by m o d i f ic a t io n  ( F l i n g  e t  

a l . , 1 9 8 5 ;  Ho l l ingshead and Vapneck, 1985) .
The r e s i s t a n c e  g e n e s  a r e  f l a n k e d  by c o n s e r v e d  

sequences, which are  a lso  a ssoc ia ted  w i th  r e s is ta n c e  genes 

on o t h e r  t ransposon s  and on p l a s m id s  (Cameron e t  a l  . , 
1986) .  There is  a h ig h ly  conserved 59 bp in v e r te d  re p e a t  
a t  both ends o f  the aadA gene, and the  same sequence is  

p r e s e n t  when aadA is  l o c a te d  in  c o m b i n a t i o n  w i t h  o t h e r  

r e s is ta n c e  genes in o th e r  e lements .  An open read ing frame  

to  the  l e f t  o f  the t r im e th o p r im  r e s i s t a n c e . gene has been 
shown to  have homology w i th  the lambda In te g ra s e  f a m i l y  o f  

s i t e - s p e c i f i c  recombinases (Sundstrom e t  a l . ,  19 88 ) .
Th is  arrangement o f  conserved sequences and in te g r a s e  

gene i s  found s u rro u n d in g  v a r i o u s  c o m b i n a t i o n s  o f  d ru g  

re s is ta n c e s  in  many plasmids and transposons, in c lu d in g
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T n 2 1 ,  T n 1 6 9 6 ,  p S a ,  R 4 6 , R 3 8 8 , and Tn7 (C a m e ro n  e t
a l . , 1 9 8 6 ;  H a l l  and V o c k le r ,  1987; Sundstrom e t  a l . , 1 9 8 8 ;  

Stokes and H a l l ,  1989; Sundstrom and Skold,  1990) .
I t  has been proposed t h a t  t h i s  is  a system f o r  the  

i n s e r t i o n  o f  drug r e s is ta n c e  ' c a s s e t t e s ’ in t o  transposons  

and plasmids, to  generate  novel combinat ions. The 59 bp 

re p e a t  might be the  recombinat ion  s i t e .  RecA-independent  

c o i n t e g r a t e  fo rm at ion  by t h i s  system has been observed f o r  

Tn21 (M a r t in e z  and de l a  Cruz,  1988, 1989) .

1 .1 4  Aims o f  t h i s  p r o j e c t
A long term o b j e c t i v e  o f  th e  work on Tn7 is  to  s e t  up 

a c e l l - f r e e  system, to  examine th e  biochemical d e t a i l s  o f  

th e  t r a n s p o s i t i o n  process; a t  th e  t im e when t h i s  p r o j e c t  

was s t a r t e d ,  no such system e x is t e d  f o r  Tn7, a lthough now 

Nancy C r a i g ’ s g ro u p  h a v e  c r e a t e d  one ( p e r s o n a l  

c o m m u n ic a t io n ) .  To f a c i l i t a t e  j_n v i t r o  w o rk ,  i t  was 

decided to  overproduce and p u r i f y  each o f  the  tns  gene 

products .  Chapter 4 descr ibes  th e  p u r i f i c a t i o n  o f  one o f  

th e  p r o t e in s ,  TnsB; in  chapters  4 and 5 the  DNA b ind ing  

a c t i v i t y  o f  the p r o te in  is. f u r t h e r  c h a r a c t e r i s e d .
H o w e v e r ,  i t  was a l s o  f e l t  t h a t  t h e r e  was much 

in fo rm a t io n  concerning t r a n s p o s i t i o n  o f  Tn7 which we d id  

not have, and which would f a c i l i t a t e  th e  design o f  an in  

v i t r o  system by e l i m i n a t i n g  some o f  the  v a r i a b l e s  t o  be 
cons idered .  I t  had not been d i r e c t l y  demonstrated whether  

T n 7 r e p l i c a t e d  d u r i n g  t r a n s p o s i t i o n  o r  n o t ;  t h e  
p r e l i m i n a r y  s t a g e s  o f  an e x p e r i m e n t  t o  a n s w e r  t h i s  

quest ion  are  presented in  ch ap te r  7.
Having decided to  c h a r a c t e r is e  f u r t h e r  some o f  the  

f e a t u r e s  o f  Tn7 t r a n s p o s i t i o n  j_n v i v o , the  major problem  

yyas t o  f i n d  a means o f  a s s a y i n g  t r a n s p o s i t i o n  i n  a 
meaningful way, a p p ro p r ia te  to  th e  quest ions being asked.  
Chapter  6 discusses the  quest ion  o f  i_n v iv o  t r a n s p o s i t i o n  

assays, and describes th re e  a l t e r n a t i v e  ways o f  assay ing  

t r a n s p o s i t i o n ,  and t h e i r  p o t e n t i a l  a p p l ic a t io n s  both i n 
v i  vo and in  vi t r o .
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CHAPTER TWO

MATERIALS AND METHODS
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2.1 B a c t e r i a l  s t r a i n s .  The b a c t e r i a l  s t r a i n s  used were a l l  

d e r i v a t i v e s  o f  Eshe r i  chi  a c o l i  K -1 2  and a r e  l i s t e d  in  

Table  2 . 1 .

2 .2  P lasmids.  The plasmids used and co nstruc ted  in  t h i s  
study a re  l i s t e d  in  Tab le  2 . 2 .

2 .3  B ac ter iop hage .  The bacte r iophage lambda d e r i v a t i v e s  

used in  t h i s  study a re  l i s t e d  in  Tab le  2 . 3 .
Phage P1 was a generous g i f t  from Dr.  M i l l i e  Masters ,  and 

phage P2 from Dr.  Noreen Murray.

2 .4  Tn7 d e r i v a t i v e s  are  l i s t e d  in  Tab le  2 .4

2 . 5  S y n t h e t i c  o l i g o n u c l e o t i d e s  w ere  s y n t h e s i s e d  on an 
A p p l i e d  B i o s y s t e m s  391 P C R -M a te  o l i g o n u c l e o t i d e  

s y n th e s is e r .
A) R1 22 bp m o t i f  (c h a p te r  4 ) :  two complementary o l i g o 

n u c le o t id e s ,  ge n e ra t in g  Xbal and S a i l  cohesive t e r m i n i .
Top s t ra nd :
5 » - CTAGAGACAATAAAGTCTTAAACTGAAG-3 ’
Bottom s t rand :
5 ’ - TCGACTTCAGTTTAAGACTTTATTGTCT - 3»
( Bold type  repres ents  Tn7 sequences . )

B) R1 plus Tn7 8 bp te rm in a l  in v e r t e d  re p e a t  (c h a p te r  

4 ) r  s t r a t e g y  as above.
Top s t ra nd :
5 ’ -CTAGATGTGGGCGGACAATAAAGTCTTAAACTGAAG-3 ’
Bottom s trand:
5»-TCGACTTCAGTTTAAGACTTTATTGTCCGCCCACAT - 3 ’

C) H i n d l l l  s i t e  mutagenesis o l i g o n u c l e o t i d e  (c h a p te r  7 ) :  
one se lf -com plem entary  o i i g o n u c l e o t i d e .
5 ’ -AGCTGAATTC-3 *
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Tab le  2.1  B a c t e r ia l  S t r a in s  

S t r a i n  Genotype Source

DS801 (AB1157)

DS902 ( AB2463) 
DS941

DS953
DS959
DS942
DS947
MR4

C600 
C600 h f l  
C1400 
N3331 
NK7515

NK7516

RH302

EM3
EM5
EM1
EM2
EM11
EM12

t h r l , l e u 6 . hi_sG4, t h i  1 . ara14  
proA2, a r g E3, gaTK2, sup3 7 , 
x y l 15. m t l 1, t s x 3 3 , s t r 31 

DS801, but recA13. a rg+
DS801, but re c F143 . supE44,

1 acZ A M 1 5 . l a c l q 
DS941, but sup°
DS941, but lambda lysogen  
DS941 , but A l a c - p r o  
DS942, but sup°
DS903: : Tn7-1 

(DS903 is  DS801, but recF143)

D .S h e r r a t t  
D .S h e r r a t t  
D . S h e r r a t t

D .S h e r r a t t  
D .S h e r r a t t  
D . S h e r r a t t  
D . S h e r r a t t  
M.Rogers

hsdR, supE , 1acY1, tonA21 
C600 but h f l : : T n 1 0  
supE , supF , hsdS , met; recA 
DS801 but s f i A: : Muc/(Apr l a c ) 
Packaging s t r a i n  BHB2688, 

but mutL::Tn5  
Packaging s t r a i n  BHB2690, 

but mutL::Tn5  
W1331, but mutL : : Tn5

Promega 
Promega 
K.Murray  
R. Lloyd

N. K1eckner

N. K1eckner  
N .K leckner

DS953 a t t T n 7 : : galK 
DS959 a t t T n 7 : :ga!K  
DS947, but mutL : : Tn5 
EM1, but P2 lysogen 
EM1 but lambda lysogen  
EM2 but lambda lysogen

Chapter
Chapter
Chapter
Chapter
Chapter
Chapter
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2 .6  P ro te in s  used were generous g i f t s  from th e  f o l l o w i n g :  

FIS Regina Kahmann ( B e r l i n )
IHF George Szatmari
Tn3 reso l  vase M a r t in  Boocock
TnsD e x t r a c t  Karen McCurrach

2 .7  Chemicals .

CHEMICALS

General chemicals ,  b iochemicals  

and o rgan ic  so lven ts  

Media 
Agarose 

X - g a l ,  IPTG 

Radiochemicals
10x r e s t r i c t i o n  enzyme b u f fe rs

5x l i g a t i o n  b u f f e r  

N uc leo t ide s

2 .8  B u f f e r  s o lu t io n s .
A) DNA E le c t ro p h o re s is

10x E b u f f e r :  242g  T r  i s , 82g s o d iu m  a c e t a t e ,  1 8 . 6g
Na2 EDTA. 2H20, made up to  5 l i t r e s  in  tap  w ate r ,  a d ju s te d  
to  pH 8 .2  w ith  g l a c i a l  a c e t i c  a c id .

10x TBE b u f f e r :  109g T r i s ,  55g  b o r i c  a c i d ,  9 . 3 g  

Na2 EDTA.2H20, made up to  1 l i t r e  in  d i s t i l l e d  w ater ;  pH is  
8 . 3 .

10x TBE b u f f e r  (sequencing g e l s ) :  1 2 1 .1 g t r i s ,  55g. b o r ic
a c id ,  9 .3g  Na2 EDTA. 2H20 , made up to  '1 l i t r e  in  d i s t i l l e d  
w ater ;  pH is  8 .3 .

S in g le  colony gel loading b u f f e r :  2% f i c o l l ,  1% SDS, 0.01516 
bromophenol b lu e ,  0.01% o ra n g e  G in  b u f f e r  E. RNaseA

SOURCE

BDH, May and Baker,  
Si gma 

D i fc o ,  Oxoid 
BRL 

BRL 
NEN
BRL, Boehringer  

Mannheim 

BRL
Boehringer Mannheim
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( b o i l e d )  was added, to  10ug /m l.

P o lyacry lam ide  gel load ing b u f f e r :  1% f i c o l l ,  0.1% SDS,
0.02% orange G, 0.01% bromophenol b lue  in  d i s t i l l e d  w a te r .

4 x H o r i z o n t a l  agarose  gel l o a d i n g  b u f f e r  (K m i x ) :  25%
sucrose, 0.2mg/ml protease  K, 0.01% bromophenol blue in  
d i s t i 1 led  w a te r .

B) P r o t e in  e le c t r o p h o r e s is
Laemmli gel s
4x running gel b u f f e r :  1.5M T r is / H C l  pH 8 . 8 , 0.4% SDS.

4x s ta c k in g  gel b u f f e r :  0.5M T r is /H C l  pH 6 . 8 , 0.4% SDS.

10x Laemmli gel b u f f e r :  30g T r i s ,  144g G ly c in e ,  10g SDS, 
made up to  1 l i t r e  in  d i s t i l l e d  w a te r .

Sample b u f f e r :  625mM T r i s / H C l  pH 8 . 0 ,  3% SDS, 5% 2 -
m e r c a p t o e t h a n o l 10 %- g l y c e r o l  , 0 . 0 1 % bromophenol b l u e .  
A lso  used w i t h  1% SDS, f o r  p r o t e i n  sam ples  w i t h  h ig h  
c o n c e n tra t io n s  o f  KC1.

T r i s / T r v c i n e  gel s
Anode b u f f e r :  0.2M T r i s  pH 8 . 9 .

Cathode b u f f e r :  0.1M T r i s ,  0.1M t r i c i n e ,  0.1% (w /v )  SDS; 
pH should be 8 .2 5 ,  ad jus ted  w i th  t r i c i n e .

Gel b u f f e r :  3M T r i s ,  0.3% SDS; pH 8 .4 5 .
( T h e  r u n n i n g  g e l  c o n t a i n s  1 / 3 x  g e l  b u f f e r ,  and t h e  
s ta c k in g  g e l ,  1 / 4 x . )

C) i n  v i t r o  DNA m an ip u la t ion
10x r e s t r i c t i o n  b u f fe r s :  the  recommended b u f fe rs  prov ided  
w ith  the  r e s t r i c t i o n  enzymes were used; s tored  a t  4°C or  
over the  long term a t  -2 0 °C .  Klenow polymerase and CIP
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were used in  s tandard r e s t r i c t i o n  b u f f e r s .

5x l ig a s e  b u f f e r :  BRL; s to red  a t  -2 0 °C .
T4 polymerase and k inase b u f f e r s :  as descr ibed in  Sambrook 
e t  a l . (1 9 8 9 ) .

1x TE b u f f e r :  10mM T r i s / H C l ,  1mM EDTA; pH 8 .0

D) Other  s o lu t io n s  

Phenol:  a l l  phenol conta ined 0.1% 8 -h y d r o x y q u in o l in e , and 
was b u f fe re d  a g a in s t  0.5M T r is / H C l  (pH 8 . 0 ) .

A l k a l i n e  l y s i s  plasmid p r e p a r a t io n  s o lu t io n s  

Birnboim -Doly  I :  50mM glucose, 25mM T r is /H C l  pH 8 . 0 ,  1OmM
EDTA.
B irnbo im -Doly  I I :  0.2M NaOH, 1% SDS: made f r e s h .  
Birnboim -Doly  I I I :  5M potassium a c e t a t e :  equal volumes o f  
3M CH3 COOK and 2M CH3 COOH, pH w i l l  be 4 . 8 .

B- lactamase assay s o lu t io n s
Io d in e :  0.32N io d in e ,  1 . 2N potassiurn io d id e ,  d i l u t e d  1:19  
in  2M sodium a c e t a t e ,  pH4.2.
P e n i c i l l i n :  2.4mg/ml benzy1p e n i c i 11in in  0.1M phosphate
b u f f e r ,  pH7 (Na2HP04 :NaH2 P04 = 3 0 . 5 : 1 9 . 5 ) .

2 .9  C u l t u r e  media.
L -B ro th :  10g t r y p to n e ,  5g ye as t  e x t r a c t ,  5g N aC l , made up 
to  1 l i t r e  in d i s t i l l e d  w ater  and ad jus ted  to  pH 7 .5  w i th  

NaOH. S u p p le m e n t e d  w i t h  2% g l u c o s e  ( f r o m  20% s t o c k  
s o l u t i o n ) .

L-Agar:  as L-Broth w i th  the a d d i t i o n  o f  15g / l  agar .

I s o - s e n s i t e s t  Broth: 2 3 . 4g I s o - s e n s i t e s t  Broth made up to  
1 l i t r e  in  d i s t i l l e d  w ater .
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I s o - s e n s i t e s t  Agar: 3 1 . 4g I s o s e n s i t e s t  Agar made up to  1 
l i t r e  in  d i s t i l l e d  w ate r .

MacConkey agar:  40g MacConkey agar  base ( D i f c o )  made up to  

1 l i t r e  in  d i s t i l l e d  w a te r ,  supplemented w i th  1% r e l e v a n t  

carbon source ( l a c t o s e ,  g a l a c t o s e ) .

Minimal agar:  25ml D&M s a l t s ,  75ml 2% agar in  d i s t i l l e d
w a t e r ;  supplemented w i t h  2 % g l u c o s e ,  2 0 ug /m l  t h i a m i n e  

( v i t a m in  B1) ,  and amino ac ids  as req u ire d  f o r  each s t r a i n  

( a t  4 0 u g /m l , o r  1% casamino a c i d s ) .

4x Davis and M in g io l i  minimal s a l t s  ( D & M  s a l t s ) :  28g
K2 HP04 , 8 g KH2 P04 , 1g sodium c i t r a t e ,  0 .4g  MgS04 H20 ,  made 
up to  1 l i t r e  in  d i s t i l l e d  w a te r .

Phage b u f f e r :  7g Na2HP04 , 3g KH2 P04 , 5g N aCl , 0 .25g  MgS04 , 
15mg CaCl2 .2H20, 1ml "\% g e l a t i n ,  made up to  1 l i t r e  in  

d i s t i l l e d  w a te r .

2 .1 0  S t e r i l i s a t i o n .  A l l  growth media were s t e r i l i s e d  a t  
120°C f o r  15 minutes; supplements and b u f f e r  s o lu t io n s  a t  

108°C f o r  10 minutes and CaCl2 a t  114°C f o r  10 minutes.

2.11 I n d i c a t o r s .
A) X -g a l  ( 5 - b r o m o - 4 - c h l o r o - 3 - i n d o l y l - B - g a l a c t o s i d e )  was 

used in  co n junct ion  w ith  the  host s t r a i n  DS941 and th e  pUC 

v e c to rs ,  p rov id in g  a screen f o r  plasmids w ith  i n s e r t s  in  

th e  p o l y l i n k e r .  Clones c o n ta in in g  in s e r t s  were g e n e r a l l y  
w h ite ;  c lones lack in g  in s e r t s  were b lue .  X-gal  (40mg/ml in  

DMF) was s tored  a t  -20°C  and added to  L-agar  to  a f i n a l  
c o n c e n tra t io n  o f  2 0 u g /m l .

B) C ry s ta l  v i o l e t  was used to  screen f o r  chloramphenicol  
s e n s i t i v i t y ;  co lon ies  which were s e n s i t i v e  grew w h i te ,  and 
those which were r e s i s t a n t  grew p u rp le .
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2 .1 2  A n t i b i o t i c s .  The a n t i b i o t i c  c o n c e n t r a t i o n s  used  

th r o u g h o u t  f o r  both l i q u i d  and p l a t e  s e l e c t i o n  w ere  as 

f o l l o w s :

A nt i  b i o t i  c Source Stock s o lu t io n  S e le c t iv e

A m p i c i l l i n  (Ap)  

T e t r a c y c l i n e  (Tc)
P
P

5mg/ml (w a te r )  50ug/ml
1mg/ml (10mM HC1) 10ug/ml

Chloramphenicol (Cm) p 2.5mg/ml ( e t h a n o l )  25ug/ml

c: chromosome p: plasmid
* :  f o r  mutat ion r a t e  assays, n a l a d i x i c  ac id  was used a t
4 0 u g /m l .
A l l  s tock s o lu t io n s  were s to red  a t  4°C.
A n t i b i o t i c s  were added to  molten agar which was precooled  
to  5 5 °C .

2 .1 3  Growth c o n d i t io n s .  L iq u id  c u l t u r e  f o r  t r a n s f o r m a t i o n , 
DNA p r e p a r a t i o n s  o r  i_n v i v o  t r a n s p o s i t i o n  a s s a y s  w ere  
r o u t i n e l y  grown in  L -b ro th  a t  37°C w i th  v igorous shaking.  
Growth on both L - a g a r  and m in im a l  p l a t e s  were  u s ed .  
A n t i b i o t i c s  were used as r e q u i re d .  P la te s  were g e n e r a l l y  
incubated ov ern ig h t  a t  37°C, or  30°C f o r  MacConkey p l a t e s .  

B a c t e r i a l  s t r a i n s  were s to red  in 50% L -b r o th ,  20% g ly c e ro l
and 1% peptone a t  -2 0 °C .

. 76 °

2 .1 4  Plasmid DNA i s o l a t i o n .
Large s c a le  DNA p re p a ra t io n  (B irnboim and Doly ,  1976; as 
m odi f ied  in t h i s  l a b o r a t o r y ) .

Kanamycin (Km) 
Streptom ycin  (Sm) 
Streptomyci n 

Tr imethoprim  (Tp)  

Spectinomycin (Sp) 
R ifa m p ic in  ( R i f )  
N a l a d i x i c  ac id  ( N a l ) 
V a l i  ne ( V a l )

p 5mg/ml (w a te r )  50ug/ml
c 10mg/ml (w a te r )  100ug/ml
Tn7 0.5mg/ml (w a te r )  5ug/ml
p/Tn7 5mg/ml(50% e th a n o l )  50 ug/ml
Tn7 2.5mg/ml (w a te r )  25ug/ml
c 5mg/ml (m eth an o l ) 50ug/ml
c 2mg/ml (1M NaOH) 2 0 ug /m l*
c 4mg/ml (w a te r )  40ug/ml
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2 0 0 ml c u l tu r e s  o f  s t a t i o n a r y  phase p la s m id -c o n ta in in g  

c e l l s  were harvested  by c e n t r i f u g a t i o n  (1 2 ,4 0 0 g ,  10 min,
4 ° C ) .  The p e l l e t  was resuspended in  4ml o f  s o lu t io n  1. 8ml 
o f  s o lu t io n  2 was added and th e  s o lu t io n  l e f t  on ic e  f o r  a 

f u r t h e r  5 min. 6ml o f  s o l u t i o n  3 was then added, g e n t ly  

mixed and th e  c e l l  d e b r is  and chromosomal DNA removed by 

c e n t r i f u g a t i o n  (3 9 ,2 0 0 g ,  30 min, 4 ° C ) .  The plasmid DNA was 
p r e c i p i t a t e d  from th e  su p e rn a tan t  w i th  12ml isopropanol  
f o r  15 minutes a t  room te m p e ra tu re .  The DNA was p e l l e t e d  

a t  27 ,200g f o r  15 min a t  20°C and was f u r t h e r  p u r i f i e d  by 

banding on a C sC l /E tB r  g r a d i e n t .  The DNA was resuspended 

in  2ml o f  TE b u f f e r  and added to  100-270ul o f  a 15mg/ml 
e th id iu m  bromide s o l u t i o n .  5g o f  CsCl were d is so lve d  in  

3ml o f  w a t e r  and added t o  t h e  D N A /E tB r  s o l u t i o n .  The  

g ra d ie n ts  were c e n t r i fu g e d  in  a Beckman T i70  f i x e d  angle  

r o t o r  a t  200,000g f o r  16 hours a t  25°C. Where two bands 

were v i s i b l e ,  a low er  s u p e r c o i l e d  p la s m id  band and an 

upper nicked DNA band; the  lower band was removed using a 

1ml s y r in g e .  The e th id ium  bromide was removed by repeated  

b u tan o l  e x t r a c t i o n s  and t h e  DNA was p r e c i p i t a t e d  w i t h  

ethanol  and resuspended in  1x TE. The DNA was then ready  

f o r  use.

Small  s c a le  p r e p a r a t i o n s : method o f  Holmes and Q u i g l e y  
( 1 9 8 1 ) .  RNaseA was added to  r e s t r i c t i o n  d ig e s ts  o f  t h i s  

DNA, to  50ug /m l , be fore  load ing  on a g e l .  A l t e r n a t i v e l y  

RNaseA was added to  the  gel s t a i n i n g  s o l u t i o n .

2 .1 5  Bacter iophage lambda DNA i s o l a t i o n .
Large s c a le  p r e p a r a t i o n s  f o l l o w e d  t h e  method g i v e n  in  

Sambrook e t  al . ( 1 9 8 9 ) ,  except t h a t  phage p a r t i c l e s  were
banded by e q u i l ib r iu m  c e n t r i f u g a t i o n  in 0 .71g /m l  C sC l . 
Small  s c a le  p r e p a r a t i o n s  were  made f ro m  p l a t e  l y s a / t e s  
(Sambrook e t  a l . , 1 9 8 9 ) .  DNasel and RNaseA were added to  

4ml p h a g e ,  t o  a f i n a l  c o n c e n t r a t i o n  o f  1 u g / m l ,  and  
incubated f o r  30 minutes a t  room te m p era tu re .  4ml o f  a 20% 

P E G /2 .5 M  NaCl mix was a d d e d ,  and phage p a r t i c l e s
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p r e c i p i t a t e d ,  on i c e ,  f o r  3 0 - 6 0  m i n u t e s .  Phage were  

p e l l e t t e d  by c e n t r i f u g a t i o n  (27 200 g, 15 minutes,  4 ° C ) ,  
resuspended in  0.5mT phage b u f f e r ,  and incubated w i th  SDS 

(0 .1 & )  and EDTA (5mM) a t  70°C f o r  15 m inutes.  The s o lu t io n  

was e x t r a c t e d  w i t h  p h e n o l ,  p h e n o l / c h i o r o f o r m , and  

ch lo ro fo rm ,  and the DNA was p r e c i p i t a t e d  w i th  isopropanol  
and resuspended in 50ul TE.

2 .1 6  Ethanol p r e c i p i t a t i o n  o f  DNA.
2 .1 7  R e s t r i c t i o n  o f  DNA.
2 .1 8  F i l l i n g - i n  o f  r e s t r i c t i o n  enzyme-cleaved t e r m i n i .
2 .19  C a l f  i n t e s t i n a l  phosphatase (C IP )  t r e a tm e n t .
2 . 2 0  L i g a t i o n  o f  DNA f r a g m e n t s .  T h e s e  r o u t i n e  DNA 

m a n ip u la t io n s  were c a r r i e d  o u t  by s t a n d a r d  m eth ods ,  as 
descr ibed  in  Sambrook e t  a l . ,  (1 989 )

2.21 Gel e le c t r o p h o r e s is :  agarose g e ls .
A) S in g le  colony gel a n a ly s is .

Using t h i s  techn ique ,  the  plasmid co n te n t  o f  an i s o l a t e  

can be observed w i t h o u t  t h e  need t o  p u r i f y  t h e  DNA. A 
s i n g l e  t r a n s f o r m a n t  was p a tc h e d  o u t  ( 1 cm s q u a r e )  on a 

s e l e c t i v e  p l a t e  and grown o v e r n ig h t .  Using a t o o th p ic k ,  a 

l a r g e  scrape  o f  c e l l s  was c o l l e c t e d  and re s u sp e n d ed  in  
150ul o f  s in g le  colony gel b u f f e r .  The c e l l s  were l e f t  to  

lyse  a t  room temperature  f o r  15 m inutes.  C e l l  d e b r is  and 

chromosomal DNA was spun down in  an Eppendorf microfuge  
f o r  15 min a t  4°C, and 50ul o f  th e  su perna tan t  was loaded 
onto an agarose g e l .

B) H o r iz o n ta l  agarose g e ls .
0 .7 -1 .2 %  agarose gels were used.
Agarose powder was d i s s o l v e d  a t  100°C  in  b u f f e r  E and 

precooled to  55°C p r i o r  to  use.
H o r iz o n ta l  ge ls  were used to  analyse r e s t r i c t i o n  d ig e s ts ,  
products o f  l i g a t i o n  exper im ents ,  and f o r  s in g le  colony  
gel a n a ly s is .
Gels were u s u a l ly  run f o r  15-18 hours a t  1.5V/cm in  gel
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tanks c o n ta in in g  3 l i t r e s  b u f f e r  E, and then s ta in e d  in  

0 .6 u g /m l  e t h id iu m  brom ide .  The DNA was v i s u a l i s e d  on a 
254nm wavelength UV t r a n s i 1l u m in a t o r .

2 .2 2  Gel  e le c t r o p h o r e s is :  po ly a cry lam id e  g e ls .
A) P o ly acry lam id e  r e s t r i c t i o n  g e ls .

A v a r i e t y  o f  a c r y l a m i  de c o n c e n t r a t i o n s  w e r e  u s e d ,  
depending on the  s iz e s  o f  the fragments o f  i n t e r e s t ,  as 

descr ibed  in  Sambrook e t  a l  . ( 1 9 8 9 ) .  A l l  ge ls  were made
us ing  a s to c k  s o l u t i o n  o f  30% a c r y l a m i d e  : 0 .8%  b i s -
a c r y la m id e  in  d i s t i l l e d  w a t e r .  V e r t i c a l  g e l  k i t s  were  
used, w i t h  1.5mm s p a c e rs .  The g e l  a p p a r a t u s  was s e a l e d  

w ith  0.6% agarose in  1xTBE, which was a ls o  th e  running  

b u f f e r .  The ge ls  were run a t  room tem pera tu re  in  1xTBE a t  

a constant  c u r r e n t  (2 5 -3 0  mA), f o r  2 -3  hours. DNA bands 

were v is u a l i s e d  under 254nm UV i l l u m i n a t i o n  a f t e r  s t a i n i n g  

in  0 . 6  ug/ml e th id ium  bromide f o r  20 min.

B) Non-denatur ing  po lya cry lam id e  g e ls .
These ge ls  were used to  se para te  prote in :DNA complexes.
5% po lyacry lam ide  ge ls  were used; v e r t i c a l  gel k i t s  were 

s e a le d  w i t h  0.6% agarose  in  t h e  a p p r o p r i a t e  TE r u n n in g  
b u f f e r .  The ge ls  were prerun a t  15V/cm f o r  30 -90  min a t  

4°C. A f t e r  loading (w i th  the  power conn ected ) ,  the  ge ls  
were run f o r  2 -3  hours a t  15V/cm, a t  4 ° ,  w i th  th e  b u f f e r  

being r e c i r c u l a t e d  between compartments. When the  gel run 
was complete , i f  l a b e l l e d  fragments were used, the  gel was 

t r a n s f e r r e d  to  f i l t e r  paper and d r ie d  under vacuum. Bands 
were v is u a l i s e d  by au torad iography o f  a sheet  o f  Kodak S1 

f i l m  o v e r n i g h t .  N o n - r a d i o a c t i v e  g e l s  w ere  s t a i n e d  w i t h  
e th id ium  bromide, as f o r  p o ly a c r y 1 amide r e s t r i c t i o n  g e ls .

Gel c o n d i t io n s
's t a n d a r d ’ c o n d i t io n s :  50mM T r i s / G l y c i n e  (pH 9 . 4 ) ,  0.1mM
EDTA.
'pH 8 . 2 ’ co n d i t io n s :  10mM T r is /H C l  (pH 8 . 2 ) ,  0.1mM EDTA.

32



C) Po lyacry lam ide  sequencing g e ls .
Sequencing and f o o t p r i n t i n g  re a c t io n s  were analysed on 8% 

high r e s o lu t i o n  p o ly a c ry la m id e /u re a  g e ls ,  as descr ibed  in  
the  'M13 c lo n in g /d id e o x y  sequencing i n s t r u c t i o n  manual * 
published by BRL. Gels were prerun f o r  30 min and run f o r  

2-3  hours a t  40W. Samples were denatured p r i o r  to  load ing  

(100°C ,  3 m in ) .  A f t e r  the  gel run was complete ,  ge ls  were 

f i x e d  in  10% a c e t ic  ac id  f o r  30 min, d r ie d  under vacuum 

and autorad iographed.

2 .2 3  Gel e le c t r o p h o r e s is :  p r o t e i n  SDS-PAGE fo l lo w e d  the  

method o f  Laemmli ( 1 9 7 0 ) .  Gels were s ta in e d  w i th  Coomassie 

Blue (0 .1%, in  50% MeOH, 10% AcOH: d e s ta in  10% MeOH, 10% 
AcOH) o r  w i th  s i l v e r  (M o rr is s e y ,  1981) .

2 . 2 4  Photography o f  g e l s .  G e ls  w ere  p h o to g r a p h e d  u s in g  

P o l a r o i d  ty p e  67 land  f i l m  o r  u s in g  a P e n ta x  35mm SRL 

loaded w i th  I l f o r d  HP5 f i l m .  Both cameras were f i t t e d  w i th  
a Kodak Wratten f i l t e r  No.23A.

2 .2 5  A u to ra d io g ra p h y  was c a r r i e d  o u t  as d e s c r i b e d  in  

Sambrook e t  a l . ( 1 9 8 9 ) ,  using Kodak XS1 or  F u j i  RX100 Xray  

f i l m .

2 .2 6  E x t r a c t i o n  o f  DNA from  a g a r o s e  g e l s .  G e ls  w ere  

s ta in e d  w i th  e th id ium  bromide, th e  bands v i s u a l i s e d  on a 

UV t r a n s i  11 u m i n a t o r , and t h e  band o f  i n t e r e s t  e x c i s e d  

using a s c a lp e l .  Var ious techn iques  were used to  e x t r a c t  
the  DNA. E l e c t r o e l u t i o n  was c a r r i e d  ou t  using an I B I  UEA 

u n i d i r e c t i o n a l  e l e c t r o e l u t o r , f o l l o w i n g  t h e  p r o t o c o l  
prov ided .  'Geneclean’ (B io101)  was used according t o  th e  

m a n u fa c tu re r ’ s d i r e c t i o n s .  The c e n t r i f u g a t i o n  method o f  

Heery e t  a l . ( 1 9 9 0 )  was a lso  used, f o r  fragments o f  <1 kb.

2 .2 7  E x t r a c t io n  o f  DNA from p o lya c ry la m id e  g e ls .  The band 
of  i n t e r e s t  was excised from a gel as above. The DNA was 

e x t r a c t e d  by e l e c t r o e l u t i o n  (see above ) ,  or  by the  *crush
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and s o a k ’ method o f  Maxam and G i l b e r t  ( 1 9 7 7 ) .

2 .2 8  P u r i f i c a t i o n  o f  s y n th e t ic  o l ig o n u c l e o t i d e s .
The o l i g o n u c l e o t i d e  was removed f r o m  t h e  s u p p o r t  and 

de pro tec te d  accord ing  to  th e  p ro to c o l  prov ided by App l ied  

Biosystems; th e  s o lu t io n  was evapora ted  to  dryness under 

vacuum, and th e  DNA resuspended in  TE. Where necessary,  
th e  f u l l  len g th  o l ig o n u c le o t id e  was p u r i f i e d  ( t o  remove 

s h o r t e r ,  p rem ature ly  te rm in a ted  products )  by de natur ing  

gel e l e c t r o p h o r e s i s  as d e s c r i b e d  in  Sambrook e t  a l . 
( 1 9 8 9 ) .

2 .2 9  L a b e l l in g  o f  DNA fragments .
A) 5* e n d - l a b e l l i n g  by T4 k inase

I s o l a t e d  DNA f ra g m e n ts  ( 0 . 5 - 1 0 p m o l  e n d s )  t h a t  had been  
t r e a t e d  w i t h  C IP  w e re  e n d - l a b e l l e d  as d e s c r i b e d  i n  

Sambrook e t  a l  . ( 1 9 8 9 ) ,  and the  DNA p u r i f i e d  by phenol
e x t r a c t i o n  and ethanol  p r e c i p i a t i o n .

B) 3* e n d - l a b e l l i n g  by t h e  K lenow f r a g m e n t  o f  DNA 

polymerase I
A p p ro p r ia te ly  r e s t r i c t e d  DNA or p u r i f i e d  DNA fragment were 

e n d - l a b e l l e d  by f i l l i n g  in  r e c e s s e d  3 ’ ends w i t h  t h e  
K len o w  f r a g m e n t  o f  DNA p o l y m e r a s e  I . The r e a c t i o n  

c o n ta in e d  1 -2 00 u g /m l  DNA ( 0 . 5 - 2  pmol o f  e n d s ) ,  50nM
o p

u n la b e l le d  n u c le o t id e s ,  10uCi a lpha  ( P)dNTP, r e s t r i c t i o n  

b u f f e r  (R E a c t2 ,  REact4 ,  and 0 . 5 x R E a c t 3  were u s e d ) ,  and 

0 . 5 - 2  u n i t s  Klenow enzyme. A f t e r  in c u b a t io n  a t  16°C f o r  90 

min, the  r e a c t io n  was stopped by phenol e x t r a c t i o n ,  and 
the  DNA was ethanol p r e c i p i t a t e d .

3) Random pr im ing fo l low e d  the p ro toco l  o f  Feinberg and 

V o g e l s t e i n  ( 1 9 8 4 ) ;  th e  u n i n c o r p o r a t e d  n u c l e o t i d e s  w e re  
removed on 1ml Sephadex G-75 or G-50 columns (Sambrook e t  
al . , 1989) .
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2 .3 0  DNase I  n ic k in g  o f  DNA. DNase I  was d i l u t e d  in  10mM 

T r is / H C l  pH 8 . 0 ,  10mM MgCl2 i 50*  g ly c e ro l  ( v / v )  and s to re d  

a t  - 2 0 ° C . DNA samples in  50 mM T r i s / C l  (pH 8 . 2 ) ,  1 mM 

EDTA, 10mM MgCl2 , and 300 ug/ml e th id ium  bromide, were 

t r e a t e d  w i t h  2 ug/ml DNase I  f o r  30 m in u t e s  a t  3 0 ° C .  
React ions were quenched w i th  EDTA (20 mM), and e th id iu m  

b r o m i d e  and D N a s e l  w e re  rem ove d  by e x t r a c t i o n  w i t h  

p h e n o l / c h l o r o f o r m  o r  b u t a n o l ;  t h e  DNA was t h e n  

p r e c i p i t a t e d  w i th  e th a n o l .

2.31 T r a n s f o r m a t i o n  w i t h  p l a s m i d  DNA. G e n e t i c  
t r a n s fo rm a t io n  in troduced plasmid DNA in t o  d i f f e r e n t  host  

s t r a i n s .  A standard CaCl2 p ro toco l  was used (Sambrook e t  

a l . , 1989) .  The presence o f  the  c o r r e c t  plasmid in  the  

t ra n s fo rm a n t  c o lo n ie s  was confirmed by the s i n g l e  colony  
gel e le c t r o p h o r e s is  procedure ( 2 . 2 1 A ) .

2 .3 2  T ransduct ion  w i th  phage P1. G en era l ised  t r a n s d u c t io n  

was used to  move a l l e l e s  between s t r a i n s ,  and fo l lo w e d  the  
method o f  M i l l e r  ( 1 9 7 2 ) .

2 .3 3  C on jug a t io n .  R388 and i t s  d e r i v a t i v e s  are  c o n ju g a t iv e  

plasmids,  and were moved between s t r a i n s  by p l a t e  mating  

according to  M i l l e r  ( 1972) .  C o n ju g a t iv e ,  or  1 m a t e - o u t ’ 
t r a n s p o s i t i o n  assays were performed by the same method; 
e x c o n ju g a n ts  were scored f o r  t h e  p r e s e n c e  o f  p l a s m i d  

m arkers  ( t r i m e t h o p r i m )  and t r a n s p o s o n  m a r k e r s ,  and t h e  

p ro p o r t io n  o f  products bear ing  the  transposon marker was 
termed the  t r a n s p o s i t i o n  freq uen cy .

2 . 3 4  Phage lambda p a c k a g in g ,  and i n f e c t i o n  o f  E . c o l i  . 
Phage DNA was r o u t i n e l y  packaged u s in g  G ig a p a c k  G o ld  

packaging e x t r a c t s  ( S t r a t a g e n e ) , using the  m anufac turers  

p r o t o c o l  f o r  t h e  p a c k a g i n g  r e a c t i o n  and s u b s e q u e n t  
i n f e c t i o n  in to  E ; c o l i .
Packag ing  e x t r a c t s  d e f e c t i v e  in  m ism atch  r e p a i r  w e re  

prepared from the  s t r a i n s  NK7515 and NK7516 (both  mutL : :
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Tn5) ,  by the  method descr ibed in  Sambrook e t  a 1 . ( 1 9 8 9 ) .

2 .3 5  T e s t in g  o f  UV s e n s i t i v i t y .  Te n fo ld  d i l u t i o n  s e r ie s  

( 10o- 1<T6 ) were prepared from l a t e  log phase c u l t u r e s ,  and 

10ul sp o t ted  onto agar p l a t e s .  The p l a t e s  were exposed to
n

UV i r r a d i a t i o n  ( 1 7 .5  e rgs /se c /m  ) ,  f o r  a known per iod  o f  
t im e ,  and incubated o v e rn ig h t  in  th e  dark .

2 .3 6  M u t a t i o n  r a t e  a s s a y s .  The r a t e s  o f  m u t a t i o n  o f  

s t r a i n s  to  r e s is ta n c e  to  r i f a m p i c i n ,  n a l a d i x i c  a c id ,  and 

v a l i n e ,  were d e te rm in e d  as d e s c r i b e d  by G l ic k m a n  and 

Radman ( 1 9 8 0 ) .

2 .3 7  P r o te in  q u a n t i t a t i o n .
A) B ra d fo rd ’ s assay: as descr ibed  (B ra d fo rd ,  1976) .
B) B ic in c h o n in ic  a c id  (BCA) assay: as descr ibed by Smith 

e t  a l . ( 1 9 8 5 ) .  I n i t i a l  p r o t e i n  a s s a y s  on c ru d e  e x t r a c t s  
were done w i t h  B r a d f o r d ’ s r e a g e n t .  H ow ever ,  TnsB was 

i n s o lu b le  in  the  a c i d i c  c o n d i t io n s  o f  the  Bradford assay,  
and tended to  form aggregates;  p r o t e in  es t im ate s  during  

the  p u r i f i c a t i o n  were c a r r i e d  out by the  BCA assay.

2 .3 8  G a la c to k in a s e  assays were c a r r i e d  out as descr ibed by 

McKenney e t  a l . ( 1 9 8 1 ) .  The r e s u l t s  w ere  c o r r e c t e d  f o r  

p la sm id  copy number by a s s a y in g  B - l a c t a m a s e  a c t i v i t y .  
0.5ml o f  the cell  l y s a t e  used f o r  GalK d e te rm in a t io n  was 

added t o  2.5ml p e n i c i l l i n  s o l u t i o n ,  and incubated a t  30°C 

f o r  1 0 -5 0  m in u te s .  5ml i o d i n e / a c e t a t e  was added ,  and 

i n c u b a t i o n  c o n t i n u e d  f o r  a f u r t h e r  10 m i n u t e s .  The  

absorbance a t  499 nm was r e a d ,  compared t o  a c o n t r o l  

( c u l t u r e  added a f t e r  t h e  i o d i n e ) .  A c t i v i t y  i n  
u n i t s /m l /h o u r  were c a lc u la t e d  as:

A a 499  x assay volume(ml)  x t im e (h o u rs )
sample volume(ml)  

and could be converted to  s p e c i f i c  a c t i v i t y  by d i v i d i n g  by 
th e  A650  o f  the  c u l t u r e .
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2 . 3 9  P u r i f i c a t i o n  o f  T n s B .  TnsB was made f r o m  t h e  

o v e rp ro d u c in g  s t r a i n  DS941/p M R 2 0 7 . A s m a l l  ( 2 . 5  m l )  
o v e r n ig h t  c u l t u r e  was in o c u la te d  in t o  400ml i s o s e n s i t e s t  

b r o th  p lu s  t r i m e t h o p r i m ,  in  a 2 l i t r e  f l a s k ,  and t h e  

c u l t u r e  grown a t  37°C, w i th  shak ing,  u n t i l  an A60q o f  0 .5  
was reached ( 3 - 4  h o u rs ) .  tnsB express ion  was induced by 

t h e  a d d i t i o n  o f  an equal  vo lume o f  t h e  same medium,  
prewarmed to  37°C ,  made 1mM i n  IPTG ,  and g ro w th  was 

c o n t in u e d  f o r  2 - 3  h o u rs .  The c e l l s  were  c o l l e c t e d  by 

c e n t r i f u g a t i o n  (1 2 ,4 0 0  g, 10 m inutes,  4 ° C ) ,  and washed in  
e x t r a c t i o n  b u f f e r .  A f t e r  the  second s p in ,  th e  c e l l s  were 

resuspended in  1 . 5 - 2  ml e x t r a c t i o n  b u f f e r  p e r  gram w et  
wei ght o f  cel I s .

C e l l s  were broken open in  a French press (2 x 950 p s i ) ,
and th e  l y s a t e  c l e a r e d  by c e n t r i f u g a t i o n  ( 3 9 , 2 0 0  g ,  30
m inutes ,  4 °C ) .  The p e l l e t  was washed severa l  t imes in  the  

same b u f f e r ,  by thorough r e s u s p e n s io n  and r e s p i n n i n g ,  
u n t i l  no f u r t h e r  p r o t e in  e lu te d  in t o  the  s u p e rn a ta n t .  The 
p e l l e t  was then resuspended in  TnsB b u f f e r  (around 700ul  
p er  400 ml c u l t u r e ) ,  th e  s o l u t i o n  l e f t  on i c e  f o r  30 
minutes to  ensure complete resuspension, and r e p e l l e t t e d .  

TnsB should be in  the  s u p e rn a ta n t ,  and can be co ncen tra ted  
by reducing the  s a l t  c o n c e n t ra t io n ;  t h i s  can be achieved  

by o v e r n i g h t  d i a l y s i s  a g a i n s t  e x t r a c t i o n  b u f f e r ,  o r  by 

d i l u t i o n  o f  the  s o lu t io n  w i th  e x t r a c t i o n  b u f f e r  w i t h  no 

KC1 , to  re tu rn  the s a l t  c o n c e n tra t io n  to  200mM. TnsB was 
recovered as a p r e c i p i t a t e ,  and was resuspended in  0 .2 5 -1  

ml TnsB b u f f e r ;  t h i s  s o lu t io n  c o n s is ts  o f  around 75% TnsB,
and can be s tored  in  50% g ly c e ro l  a t  -2 0 °C .

The TnsB b u f f e r  was r e p l a c e d  by column b u f f e r ,  by 

d i l u t i o n  o r  d i a l y s i s ,  and t h e  s a m p le  l o a d e d  o n t o  a 

Superose 6 gel f i l t r a t i o n  column (Pharm ac ia ) .  The column 

was run on a Waters 650E FPLC system, a t  a f lo w  r a t e  o f  
0 . 5 m l /m in u te . 0 .5  ml samples were c o l l e c t e d .  TnsB e lu t e d  

a t  an e l u t i o n  v o lu m e  o f  1 5 . 6  m l ,  and t h e  r e l e v a n t  

f r a c t i o n s  were s tored in  50% g ly c e ro l  a t  -2 0 °C .
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B u f fe r s
E x t r a c t io n  b u f f e r :  150mM T r is / H C l  (pH8 . 2 ) ,  200mM KC1 , 1mM 

EDTA, 1mM PMSF, 1mM DTT, 1mM benzamidine. The l a s t  t h r e e  

were added f r e s h  to  a s tock s o l u t i o n ,  which was s to re d  a t  

4 ° C .
TnsB b u f f e r :  as e x t r a c t i o n  b u f f e r ,  but made 1.3M in  KC1. 
TnsB s to rage  b u f f e r :  50% TnsB b u f f e r ,  50% g l y c e r o l .
Column b u f f e r :  50mM T r is /H C l  (p H 8 .2 ) ,  675mM KC1, 1mM EDTA,
0.5mM PMSF, 0.5mM DTT, 0.5mM benzamidine.

2 .4 0  Gel b ind ing  assays. 1 ul p r o t e in  samples were added 

t o  0 . 2 - 1  ng e n d - l a b e l l e d  DNA f r a g m e n t  c o n t a i n i n g  t h e  

b ind ing  s i t e  o f  i n t e r e s t ,  and 30 -50  ng pUC18 c a r r i e r ,  in  a 

volume o f  10 u l . The re a c t io n s  were incubated f o r  10-15  

minutes,  a t  room te m p era tu re ,  then quenched by p la c in g  th e  

samples on ic e .  The samples were loaded immediate ly  onto a 

5% p o l y a c r y l a m i d e  g e l ,  r u n n i n g  a t  1 0 0 V .  C o n t r o l  
i n c u b a t io n s  were s e t  up as a b o v e ,  b u t  w i t h  1ul  TnsB  

d i l u t i o n  b u f f e r ,  ie  a l l  samples conta ined the  same s a l t  
and g ly c e ro l  c o n c e n tra t io n s .

B inding c o n d i t io n s  ( f i n a l )
' s t a n d a r d ’ c o n d i t i o n s :  50mM T r i s / G l y c i n e  ( p H 9 . 4 ) ,  1 mM
EDTA, 68mM KC1, 10% ( v / v )  g l y c e r o l .

'pH 8 . 2 ’ c o nd i t io n s :  as above, but 50mM T r is /H C l  ( p H 8 .2 ) .  

TnsB was d i l u t e d  in to  s torage  b u f f e r .

F IS  c o n d i t i o n s :  50mM T r i s / G l y c i n e  ( p H 9 . 4 ) ,  0 . 1 mM EDTA, 
60mM NaCl, 10% ( v / v )  g l y c e r o l .  FIS was d i l u t e d  in  50mM
T r is /H C l  pH8 . 2 ,  1M N aCl , 1mM EDTA.

IHF c o n d i t io n s :  as s tandard or  pH 8 .2  c o n d i t io n s ,  but 50mM 

NaCl in s t e a d  o f  KC1 . IHF was d i l u t e d  in  50mM T r i s / H C l  

( pH8 . 2 ) ,  500mM 1mM NaCl, 1mM EDTA, 50% g l y c e r o l .
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2.41 F o o t p r i n t in g .  DNasel f o o t p r i n t i n g  was c a r r i e d  out as 

d e s c r ib e d  by Galas  and S c h m itz  ( 1 9 7 9 ) .  R e a c t i o n s  were  

c a r r i e d  out in  a volume o f  4 0 u l , and conta ined 25ug/ml  
c a r r i e r  DNA (sheared salmon sperm) and 10-20ng l a b e l l e d  

f r a g m e n t .  4 ul o f  p r o t e i n  d i l u t i o n  was a d d ed .  A f t e r  

in c u b a t io n ,  the  r e a c t io n s  were t r e a t e d  w i th  4 u n i ts  FPLC- 
p u r i f i e d  DNase I (P h a rm a c ia )  f o r  1 m inute ,  the  c leavage was 

stopped w ith  excess EDTA, and the  r e a c t io n s  were e x t r a c t e d  

w i t h  p h e n o l  and p r e c i p i t a t e d  w i t h  e t h a n o l  b e f o r e  

r e s u s p e n s i o n  i n  f o r m a m i d e  l o a d i n g  b u f f e r  f o r  

e le c t r o p h o re s i  s .
Hydroxyl r a d ic a l  f o o t p r i n t i n g  was as descr ibed  by T u l l i u s  

e t  a l . ( 1 9 8 7 ) .
B in d in g  r e a c t i o n  c o n d i t i o n s :  50mM T r i s / H C 1 pH8 .2  , 1 mM
EDTA, 67mM KC1, w i th  5mM MgC^ and 10% g ly c e ro l  f o r  DNasel 
r e a c t io n s .  Reactions were incubated f o r  15 minutes a t  37°C 

(DNase I )  or  room tem perature  (hydroxyl  r a d i c a l )  p r i o r  to  

cleavage .
F o r  b o th  t y p e s  o f  f o o t p r i n t ,  i n  o r d e r  t o  r e d u c e  

degradat ion  o f  the  DNA, i t  was s to red  in  ethanol  or  as a 

d r i e d  p e l l e t  a f t e r  th e  e x p e r i m e n t ,  and res u sp e n d e d  in  
loading b u f f e r  immediately be fo re  e l e c t r o p h o r e s i s . 
S e q u e n c e  s t a n d a r d s  w e re  g e n e r a t e d  by b a s e - s p e c i f i c  

cleavage rea c t io n s  (Maxam and G i l b e r t ,  1977) ,  using the  

protoco l  published by I . B . I .  (1987 c a ta lo g u e ) .

2 .4 2  Experiments w i th  DNA l i g a s e .  Binding r e a c t io n s  were 

c a r r ie d  out in  2 0 u1 (n icke d  s u b s t ra te s )  or  10 0ul ( l i n e a r  

s u b s t r a t e s ) ,  as f o r  gel b ind ing assays ( 2 . 4 0 ) .  Reaction  

c o n d i t i o n s  were as pH 8 . 2  c o n d i t i o n s  f o r  g e l  b i n d i n g  

assays, w ith  the  a d d i t io n  o f  10mM MgCl2 , 1mM DTT, and 0 . 5 -  
1mM ATP, and 50mM NaCl f o r  r e a c t i o n s  w i t h  l i n e a r  

s u b s t ra te s .  1ul o f  p r o t e in  d i l u t i o n  was added. A f t e r  15 

m inutes  in c u b a t io n  a t  room t e m p e r a t u r e ,  DNA l i g a s e  was 

added ( 0 . 5  u n i ts  per nicked s u b s t ra te  r e a c t io n ,  2 .5  u n i ts  

per l i n e a r  s u b s t ra te  r e a c t io n )  and in c u b a t io n  continued  

f o r  30-50 minutes. Reactions were stopped by adding SDS or
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protease  K, or  were p r e c i p i t a t e d  w i th  e thanol  or  e x t r a c te d  

w ith  butanol where th e  volume needed t o  be reduced.

2 .4 3  P ro te in  N - te rm in a l  sequencing. A TnsB sample was run 

on T r i s / T r i c i n e  SDS-PAGE (5% s t a c k i n g  g e l ,  10% r u n n in g  

g e l ) ,  and th e  p r o t e i n  was e l e c t r o b l o t t e d  o n to  P r o b l o t t  

membrane ( A p p l i e d  B i o s y s t e m s ) ,  a c c o r d i n g  t o  t h e  

m a n u fa c tu re r ’ s i n s t r u c t i o n s .  The 85 kDa band was located  

by Coomassie s t a i n i n g ,  and the  band e x c is e d .  The sequence 

was d e te rm in e d  on an A p p l ie d  B io s y s t e m s  477A a u to m a te d  

p r o t e in  sequencer (Department o f  M o le c u la r  P a laeon to lo gy ,  
U n i v e r s i t y  o f  Glasgow).

2 .4 4  South-Western b l o t t i n g  was c a r r i e d  out as descr ibed  

by Miskimins e t  a l . ( 1 9 8 5 )  w i th  s l i g h t  m o d i f ic a t io n s ;  the  

f i l t e r s  were b lo c k ed  us ing  0 .02%  b o i 1ed BSA i n s t e a d  o f  
B l o t t o  (Roth e t  a ! . ,  1 9 8 8 ) ,  and w i t h  10 0u g /m l  s h e a r e d  

salmon sperm DNA. B in d in g  r e a c t i o n s  w ere  c a r r i e d  o u t  

o v e rn ig h t  a t  4°C, or  f o r  one hour a t  room te m pera tu re ,  and 
th e  probed b l o t s  were washed f o r  15 minutes in  b ind ing  

b u f f e r  c o n t a i n i n g  50mM NaCl ( 0 . 3 M  NaCl f o r  r e s o l v a s e  
f i 1t e r s ) .
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CHAPTER 3

PURIFICATION OF TnsB
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3 .1  INTRODUCTION

I n  o r d e r  t o  s t u d y  t h e  b i o c h e m i s t r y  o f  Tn7  

t r a n s p o s i t i o n  in  d e t a i l ,  we would l i k e  t o  be a b le  to  c a r ry  

out t r a n s p o s i t i o n  r e a c t io n s  in  a c e l l - f r e e  system, using  

p u r i f i e d  components. There are  two approaches t o  t h i s .  The 

components can be p u r i f i e d  in dep endent ly  and r e c o n s t i t u t e d  

in t o  an a c t i v e  system. A l t e r n a t i v e l y  an in v i t r o  re a c t io n  
can be achieved in  a crude c e l l  e x t r a c t ,  and p r o t e in s  e t c .  

n o t  r e q u i r e d  can be p u r i f i e d  away f r o m  t h i s .  The  

a l t e r n a t i v e  approaches are compared in  ch apter  8 . We have 

taken the  form er approach, which has the  advantage t h a t  
each o f  the  t r a n s p o s i t i o n  fu n c t io n s  can be c h a r a c t e r is e d  

independent ly  during the p u r i f i c a t i o n  stage o f  the  work.
The product o f  the  t n s B gene was a prime cand idate  

f o r  p u r i f i c a t i o n ,  f o r  tw o  r e a s o n s .  F i r s t l y ,  t h e  

p o ly p e p t id e  had p re v io u s ly  been observed on g e ls ,  which 

was not the  case f o r  o th e r  Tn7 p r o te in s  (eg TnsA) when 

t h i s  p r o j e c t  was s t a r t e d .  B r e v e t  e t  a l  . ( 1 985 ) used
s t r a i n s  c o n ta in in g  fragments o f  Tn7 cloned in to  p lasmids,

O  C

l a b e l l e d  th e  c e l l s  w i th  S -m eth  i on i ne , and lo o k e d  a t  
whole c e l l  l y s a te s  on SDS-PAGE. A p r o t e in  o f  85 kDa was 

observed in c e l l s  co n ta in in g  the  2 .5  kb B g l l l  (1 3 .1  kb) to  

H i n d l l l  ( 1 0 .6  kb) f ragment.  Th is  r e s u l t  is  c o n s is te n t  w i th  

th e  com plem enta t ion  d a ta  ( R o g e r s ,  1 9 8 6 ;  Rogers  e t  a l  . , 
1986) and w i th  DNA sequencing ( F lo r e s  e t  a l . ,  1990) ,  which  

d e f in e  th e  B g l I I - H i n d l l l  reg ion  as c o n ta in in g  tnsB. Mark 

Rogers ( 1986)  used m in ic e l  1 s ( A d l e r  e t  a l  . , 1 967 ) t o
i d e n t i f y  p r o t e i n s  coded by s u b c l o n e s  o f  Tn7 c a r r i e d  on 
plasmids; again an 85 kDa p r o t e in  was found to  be encoded 

by th e  same re g io n  o f  th e  t r a n s p o s o n .  A se con d ,  band,  
corresponding to  a 57 kDa p r o t e i n ,  was observed on ly  in  
the  presence o f  both the t n s B and t n s E genes, and t h i s  may 

be a t n s E dependent s h o r te n e d  fo rm  o f  TnsB ( o r  v i  ce  
v e r s a ) .

More  r e c e n t l y ,  O r l e  and C r a i g  ( i n  p r e s s )  used  
a n t ib o d ie s  to  Tn7 p ro te in s  to  probe Western b lo ts  o f  c e l l
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e x t r a c t s .  For c e l l s  c o n t a i n i n g  t n s B , a p r o t e i n  w i t h  an 

apparent  m o lecu la r  w eight  o f  around 85 kDa is  d e te c te d ,  as 

w el l  as a s e r ie s  o f  s m a l le r  p o ly p e p t id e s .  They suggested  

t h a t  these  are  degrada t ion  products  o f  TnsB.
Secondly, an assayable  a c t i v i t y  was known f o r  TnsB. 

Work by E k a t e r i n a k i  ( 1 9 8 7 )  d e m o n s t r a t e d  t n s B - d e p e n d e n t  

b in d in g  t o  th e  r i g h t  end o f  T n 7 ,  b o th  in  v i v o  ( t n s B- 
dependent repress ion  o f  P1 in  promoter probe v e c to rs )  and 

i n v i t r o , u s i n g  g e l  r e t a r d a t i o n  a s s a y s  ( F r i e d  and  

C ro th e rs ,  1981; Garner and R evz in ,  19 81 ) .  Crude e x t r a c t s  

o f  c e l  I s  c o n t a i n i n g  p l a s m i d s  w i t h  c l o n e d  t n s B , on 
i n c u b a t i o n  w i t h  a l a b e l l e d  Tn7 end f r a g m e n t ,  caused  

r e t a r d a t i o n  o f  t h a t  f r a g m e n t  i n  n o n - d e n a t u r i n g  g e l  
e l e c t r o p h o r e s i s , and gave r i s e  t o  a s e r i e s  o f  r e t a r d e d  

complexes. McKown e t  a l . (1 987 )  have a ls o  reported  such a 
t n s B - d e p e n d e n t  DNA b i n d i n g  a c t i v i t y  in  c r u d e  c e l l  

e x t r a c t s .  For use in  the  p u r i f i c a t i o n  o f  TnsB, th e  gel  
s h i f t  assay has been developed and improved (see s e c t io n
4 . 5 ) ,  so t h a t  es t im ates  to  a l lo w  some q u a n t i t a t i o n  o f  the  

b ind ing  a c t i v i t y  can be made. The assay a ls o  a l low s  us to  

observe n o n - s p e c i f i c  b ind ing to  c o n t ro l  DNA fragments ,  and 

so assess the  e x te n t  o f  contam inat ion  by o ther  DNA-binding  

p r o te in s  during the p u r i f i c a t i o n .
Th is  chapter  descr ibes  the  overexpress ion  o f  t n s B in  

E. c o l i . and subsequent p u r i f i c a t i o n  o f  the p r o t e i n .  The 

DNA b ind ing  a c t i v i t y  descr ibed above was used as an assay  

to  f o l l o w  the p u r i f i c a t i o n ,  and exper iments to  determ ine  
w h ic h  p o l y p e p t i d e s  a r e  r e s p o n s i b l e  f o r  t h e  b i n d i n g  

a c t i v i t y  were c a r r i e d  ou t .  The r e s u l t s  suggest t h a t  the  

c o m p l e x i t y  o f  t h e  s e q u e n c e s  a t  t h e  Tn7 t e r m i n i  i s  

r e f l e c t e d  in  m u l t i p l e  i n t e r a c t i o n s  be tw een t h e  DNA and 
TnsB, and probably some host-encoded p r o t e in s .

RESULTS AND DISCUSSION

3 . 2  Overexpression o f  TnsB
The overexpressing plasmid used to  produce TnsB is
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pMR207; t h i s  is  based on a pBAD-derived P-tac express ion  

v e c to r  pMR78, which has a ce r  s i t e  in s e r te d  in t o  i t  t o  

in c re as e  plasmid s t a b i l i t y  (Summers and S h e r r a t t  1984) ;  

th e  b e t a - 1actamase gene has been d is ru p te d  by i n s e r t i o n  
o f  t h e  d i h y d r o f o l a t e  r e d u c t a s e  gene  ( t r i m e t h o p r i m  

r e s i s t a n c e )  from R388. The p l a s m i d  c a r r i e s  t h e  pUC8 

p o l y l i n k e r .  To c o n s t ru c t  pMR207, th e  2 .5  kb B g l l l  (1 3 .1  

kb) t o  H i n d l l l  ( 1 0 . 6  kb) Tn7 f r a g m e n t  c o n t a i n i n g  t h e  

complete t n s B gene was cloned i n t o  pMR78 cut  w i th  EcoRI 
and H i n d l l l  ( t a b l e  2 . 2 ;  M. R o g e r s ,  p e r s o n a l  
comm unicat ion) .

The i n s e r t  in  pMR207 in c lud es  th e  C - te rm in a l  18 amino 

a c id s  o f  TnsA; i t  a ls o  i n c l u d e s  t h e  - 1 0  r e g i o n  o f  t h e  

p r o p o s e d  p r o m o t e r  P2 ( R o g e r s  e t  a l . ,  1 9 8 6 )  b u t  i n
t r a n s c r i p t i o n a l  fus ions  these  sequences did  not promote 
r e p o r t e r  gene express ion ,  probab ly  due t o  the  d e l e t i o n  o f  

t h e  - 3 5  re g io n  ( E k a t e r i n a k i  , 1987 ) .  The c o n s t r u c t  a l s o  
in c lu d e s  the N - te rm in a l  132 amino ac ids  o f  TnsC, i f  tnsC 

t r a n s l a t i o n  begins a t  th e  f i r s t  ATG codon i n  t h e  open  

r e a d in g  f ra m e .  However, t h i s  c l o n e  does n o t  com p lem ent  
tn s A or  tn s C d e fe c ts .

pMR207 d i f f e r s  from th e  e x p r e s s i o n  c l o n e  used by 

E k a te r in a k i  (1987)  in  t h a t  the  p r o t e in  produced lacked 7 

amino ac ids  from the C te rm inus o f  TnsB; t h i s  d e l e t i o n  

does n o t  a f f e c t  t h e  p r o t e i n ’ s a b i l i t y  t o  m e d i a t e  
t r a n s p o s i t i o n  (Rogers, 1986) .

P re p a ra t io n s  o f  the  p r o t e in  were made in  s t r a i n  DS941 

c o n t a i n i n g  pMR207; t h i s  s t r a i n  c o n t a i n s  a chromosomal  
1 ac l ^ , and so is  ab le  to  repress th e  ta c  promoter to  some 
e x t e n t .  C o n t r o l  p r e p a r a t i o n s  w e r e  made f r o m  DS941  

c o n ta in in g  pMR78.

3 . 3  Binding a c t i v i t y  in  crude e x t r a c t s  o f  DS941/pMR207
Crude c e l l  e x t r a c t s  were prepared from DS941/pMR207, 

and were assayed f o r  b inding to  Tn7 RE sequences by n a t i v e  

gel e le c t r o p h o re s is  ( f i g u r e  3 . 1 ) .  The DNA used is  pNE200 
( t a b l e  2 . 2 ,  f i g u r e  4 . 1 ) ,  which c a r r i e s  205 bp o f  the  r i g h t
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F ig u r e  3.1  D N A -b ind ing  a c t i v i t y  in  c ru d e  e x t r a c t s  o f  
DS941/ pMR207
10 ng pNE200 ( c u t  w i t h  EcoRI  and H i n d l l l )  was i n c u b a t e d  
w i t h  2 ug c r u d e  e x t r a c t  f o r  t h e  t i m e  i n d i c a t e d  ( l a n e s  1 - 5 )  
o r  f o r  15 m i n u t e s  w i t h  t h e  i n d i c a t e d  a m o u n t  o f  e x t r a c t  
( l a n e s  7 - 1 1 ) ,  a t  room t e m p e r a t u r e ,  and t h e  r e a c t i o n s  r u n  
on a 5% n o n - d e n a t u r i n g  p o l y a c r y l a m i d e  g e l .
B i n d i n g  c o n d i t i o n s :  50mM T r i s / H C l  ( p H 8 . 2 ) ,  1mM EDTA,  20mM
KC1 , 10% g l y c e r o l ,  1 5 0 u g / m l  s h e a r e d  s a l m o n  s p e r m  ' c a r r i e r ’ 
DNA.
Gel  c o n d i t i o n s :  1OmM T r i s / H C l  ( p H 8 . 2 ) ,  1mM EDTA; 4 ° C .

1 1 5 s e c 1 ane 7 1 ug
2 3 m i n 8 1 . 5 ug
3 6 mi n 9 2 ug
4 9 mi n 10 3 ug
5 12 m in 1 1 4 ug
6 no e x t r a c t

C o mp l e x e s  a r e  i n d i c a t e d  I - V I I I .
T f r a g m e n t  c o n t a i n i n g  Tn7 r i g h t  end
P pUC8 v e c t o r  f r a g m e n t

The  DNA s u b s t r a t e s  u s e d  i n  t h i s  a n d  a l l  s u b s e q u e n t  
b i n d i n g  e x p e r i m e n t s  a r e  e n d - 1a b e l 1e d , and c o n t a i n  t h e  
r i g h t - h a n d  end  ( 2 0 5  b p )  o f  T n 7 , on a 235 E c o R I - H  i  n d l  11 
f r a g m e n t .



end o f  Tn7 on an E c o R I - H i n d l l l  f ragment;  the pUC8 v e c to r  

f ragment remains in  the  assay as an i n t e r n a l  c o n t ro l  f o r  

n o n - s p e c i f i c  b ind ing .
The p a t t e r n  o f  complexes seen in  f i g u r e  3 .1  was 

s l i g h t l y  d i f f e r e n t  f r o m  t h o s e  r e p o r t e d  e a r l i e r  

( E k a t e r i n a k i , 1987) .  Th is  could be due to  the s l i g h t  C-
te rm in a l  d e le t io n  in  prev iou s  p r e p a r a t io n s ,  or  changes in
r e a c t io n  c o n d i t io n s .  E ig h t  complexes were d i s t i n g u i s h a b l e ,  

w ith  IV  being predominant.  As th e  p r o t e in  c o n c e n tra t io n  

was in creased ,  more s t r o n g ly  re ta rd e d  complexes were seen 

( V I I ,  V I I I ) ,  and t h e  am ou nt  o f  f r e e  DNA g r a d u a l l y  

decreased u n t i l  >90% was in  the  bound form; a t  t h i s  le v e l  
o f  p r o t e i n  t h e r e  was a l s o  some b i n d i n g  t o  t h e  pUC 

f ragm ent ,  and a smear o f  n o n - s p e c i f i c  r e t a r d a t i o n  o f  the  

Tn7 fragm ent.  Control e x t r a c t s  from DS941/pMR78 showed no 

s p e c i f i c  DNA binding a c t i v i t y  ( d a ta  not shown).

3 . 4  O p t im is a t io n  o f  TnsB express ion
By SDS-PAGE, a band corresponding to  the p re d ic te d

m olecu la r  weight o f  TnsB (81 kD; F lo re s  e t  a l . ,  1990) was
seen in  c e l l  l y s a t e s  o f  DS941/pMR207 on i n d u c t i o n  w i t h  

IPTG ( f i g u r e  3 .2  lanes 1 -4 ,  8 - 1 0 ) ;  t h i s  band was absent
f r o m  t h e  c o n t r o l  s t r a i n  ( l a n e  7 ) .  H o w e v e r ,  i n i t i a l  

experiments gave v a r i a b l e  l e v e l s  o f  in d u c t io n .  To reduce  

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

re s p o n s ib le  were in v e s t ig a t e d .
One f a c t o r  is  the  growth stage a t  which a growing  

c u l t u r e  is  induced, and th e  length  o f  t ime o f  in d u c t io n .  
DS941 / pMR207 c e l l s  i n o c u l a t e d  s t r a i g h t  i n t o  1 mM IPTG  

f a i l e d  to  grow; IPTG was t h e r e f o r e  added once the  c u l t u r e  
was growing. To a s c e r ta in  the  optimal t im e of  in d u c t io n ,  
samples were taken from growing c u l t u r e s  o f  DS941/pMR207 
a t  va r io u s  growth s tages ,  induced w i th  IPTG, and p r o t e i n  

express ion monitored by SDS gel e le c t r o p h o r e s is  ( f i g u r e  
3 . 2 ) .  Growth ra tes  were a ls o  determined ( f i g u r e  3 . 3 ) .

The growth curve o f  the  main c u l t u r e s  ( f i g u r e  3 .3 A )  

shows t h a t  the presence o f  e i t h e r  plasmid caused a s l i g h t
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Figure  3 .2  In d u c t io n  o f  t n s B express ion
DS941 and DS941/pMR207 w e r e  g r own  i n  i s o s e n s i t e s t  b r o t h  
( w i t h  5 0 u g / m l  t r i m e t h o p r i m  f o r  p l a s m i d  s e l e c t i o n ) .  5m l  
s a m p l e s  w e r e  t a k e n  when t h e  A6 0 q r e a c h e d  0 . 4  and 0 . 7 ,  and  
i n d u c e d  by a d d i n g  5ml p r e w a r m e d  i s o s e n s i t e s t  b r o t h  made 
1mM i n  IPTG;  s a m p l e s  w e r e  w i t h d r a w n  a t  t h e  t i m e s  i n d i c a t e d  
and t h e  c e l l s  l o a d e d  o n t o  an S D S - p o l y a c r y 1 a m i d e  g e l  a f t e r  
b o i l i n g  w i t h  SDS and 2 - m e r c a p t o e t h a n o l .

l a n e  1 - 4  DS941/ p M R 2 0 7 :

5 DS941/pMR207
6 , 7  DS941
8 - 11  DS941/pMR207

i n d u c e d  a t  A6 0 0 = 0 
1,  2 ,  3 ,  5 h o u r s  
u n i  n d u c ed  
u n i  n d u c e d , 
i n d u c e d  a t  
1,  2 ,  3 ,  5 h o u r s

i n d u c ed  

A600“ 0

6 9 ,  f o r

4 ,  f o r



red u c t io n  in  the  growth r a t e ,  which might be due to  the  

plasmid i t s e l f ,  or  to  th e  presence o f  t r im e th o p r im .  The 

d i f f e r e n c e  in  growth r a te s  was s l i g h t ,  and i t  became no 

more marked on the  a d d i t i o n  o f  IPTG ( f i g u r e  3 .3 B ) .  The 

lack  o f  e f f e c t  is  s u r p r i s i n g ,  as presumably much o f  the  

t r a n s c r i p t i o n a l  and t r a n s l a t i o n a l  machinery o f  th e  c e l l  is  

sequestered in  express ing th e  induced plasmid gene. There  
was no d i f f e r e n c e  between c e l l s  c o n t a i n i n g  pMR78 and 

pMR207; th e  growth cu rv e s  s u p e r im p o s e ,  i n d i c a t i n g  t h a t  

overproduct ion  o f  TnsB is  not t o x i c  to  the  c e l l s .
P ro te in  p r o f i l e s  f o r  v a r io u s  express ion regimes show 

t h a t  p r o d u c t io n  o f  TnsB was g r e a t e r  f ro m  i n d u c t i o n  a t  

lower c e l l  d e n s i t i e s  (ODqqq 0 . 4 ,  0 . 6 )  than a t  l a t e r  stages  

in  growth CODqqq= 0 . 8 ,  1 . 0 ) .  As the  growth r a t e  decreases  
and c e l l s  e n te r  s t a t i o n a r y  phase, th e r e  are many changes 

in  c e l l  p h y s io lo g y ;  f o r  e x a m p le ,  t h e  l e v e l  o f  n e g a t i v e  

s u p e r c o i l in g  o f  the DNA decreases (Balke  and G r a l l a ,  1987;  

Dorman e t  a l . , 1 9 8 8 ) ,  and s y n t h e s i s  o f  s t a b l e  RN A i s  
reduced; the amounts o f  many p r o t e in s  change w i th  growth  

c o n d i t io n s  (Pedersen e t  a l . , 1 9 7 8 ) ,  as do le v e l s  o f  to x in s  

and o th e r  secondary m e ta b o l i te s  (Connell  e t  a l . , 1 9 8 7 ) .  I t  

i s  l i k e l y  t h a t  such  c h a n g e s  i n  p h y s i o l o g y  and gene  
express ion  are  resp ons ib le  f o r  th e  observed red u c t io n  in  
th e  response to  IPTG in d u c t io n .

Prolonged in d u c t io n  f a i l e d  to  increase  the  amount o f  

TnsB produced,  as th e  c e l l s  a p p e a r  t o  re a c h  a maximum 

i n t e r n a l  le v e l  o f  TnsB t h a t  can be t o l e r a t e d .  2 -3  hours 

was chosen as the optimal  length  o f  t im e f o r  in d u c t io n .  As 

a compromise between e f f i c i e n c y  o f  TnsB p r o d u c t i o n  and 
t o t a l  biomass, ODqqq=0 . 5  was s e l e c t e d  as t h e  p o i n t  a t  
which th e  c u l t u r e  was induced.

Another s i g n i f i c a n t  f a c t o r  was a e r a t i o n .  P roduct ion  
o f  f u l l  length TnsB (as observed on p r o t e in  g e ls )  was poor  

under c o n d i t io n s  o f  good a e r a t i o n .  Optimal express ion  was 
seen w i th  growth o f  400 ml c u l t u r e s  in  2 l i t r e  f l a s k s  w i th  

m oderate  s h ak in g ,  i . e .  c o n d i t i o n s  o f  l a r g e l y  a n a e r o b i c  

growth. Indeed, under c o n d i t io n s  o f  high a e r a t i o n ,  s m a l le r
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A600

1.0 _

5 6 7 8 9

hours

600

1.2 _

1 2  3 4

hours

F igure  3 .3  Growth curves o f  DS941 express ion s t r a i n s
A. Growth o f  uninduced c u l t u r e s .
100ml c u l t u r e s  were grown in  is o s e n s i t e s t  bro th  ( w i t h  50 
ug/ml t r im e th o p r im  f o r  plasmid s e l e c t i o n )  a t  37°C, w i th  
shaking.  1ml samples were taken a t  the t imes i n d i c a t e d ,  
and th e  absorbance a t  600 nm read.
B. Growth o f  induced c u l t u r e s .
C u l t u r e s  were induced when t h e  A600 re a c h e d  0 . 4 ,  by
a d d i t i o n  o f  an equal volume o f  prewarmed i s o s e n s i t e s t  
broth  made 1mM in  IPTG, and growth was monitored as above.

For c l a r i t y ,  the  graphs are  p l o t t e d  w i th  a l i n e a r  v e r t i c a l  
a x is .
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p ept ides  were seen on in d u c t io n  w i th  IPTG (d a ta  not shown; 
A. Gawthrop, p e rs o n a l  c o m m u n ic a t io n ) .  I t  i s  n o t  known 
whether these are  sy n thes ised  de novo, or  are  degrada t io n  

products o f  a longer  p o ly p e p t id e .
PIasmid s u p e r c o i 1 ing  i s  known t o  i n c r e a s e  un de r  

a e ro b ic  growth c o n d i t io n s  (Dorman e t  a l . , 1 9 8 8 ) ,  and i t  is  

l i k e l y  t h a t  t h i s  i s  re s p o n s ib le  f o r  the  e f f e c t  on TnsB 

p r o d u c t i o n .  To e s t a b l i s h  a c a u s a l  r e l a t i o n s h i p  be tw een  

s u p e r c o i l in g  and t n s B expres s io n ,  i t  would be i n t e r e s t i n g  

to  see whether o th e r  c o n d i t io n s  which a l t e r  s u p e r c o i l in g  

have th e  same e f f e c t  on TnsB p r o d u c t i o n ;  f o r  e x a m p le ,  
growth in  c o n d i t io n s  o f  high o s m o la r i ty ,  which a ls o  leads  

to  an increase in  s u p e r c o i l in g  (H ig g in s  e t  a l . , 1 9 8 8 ) .

3 . 5  P u r i f i c a t i o n  o f  TnsB
3 . 5 . 1  P u r i f i c a t i o n  by d i f f e r e n t i a l  s o l u b i l i t y

H a v in g  im p r o v e d  t h e  e x p r e s s i o n  o f  TnsB f r o m  

DS941/ pMR207, the p r o t e in  was produced a t  a s u f f i c i e n t l y  
h igh  l e v e l  (5% o f  t o t a l  c e l l  p r o t e i n ;  f i g u r e  3 . 5 )  t o  

a t t e m p t  p u r i f i c a t i o n .  The p r o c e s s  was f a c i  1 i t a t e d  by 

h a v i n g  two c o m p l e m e n t a r y  a s s a y s  f o r  t h e  p r o t e i n ;  

v i s u a l i s a t i o n  on SDS-PAGE, and the  gel r e t a r d a t i o n  assay.
The i n i t i a l  p u r i f i c a t i o n  s t e p  i s  b a sed  on t h e  

i n s o l u b i l i t y  o f  th e  t n s B gene p r o d u c t  in  DS941/pMR207  

e x t r a c t s  (see f i g u r e  3 . 4 ) .  Under c o n d i t io n s  o f  m oderate ly  

high s a l t  (200 mM KC1 ) ,  ce l  ls  were broken open using a 

F r e n c h  p r e s s  and t h e  r e s u l t a n t  l y s a t e  c l e a r e d  by 

c e n t r i f u g a t i o n  ( I ) .  A t n s B dependent p o ly p e p t id e ,  w i th  a 
s u b u n i t  m o le c u la r  w e ig h t  o f  a rou nd  85 kDa, was fo u n d  

predominantly  in  the  p e l l e t ,  along w i th  c e l l  membranes, 
membrane p ro te in s ,  and chromosomal DNA. Th is  p r o t e in  was 

s o l u b i l i s e d  from the  p e l l e t  w i th  1 .35 M KC1 ( I I ;  f i g u r e
3 .5  lane 5 ) ,  and could be concentra ted  by r e p r e c i p i t a t i o n  

on reducing the s a l t  to  0 .2  M, by d i l u t i o n  or  d i a l y s i s  
( I V ;  lane 6 ) .  The reason f o r  the  a p p a re n t ly  low y i e l d  o f  
f r a c t i o n  IV in the gel shown was t h a t  the  p r o t e in  was not  

f u l l y  resuspended when the  sample was taken .
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DS 941 / pMR 207 
CELLS

V
lysis 
200mM KC1

centrifugation

I EXTRACT PELLET

1.35M KC1

centrifugation

II ELUATE PELLET

DNasel
V

I I I

V

reprecipitation 
200mM KC1

centrifugation

V SUPERNATANT PELLET IV

chromatography

F ig u re  3 . 4  P u r i f i c a t i o n  o f  TnsB: f lo w  c h a r t
The p u r i f i c a t i o n  is  descr ibed in  the  t e x t .  Numbers I  
used to  des ignate  f r a c t i o n s  in  f i g u r e s  3 . 4  and 3 . 6 .

V are



Much o f  the  DNA b ind ing  a c t i v i t y  was found in  the  

f r a c t i o n s  which c o n ta in  the  85 kDa p r o t e in  ( I I ,  I I I ,  IV ;  

f i g u r e  3 . 6 ) .  I n  th e s e  a s s a y s ,  a 216 bp N d e l - H i n d l l l  
f ra g m e n t  o f  pUC18 was p r e s e n t  t o  a c t  as an i n t e r n a l  

c o n t r o l  f o r  n o n - s p e c i f i c  b i n d i n g .  The amount o f  non
s p e c i f i c  b in d in g  d e c re a s e d  f ro m  a h ig h  l e v e l  in  t h e  

c le a re d  e x t r a c t ,  t o  a much lower le v e l  in  f r a c t i o n s  I I ,  
I I I  and IV .

3 . 5 . 2  Evidence t h a t  th e  p r o t e in  i s  TnsB
The evidence a t  t h i s  stage suggesting t h a t  the  85 kDa 

p r o t e in  was TnsB is  as fo l lo w s :
1. i t s  expression was induced by IPTG, suggesting t h a t  

i t  i s  under the  c o n t ro l  o f  the  ta c  promoter ( f i g u r e  3 . 2 );
2 . i t  was s p e c i f i c  to  pMR207-containing c e l l s ,  and was 

a b s en t  from th e  c o n t r o l  s t r a i n  c a r r y i n g  pMR78 ( f i g u r e
3 . 5 ) ;

3. Tn7 end-sequence b ind ing a c t i v i t y  c o p u r i f i e d  w i th  the  
p r o t e in  ( f r a c t i o n s  I I ,  I I I ,  IV ;  f i g u r e  3 . 6 ) .

E x t r a c t s  from th e  c o n t r o l  s t r a i n  c o n t a i n i n g  pMR78 

showed much less  Tn7 end b ind ing a c t i v i t y  ( f i g u r e  3 . 6 ) ;  

some e x t ra c t -d e p e n d e n t  bands were seen in  some g e ls ,  but  
t h e s e  a r e  l i k e l y  t o  be due t o  t h e  p r e s e n c e  o f  

contaminat ing  h o s t -d e r iv e d  DNA b inding p r o t e in s  in  these  

p r e p a r a t i o n s . These complexes a p p e a re d  o n l y  a t  h ig h  

p r o t e i n  c o n c e n t r a t io n s  e q u i v a l e n t  t o  t h o s e  g i v i n g  non
s p e c i f i c  binding f o r  pMR207 e x t r a c t s .

W h i l s t  i t  has n o t  been d e m o n s t r a t e d  t h a t  t h e  

p o l y p e p t i d e  d e s c r ib e d  is  TnsB, i t  has s e v e r a l  o f  t h e  

p r o p e r t ie s  expected o f  TnsB; in th e  i n t e r e s t  o f  b r e v i t y ,  
the  85 kDa p ro te in  w i l l  be r e f e r r e d  to  as 'TnsB’ in  t h i s  

s e c t io n .

3 . 5 . 3  Contaminating species  in  t h i s  p r e p a r a t io n
The membrane e lu a t e  ( f r a c t i o n  IV )  comprised .. . TnsB, 

as judged by Coomassie s t a in i n g  o f  g e ls .  S i l v e r  s t a i n i n g  
has g r e a t e r  s e n s i t i v i t y  and a d i f f e r e n t  p a t t e r n  o f
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F i g u r e  3 . 5  P u r i f i c a t i o n  o f  TnsB
D S 9 4 1 / p M R 2 0 7  w a s  g r o w n  a n d  i n d u c e d ,  a n d  t h e  c e l l s  
h a r v e s t e d  as  d e s c r i b e d  i n  M a t e r i a l s  a n d  M e t h o d s ,  a n d  
f r a c t i o n a t e d  as  d e s c r i b e d  i n  t h e  t e x t  ( s e e  f i g u r e  3 . 4  f o r  
f r a c t i o n  n u m b e r s ) .

% o f  t o t a l
1 w h o l e  c e l l s :  i n d u c e d
2 c l e a r e d  e x t r a c t  ( I ) 0
3 , 4 wa shes  o f  membrane p e l l e t 1
5 p e l l e t  e l u a t e  ( I I ) 1
6 l o w  s a l t  p r e c i p i t a t e f r o m  I I  ( I V ) 1
7 l o w  s a l t  s u p e r n a t a n t ( V ) 1

A.  DS941/ pMR207 B. DS941/pMR78

M o l e c u l a r  w e i g h t  m a r k e r s  a r e  i n d i c a t e d  i n  kDa



7 8 207
1 2 4 6 8  9 —  1 2 3 4 5 6 7 8  9

Figure 3 .6  DNA-binding a c t i v i t y  in  TnsB f r a c t i o n s
5ng l a b e l l e d  pNE200  was  i n c u b a t e d  w i t h  t h e  i n d i c a t e d
f r a c t i o n ,  f o r  15 m i n u t e s  a t  room t e m p e r a t u r e .
B i n d i n g  c o n d i t i o n s :  50mM T r i s / G l y c i n e  ( p H 9 . 4 ) ,  1mM EDTA,
68mM KC1, 10% g l y c e r o l ,  5 u g / m l  pUC18.
Gel  c o n d i t i o n s :  50mM T r i s / G l y c i n e  ( p H 9 . 4 ) ,  0 . 1  mM EDTA.

1 ane - 4 , -1
, -3 ,0

2 e x t r a c t  ( I ) :  2 _i+, 2 
4 p e l l e t  e l u a t e  ( I I ) :  2 ° ,  2'
6 D N a s e l - t r e a t e d  e l u a t e  ( I I I ) :  
8 l o w  s a l t  r e p r e c i p i t a t e  ( I V ) :

l o w  s a l t  s u p e r n a t a n t  ( V ) :  2

- 3
i - 4

0
, - 1

78 DS941/pMR78 e x t r a c t s  207
T Tn7 r i g h t  end f r a g m e n t  N
P pl)C8 v e c t o r  f r a g m e n t

DS941 / pMR207 
N d e l - H  i n d l 1 1

e x t r a c t s
f r a g m e n t

The p a i r s  o f  I I ,  I I I ,  and  I V  r e a c t i o n s  c o n t a i n  e q u i v a l e n t  
a m o u n t s  o f  t h e  t o t a l  p r o t e i n ,  g i v e n  t h e  c o n c e n t r a t i o n  s t e p  
b e t w e e n  I I I  a nd  I V .  F o r  c o m p a r i s o n ,  t h e  p r o p o r t i o n  o f  
t o t a l  p r o t e i n  u s e d  i n  l a n e s  2 ( 2 ~ 4 x f r n . I )  i s  e q u i v a l e n t  
t o  t h a t  i n  l a n e s  3 ,  5 ,  and  7.

, - 1 , - 3 ,-4 r e f e r  t o  t w o - f o l d  d i l u t i o n s .



s t a i n i n g ,  and b ro u g h t  up more,  s m a l l e r  s p e c i e s ;  TnsB 

r e m a i n e d  a b o u t  5 0 *  o f  t h e  t o t a l  p r o t e i n .  Hence  t h e  

i n s o l u b i l i t y  o f  TnsB gave an e x t r e m e l y  h ig h  l e v e l  o f  

p u r i f i c a t i o n .  T h i s  was j u d g e d  t o  be s u f f i c i e n t  f o r  

c h a r a c t e r i s a t i o n  o f  th e  b inding a c t i v i t y ,  and much o f  the  

work presented in chapters  4 and 5 used p re p a ra t io n s  o f  

t h i s  or  s i m i l a r  p u r i t y .
The major contam inat ing  species  in  these p re p a ra t io n s  

was DNA, v i s u a l i s e d  by e t h i d i u m  brom id e  s t a i n i n g  o f  

p r o t e in  g e ls .  The DNA appeared to  f o l l o w  TnsB through the  

f r a c t i o n a t i o n ;  in  c o n t ro l  DS941/pMR78 p r e p a r a t i o n s , the  

co n c e n tra t io n  o f  DNA e lu te d  from the  membrane p e l l e t  was 

much lower .  Indeed, th e  pro toco l  f o r  p u r i f y i n g  TnsB used 

by th e  C ra ig  group in c lu d e s  use o f  an a f f i n i t y  column  

loaded w i t h  n o n - s p e c i f i c  DNA ( L . A r c i s z e w s k a , p e r s o n a l  
c o m m u n ic a t io n ) .  P r e c i p i t a t i o n  o f  DNA and a s s o c i a t e d  

p r o te in s  is  a common f e a t u r e  in  p u r i f i c a t i o n  p ro to c o ls  f o r  

many DNA binding p r o t e in s ,  eg Tn3 reso lvase  (S ta rk  e t  
al  . , 1989) .

In  t h i s  c o n te x t  i t  i s  i n t e r e s t i n g  to  note t h a t  the  

t o t a l  amount o f  p r o t e i n  p r e c i p i t a t e d  in  f r a c t i o n  IV  i s  
much h ig h e r  f o r  TnsB+ p r e p a r a t i o n s ; t h e  c o n t a m i n a t i n g  

bands are  not v i s i b l e  in  the  e q u iv a le n t  pMR78 t r a c k s .  The 

phenomenon may be DNA dependent; c e l l u l a r  p r o t e in s  which 

a re  bound to  the DNA w i l l  c o p u r i f y  w i th  i t ,  and hence w i th  
TnsB, s p e c i f i c a l l y  e n r i c h i n g  t h e s e  f r a c t i o n s  in  DNA 

b in d in g  p r o t e i n s .  The e q u i v a l e n t  pMR78 f r a c t i o n s  a r e  

almost devoid o f  these contaminants,  because DNA is  not  

being p r e c i p i t a t e d  in  the absence o f  TnsB. A l t e r n a t i v e l y ,  
t h e s e  s m a l l e r  p r o t e i n s  m ig h t  be s h o r t e r  fo rm s  o f  TnsB,  
e i t h e r  s y n th e s is e d  de novo o r  p ro d u c e d  as a r e s u l t  o f  

breakdown of  TnsB.
I t  i s  p o s s i b le  t h a t  th e  DNA i s  r e s p o n s i b l e  f o r  

m a i n t a i n i n g  th e  s o l u b i l i t y  o f  TnsB, even a t  h ig h  s a l t  

c o n c e n t r a t i o n s .  The same i s  seen in  t h e  case  o f  Mu B 
p r o t e i n ,  which is  e x t r e m e ly  i n s o l u b l e  and r e q u i r e s  t h e  

e q u iv a le n t  of  i t s  own w eight  in  DNA to  keep i t  in  s o l u t i o n
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( C h a c o n a s  e t  e l . ,  1 9 8 5 ) .  I n  a t t e m p t s  a t  f u r t h e r  

p u r i f i c a t i o n  o f  TnsB by removing th e  DNA, th e  s o l u b i l i t y  

p r o p e r t i e s  o f  th e  p r o t e in  were a l t e r e d ,  and in  some cases 

th e  p r o t e in  was degraded (d a ta  not shown).

3 .6  Chromatographic p u r i f i c a t i o n
3 . 6 . 1  Gel f i l t r a t i o n  by Superose 6

G iv e n  t h e  h i g h  s a l t  c o n c e n t r a t i o n  r e q u i r e d  t o  
m a i n t a i n  TnsB i n  s o l u t i o n ,  i t  was t h o u g h t  t h a t  io n  

exchange chromatography would not be a p r o f i t a b l e  route  to  
f u r t h e r  p u r i f i c a t i o n .  I t  is  l i k e l y  t h a t  few p r o t e in s  would 

bind to  the  column, and th e  on ly  e f f e c t  would be one o f  

d i l u t i o n .  A l t e r n a t i v e l y ,  any p r o te in s  t h a t  do bind a t  t h i s  

high s a l t  c o n c e n tra t io n  may be very  d i f f i c u l t  t o  e l u t e .  In  

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

s p e c i f i c a l l y  en r iched  f o r  DNA b ind ing  p r o t e i n s ,  any step  

r e l y i n g  on i o n i c  i n t e r a c t i o n s  w ould  n o t  be e x p e c t e d  t o  

have a g re a t  r e s o l u t i o n .
Gel f i l t r a t i o n  was chosen as the  next  p u r i f i c a t i o n  

step as i t  does not have the  d i f f i c u l t i e s  assoc ia ted  w i th  

i o n  e x c h a n g e ,  and p r o v i d e s  a d d i t i o n a l  i n f o r m a t i o n  

regard ing  the n a t iv e  m olecu lar  w eight  o f  the  p r o t e in  in 

s o l u t i o n .  I n i t i a l  exper im ents ,  however, in d ic a te d  t h a t  a t  

t h e  h i g h  s a l t  c o n c e n t r a t i o n  o f  t h e  p r o t e i n  b u f f e r ,  

hydrophobic i n t e r a c t i o n s  caused p r o t e in s  to  be re ta in e d  on 
th e  column ( d a t a  no t  shown).  The s a l t  was t h e r e f o r e  

reduced to  675 mM, in  which the p r o t e in  was j u s t  s o lu b le .
The m a t r i x  used f o r  gel f i l t r a t i o n  was S u p e ro s e  6 

(Pharm ac ia ) ,  using a Waters 650E FPLC system. To c a l i b r a t e  

th e  column, a standard curve was co nstruc ted  using a s e t  
o f  p r o t e in  s i z e  s tandards ,  run under the  b u f f e r  co n d i t io n s  

t o  be used f o r  TnsB s e p a r a t i o n .  The p a r t i a l l y  p u r i f i e d  

TnsB p re p a ra t io n  ( f r a c t i o n  IV )  was d ia ly s e d  i n t o  a b u f f e r  

c o n ta in in g  675 mM KC1 ; in s o lu b le  m a te r ia l  was removed by 

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

Superose column; the A2 qq t r a c e  is  shown in f i g u r e  3 . 7 .  

F ra c t io n s  were c o l l e c t e d  as in d ic a t e d ,  and some o f  these
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Figure  3 .8  SDS-PAGE o f  column f r a c t i o n s  10-20
1 0 u l  (2%)  o f  t h e  i n d i c a t e d  f r a c t i o n  was l o a d e d .

l a n e  1 m o l e c u l a r  w e i g h t  m a r k e r s
2 s t a r t i n g  m a t e r i a l  ( f r a c t i o n  I V )
3 IHF ( p a r t i a l l y  p u r i f i e d )
1 0 - 1 8  S u p e r o s e  f r a c t i o n s ,  as  i n d i c a t e d

M a r k e r  s i z e s  a r e  i n d i c a t e d  i n  kDa



are  shown on SDS-PAGE in  f i g u r e  3 .8 ;  those f r a c t i o n s  not  

shown conta ined no bands v i s u a l i s e d  by s i l v e r  s t a i n i n g .
A major peak e lu te d  a t  around the  vo id  volume o f  the  

column ( 7 . 3  m l ) .  Th is  m a te r ia l  had a high absorbance a t  

260 nm (A20o/ a 28O = 2 ^’ and so is  l i k e l y  to  be l a r g e l y  DNA 
as w e l l  as some high m olecu lar  w e ight  p r o t e i n .  Th is  was 

borne out by the  s i l v e r  s ta in e d  g e ls ,  where DNA was seen 

as a smear in  th e  s t a c k i n g  ge l  and a t  t h e  to p  o f  t h e  

running gel (d a ta  not shown).
The next  major peak had an e l u t i o n  volume o f  15.6  ml,  

and i t  was th e s e  f r a c t i o n s  w h ich  c o n t a i n e d  an 85 kDa 

p r o t e i n  ( f i g u r e  3 . 8  la n es  ii and 12). From t h e  s t a n d a r d  

curve ,  15 .6  ml e l u t i o n  volume corresponds to  a m olecu lar  

w e ig h t  o f  8 0 -9 5  kDa. T h is  range i n c l u d e s  t h e  p r e d i c t e d  
m olecu lar  weight  o f  a TnsB monomer (81 kDa; F lo re s  e t  a l . ,  

1990) ,  suggesting t h a t  the  monomer is  the  predominant form  
in  sol u t i  on under .

F r a c t i o n s  1 4 -1 8  c o n ta in e d  p r o g r e s s i v e l y  s m a l l e r  

spec ies ,  w i th  f r a c t i o n s  15, 16 c o n ta in in g  p r o t e in s  o f  4 0 -  

50 kDa, and f r a c t i o n s  17, 18 p r o t e i n s  o f  1 2 - 2 0  kDa. A
small l a t e  peak again had a high absorbance a t  260 nm, and 
is  l i k e l y  to  be small DNA fragments and RNA.

TnsB was s t i l l  v i s i b l e  in f r a c t i o n s  15 and 16, i e  i t  

t r a i l s  on the  low m olecu la r  w eight  s id e  o f  the  e l u t i o n  

peak. The apparent r e t a r d a t i o n  in  th e  column may be due to  

some hydrophob ic  i n t e r a c t i o n s  w i t h  t h e  column m a t r i x .  
About 30% o f  th e  v i s u a l i s e d  TnsB was i n c l u d e d  in  t h i s  

t r a i l i n g  edge, which f e l l  i n t o  f r a c t i o n s  c o n ta in in g  o th e r  
predominant species;  as these impure f r a c t i o n s  were not  

inc luded in q u a n t i f i c a t i o n ,  t h i s  p a r t l y  accounts f o r  the  
low y i e l d  o f  pure p r o t e in  from th e  column s te p .

I n t e r e s t i n g l y ,  i f  the  s a l t  c o n c e n t ra t io n  was reduced  

by d i l u t i o n  r a t h e r  than  d i a l y s i s ,  t h e  b e h a v i o u r  o f  t h e  

p r o t e in  was s l i g h t l y  a l t e r e d .  In  t h i s  case, a l l  o f  th e  
TnsB was in  th e  s u p e r n a t a n t ,  on c e n t r i f u g a t i o n  a f t e r  

reducing the s a l t ,  whereas f o l lo w i n g  d i a l y s i s  30-50% o f  
th e  TnsB was in s o lu b le .  The Superose t r a c e  f o r  a d i l u t e d
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p r e p a r a t io n  was s l i g h t l y  d i f f e r e n t ,  w i t h  the  peaks being  

less  w e l l  resolved and more d i f f i c u l t  to  i n t e r p r e t .  TnsB 

e l u t i o n  o c c u r e d  a t  a s m a l l e r  e l u t i o n  v o lu m e  more  

c o n s is te n t  w i th  the p re d ic te d  s i z e  o f  a dimer (162 kDa).  
Thus i t  would appear t h a t  th e  m u l t i m e r is a t io n  s t a t e  o f  the  

p r o t e i n  i s  h i g h l y  dependent  on t h e  p r e p a r a t i o n  method  

used, and may be r e l a t e d  to  the s o l u b i l i t y  o f  the  p r o t e in  
under those c o n d i t io n s .

3 . 6 . 2  DNA b ind ing  a c t i v i t y  in  th e  column f r a c t i o n s
The DNA binding a c t i v i t y  o f  s e le c te d  column f r a c t i o n s  

was assayed using band s h i f t  ge ls  ( f i g u r e  3 . 9 ) .  F ra c t io n s  
11 and 12, which conta ined a TnsB-s ized band by SDS-PAGE, 
conta ined a DNA binding a c t i v i t y  ( la n e s  4 - 7 ) .  Although the  

l e v e l  o f  a c t i v i t y  is  low, the  b ind ing  appears to  show some 

s p e c i f i c i t y  f o r  the Tn7RE fragment over the  216 bp c o n tro l  
fragment.

F r a c t i o n s  1 4 - 1 8  a l s o  had DNA b i n d i n g  a c t i v i t y .  

Although in  some cases i t  can be as c r ib e d  to  the  presence  

o f  some TnsB, the amount o f  b ind ing  was too g re a t  to  be 

s im p ly  e x p la in e d  in  t h i s  way. I n  a d d i t i o n  t o  t h e  h ig h  
l e v e l  o f  a c t i v i t y ,  th e  binding was h ig h ly  s p e c i f i c ;  80% o f  

th e  Tn7RE fragment was bound by 30 ng o f  f r a c t i o n  16, f o r  

example, w i th  very l i t t l e  loss o f  the  pUC18 smal1 fragment  
( f i g u r e  3 . 9  l a n e s  14 and 1 5 ) .  The p a t t e r n  o f  band s  

produced was d i f f e r e n t  between th e  two se ts  o f  f r a c t i o n s ;  

binding re a c t io n s  w i th  f r a c t i o n s  14-18 d is p la y  an even ly  

spaced la d d e r  o f  bands, whereas th e  p a t t e r n  f o r  f r a c t i o n s  
11 and 12 is  more l i k e  t h a t  seen p r e v io u s ly .

T h e r e  a r e  s e v e r a l  h y p o t h e s e s  t o  e x p l a i n  t h e s e  
o b se rva t io n s .  Perhaps the s im p le s t  is  t h a t  these s m a l le r  

po lyp ep t ides  in  the l a t e r  f r a c t i o n s  are  fragments o f  TnsB, 
due t o  d e g r a d a t i o n ,  f o r  e x a m p le  by c o n t a m i n a t i n g  

pro teases .  Th is  provides an e x p la n a t io n  f o r  t h e i r  b ind ing  
a c t i v i t y ,  as w e l l  as f o r  t h e i r  a b s e n c e  f r o m  pM R 78-  

c o n t a i n i n g  c e l l  e x t r a c t s .  O r l e  and C r a i g  h a v e  a l s o  
de tec ted  p r o t e o l y t i c  fragments o f  TnsB, using a n t i -T n s B
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B 10 11 12 18 14 15 16 17 13
0 # 0 # 0 « 0 # 0 * 0 # 0 * 0 * 0  #

F igure  3 .9  DNA-binding a c t i v i t y  in  the column f r a c t i o n s
I u 1 s a m p l e s  o f  t h e  f r a c t i o n s  w a s  i n c u b a t e d  w i t h  e n d -  
l a b e l l e d  pNE200,  as  p r e v i o u s l y  d e s c r i b e d  ( M e t h o d s ,  f i g u r e  
3 . 6 )  .

F r a c t i o n  n u m b e r s ,  and  p r o t e i n  d i l u t i o n s ,  as i n d i c a t e d :

B no p r o t e i n  •  n e a t  s a m p l e  O 2 - f o l d
d i 1u t i  on

P r o t e i n  c o n c e n t r a t i o n  o f  f r a c t i o n s  ( u g / m l :  by BCA a s s a y ) :
10 ND 13 ND 16 50
I I  14 14 30 17 100
12 20 15 30 18 ND

ND -  n o t  d e t e c t a b l e



a n t i b o d i e s  ( i n  p r e s s ) .  I t  i s  n o t  u n p r e c e d e n t e d  f o r  

d e l e t i o n  products o f  TnsB to  be a b le  to  bind DNA; the C-  

t e r m i n a l l y  d e le te d  p r o t e in  used by E k a t e r in a k i  ( 1 9 8 7 ) ,  and 

a 20 kDa N - t e r m i n a l  f r a g m e n t  o f  TnsB ( A .  G a w t h r o p ,  

pe rs o n a l  com m unicat ion )  have b o th  been shown t o  have  

b i n d i n g  a c t i v i t y .  I t  i s  p o s s i b l e  t h a t  t h e  s p e c i e s  

resp o n s ib le  f o r  the  m a jo r i t y  o f  th e  b ind ing  a c t i v i t y  i s  a 

cleavage product ,  in  b ind ing assays and in t r a n s p o s i t i o n  
in  v i v o . However, i t  i s  perhaps s u r p r is in g  to  f i n d  so many 
fragments o f  a p r o t e in  which r e t a i n  a c t i v i t y .

An o b serva t io n  r e le v a n t  to  t h i s  hypothesis  is  t h a t  

during a rece n t  p re p a ra t io n  o f  TnsB, th e  f r a c t i o n  expected  

( f r o m  i t s  e l u t i o n  v o l u m e )  t o  c o n t a i n  Tn sB ,  a f t e r  
c o n c e n tra t io n  and gel e le c t r o p h o r e s is  showed a predominant  

band a t  around 50 kDa, as found in  f r a c t i o n s  14-16 .  I t s  

appearance a t  an e l u t i o n  volume o f  15 .6  ml suggests t h a t  

the  p o ly p e p t id e  o r i g i n a t e d  from f u l l  length  TnsB. Although  

the  N - te rm in a l  sequence o f  the  50 kDa species would show 

whether i t  o r i g i n a t e d  from TnsB, t h i s  was not thought to  

be a p r i o r i t y ,  e s p e c i a l l y  as th e r e  was no more o f  t h a t  

p e r t i c u l a r  sample t o  use in  D N A - b in d in g  a s s a y s ,  and no 

e v id e n c e  t h a t  i t  was th e  same as t h e  p r o t e i n  o b s e rv e d  

p r e v io u s ly .
An a l t e r n a t i v e  e x p l a n a t i o n  i s  t h a t  t h e s e  a r e  

d i f f e r e n t  p r o t e in s ,  presumably host-encoded, which have 
b in d in g  a c t i v i t y  w i t h  an a p p a r e n t  s p e c i f i c i t y  f o r  Tn7. 
r i g h t  ends. Th is  again would not be unprecedented, as many 

c e l l u l a r  p ro te in s  are  known to  have s p e c i f i c  b inding s i t e s  

on phage, transposons and p lasmids ,  eg IHF on transposon  
gamma-delta (W ia te r  and G r in d !e y ,  19 90 ) ,  phage lambda a t t  

s i t e s  (C ra ig  and Nash, 1984) ,  and pBR322 (P re n tk i  e t  a l  . ,
1987);  FIS in the  DNA in v e rs io n  systems (Koch and Kahmann, 
.1.986; Hubner e t  a ! . ,  1989) and ArgR on t h e  c e r  s i t e  o f  

ColE1 ( S t i r l i n g  e t  a l . , 1 9 8 8 ) .
IHF is  a s t ro n g  c a n d id a t e  f o r  i n v o l v e m e n t  in  Tn7 

t r a n s p o s i t i o n ,  as th e re  are  p o t e n t i a l  IHF binding s i t e s  in  
the  r i g h t  end (see chapter  4 ) .  To t e s t  whether IHF was
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in vo lved  in  any o f  these b ind ing  a c t i v i t i e s ,  a sample o f  

p a r t i a l l y  p u r i f i e d  IH F  was ru n  on a g e l  b e s i d e  t h e  

f r a c t i o n s  ( f i g u r e  3 .8  lane 13, and da ta  not shown). None 
o f  th e  bands v i s i b l e  were common to  IHF and any o f  the  

f r a c t i o n s .  In  a d d i t i o n ,  t h e  b i n d i n g  a c t i v i t y  o f  t h e  
f r a c t i o n s ,  w i th  and w i th o u t  added IHF, was compared. No 

s i g n i f i c a n t  d i f f e r e n c e s  in  the  p a t t e r n  o f  complexes were 

seen, suggesting t h a t  IHF is  not  one o f  the  p r o t e in s  in  

f r a c t i o n s  14-18 (d a ta  not shown).
I t  would a lso  be p o s s ib le  t o  t e s t  F IS ,  and o th e r  host  

p r o t e in s ,  in  the  same way, i e  t o  a t te m p t  to  r e c o n s t i t u t e  

t h e  b in d in g  p a t t e r n  o f  th e  p a r t i a l l y  p u r i f i e d  TnsB, by 
adding back p u r i f i e d  p r o t e in s  to  th e  column f r a c t i o n s .  To 

complement t h i s  work, the  i d e n t i t i e s  o f  the  major p r o t e in s  

in  th e s e  f r a c t i o n s  cou ld  be d e t e r m i n e d  by N - t e r m i n a l  

sequencing, and comparison to  sequences in  the  databases.  
As discussed above, sequencing would a lso  c l a r i f y  whether  
the  source o f  the p r o te in s  was TnsB.

3 . 6 . 3  S t a b i l i t y  o f  th e  p u r i f i e d  p r o t e i n
Var ious at tempts were made t o  co n cen tra te  the  TnsB- 

c o n t a i n i n g  f r a c t i o n s .  T h is  was d e s i r a b l e  f o r  b i n d i n g  

experiments and f o r  N - te rm in a l  sequencing. However, t h i s  

could not be achieved; the d i l u t e  f r a c t i o n  was s t a b le  when 

s t o r e d  a t  4 °  o r  - 2 0 ° C ,  bu t  no f u l l  l e n g t h  p r o t e i n  was 

r e c o v e r e d  f r o m  any o f  t h e  c o n c e n t r a t i o n  t e c h n i q u e s  
attempted ( p r e c i p i t a t i o n  in  low s a l t ,  c e n t r i f u g a t i o n  in  

C en tr icon  columns). The i n s t a b i l i t y  is  l i k e l y  to  be due to  

the  removal o f  the DNA by th e  column; the  p r o t e in  may be 
ag grega t ing  and coming out o f  s o l u t i o n .  There might a ls o  

be a p r o t e o l y t i c  a c t i v i t y  which has become a c t i v e  a t  t h i s  
s tage .

T h is  w i l l  need to  be ov ercom e,  in  o r d e r  t o  make 
c o n c e n t r a t e d ,  p u r e  TnsB f o r  f u r t h e r  b i o c h e m i c a l  

c h a r a c t e r i s a t i o n ,  and, u l t i m a t e l y ,  f o r  use in  an i_n v i t r o  

t r a n s p o s i t i o n  system.
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Table  3.1 P u r i f i c a t i o n  o f  TnsB

f r a c t i o n  ml mg mg TnsBa U*3 U/mg

high s a l t  

( I I )

2 . 8 43 21 22400 521

DNasel

( I I I )

2 . 8 39 19 22400 574

prec i  p i t a t i o n  
( I V )

1 . 0 15 11 32000 2133

storage (4 °C ) 1 . 0 5 .2 2 . 6 8000 1538

di a ly s i  sc 0 . 1 0 .19 0 .095 600 3158

Superose 6 : 
f r a c t i o n  11 

12

0 .5
0 .5

0.007
0 .01

0 .007
0 . 0 1

250
707

35714
70711

a. Estimated as the percentage o f  t o t a l p r o t e i
on SDS-PAGE j the. <aoco/t*Oj {3 ltfmifcodL by tJne. 1iVi<2ex/'dty cocfch
G^crnsesfe: I  Siloer ( c f  <pf&tei*ask

b. One u n i t  i s  de f ined  as the  amount o f  p r o t e in  re q u i re d  

to  s h i f t  50% o f  the  DNA i n t o  complexes, as assayed by gel  
r e t a r d a t i o n .  An a l t e r n a t i v e  u n i t ,  d e f in ed  as the  amount o f  

p r o t e in  re q u ire d  to  g ive  a b ind ing  p a t te r n  in  which th e  

i n t e n s i t i e s  o f  bands I I I  and IV  were equal (c h a p te r  4 )  

gave very s i m i l a r  r e s u l t s .

c. From t h i s  s ta g e ,  only  10% o f  the  t o t a l  was used.



3 .7  Q u a n t i t a t io n  o f  p u r i f i c a t i o n
A p u r i f i c a t i o n  t a b l e  i s  shown in  t a b l e  3 . 1 .  The 

o v e r a l l  y i e l d ,  a l lo w in g  f o r  th e  f a c t  t h a t  on ly  10*  o f  the  

t o t a l  was loaded onto th e  column, was around 0 . 8 *  Much o f  

th e  loss occurred during  s to ra g e  a t  4°C, when th e  t o t a l  

p r o t e in  f e l l  to  3 5 * ,  w i th  f u r t h e r  loss o f  TnsB i n t o  the  

i n s o lu b le  f r a c t i o n  a f t e r  d i a l y s i s .  The y i e l d  o f  TnsB from  

the  column step was poor, a l though the  o th e r  p r o t e in s  were 

e f f i c i e n t l y  recovered; i t  i s  not  known whether th e  loss  

occured on th e  column ( p o s s i b l y  by h y d r o p h o b ic  i n t e i — 

a c t i o n s  w i t h  th e  m a t r i x ) ,  o r  by d e g r a d a t i o n  a f t e r  t h e  
sample had e lu te d .

The u n i ts  de f ined  are  somewhat a r b i t r a r y ,  but serve  

to  p rov ide  an e s t im a te  o f  th e  e x t e n t  o f  p u r i f i c a t i o n ,  o f  

around 1 3 5 - f o l d .  The i n c r e a s e  i n  t h e  t o t a l  number o f  
u n i t s ,  and in  the number o f  u n i t s  per m i l l ig r a m  o f  TnsB, 
can be e x p l a i n e d  i f  t h e  c o n t a m i n a t i n g  s p e c i e s  a r e  

i n h i b i t i n g  b ind ing ,  eg by o th e r  p r o t e in s  competing f o r  the  

s i t e ,  or  by la rg e  amounts o f  chromosomal DNA b ind ing  TnsB 
n o n - s p e c i f i c a l l y .

3 . 8  I d e n t i t y  o f  th e  p u r i f i e d  p o l y p e p t i d e :  N - t e r m i n a l  

sequenci ng
S t r i c t l y ,  th e  p r o t e i n  r e f e r r e d  t o  as * T n s B ’ i s  in  

f a c t  a t n s B d e p e n d e n t  p r o t e i n  o f  8 0 - 8 5  k D , w h i c h  
c o p u r i f i e s  w i th  a b ind ing a c t i v i t y  s p e c i f i c  f o r  Tn7 end 

sequences. W h i ls t  these are  th e  p r o p e r t ie s  expected f o r  

the  t n s B gene product,  t h i s  does not prove the i d e n t i t y  o f  
th e  p o lyp e p t id e .

To i d e n t i f y  th e  p u r i f i e d  p r o t e i n ,  i t s  N - t e r m i n a l  

sequence was determined. A sample was loaded onto an SDS- 
po lyacry lam ide  gel (us ing  a T r i s / T r y c i n e  b u f f e r in g  system 

t o  a v o id  g l y c i n e  c o n t a m i n a t i o n ) ,  and t r a n s f e r r e d  t o  
P r o b l o t t  membrane (Appl ied  B ios ys te m s ); the 85 kDa p r o t e i n  

band was excised and the N - te rm in a l  sequence determined  
(see M a t e r ia ls  and Methods).

The f i r s t  15 amino a c id s  w ere  d e t e r m i n e d ,  and t h e
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s e q u e n c e  i s  shown i n  f i g u r e  3 . 1 0 ,  co m p a re d  t o  t h a t  

p r e d ic te d  from the  DNA sequence in  th e  region around th e  

s t a r t  o f  t n s B. The match o f  the  sequences over th e  reg ion  

determ ined ,  confirmed th e  i d e n t i t y  o f  th e  p u r i f i e d  p r o t e in  

as th e  product o f  th e  t n s B gene. There are  two p o s i t io n s  

which were d i f f i c u l t  to  assign ( r e s id u e s  11 and 1 3 ) .  The 

p r e d i c t e d  amino a c i d ,  a s p a r t a t e  in  bo th  c a s e s ,  i s  n o t  

in c o n s is t e n t  w i th  th e  da ta  from th e  sequencing r e a c t i o n .
The amino ac id  sequence demonstrates t h a t  t r a n s l a t i o n  

begins a t  the  f i r s t  AUG codon in  th e  reading frame, r a t h e r  

than a t  any downstream s t a r t  codons. Th is  o v er la p s  w i th  

th e  end o f  the  tnsA gene; such reading frame o v e r la p s  a re  

o f t e n  a s s o c ia t e d  w i t h  t r a n s l a t i o n a l  c o u p l i n g  o f  gene  
express ion  (Nomark e t  a l . , 1983 ) .  There is  no N - te rm in a l  
processing o f  the p r o t e i n ,  a t  l e a s t  in  the  overproducing  
s t r a i n ;  the  p r o t e in  sequence shows the presence o f  a l l  th e  

res idues  p re d ic te d  by the  gene, in c lu d in g  the  N - te rm in a l  
m eth ion ine .

3 .9  I d e n t i t y  o f  the  b ind in g  a c t i v i t y
To i d e n t i f y  t h e  p r o t e i n  s p e c i e s  p r e s e n t  i n  t h e  

complexes, two approaches were ta k en .  The f i r s t  was so-  

c a l l e d  'S o u th -W e s te rn  b l o t t i n g ’ (Bowen e t  a l  . ,  1 9 8 0 ;
M is k im in s  e t  a l . ,  1985; Roth e t  a l  . , 1 9 8 8 ) .  P r o t e i n
separa ted  by SDS-PAGE is  t r a n s f e r r e d  to  a n i t r o c e l l u l o s e  

f i l t e r ,  which is  then probed w i th  a l a b e l l e d  DNA fragm ent  

c a r r y in g  the  p u t a t i v e  b ind ing  s i t e ;  bound DNA is  d e te c te d  

and lo ca te d  by a u to ra d io g ra p h y .
There are  severa l  d i f f i c u l t i e s  w i th  t h i s  te c h n iq u e ,  

which may c o n t r ib u te  to  any f a i l u r e  to  produce p o s i t i v e  

r e s u l t s .  The experiment r e l i e s  on r e f o l d i n g  o f  th e  p r o t e i n  

upon t r a n s f e r  to  the  membrane; TnsB (o r  o th e r  p r o t e i n ( s )  
r e s p o n s i b l e  f o r  t h e  DNA b i n d i n g )  may n o t  r e n a t u r e  
e f f i c i e n t l y ,  or  may not do so in  an a c t i v e  c o n fo rm at ion .  
R e la te d  to  t h i s  is  the  quest ion  o f  m u l t i m e r is a t io n ;  i f  a 
p a r t i c u l a r  quaternary  s t r u c t u r e  i s  re q u i re d ,  again  t h i s  

may not reform on the  f i l t e r .  Severa l  m o d i f ic a t io n s  have
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been i n t r o d u c e d  i n t o  t h e  s t a n d a r d  W e s t e r n  b l o t t i n g  

procedure to  f a c i l i t a t e  r e n a t u r a t io n  (M isk im ins  e t  a l . ,  

19 85 ) ,  which in c lud e  c a r r y in g  ou t  the b l o t t i n g  procedure  
in  the  absence o f  SDS.

In  a d d i t io n ,  t h e r e  may be a s o l u b i l i t y  problem, as 

p r e v io u s ly  discussed f o r  TnsB p r e p a r a t io n s .  Once th e  SDS 

i s  removed the  p r o t e in  may aggregate  in  the  g e l ,  or  on th e  

f i l t e r .  Once bound to  the  f i l t e r ,  the  p r o t e in  may have 

reduced f l e x i b i l i t y  o r  m o b i l i t y ;  any conform at iona l  change 

r e q u i r e d  d u r in g  th e  r e a c t i o n ,  o r  a p r e c i s e  s p a c i n g  o r  

s p a t i a l  a rrangem ent  o f  p r o t e i n  needed f o r  e f f e c t i v e  

b i n d i n g ,  may n o t  be a b l e  t o  t a k e  p l a c e  u n d e r  t h e s e  

condi t i o n s .
The p ro te in s  in  th e  samples have been su b jec te d  to  

de na tu r in g  e le c t r o p h o r e s is .  I f  TnsB, f o r  example, r e q u ire d  

a'  host p r o t e in  or  o th e r  c o f a c t o r  f o r  e f f i c i e n t  b in d in g ,  
th e  two species w i l l  have been separated  in  th e  g e l ;  the  

t r a n s f e r r e d  p r o t e i n ,  e v e n  i f  i t  w e re  e f f i c i e n t l y  
ren a tu re d ,  would be unable  to  bind DNA.

Despite  severa l  a t te m p ts ,  no bound DNA was d e te c te d ,  
f o r  any stage o f  the  p u r i f i c a t i o n ,  on b lo ts  probed w i th  

th e  Tn7 r i g h t  end fragm ent .  As a p o s i t i v e  c o n t r o l ,  Tn3 

reso l  vase was run on th e  same g e l ,  b l o t t e d ,  and probed 

w i t h  a l a b e l l e d  res s i t e ;  a f a i n t  band a t  20 kDa was 

v i s i b l e ,  de s p i te  a high background (d a ta  not shown). Th is  

i n d ic a t e s  t h a t  the gel ran norm al ly  (a ls o  shown by the  

b i o t i n y l a t e d  m arkers) ,  and t h a t  th e  b l o t t i n g  procedure was 

e f f e c t i v e ,  a t  l e a s t  f o r  small p r o t e in s .
The absence o f  any observab le  DNA b ind ing  a c t i v i t y  

may be due to  any combination o f  the  po in ts  noted above.  
Another f a c t o r  is  the  b ind ing  c o n d i t io n s  used. These have 
not been e x h a u s t iv e ly  t e s t e d .  15 minutes b ind ing a t  room 
t e m p e r a t u r e ,  and an o v e r n i g h t  i n c u b a t i o n  a t  4 ° C , b o th  

f a i l e d  to  demonstrate b in d in g .  The s a l t  c o n c e n t ra t io n  used 
was 50mM M NaCl , which is  le s s  than t h a t  recommended by 

Miskimins e t  a l .  (0 .1  M); t h i s  redu c t io n  was because TnsB 
b ind ing  may be s e n s i t i v e  to  high s a l t ,  but i t  may be t h a t
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th e  s a l t  is  re q u ire d  to  m a in ta in  the  p r o t e in  in  a s t a t e  

competent to  bind DNA. We should a ls o  co ns ider  the  non
s p e c i f i c  ‘ c a r r i e r ’ DNA, used to  block n o n - s p e c i f i c  b inding  

p r o t e in s  and p o t e n t i a l  b ind ing to  the  f i l t e r .  Too high a 

c o n c e n t r a t i o n  may a l s o  b lo c k  s p e c i f i c  b i n d i n g .  As TnsB 

appears to  have a f a i r l y  high a f f i n i t y  f o r  general  DNA, 
th e  l e v e l s  o f  c a r r i e r  recommended f o r  o th e r  p r o te in s  may 
be too high in  t h i s  case.

A complementary approach was ta ken ,  whereby complexes 

v i s u a l i s e d  on a n a t iv e  ( T r i s / G l y c i n e )  gel were cu t  ou t ,  
and t h e  s l i c e s  l o a d e d  i n t o  t h e  w e l l s  o f  an SDS-  
po lyacry lam ide  g e l .  Th is  method was used by S traney and 

C r o t h e r s  (1 9 8 7 )  t o  i d e n t i f y  t h e  p r o t e i n s  p r e s e n t  in  

t e r n a r y  DNA/LacI/RNA polymerase complexes.
The d i f f i c u l t y  w i t h  t h i s  e x p e r i m e n t  i s  in  l o a d i n g  

s u f f i c i e n t  p r o t e in  onto DNA and i n t o  complexes, t o  have 

enough to  see on a p r o t e in  g e l .  The amounts o f  complex in  

a standard gel assay are  o f  the  order  o f  fmol ; t h i s  is  

less  than 0 .1  ng p r o t e in  f o r  a species  b ind ing  a s in g le  
monomer, which is  too low to  be seen by s tandard s t a i n i n g  

methods. The advantage in  the  1 ac system is  the  l i m i t e d  

number o f  complexes; the  p r o t e in  is  concentra ted  in  a few 

bands. For TnsB the  la rg e  number o f  complexes means the  
p r o t e in  is  spread through a la rg e  volume o f  g e l ,  so the  

in c r e a s e  r e q u i r e d  in  DNA and p r o t e i n  c o n c e n t r a t i o n s  i s  

much g r e a te r .
I n i t i a l  e x p e r i m e n t s  u s i n g  r e l a t i v e l y  low  

co nc e n tra t ion s  o f  DNA and p r o t e in  gave no v i s i b l e  bands on 

s i l v e r  s t a i n i n g  o f  t h e  p r o t e i n  g e l ,  as p r e d i c t e d  by 

e s t i m a t e s  s i m i l a r  t o  th ose  above ( d a t a  n o t  s h o w n ) .  The  

r e s u l t  o f  u s i n g  h i g h  c o n c e n t r a t i o n s  o f  c o m p o n e n t s ,  
however, was t h a t  in d iv id u a l  complexes could no longer  be 

i . d e n t i f i e d  in the band s h i f t  g e l .  Rather ,  the  Tn7 fragment  

was s t r o n g l y  r e t a r d e d ,  p r e s u m a b l y  i n  h i g h e r  o r d e r  

complexes, or p o ss ib ly  trapped in  p r o t e in  aggregates (d a ta  
might be shown). I t  was then not c l e a r  t h a t  any p r o t e i n  
d e t e c t e d  was r e s p o n s ib le  f o r  t h e  f o r m a t i o n  o f  s p e c i f i c
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complexes. Under none o f  th e  c o n d i t io n s  te s te d  was a high  

l e v e l  o f  s p e c i f i c  complex fo rm a t io n  achieved,  a lthough not  

a l l  p o s s ib le  v a r i a t i o n s  have been te s t e d .  One suggestion  

i s  to  t r y  adding po lyan ions ,  such as p o lyg lu ta m a te ,  which  

may reduce a g g r e g a t io n  (D a r b y  and C r e i g h t o n ,  1 9 9 0 ) .  

Formation o f  th e  la rg e  complexes may be reduced by adding  

more c a r r i e r , but  t h i s  w i l l  a l s o  lo w e r  t h e  amount o f  
p r o t e in  a v a i l a b l e  to  form complexes, which re tu rn s  to  th e  

quest ion  o f  d e te c t io n  l i m i t s .
The exper iment would be an in fo r m a t iv e  one, both f o r  

i d e n t i f i c a t i o n  o f  the  p r o t e in s  in  the  complexes, and to  

a l lo w  e s t im a te s  o f  the  s t o ic h io m e t r ie s  o f  the  complexes.  
One s o lu t io n  to  the d e t e c t io n /a g g r e g a t io n  problem would be 

t o  use r a d i o a c t i v e  p r o t e i n ,  l a b e l l e d  in  v i vo w i t h  3 5 S -  

m eth ion ine .  Th is  would a l lo w  a l l  p r o te in s  which bind to  

th e  Tn7 end to  be observed, and the  components o f  each 

complex i d e n t i f i e d .  F u r t h e r  q u a n t i t a t i v e  work w o u ld  

p r o b a b ly  be b e s t  ac com pl ished  by u s in g  d e t e c t i o n  w i t h  

a n t ib o d ie s  a g a in s t  TnsB (o r  o th e r  DNA-binding p r o t e in  o f  
i n t e r e s t ) .

3 .1 0  CONCLUSION

TnsB, th e  l a r g e s t  o f  the  Tn7 t r a n s p o s i t i o n  p r o t e in s  

(81 kDa) has p re v io u s ly  been shown to  have a DNA b ind ing  

a c t i v i t y  s p e c i f i c  f o r  the  ends o f  Tn7, both j_n v iv o  and i n  
vi  t r o  ( E k a te r i  naki , 1987; McKown e t  al  . , 1987) .  In  o rd e r
t o  c h a r a c t e r i s e  t h e  b i n d i n g  a c t i v i t y  f u r t h e r ,  and  

determ ine the r o le  o f  the TnsB p r o t e in  in  t r a n s p o s i t i o n ,  

th e  t n s B gene was overexpressed in  E. col i and the  gene 
product p u r i f i e d .  P u r i f i c a t i o n  was fo l low e d  by observ ing  

the  p r o t e in  on SDS-PAGE, and by gel r e t a r d a t i o n  assays f o r  
b ind ing  a c t i v i t y .

The f i r s t  p u r i f i c a t i o n  s t e p  t o o k  a d v a n ta g e  o f  t h e  

i n s o l u b i l i t y  o f  t h e  t n s B gene  p r o d u c t ,  and a l l o w e d  
p u r i f i c a t i o n  o f  TnsB suioshan&all^; . Use o f  t h i s
p r e p a r a t io n  in f u r t h e r  b ind ing exper iments is  descr ibed  in
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chapters  4 and 5.
F u r th e r  p u r i f i c a t i o n ,  by p r e p a r a t i v e  gel f i l t r a t i o n ,  

gave f r a c t i o n s  co n ta in in g  TnsB o f  gnsodbe/' p u r i t y , as judged  

by s i l v e r  s t a i n i n g  o f  p r o t e in  g e ls .  The e l u t i o n  volume o f  

th e  p r o t e i n  showed t h a t  th e  monomer i s  t h e  p r e d o m in a n t  

form in  s o l u t i  on 3 ureter conaLitiesv^
DNA b ind ing  a c t i v i t y  c o p u r i f i e d  w i th  the 85 kDa TnsB. 

F o l lo w in g  gel  f i l t r a t i o n ,  f r a c t i o n s  c o n t a i n i n g  s m a l l e r  

species  (4 5 ,  20 kDa) were a ls o  found to  co n ta in  a high
le v e l  o f  b ind ing a c t i v i t y  which was s p e c i f i c  f o r  the  Tn7 
r i g h t  end. I t  i s  not known whether these are  degrada t ion  

products o f  TnsB, or  host-encoded p r o t e in s  which bind to  

the  ends o f  Tn7. N - te rm in a l  sequencing o f  the po lyp ep t ides  

would be i n f o r m a t i v e ,  in  i d e n t i f y i n g  t h e  p r o t e i n s  and 

t h e i r  source.
The 'TnsB’ -dependent p a t te r n  o f  b ind in g ,  as assayed 

by the  gel r e t a r d a t i o n  assay, is  l i k e l y  to  be the r e s u l t  

o f  i n t e r a c t i o n s  between TnsB and these  o th e r  p r o t e in s ,  and 

t h i s  may r e f l e c t  t h e  s i t u a t i o n  d u r i n g  j_n v i v o  

t r a n s p o s i t i o n  o f  T n 7 .  I t  w o u ld  be i n t e r e s t i n g  t o  
i n v e s t i g a t e  th e  b in d in g  p r o p e r t i e s  o f  t h e s e  p r o t e i n s  

f u r t h e r .  Experiments using gel r e t a r d a t i o n  assays would be 

i n f o r m a t iv e ,  f o r  determ in ing  th e  a f f i n i t y  o f  the  b ind ing  
f o r  Tn7 ends and o t h e r  DNA s e q u e n c e s ,  f o r  d e t e c t i n g  

c o fa c to r  req u ire m e n ts , and f o r  examining any s t r u c t u r a l  

changes induced by b i n d in g ;  t h e  b i n d i n g  s i t e s  o f  t h e  
p r o t e i n s  can be de te rm in ed  by f o o t p r i n t i n g  t e c h n i q u e s .  

E xper im e nts  to  address  th e  r o l e  o f  t h e s e  p r o t e i n s  in  

t r a n s p o s i t i o n  can a ls o  be c a r r i e d  ou t ;  f o r  example, a re  

they req u ire d  f o r  enzymic a c t i v i t i e s  on th e  transposon DNA 

? Or f o r  b r in g in g  to g e th e r  o f  transposon ends ? This  l a s t  
suggestion can be examined using l i g a t i o n  experiments such 

as those descr ibed in  chapter  5,  t o  d e te c t  i n t e r a c t i o n s  

between the transposon t e r m i n i ,  as w e l l ,  as by m odif ied  gel  
s h i f t  exper iments .

The i d e n t i t y  o f  t h e  p u r i f i e d  p o l y p e p t i d e  was 

c o n f i rm e d  by N - t e r m i n a l  s e q u e n c in g .  The sequence a l s o
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determined the  t r a n s l a t i o n a l  s t a r t  o f  TnsB, as the f i r s t  

AUG in  th e  t n s B open read ing f ram e. There is  no N - te rm in a l  
processing o f  the p r o t e i n ,  as a l l  re s id u e s ,  in c lu d in g  the  
N - te rm in a l  meth ion ine,  a re  p re s en t  in  th e  sequence.

The a c t i v i t y  o f  TnsB in  b ind ing  s p e c i f i c a l l y  to  th e  

en ds  o f  Tn7 s u g g e s t s  t h a t  t h e  r o l e  o f  TnsB i n  
t r a n s p o s i t i o n  is  to  recognise  and bind to  the transposon  

t e r m i n i .  A secondary e f f e c t  o f  t h i s  b ind ing  is  repres s io n  

o f  P1 , th e  major Tn7 promoter ,  which l i e s  in  the r i g h t  

end. I t  is  not known whether TnsB is  d i r e c t l y  res p o n s ib le  

f o r  c leavage a t  the transposon t e r m i n i .  The most l i k e l y  

r o l e  f o r  TnsB, given i t s  b ind ing  a c t i v i t y  a t  both ends o f  

the  e lem ent ,  is  in b r in g in g  to g e t h e r  the  two ends to  form  

a 1transpososome’ . Th is  hypothes is  is  developed more f u l  ly  

i n  c h a p t e r s  4 and 5 ,  w h ic h  d e s c r i b e  e x p e r i m e n t s  t o  
c h a r a c t e r is e  both the  b inding a c t i v i t y  and the re c o g n i t io n  

s i t e ,  and to  d e te c t  i n t e r a c t i o n s  between the ends mediated  
by TnsB.
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CHAPTER FOUR

BINDING OF TnsB TO THE 

RIGHT-HAND END OF Tn7
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4 .1  INTRODUCTION

During non-den atu r ing  e l e c t r o p h o r e s is ,  DNA bound in t o  

s t a b l e  complexes w i th  p r o t e in  has a reduced m o b i l i t y ,  and 

s e p a r a t e s  from th e  f r e e  DNA. T h i s  method f o r  s t u d y i n g  

prote in /DNA i n t e r a c t i o n s  was f i r s t  descr ibed f o r  b ind ing  
t o  the  lac  promoter by p u r i f i e d  CAP p r o t e in  (Garner  and 

Revzin ,  1981) and b ind ing  o f  p u r i f i e d  1ac repres sor  to  i t s  
o p e ra to r  . ( F r ie d  and C ro th ers ,  1981) .  The techn ique  has 

s in ce  been ap p l ie d  t o  many p r o k a r y o t ic  and e u k a r y o t ic  DNA 

b i n d i n g  p r o t e i n s ,  b o t h  p u r i f i e d  ( e g  Tn3 r e s o l v a s e :  

Bednarz, 1989; M etJ : P h i l l i p s  e t ' ' a l  . , 1989; TrpR: Carey,
1 9 8 8 ;  OBP100: B a u m r o k e r  e t  a l . ,  1 9 8 8 )  and i n  c r u d e  

e x t r a c t s  (S t r a u s s  and V a r s h a v s k y ,  1 9 8 4 ;  E k a t e r i n a k i ,
1 987 ) .  B i n d i n g  a s s a y s  o f  t h i s  t y p e  h a v e  been  a
p a r t i c u l a r l y  p r o f i t a b l e  r o u t e  t o  p u r i f i c a t i o n  o f  
e u k a r y o t ic  t r a n s c r i p t i o n  f a c t o r s  (Carthew e t  a l . ,  1 9 85 ) .

The band r e t a r d a t i o n  system complements th e  f i l t e r  
b i n d i n g  a s s a y  t r a d i t i o n a l l y  used  t o  s t u d y  s p e c i f i c  

D N A /p ro te in  i n t e r a c t i o n s ,  and t o  a n a l y s e  k i n e t i c  and 

thermodynamic parameters.  The gel assay a ls o  a l low s  these  

parameters to  be es t im ated  ( F r ie d  and C ro th e rs ,  1984a, b ) .  
I t  has th e  a d d i t i o n a l  p o w e r fu l  f e a t u r e  t h a t  d i f f e r e n t  

bound species are  re so lv e d ,  r a t h e r  than inc luded to g e th e r  

in  th e  ' f i l t e r  bound’ c l a s s .  Hence much q u a l i t a t i v e  
in fo rm a t io n  is  ob ta in e d ,  which would be l o s t  in  the  f i l t e r  

b i n d i n g  a s s a y ;  a c h a n g e  in  t h e  d i s t r i b u t i o n  o f  t h e
c o m p l e x e s ,  f o r  e x a m p l e ,  w i t h  l i t t l e  c h a n g e  i n  t h e
percentage bound, would not be d e tec ted  by f i l t e r  b ind ing
b u t  w o u ld  be a p p a r e n t  i n  t h e  g e l  a s s a y .  T h i s  i s  
p a r t i c u l a r l y  u s e fu l  when th e  i n t e r a c t i o n s  o f  s e v e r a l  

p r o te in s  w ith  a DNA fragment are  being observed, as a l l  
qpecies can be de tec ted  (eg l a c I/RNA p o ly m era s e /o p era to r  

complexes: Straney and C ro th e rs ,  1987) .  S t r u c t u r a l  changes 
in  the  complexes can a ls o  be v i s u a l i s e d ,  eg the  s h i f t  from  

c lo s e d  to  open complex d u r in g  t r a n s c r i p t i o n  i n i t i a t i o n  
(S t ran ey  and C ro th ers ,  1985) .
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By observing th e  number, and r e l a t i v e  c o n c e n tra t io n s ,  
o f  complexes formed, in fe re n c e s  can be made concerning the  

n a tu re  o f  each complex, and how th e  p r o t e in  b inds; models 

o f  b ind ing can be te s te d  by t h e i r  a b i l i t y  to  p r e d i c t  the  

number and c h a r a c t e r i s t i c s  o f  c o m p le x e s  f o r m e d .  T h is  

approach has been used e f f e c t i v e l y  f o r  b i n d i n g  o f  Tn3 

resol  vase to  i t s  res s i t e  (Bednarz,  1 9 89 ) .  The gel assay 

a ls o  a l low s  these quest ions  to  be approached d i r e c t l y ,  as 

th e  complexes can be analysed in dep en d e n t ly .  F o o tp r in ts  o f  
i n d i v i d u a l  complexes,  f o r  e x a m p le ,  can be o b t a i n e d  by 

c a r r y i n g  ou t  th e  c le a v a g e  r e a c t i o n s  in  t h e  g e l ,  th e n  

i s o l a t i n g  the DNA f o r  denatur ing  gel a n a ly s is  (eg Kuwabara 

and Sigman, 1987) .  In  a d d i t io n ,  th e  s t o ic h io m e t ry  o f  each 
complex can be determined (eg Kolb e t  a l . ,  1983; Carey,
1988) .

The gel assay has another advantage in  t h a t  more than  

one DNA fragment can be observed in  th e  same r e a c t io n ,  
more r e a d i l y  than  by f i l t e r  b i n d i n g  a s s a y s .  D u r in g  a 

p r o t e i n  p u r i f i c a t i o n ,  f o r  e x a m p le ,  t h e  e x t e n t  o f  non
s p e c i f i c  DNA b inding a c t i v i t y  can be fo l lo w e d  by in c lu d in g  

a c o n tro l  DNA fragment (see chapter  3 ) .  Band disappearance  

a s s a y s ,  u s i n g  a m i x t u r e  o f  l a b e l l e d  f r a g m e n t s ,  can  

d e te rm in e  which f ra g m e n ts  c o n t a i n  a b i n d i n g  s i t e  o f  

i n t e r e s t  ( C r a ig ie  e t  a l . , 1984) ,  and to  compare d i r e c t l y
the  r e l a t i v e  a f f i n i t i e s  o f  two s i t e s  (Kolb e t  a l . ,  1983) .  
I n  a d d i t i o n ,  b in d in g  assays c o n t a i n i n g  two s p e c i f i c  
f r a g m e n t s  o f  d i f f e r e n t '  s i z e s  can be used t o  d e t e c t  

in te r m o le c u la r  complexes, as the mixed complex w i l l  have 
an in te rm e d ia te  mobi1 i t y  (Kramer e t  a l . ,  1987) .

An area o f  research in  which band s h i f t  ge ls  have 

proved v a lu a b le  is  t h a t  o f  DNA bending. Bending induced by 

b inding o f  a p r o t e in  to  the DNA can be d is t in g iu s h e d  from 

sequence-determined i n t r i n s i c  bending. DNA does not behave 
as an i s o t r o p i c  r o d ,  b u t  shows s e q u e n c e  d e p e n d e n t  

v a r i a t i o n s  in f l e x i b i l i t y  in  d i f f e r e n t  planes (T ra v e rs  and 

Klug, 1987) .  For example, work on sequence de term inan ts  o f  

nucleosome p o s i t io n in g  (Drew and T ra v e rs ,  1985; Satchwell
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e t  a l . , 1986) showed t h a t  (A+T) runs tend to  occupy the
compressed minor groove on the  in s id e  o f  th e  bend, w i th  

(G+C) runs on the  o u ts id e  where th e  minor groove widens.  
Data o f  t h i s  type  a l lo w  p r e d ic t i o n s  to  be made concerning  

the  behaviour  o f  a given DNA sequence when c o n s t ra in e d .  
The ease w i th  which d i f f e r e n t  sequences are  formed in t o  

n u c l e o p r o t e i n  complexes has b i o l o g i c a l  i m p o r t a n c e ;  f o r  

example, in  th e  e f f e c t s  nucleosome p o s i t io n i n g  can have on 

gene express ion (Aimer e t  a l . ,  1985 ) .
In  some cases, the  DNA sequence imposes an i n t r i n s i c  

bend on the  DNA, in  the  absence o f  e x te r n a l  c o n s t r a i n t s .  

An e x a m p le  o f  i n t r i n s i c  b e n d i n g  i s  t h e  k i n e t o p l a s t  

m i n i c i r c l e  DNA o f  L . t a r e n t o l a e  ( M a r i  n i  e t  a l  . , 1 9 8 2 ) .
Bending is  d e tec ted  by the  anomalous m o b i l i t y  o f  the  DNA 

in  po lyacry lam ide  ge ls ;  bent fragments are  re ta rd e d ,  as 

th e y  e x p e r ie n c e  g r e a t e r  r e s i s t a n c e  t o  t h e i r  passage  

through the  gel m a t r ix .  Runs o f  A or  T g r e a t e r  than 3 bp, 
w ith  a p e r i o d i c i t y  o f  10-11  bp, a re  s u f f i c i e n t  to  co n fe r  

d e te c ta b le  c u rv a tu re  on a DNA fragment (Koo e t  a l . ,  1986 ) .
The c e n t re  o f  a DNA bend can be determined by gel 

e le c t r o p h o r e s is .  A s e t  o f  c i r c u l a r l y  permuted fragments  
c o n ta in in g  the  proposed bend is  generated  and t h e i r  gel  
m o b i l i t i e s  are  compared. Fragments c o n ta in in g  a bend a t  

th e  c e n t r e  a re  more s t r o n g l y  r e t a r d e d  in  t h e  ge l  t h a n  

fragments w i th  a bend near the  end. A p l o t  o f  th e  r e l a t i v e  

m o b i l i t i e s  a l lo w s  the  p o s i t io n  o f  th e  bend c e n tre  -  the  

p o s i t io n  o f  maximum r e t a r d a t i o n  -  to  be es t im ated  (Wu and 
C r o t h e r s , 1984) .

Bending can a ls o  be induced by b ind ing o f  a p r o t e in  
to  the DNA. Th is  is  de tec ted  by o b s e rva t io n  o f  m o b i l i t y  

v a r i a t i o n s  in  th e  complexes,  in  a c i r c u l a r  p e r m u t a t i o n  
experiment as descr ibed above. Examples o f  p r o te in s  which 

induce bends in c lu d e  CAP (Wu and C r o t h e r s ,  1 9 8 4 ) ,  IHF  

( P r e n t k i  e t  a l  . , 1987; R o b e r ts o n  and Nash, 1 9 8 8 ) ,  Tn3
r e s o lv a s e  (Brown e t  a l . , unpub 1 i s h e d ) and ga l  r e p r e s s o r  
(Kuhnke e t  a l . ,  1 9 8 9 ) .  Some p r o t e i n s ,  such as lambda
repressor  ( G r i f f i t h  e t  a l . ,  1986) and lac  repressor  (Wu
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and C r o t h e r s ,  1984)  have been shown n o t  t o  bend DNA 

d e t e c t a b l y ,  a l t h o u g h  Zwieb e t  a l  . ( 1 9 8 9 )  have  o b s e r v e d
bending by l a d  using d i f f e r e n t  c o n s t ru c ts .  The f a c t  t h a t  
not a l l  p r o t e in s  e x h i b i t  bending in  t h i s  exper im ent  shows 

t h a t  th e  m o b i l i t y  v a r i a t i o n s  t h a t  a r e  o b s e r v e d  a r e  n o t  

simply due to  the  changed p o s i t io n  o f  th e  bound p r o t e in  on 

the  DNA fragment.

4 . 1 . 1  E q u i l i b r i a  and k i n e t i c s
For an e q u i l i b r i u m  o f  the  type

P + D 5=^ PD 
then the  d i s s o c i a t i o n  co nstan t ,

[PJ-.-LDJ
[PD]

where P, D, and PD r e p r e s e n t  p r o t e i n ,  DNA s i t e ,  and 

complex, r e s p e c t i v e l y . I f  the  p r o t e in  i s  in  excess, then  

[P] -  [ P l 0 *
When 50% o f  the  DNA is  bound,

[D] = [PD],  so KD = [P] -  [ P ] Q ( 2 )

i e  th e  d i s s o c i a t i o n  c o n s t a n t  i s  e q u a l  t o  t h e  p r o t e i n  

c o n c e n tra t io n  a t  which h a l f  o f  the DNA is  bound. The da ta  
can be p l o t t e d  in  v a r io u s  ways:

a) from ( 1 ) ,  th e  r a t i o  o f  bound DNA t o  f r e e  DNA 

rPDl = TP1 , => l o g / bound\=  lo g [P ]  - l o g  Kp (3 )  
[D] Kd Vfree. /

hence a p l o t  o f  l o g ( b / f )  a g a in s t  log [P ]  is  l i n e a r ,  w i th  an
x - a x i s  in t e r c e p t  o f  - logK p ,  and a g r a d ie n t  o f  1 f o r  s im ple  

b in d in g  o f  one p r o t e i n  m o le c u le  p e r  DNA f r a g m e n t ;  f o r
b ind ing  o f  more than one p r o t e in  molecule ,  the  g r a d ie n t  is
>1 .

b) from ( 1 ) ,  th e  p ro p o r t io n  o f  t o t a l  DNA bound

[ PDl = L E I  ( 4 )
[Dq ] [P]+Kd

Kd , is

(1 )
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which i s  ana logous  t o  t h e  M i c h a e 1 i s - M e n t e n  e q u a t i o n .  A 

p l o t  o f  p ro p o r t io n  o f  DNA bound a g a in s t  [P] i s  h y p e rb o l ic  

f o r  s imple b ind in g ;  i f  th e r e  is  c o o p e r a t i v i t y  o f  b ind ing  
o f  more than  one p r o t e i n  m o l e c u l e ,  t h e  g rap h  becomes 

sigmoid.
There  a r e  s e v e r a l  c a v e a ts  t o  m ak ing  and u s in g  an

e s t im a te  o f  th e  d i s s o c i a t i o n  constan t  based on data  from
t h e  gel b in d in g  as sa y .  The b i n d i n g  r e a c t i o n s  have been
sub jec ted  to  e le c t r o p h o r e s is  through p o ly a cry lam id e ;  the
complexes seen on th e  gel may not be t r u l y  r e p r e s e n t a t i v e
o f  the  s i t u a t i o n  in  s o l u t i o n .  The complexes which s u rv iv e
e le c t r o p h o r e s is  may be on ly  the  most s t a b l e  ones produced,
or  may have been m odi f ied  by i n t e r a c t i o n s  w i t h i n  the  gel
m a tr ix  to  produce a s t a b le  form. A s i m i l a r  concern a p p l ie s
t o  f i l t e r  b in d in g  e x p e r im e n t s ,  in  t h a t  t h e  p r o t e i n / D N A
i n t e r a c t i o n  may be pe r turbed  when the  complex binds to  the
f i l t e r .  However, the  gel assay a l low s  th e  amount o f  f r e e
DNA to  be measured, p r o v i d i n g  t h a t  t h e  co m p lex e s  a r e  

lore os
s t a b le  f o r  a s H t  takes  the  DNA to  e n te r  the  gel (around 80 A
seconds: F r ied  and C ro th ers ,  1981) .

In  order  to  determine a d i s s o c i a t i o n  c o n s ta n t ,  the  

system must be a t  e q u i l i b r i u m .  In  p r a c t i c e ,  t h i s  is  l i k e l y  

t o  be th e  case a f t e r  an i n c u b a t i o n  t i m e  e q u i v a l e n t  t o  

s e v e r a l  d i s s o c i a t i o n  h a l f l i v e s ;  d u r i n g  t h i s  t i m e  t h e  
complexes w i l l  have had the o p p o r tu n i ty  to  d i s s o c ia t e  and 

re fo rm  s e v e r a l  t im e s .  For TnsB, t h e  b i n d i n g  p a t t e r n  

appears to  be s t a b le  w i t h in  f i v e  minutes ,  and does not  

change during an extended in cu b at io n  o f  over an hour, so 

we can be c o n f i d e n t  t h a t  e q u i l i b r i u m  i s  in d e e d  re a c h e d  

w i t h i n  the standard 15 minutes in c u b a t io n .
To c a l c u l a t e  a d i s s o c i a t i o n  c o n s t a n t ,  t h e  p r o t e i n  

c o n c e n t r a t i o n  must be known. B r a d f o r d  and BCA a s s a y s  
m e a s u re  t h e  t o t a l  p o l y p e p t i d e  c o n c e n t r a t i o n  i n  t h e  
s o l u t i o n ,  b u t  t h i s  v a l u e  i s  n o t  n e c e s s a r i l y  t h e  

c o n c e n t r a t i o n  o f  a v a i l a b l e ,  a c t i v e  p r o t e i n .  Hence t h e  

s t a t e d  p r o t e i n  c o n c e n t r a t i o n  may be an o v e r e s t i m a t e ,  

g iv in g  an a r t i f i c i a l l y  high d i s s o c ia t io n  co n s tan t .  Th is  is
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p a r t i c u l a r l y  r e l e v a n t  in  th e  case o f  TnsB, where some o f  

the  p r o t e in  might be aggregated ,  or  bound n o n - s p e c i f i c a l l y  

t o  DNA. F u r th e r  c o n s id e ra t io n s  r e l e v a n t  to  systems where 

many undefined complexes are  produced, as w i th  TnsB, are  

discussed in  th e  R esu lts  s e c t io n .

For a r e a c t i o n  o f  th e  ty p e  shown a b o v e ,  w i t h  t h e  

p r o t e in  in  excess, i f  the  r a te  o f  the  forward r e a c t io n  is  

d i r e c t l y  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  t h e  

components, then

where k f  i s  th e  fo rw a rd  r a t e  c o n s t a n t .  S e p a r a t i n g  t h e  

v a r i a b l e s  and i n t e g r a t i n g  g ives

and a p l o t  o f  In  ( [ D] /  [ D ]Q) a g a i  n s t  t  i s  l i n e a r ,  w i t h  
g r a d ie n t  - k f . [ P ]  ( t h e  pseudo f i r s t  o rd e r  r a t e  c o n s t a n t ) .

From ( 6 ) ,  an e q u a t i o n  f o r  t h e  h a l f t i m e  o f  t h e  

re a c t io n  can be d e r iv ed :

S i m i l a r l y ,  in th e  general case f o r  d i s s o c ia t io n  o f  

th e  nth p r o t e in  protomer from a m u l t i p l y  bound complex, i e

pnD ?=* Pn - 1D + p ’

i f  the  p r o b a b i l i t y  o f  d i s s o c ia t io n  is  c o n s ta n t ,  then

r a te  = - dfDl = k ^ . [ P ] . [ D ]  

dt
(5 )

In  ID 1  = - k f . [ P ] . t ( 6 )

^■j\2 = 1n 0-5
-k^r . t

(7 )

r a t e  = - k b . [ P nD]

and equat ions f o r  th e  r a te  constant  and the h a l f l i f e  can 
be der ived  as above.
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At e q u i l i b r i u m ,  th e  forward  and back r a te s  are  e q u a l ,  
i . e .  kb . [ P nD] = kf . [ P n - 1D ] . [ P ]

from which

Cpn - 1 DJ - t P ]  = <<D(n)
tPnDl

( 8 )

Hence f o r  a r e a c t i o n  a t  e q u i 1 i b r i u r n , once two o f  t h e  

v a l u e s  KD , k f  and k^ a r e  know n ,  t h e  o t h e r  can be 

c a lc u la t e d  i f  t h i s  equat ion  ho lds ,  i e  th e  r e a c t io n  ra te s  

have f i r s t  o rder  dependence on r e a c t a n t  c o n c e n tra t io n s ,  
and t h e  v a l u e s  used  r e f e r  t o  t h e  same s t e p  i n  t h e  

r e a c t io n ;  t h i s  is  an im portant  c o n s id e r a t io n  i f  m u l t i p l e  

species are  produced, and the  r e l a t i o n s h i p s  between them 
are  unknown.

The r e t a r d a t i o n  o f  complexes dur ing  e le c t r o p h o r e s is  

could be due to  v a r io us  f a c t o r s ,  such as the  l a r g e r  s i z e  

or  increased mass o f  a complex compared to  naked DNA, or  

s t r u c t u r a l  changes in  th e  DNA. C ha rg e  d i f f e r e n c e s  a r e  

minimal,  as the  s l i g h t  charge on th e  p r o t e in  is  swamped by 
the  DNA’ s neg a t iv e  charge.  The m o lecu la r  w eight  o f  a 300 

bp fragment is  around 200 kDa, so the  b ind ing o f  a small  
DNA b inding p r o t e in  such as a FIS dimer (24 kDa) causes a 

weight  increase  o f  on ly  10%, a lthough f o r  l a r g e r  p r o t e in s  
such as TnsB th e  w e ig h t  i n c r e a s e  may c o n t r i b u t e  more  

s i g n i f i c a n t l y .  The major c o n t r i b u t i o n  to  r e t e n t i o n ,  th en ,  
i s  l i k e l y  t o  be a p p a re n t  s i z e ,  v i a  b o th  t h e  i n c r e a s e d  

volume due to  the  p r o t e in ,  and s t r u c t u r a l  changes such as 
bends.

In  c h a p t e r  3, th e  e x i s t e n c e  o f  a t n s B -d e p e n d e n t  
bind ing  a c t i v i t y ,  s p e c i f i c  f o r  Tn7 ends, was demonstrated.  
T h i s  c h a p t e r  d e s c r i b e s  t h e  a p p l i c a t i o n  o f  t h e  g e l  
r e t a r d a t i o n  assay to  examine the  i n t e r a c t i o n s  o f  TnsB w i th  

t h e  Tn7 ends i n  more d e t a i l ,  u s i n g  a s u b s t a n t i a l l y  
p u r i f i e d  TnsB p re p a ra t io n  (c h a p te r  3 ) ,  and improved gel  
c o n d i t io n s  to  op t im ise  complex d e t e c t i o n .  The ends o f  Tn7 
c o nta in  a repeated 22 bp m o t i f ,  and th e  o b se rv a t io n  t h a t
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an is o l a t e d  copy o f  t h i s  re p e a t  binds TnsB suggest t h a t  

th e  22 bp re p e a t  co nta ins  th e  TnsB b ind ing  s i t e .  Advantage  

i s  taken o f  th e  q u a l i t a t i v e  d a ta  a v a i l a b l e ,  to  look f o r  

s t r u c t u r a l  v a r i a t i o n s ,  complexes in v o lv in g  more than one 

DNA molecule ,  and e f f e c t s  o f  c o f a c t o r s  and o th er  p r o t e in s ;  

k i n e t i c  and thermodynamic parameters a re  determined, and 
th e  b i o l o g i c a l  im p l ic a t io n s  o f  th e  va lue s  are  d iscussed.

RESULTS AND DISCUSSION

4 . 2 . 1  P r o te in  p re p a ra t io n s
The TnsB p re p a ra t io n s  used in  t h i s  chapter  are  high  

s a l t  e lu a te s  from the  membranous p e l l e t s  a f t e r  c e l l  l y s i s  

( f r a c t i o n  IV ;  see chapter  3 ) .  Judged by Coomassie s t a i n i n g  

o f  p r o t e in  g e ls ,  about 75% o f  th e  p r o t e i n  in  t h i s  f r a c t i o n  

i s  TnsB. As d iscu sse d  in  c h a p t e r  3 ,  t h e  e l u a t e  a l s o  
c o nta ins  o th e r  p ro te in s  which have been shown to  bind to  

th e  r i g h t  end o f  Tn7; th e  b i n d i n g  p r o p e r t i e s  o b s e r v e d ,  

then ,  could be due to  i n t e r a c t i o n s  in v o lv in g  these as w e l l  
as TnsB. However, the  da ta  from c h a p te r  3 i n d ic a t e  t h a t  

th e  predominant component is  TnsB; i t  is  the  major species  

in  th e  p r e p a r a t i o n ,  and th e  S u p e r o s e - p u r  i f  i ed f r a c t i o n  

c o n t a in s  b in d in g  a c t i v i t y  w h ic h  g i v e s  a band p a t t e r n  

r e l a t e d  t o  t h a t  o f  f r a c t i o n  IV  in  t h e  ge l  a s s a y .  I n  

a d d i t i o n ,  the  b inding a c t i v i t y  is  dependent on tnsB, and 

i s  h ig h ly  s p e c i f i c  f o r  the  Tn7 ends. I t  is  p o s s ib le  t h a t  

some o f  th e  o t h e r  p r o t e i n s  a r e  d e g r a d a t i o n  p r o d u c t s  o f  

TnsB.

4 . 2 . 2  DNA fragments used in  these  exper iments
T h e s e  a r e  shown i n  f i g u r e  4 . 1 .  The l e t t e r s  

d e s ig n a t in g  the  va r ious  fragments are  used in the  t e x t  and
the  f i g u r e  legends. Unless o th e rw is e  in d ic a t e d ,  a l l  n a t i v e

32gel assays used P e n d - l a b e l l e d  DNA fragments;  o th e r  ge ls  
were s ta in e d  w i th  e th id ium  bromide as norm al .
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4 . 3  T i t r a t i o n  o f  TnsB b ind in g
A t i t r a t i o n  o f  th e  TnsB p r e p a r a t i o n  a g a i n s t  a DNA 

f ragment co n ta in in g  th e  r ig h t -h a n d  end o f  Tn7 (Tn7 RE) is  

shown in  f i g u r e  4 . 2 .  As b e fo r e ,  d i g e s t io n  o f  th e  plasmid  

w i t h  Ndel r e le a s e s  a 216 bp pUC18 - d e r i v e d  f r a g m e n t  in  

a d d i t io n  to  the Tn7 fragm ent ,  which a c ts  as a c o n t ro l  f o r  

n o n - s p e c i f i c  b i n d in g .  The s m a l l  f r a g m e n t  and t h e  pUC18 
v e c t o r  f ra g m e n t  remained u n r e t a r d e d  u n t i l  t h e  added  

p r o t e in  reached 0 .5 -1  ug (5 0 -1 0 0  u g /m l ) ,  w h i l s t  the  Tn7RE 

fragment was 90% bound a t  t h i s  c o n c e n t ra t io n .
The re ta rd ed  bands showed a c h a r a c t e r i s t i c  p a t t e r n ,  

which changed c o n s i s t e n t ly  as th e  p r o t e in  c o n c e n t ra t io n  

in c r e a s e d .  Complexes I ,  I I I  and IV  were  t h e  f i r s t  t o  

appear,  w i th  IV becoming predominant ( la n e  4 ) .  At h ig h e r  
p r o t e in  c o n c e n tra t io n s ,  more s e v e r e ly  re ta rd ed  complexes  

appeared, a t  the expense o f  lower complexes and f r e e  DNA 

(complex bands V - V I I I  and a b o v e ;  l a n e s  5 - 8 ) .  T h i s  i s  

c o n s is te n t  w i th  the idea o f  l c h a s in g -u p ’ in to  h ig h e r  o rd e r  

complexes w ith  more p r o te in  u n i t s  bound per DNA m olecu le .
As the  p ro te in  c o n c e n t ra t io n  increased ,  th e  r e l a t i v e  

i n t e n s i t i e s  o f  the complex bands changed. At lower p r o t e i n  

c o n c e n t ra t io n s ,  band IV was s t ro n g ,  but became less  so,  
and th e  r e l a t i v e  i n t e n s i t y  o f  band I I I  i n c r e a s e d ,  a t  

h i g h e r  p r o t e i n  l e v e l s  ( c o m p a r e  l a n e s  7 and 8 ) .  The  

increased m o b i l i t y  a t  h ighe r  p r o t e in  c o n c e n tra t io n  cannot  

be e x p la in ed  by simple b ind ing o f  a d d i t io n a l  p r o t e i n ;  one 
po s s ib le  ex p la na t ion  is  t h a t  t h e r e  is  a s t r u c t u r a l  change 

in  the  complex which a l low s i t  a h igher  m o b i l i t y  in  th e  

g e l .  One can e n v is a g e ,  f o r  e x a m p le ,  a bend in d u c e d  by 

b in d in g  o f  one p r o t e i n  u n i t  b e in g  s t r a i g h t e n e d  o u t  by 
i n t e r a c t i o n s  w ith  a second.

A l t e r n a t i v e l y ,  i t  may be t h a t  complex I I I  i s  a non
p ro d u c t iv e  species t h a t  cannot go on to  form h ig h e r  o rd e r  

c o m p l e x e s .  IV  c o u l d  become l e s s  i n t e n s e  by f u r t h e r  

r e t a r d a t i o n  in  h igher  complexes, w h i l s t  the  l e v e l  o f  th e  

dead-end complex simply increases  as a fu n c t io n  o f  p r o t e i n  
c o n c e n t r a t i o n .  D i f f e r e n t i a t i o n  b e tw e e n  t h e s e  tw o
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F i g u r e  4 . 2  T i t r a t i o n  o f  TnsB b i n d i n g  t o  Tn7 r i g h t  e n d
A.  5 ng e n d - l a b e l l e d  pNE200  ( 0 . 5  ng Tn7  f r a g m e n t )  w a s  
i n c u b a t e d ,  f o r  10 m i n u t e s  a t  room t e m p e r a t u r e ,  w i t h  TnsB 
e x t r a c t  ( s e e  M a t e r i a l s  a n d  M e t h o d s ) .  50 ng s u p e r c o i l e d  
pUC18 (5  u g / m l )  was i n c l u d e d  as c a r r i e r .
B i n d i n g  c o n d i t i o n s :  50mM T r i s / G l y c i n e  ( p H 9 . 4 ) ,  1 mM EDTA,
68mM KC1 , 10% g l y c e r o l  ( ' s t a n d a r d ’ c o n d i t i o n s ) .
Gel  c o n d i t i o n s :  50mM T r i s / G l y c i n e  ( p H 9 . 4 ) ,  0 . 1 mM EDTA.

1 ane p r o t e i  n 1 ane
1 0 5
2 16 ng 6
3 31 ng 7
4 62 ng 8

p r o t e i  n 1 ane p r o t e i  n
1 25 ng 9 2 ug
250 ng 10 4 ug
0 . 5 ug 1 1 8 ug
1 ug

I d e n t i f i a b l e  c o m p l e x e s  a r e  i n d i c a t e d  I - X I I .
P = pl )C18 v e c t o r  2 . 4  kb
T = Tn7 r i g h t  end f r a g m e n t  245 bp
N = N d e l - H i n d l l l  pUC18 f r a g m e n t  216 bp

B. P l o t  o f  t h e  r a t i o  o f  [ b o u n d  D N A ] / [ t o t a l  „ D N A ] , a g a i n s t  
t h e  c o n c e n t r a t i o n  o f  p r o t e i n  a d d e d . /  AJIC* )</Vi i  A



hypotheses w i l l  r e q u i re  exper im ents  to  t r a c e  the  source o f  

th e  DNA in  each complex d u r i n g  a t i t r a t i o n .  A r e l a t e d  
suggest ion  is  t h a t  complex I I I  c o n ta in s  the  216 bp c o n t r o l  
fragm ent;  the  s h i f t  from IV  t o  I I I  i s  seen a t  th e  p r o t e i n  

c o n c e n t ra t io n  a t  which th e  n o n - s p e c i f i c  fragment begins to  

be r e t a r d e d  ( l a n e s  8 - 1 1 ) ,  and i t  i s  l i k e l y  t h a t  such  

complexes would be u n ab le  t o  g e n e r a t e  h i g h e r  f o r m s .  

Binding to  the  c o n tro l  fragment i s  discussed in  the  next  
s e c t io n .

The decrease o f  f r e e  DNA w i th  in c re a s in g  p r o t e in  is  

p l o t t e d  in  f i g u r e  4 . 2 B .  The Tn7 f r a g m e n t  i s  a l m o s t  

co m ple te ly  bound w i th  2 ug (2 00u g /m l)  p r o te in  ( la n e  9 ) ;  i f  

TnsB is  75*  o f  the p r o t e in  p re s e n t ,  t h i s  is  18 pmoles o f  

monomer, which is  a v a s t  excess over  th e  5 fmoles o f  DNA 

fragment present  (20 fmoles o f  22 bp s i t e s ) .  I t  i s  not  

c l e a r  why such a v a s t  excess is  r e q u i re d ,  but t h i s  i s  not  

unprecedented in  these n a t i v e  gel assays, eg trpR (C arey ,
19 87 ) ,  Tn3 resol vase (Bednarz,  1 9 8 9 ) .  I t  i s  p o s s ib le  t h a t  

TnsB is  not f u l l y  s o lu b le  under th e  b inding c o n d i t io n s ,  so 

t h a t  on ly  a p ro p o r t io n  i s  a v a i l a b l e  in  s o lu t io n  to  bind to  

DNA; th e r e  may a lso  be some i n a c t i v a t i o n  o f  the  p r o t e i n  

during  the  p r e p a r a t io n ,  again  reducing the  t o t a l  a v a i l a b l e  
bind ing  a c t i v i t y .  T h i r d l y ,  a s i g n i f i c a n t  p ro p o r t io n  o f  th e  

p r o t e i n  m ight  be bound t o  chromosomal DNA ( s e e  s e c t i o n  

4 . 7 . 3 )  which could make i t  u n a v a i la b le  f o r  b ind in g .

4 . 4  D e t e r m in a t io n  o f  t h e  DNA s p e c i e s  p r e s e n t  i n  t h e  
'com plexes’

The novel bands in  these g e ls  have been r e f e r r e d  to  
as complexes; however i t  could be argued t h a t  these  a re  

products o f  a DNA m o d i f ic a t io n  r e a c t i o n ,  such as l i g a t i o n  
or n u c l e o l y t i c  d ig e s t io n .  I t  was t h e r e f o r e  necessary to  

demonstrate  t h a t  the DNA in  these bands remained th e  same 
s i z e  as the unbound DNA. To do t h i s ,  the  complexes were  

d is s o c ia t e d  a f t e r  n a t iv e  e l e c t r o p h o r e s i s , by soaking th e  
gel in  d e te rg e n t  ( 0 . 2 5 % SDS). The gel was then run in  th e  

second dimension ( f i g u r e  4 . 3 ) .  The ea s e  w i t h  w h ic h  t h e
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electrophoresis

F i g u r e  4 . 3  Two d i m e n s i o n a l  e l e c t r o p h o r e s i s

B i n d i n g  r e a c t i o n s  w e r e  e 1e c t r o p h o r e s e d  f o r  t h r e e  h o u r s  
u n d e r  n a t i v e  c o n d i t i o n s  a t  4 ° C .  The g e l  was t h e n  s o a k e d  i n  
r u n n i n g  b u f f e r  c o n t a i n i n g  0 . 25% SDS, and e l e c t r o p h o r e s i s  
i n  t h e  s e c o n d  d i m e n s i o n  c a r r i e d  o u t  i n  t h e  same b u f f e r  a t  
room t e m p e r a t u r e .

B i n d i n g  c o n d i t i o n s :  50mM T r i s / G l y c i n e  ( p H 9 . 4 ) ,  1mM EDTA,
68mM KC1 , 10% g l y c e r o l ,  5 u g / m l  pUC18 c a r r i e r .
Gel  c o n d i t i o n s :  50 mM T r i s / G l y c i n e  ( p H 9 . 4 ) ,  0 . 1  mM EDTA.

Lane  1 pNE200 and pLM5
2 pNE200
3 pNE200 and pLM5
4 pLM5

no TnsB e x t r a c t  + : 0 . 5  ug TnsB e x t r a c t
P pl )C18 v e c t o r  ( 2 . 5  k b )  T Tn7RE f r a g m e n t  ( 2 3 8 b p )
N pUC18 f r a g m e n t  ( 2 1 6  bp )
X BamHI f r a g m e n t  f r o m  pLM5,  c o n t a i n i n g  f i r s t  22 bp 
P , T , N  a r e  f r o m  pNE200;  a l l  DNA f r a g m e n t s  a r e  e n d - 1a b e l 1e d .

u n i  t



complexes were d i s s o c i a t e d ,  by a m o d e ra te  d e t e r g e n t  

c o n c e n t r a t i o n ,  s u g g e s t s  t h a t  t h e r e  i s  no c o v a l e n t  

at tachm ent o f  th e  p r o t e in  to  th e  DNA.
W h i l s t  th e  c o n t r o l  f r a g m e n ts  f e l l  on t h e  e x p e c t e d  

d ia g o n a l ,  the  m a jo r i t y  o f  th e  l a b e l l e d  species from th e  

TnsB-dependent  bands moved as a column w i t h ’ t h e  same 
m o b i l i t y  as th e  unbound Tn7RE DNA. T h i s  c o n f i r m s  t h a t  

these  bands do indeed re p re s e n t  complexes r a t h e r  than new 

p ie c e s  o f  DNA, and su gg e s ts  t h a t  a t  l e a s t  u n d e r  t h e s e  

c o n d i t io n s  TnsB has no enzymic a c t i v i t i e s  which c h e m ic a l ly  
modify th e  DNA to  a f f e c t  i t s  m o b i l i t y .

The except ion  was th e  band corresponding to  complex 

I I I  ( la n e s  2 and 3 ) .  DNA from t h i s  band appeared t o  be 

m ig ra t in g  f a s t e r  than t h a t  in  th e  o th e r  complexes. I t  i s  
u n l i k e l y  t h a t  t h i s  was an a r t e f a c t  due to  uneven c u r r e n t  

d i s t r i b u t i o n  in  the second dimension, as i t  has happened 

i d e n t i c a l l y  in  both lan es .  The m o b i l i t y  o f  t h i s  band was 

th e  same as f o r  the f r e e  216 bp c o n tro l  f ragment.  There  

was a ls o  some 245 bp Tn7RE fragment p res en t ,  seen most 
cl e a r l y  i n 1ane 3.

One hypothesis  is  t h a t  t h i s  DNA o r i g i n a t e s  from th e  

245 bp Tn7RE f ra g m e n t ,  w i t h  a T n s B -d e p e n d e n t  c l e a v a g e  

removing about 30 bp. Such a c leavage would not be in  a 
b i o l o g i c a l l y  r e l e v a n t  p o s i t i o n  a t  t h e  3 ’ end o f  t h e  

fragment;  a t  the  5 ’ end i t  could conce ivab ly  be a t  th e  
term inus o f  Tn7, ge n era t ing  a 207 bp fragment.  However, in  

f o o t p r i n t i n g . experiments no such c leavage by TnsB a lone  

was detec ted  (s e c t io n  5 . 2 . 3 ) .
A b l o t t i n g  e x p e r i m e n t  c o u l d  be c a r r i e d  o u t  t o  

d e te r m in e  th e  source o f  t h i s  f a s t - m o v i n g  f r a g m e n t .  I f  

'band I I I ’ does indeed co n ta in  th e  216 bp DNA, t h e r e  a re  

two p o s s i b i l i t i e s  as to  th e  n a tu re  o f  the  complex. One is  

t h a t  t h i s  is  an in t e r m o le c u  1 a r  complex  i n v o l v i n g  b o th  
f ragments .  The experiment in  lane 3 was designed to  look  

s p e c i f i c a l l y  f o r  in t e r m o le c u  1a r  c o m p le x e s ,  be tw een  two  

DNAs c a r ry in g  22 bp re p e a ts .  None were v i s i b l e ,  and such 

complexes have not been d e tec ted  by o th e r  means ( s e c t i o n
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4 . 1 1 ) .  Given t h i s ,  i t  seems u n l i k e l y  t h a t  we should d e te c t  

in te r m o le c u la r  complexes w i th  a DNA f o r  which th e  p r o t e i n  

has a lower a f f i n i t y .  However, such an i n t e r a c t i o n  might  

have a b i o l o g i c a l  r e l e v a n c e ,  i f  t h e  t r a n s p o s a s e  has t o  

search f o r  transposon ends among the c e l l u l a r  DNA. When 
th e  216 bp fragment was t e s te d  a lone in  b ind ing assays, no 

b ind ing  was detec ted  ( d a ta  not shown). I t  may be t h a t  the  
Tn7RE fragment is  re q u ire d  f o r  t h i s  b in d in g ,  which would 

have im p l ic a t io n s  f o r  th e  searching mechanism ( R ic h e t  e t  
a l  . , 1988) .

A l t e r n a t i v e l y ,  independent complexes o f  th e  two DNAs 

may be co m igra t in g .  In  t h i s  case, the  p r o t e in  bound t o  th e  

216 bp fragment could be TnsB or  a host f a c t o r  in  th e  
p r o t e in  p re p a ra t io n .

The behaviour o f  'complex I I I ’ r e l a t i v e  to  th e  o t h e r  

complexes,  as a f u n c t i o n  o f  p r o t e i n  c o n c e n t r a t i o n ,  was 

c o n s is t e n t .  I  do not f e e l  t h a t  i t s  unknown n a tu re  means 

t h a t  i t  should be d is rega rd ed  as an i n d i c a t o r  o f  a v a i l a b l e  

binding a c t i v i t y .  For t h i s  reason I  have made use o f  th e  

p a t t e r n  o f  c o m p l e x e s ,  i n c l u d i n g  t h e  ' I V - I I I  s h i f t ’ 
d e s c r ib e d  above, in  b in d in g  a c t i v i t y  e s t i m a t e s  i n  b o th  

chapters  3 and 4.

4 . 5  E f f e c t s  o f  r e a c t io n  and gel c o n d i t io n s
The i n i t i a l  e x p e r i m e n t s  i n d i c a t i n g  t h a t  TnsB  

possessed sequence s p e c i f i c  D N A -b in d in g  a c t i v i t y  w ere  
c a r r i e d  out in  T r is /H C l  (pH 8 . 2 )  - b u f f e r e d  p o lya cry lam id e  

ge ls  ( E k a te r in a k i  , 1987) . However, i t  was found t h a t  th e
s t a b i l i t y  of  the  complexes and th e  sharpness o f  th e  bands 

were improved by in c re a s in g  the  pH to  9 . 4 .  The g e ls  in  
f i g u r e  4 .4A  compare pH 8 . 2  and 9 . 4  f o r  b o th  b i n d i n g  

c o n d i t i o n s  and gel runn in g  c o n d i t i o n s .  The pH o f  t h e  

r e a c t i o n  b u f f e r  had l i t t l e  e f f e c t  on t h e  p a t t e r n  s e e n ;  

h o w e v e r  t h e  h i g h  pH g e l  g a v e  im p r o v e d  r e s o l u t i o n .  
S i m i l a r l y ,  i f  the b inding r e a c t io n s  were c a r r i e d  out  in  1X 

KGB b u f f e r  (M cCle l land e t  al  . , 1988) ,  the  same p a t t e r n  o f  

bands was observed ( f i g u r e  4.4C lanes 1 , 2 ) ;  th e  r a t i o n a l e
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F igure  4 . 4  E f f e c t s  o f  r e a c t io n  c o n d i t io n s

A.  V a r i a t i o n  o f  pH.
L a n e s  1 - 6  pH 8 . 2  r e a c t i o n s  

7 - 1 2  pH 9 . 4  r e a c t i o n s

Lane TnsB Lane TnsB Lane TnsB
1 ,7 20 ng 3 , 9  312 ng 5 , 1 1 5 ug
2 , 8 78 ng 4 , 1 0  1 . 3  ug 6 , 1 2 0 ug

Gel  I 10 mM T r i s / H C l  ( p H 8 . 2 ) ,  0 . 1  mM EDTA
Gel  I I  50 mM T r i s / G l y c i n e  ( p H 9 . 4 ) ,  0 . 1  mM EDTA

B.  E f f e c t  o f  c a r r i e r  c o n c e n t r a t i o n
B i n d i n g  c o n d i t i o n s :  pH 9 . 4 ,  10 m i n u t e s ,  room t e m p e r a t u r e  
Ge l  c o n d i t i o n s :  pH 9 . 4 ,  4°C
Div/A ^  pNi€2.co c u t 6coR\, VL’ncUU, KkteA , a n a
Lane  1 no e x t r a c t

2 0 . 5  ug e x t r a c t
3 - 8  0 . 5  ug e x t r a c t  p l u s :  3 3 u g / m l  p I C

4 10
5 30
6 100 
7 300

pcir 8 1 mg/ml
P I C = p o l y ( d l d C ) 1 ( d l d C )



0 7 8 9 10 11 12
1 .25 1 .25 1 .25 ug

1 i > • t « «

C. E f f e c t s o f  t e m p e r a t u r e and d i v a l e n t  c a t i o n s
A l l  r e a c t i o n s  w e r e  i n c u b a t e d u n d e r s t a n d a r d
c o n d i  t i  ons e x c e p t :
l a n e s  0 no p r o t e i n

1 ,2 KGB b u f f e r 7 , 8 1 OmM ZnC 1 2
3 5mM C a C l 2 9 , 1 0 4°C
4 1 OmM M n C ^ 1 1 , 1 2 37°C
5 , 6 10mM M g C l 2

I n  l a n e s  1 - 4  t h e  DNA s u b s t r a t e  i s  pLM8 c u t  w i t h  BamH1 
( s ee  f  i  g u r e  4 . 1 )  j ctheif pME2CO c u t . A lA en ltabeU ec l
The amoun t  o f  p r o t e i n  added  i s  i n d i c a t e d  i n  ug .

X standard, pH9.4



behind t e s t i n g  t h i s  b u f f e r  was t h a t  a n io n ic  spec ies  such 

as p o 1 y g 1 u t a m a t e  h a v e  been o b s e r v e d  t o  a s s i s t  t h e  

s o l u b l i s i n g  o f  in s o lu b le ,  overproduced p r o t e in s  (Darby and 

C re igh to n ,  1990) ,  and t h a t  g lutamate i s  a p h y s io lo g ic a l  
an ion .  The lack o f  v a r i a t i o n  w i th  re a c t io n  b u f f e r  a l low s  

us to  be c o n f id e n t  in  using the  high pH b u f f e r  d e s p i te  i t s  

n o n -p h y s io lo g ic a l  n a tu re ;  most o f  the  b ind ing  exper iments  

p re s e n te d  were done under pH 9 .4  c o n d i t i o n s ,  and run on 

T r i s / G l y c i n e  (pH 9 .4 )  g e ls ,  and these a re  r e f e r r e d  to  as 

' s t a n d a r d ’ c o n d i t io n s  in  th e  t e x t  and f i g u r e  legends.
Some examples o f  th e  v a r i a t i o n s  in  e x p e r i m e n t a l  

c o n d i t i o n s  t e s t e d  a r e  shown in  f i g u r e  4 .4 B  and C. The 

r e s o l u t i o n  o f  c o m p le x e s  i n  t h e  g e l  was im p r o v e d  by 

re d u c in g  th e  s a l t  c o n c e n t r a t i o n .  I n  p r a c t i c e ,  t h i s  was 
reduced to  50-65 mM KC1 ; t h i s  re s id u a l  l e v e l  was due to  

the  high s a l t  c o n c e n t ra t io n  in  the  p r o t e in  s to rag e  b u f f e r ,  

requ ired  to  m a in ta in  TnsB in  s o lu t io n .  The t o t a l  amount o f  

s a l t  added to  th e  w e l l s  was re du c ed  by u s in g  a s m a l l  
r e a c t i o n  volume (10  ul  , compared t o  t h e  o r i g i n a l  2 0 - 2 5  

ul ) .
C a r r i e r  DNA was inc luded in  the r e a c t io n  to  absorb  

any n o n - s p e c i f i c  D N A -b ind ing  a c t i v i t i e s .  The e f f e c t  o f  

o m i t t i n g  c a r r i e r  i s  shown in  f i g u r e  4 . 4 B ;  e x t e n s i v e  

r e t a r d a t i o n  o f  th e  pUC c o n t r o l  band was o b s e r v e d ,  w i t h  

much o f  the r a d i o a c t i v i t y  being caught in  the  w e l l .  As the  

c a r r i e r  c o n c e n t r a t i o n  was i n c r e a s e d ,  t h i s  e f f e c t  was 

reduced ,  w i t h  l i t t l e  s h i f t  o f  t h e  c o n t r o l  band a t  a 
c a r r i e r  co nc e n tra t io n  o f  10ug/ml.  The gel shown used the  

double stranded s y n t h e t ic  o l igomer p o l y ( d l d C ) . p o l y ( d l d C ) ; 
th e  same e f f e c t  was observed using pUC18 ( f i g u r e  4 . 5 ) .

E ar ly  experiments used sheared salmon sperm DNA as 
c a r r i e r  (e g  f i g u r e  3 . 1 ) .  L a t e r  w o r k ,  h o w e v e r ,  used  

s u p e r c o i l e d  pUC18 as t h e  n o n - s p e c i f i c  DNA ( u n l e s s  
otherw ise  i n d i c a t e d ) .  There are  two reasons f o r  t h i s :
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i )  th e  sequence o f  th e  plasmid is  known, so a l l  th e  DNA 

sequences in  the  r e a c t io n  a re  d e f in e d ,  in  c o n t r a s t  t o  the  

unknown na tu re  o f  th e  salmon sperm DNA.
i i )  s u p e rco i led  plasmid runs as a s in g le  band, o n ly  a 

s h o r t  d is ta n ce  i n t o  th e  g e l .  Hence the  c a r r i e r  i s  p re s en t  

only  in  the  b ind ing  r e a c t io n  and in  th e  w e l ls  o f  the  g e l ;  

once th e  sample has e l e c t r o p h o r e s e d  i n t o  t h e  g e l  t h e  

c a r r i e r  can no lo n g e r  p a r t i c i p a t e  i n  any p r o t e i n - D N A  

i n t e r a c t i o n s .  Sheared DNA, on th e  o th e r  hand, runs as a 
v a r i a b l e  smear down the  g e l ,  and so has an u n p r e d ic ta b le  

e f f e c t  on p r o t e in  and i t s  i n t e r a c t i o n s  w i th  DNA dur ing  the  
running t im e o f  the  g e l .

C a r r i e r  was in c lu d e d  a t  3 0 - 5 0  n g / r e a c t i o n ,  i e  3 - 5  
ug/m l.  Th is  is  s u b s t a n t i a l l y  less  than the  amounts used 

s ta n d a rd ly  in  our l a b o r a to ry  in  s i m i l a r  exper im ents ,  eg 
w i t h  Tn3 r e s o l v a s e  ( B e d n a r z ,  1 9 8 9 ) .  I n  t h e  c a s e  o f  

reso lv a se ,  b ind ing to  the  res s i t e  is  h ig h ly  s p e c i f i c ,  and 

the  abso lu te  va lue  o f  the  a s s o c ia t io n  constan t  is  h igh;  

the  v a s t  excess o f  c a r r i e r  DNA is  re q u ire d  to  ta ke  up some 

o f  t h i s  excess b in d in g  a c t i v i t y  t o  a l l o w  c o m p lex e s  t o  

form, r a t h e r  than la rg e  n o n - s p e c i f i c  complexes.
The e f f e c t  o f  tem perature  on the  b ind ing r e a c t io n  is  

shown in  f i g u r e  4 .4C .  Over the  range 6 - 3 7 ° ,  very  l i t t l e  

change in  the r e s u l t i n g  p a t t e r n  o f  complexes was observed.  
The order  in which th e  components ( p r o t e i n ,  c a r r i e r  and 

l a b e l l e d  fragment)  were added to  th e  re a c t io n  a ls o  had no 

e f f e c t  (d a ta  not shown).
The e f f e c t  o f  v a r io u s  d i v a l e n t  c a t io n s  on the  b ind in g

a c t i v i t y  was examined using the gel assay. No s i g n i f i c a n t
e f f e c t ,  e i t h e r  q u a n t i t a t i v e  or  q u a l i t a t i v e ,  was seen w i t h
any o f  the  ca t ion s  te s te d  ( f i g u r e  4 . 4 C ) . Perhaps the  most
s i g n i f i c a n t  o f  these r e s u l t s  are f o r  magnesium and z i n c .

?+Many DNA m etabol ic  enzymes r e q u i re  Mg , f o r  example DNase 
I ,  r e s t r i c t i o n  enzymes and l ig a s e .  The absence o f  such a 

requirement f o r  TnsB binding is  c o n s is te n t  w i th  th e  lac k  

o f  evidence to  date  f o r  any DNA m eta bo l ic  a c t i v i t y  f o r  

i s o la t e d  TnsB.
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One c la s s  o f  DNA-binding p r o t e in s  is  th e  s o - c a l l e d  

' z i n c  f i n g e r ’ p r o t e i n s  ( M i l l e r  e t  a l .  ,1 .985:.  K lug  and 

Rhodes, 19 87 ) .  These are  named f o r  th e  s t r u c t u r a l  m o t i f  

r e s p o n s i b l e  f o r  b i n d in g ;  a z i n c  atom i s  t e t r a h e d r a l  l y  

co ord ina ted  by c y s te in e  and h i s t i d i n e  res id u e s ,  and the  
amino a c id s  in  between form a ' f i n g e r ’ w h ich  i n t e r a c t s  

w ith  th e  DNA. The p r o t e in  sequence m o t i f  found in  these  

p r o t e i n s  c o n s i s t s  o f  p a i r s  o f  c y s t e i n e  and h i s t i d i n e  

r e s id u e s  ( o r  two p a i r s  o f  c y s t e i n e s  i n  some e x a m p l e s ) ,  

separated  by 12 amino a c id s ,  which a re  l a r g e l y  p o la r  or  

b a s i c .  TnsB does  n o t  c o n t a i n  t h i s  m o t i f ,  w h ic h  i s  

c o n s is te n t  w i th  the  absence o f  any e f f e c t  on adding z in c  
t o  the  b ind ing  r e a c t io n .

The e f f e c t  o f  manganese was not dependent on TnsB, as 
the  same r e s u l t  was observed in  a n o - p r o t e in  c o n tro l  (d a ta  

not shown) .

4 . 6  A f f i n i t y  and s p e c i f i c i t y  o f  b ind in g
An a p p a re n t  KD f o r  th e  b i n d i n g  r e a c t i o n  can be 

e s t im ated  from the p l o t  in  f i g u r e  4 .2B ,  as descr ibed  in  

the  In t r o d u c t io n  to  t h i s  c h ap te r .  Assuming TnsB to  be 75% 

o f  the  p r o t e in  p re s en t ,  and t h a t  i t  binds as a monomer, KD 
i s  es t im ated  as around 280 nM TnsB. As a comparison, the  

Kp f o r  Tn3 reso lvase  measured by t h i s  assay is  around 10 
nM, and f o r  TrpR under id ea l  c o n d i t io n s  is  around 0 .5  nM.

Some o f  t h e  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  such  

es t im ate s  have been covered in  the  I n t r o d u c t io n  to  t h i s ,  

c h a p t e r .  F u r t h e r  c o n s i d e r a t i o n s  r e l e v a n t  t o  TnsB a r e  

d i s c u s s e d  h e r e .  The a p p a r e n t  Kp c a l c u l a t e d  h e r e  i s  
approx im ate ly  e q u iv a le n t  to  the  Kp f o r  a s in g le  p r o t e in  

binding to  a f r e e  DNA molecule; however, i t s  v a lu e  is  a lso  

a f f e c t e d  by the  b inding o f  f u r t h e r  p r o t e in s  to  such s i n g l y  
bound s p e c i e s .  I t  i s  t h e r e f o r e  l i k e l y  t o  be an 

u n d e r e s t im a t e ,  as any c o o p e r a t i  v i t y  i n  such m u l t i p l e  
binding w i l l  make the binding appear s t ro n g e r .

Each DNA fragment conta ins  f o u r  22 bp re p e a ts ;  the  
c a l c u l a t e d  Kp i s  an av erage  a c r o s s  a l l  s i n g l y  bound
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F i g u r e  4 . 5  C o m p e t i t i o n  e x p e r i m e n t s
B i n d i n g  r e a c t i o n s  i n c l u d i n g  t h e  i n d i c a t e d  t y p e  and 
c o n c e n t r a t i o n  o f  s u p e r c o i l e d  c o m p e t i t o r  w e r e  c a r r i e d  
o u t  u n d e r  s t a n d a r d  c o n d i t i o n s ,  w i t h  1 ug e x t r a c t  ( 0 . 9  
uM TnsB)  p e r  r e a c t i o n .  L a b e l l e d  DNA i s  0 . 5  nM, and 
s u p e r c o i l e d  pUC18 i s  i n c l u d e d  a t  2 u g / m l  as  c a r r i e r s  
Lane 1 no e x t r a c t  tyiocjcs-.

2 1 ug e x t r a c t
3 + 100 ng pUC18 9 +100 ng
4 200 ng 10 200 ng
5 400 ng 1 1 400 ng
6 1 ug 1 2 600 ng
7 700 ng 13 800 ng
8 1 .2  ug 14 1 . 2 ug



s p e c i e s .  W ith  m u l t i p l e  s i t e s ,  t h e  p r o p o r t i o n  o f  DNA 

f r a g m e n t s  bound i s  n o t  n e c e s s a r i l y  t h e  same as t h e  

p r o p o r t i o n  o f  s i t e  occupancy;  when 50% o f  t h e  DNA i s  

bound, i t  is  l i k e l y  t h a t  more than 50% o f  th e  s i t e s  are  

o c c u p ie d .  The s t o i c h i o m e t r i e s  o f  t h e  co m p le x es  a r e  n o t  

know n,  so we c a n n o t  make any s t a t e m e n t s  a b o u t  s i t e  

occupancy.
To i n v e s t i g a t e  t h e  s p e c i f i c i t y  o f  t h e  b i n d i n g  

a c t i v i t y  f o r  Tn7 end sequences, u n la b e l le d  DNAs were added 

t o  the  binding r e a c t io n ,  e i t h e r  as l i n e a r  fragments or  as 

s u p e rco i led  plasmids ( f i g u r e  4 . 5 ) .  The presence o f  pUC18 

up to  70 f o l d  molar excess over th e  l a b e l l e d  fragment had 

very  l i t t l e  e f f e c t  on the  b ind ing  observed, a lthough non
s p e c i f i c  b inding to  the  v e c to r  fragment was e f f e c t i v e l y  

competed by a t e n f o l d  excess. A s h i f t  from band I I I  to  
band IV  predominance was observed, which was e a r l i e r  shown 

t o  c o r r e l a t e  w i t h  an e f f e c t i v e  r e d u c t i o n  i n  a v a i l a b l e  
binding a c t i v i t y ;  however, th e r e  was l i t t l e  change in  the  

amount o f  f r e e  DNA.
In  the presence o f  pNE200 (o r  pLM2, pLM3: see f i g u r e

4 . 1 )  the  same e f f e c t  was seen on the  v e c to r  r e t a r d a t i o n  

(compare lanes 2, 9 - 1 4 ) .  However, as th e  c o n c e n tra t io n  o f  

pLM2 increased,  the amount o f  unbound DNA increased ,  u n t i l  

85% o f  the  r a d i o a c t i v i t y  migrated in  the  unbound band. The 

s t r o n g l y  r e ta r d e d  complexes I X - X I I  w ere  t h e  f i r s t  t o  

d isap pear ,  a t  5 0 - f o l d  excess ( la n e  1 1 ) ,  w i th  V - V I I I  fa d in g  

a t  h i g h e r  c o m p e t i t o r  c o n c e n t r a t i o n s .  The o r d e r  o f  

disappearance seen is  c o n s is te n t  w i th  our view o f  these as 

complexes in which th e  DNA is  loaded w i th  m u l t i p l e  p r o t e in  

u n i t s .  The r a t i o  o f  bands I V : I I I  increased  g r a d u a l ly  from  

approx im ate ly  1:10 ( la n e  2) to  around 10:1 ( l a n e  14 ) ;  t h i s  

r a t i o  change, and the  percentage o f  unbound DNA, c o r r e l a t e  
w ith  a reduct ion  in  a v a i l a b l e  b ind ing  a c t i v i t y  o f  around 

t e n f o l d  in  t i t r a t i o n  experiments ( c f .  f i g u r e  4 . 2 ) .
T h e s e  d a t a  show t h a t  pLM2 i s  a more e f f e c t i v e  

co m pet i to r  f o r  the b inding a c t i v i t y  than pUC18, i n d i c a t i n g  
s p e c i f i c i t y  in  the b inding o f  TnsB. Th is  is  in  agreement
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w i t h  th e  low l e v e l  o f  b i n d in g  t o  t h e  216 bp c o n t r o l  

f ragment.
By d e f in in g  a 'b in d in g  u n i t ’ in  terms o f  the  amount 

o f  s p e c i f i c  fragment bound, ie
( fmoles  Tn7RE) x % bound

t h e  t o t a l  DNA b in d in g  a c t i v i t y  can be e s t i m a t e d .  The  

number o f  u n i t s  per  r e a c t i o n  i n c r e a s e d  f ro m  4 9 . 5  ( 9056 

binding o f  a t e n f o l d  excess o f  fragm ent;  lane 9) to  215 

( l a n e  1 3 ) .  When these  are  p l o t t e d  a g a in s t  th e  t o t a l  number 

o f  moles o f  Tn7RE f r a g m e n t ,  t h e  c u r v e  i s  h y p e r b o l i c ,  

t e n d in g  tow ards  an asym pto te  a t  2 3 0 - 2 5 0  fm ol  b i n d i n g  
u n i t s ,  or  1 pmol o f  22 bp rep e a ts .

The TnsB monomer c o n c e n t r a t i o n  was 900 nM, o r  9 

pmol / r e a c t i  o n . T h is  9 - f o l d  m o la r  e x c e s s  i s  l e s s  o f  a 

discrepancy than th e  1 0 0 0 - fo ld  suggested by f i g u r e  4 . 2 ,  
and in d ic a te s  t h a t  under c o n d i t io n s  o f  l i m i t i n g  p r o t e i n ,  

between 3% and 11% o f  the TnsB present  is  ab le  to  bind to  

the  Tn7RE fragment.  I f  we take  a v a lu e  o f  10%, then the  

va lue  o f  Kq can be reduced 1 0 - f o l d ,  to  3 x 10~8 , which is  

more c o n s is te n t  w i th  the  examples given above.
In  the  gel shown, pUC18 a t  a 1 2 0 - f o ld  excess competed 

as w el l  as pNE200 a t  20-30 f o l d  excess. Assuming t h a t  the  

t o t a l  number o f  n o n - s p e c i f ic  b ind ing  s i t e s  is  equal to  the  

number o f  basepairs  o f  n o n - s p e c i f i c  DNA ( t h i s  assumption  

i s  v a l i d  i f  the  b ind ing  s i t e s  are  in  ex ce s s ) ,  then we can 

c a l c u l a t e  the number o f  s p e c i f i c  (4 /pLM2) and n o n - s p e c i f i c  

(2  700/pUC 18) b in d in g  s i t e s ;  e q u a t i n g  t h e  e x t e n t s  o f  
binding in  the s i t u a t i o n s  above:

(125 x 2700)KN + (1x4 )K s = (35 x 2700)KN + (3 1x4 )K s

where and Ks are  the a f f i n i t i e s  o f  n o n -s p e c i f i c  and
s p e c i f i c  s i t e s  r e s p e c t i v e l y ,  the  r a t i o  o f  the a f f i n i t i e s ,  

Ks /  K^, is  2025; ie  th e re  is  a 2 0 0 0 - f o ld  s p e c i f i c i t y  f o r  

the  Tn7RE sequences. Given the  Kp c a lc u la t e d  above, 3 x
_  o

10 M, the d i s s o c ia t io n  constant  f o r  n o n - s p e c i f i c  DNA is
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then around 6 x 10” 5 M. The b i o l o g i c a l  i m p l ic a t io n s  o f  th e  

observed a f f i n i t y  and s p e c i f i c i t y  are  discussed in  s e c t io n  

4 . 7 . 3 .  '

4 . 7  K in e t ic s  o f  TnsB b ind ing
4 . 7 . 1  A s s o c ia t io n  r a t e

E xpe r im ents  t o  examine t h e  k i n e t i c s  o f  b i n d i n g  o f  

TnsB to  th e  Tn7 r i g h t  end are  shown in  f i g u r e  4 . 6 .  The 

t im e  course f o r  b ind ing  a t  th e  lower p r o t e in  c o n c e n t ra t io n  

( 0 .2 5  ug; 25 u g /m l) showed a gradual loss o f  f r e e  DNA; the  

r a d i o a c t i v i t y  reappeared in  h ighe r  complexes, eg V I I ,  X 

and beyond, w i th  very  l i t t l e  change in  the  lower complexes 

ov e r  t i m e .  B in d in g  appeared  t o  be c o m p le t e  w i t h i n  5 

minutes (compare lanes 6 and 7 ) .  The p a t t e r n  o f  r e l a t i v e  

i n t e n s i t i e s  o f  th e  complexes remained f i x e d  throughout the  

exper im ent .
At the  h ighe r  p r o t e in  c o n c e n t ra t io n  (1ug; 100ug /m l) ,

th e  i n i t i a l  b ind ing was perhaps s l i g h t l y  f a s t e r  than f o r  

2 5 u g /m l , reaching a s t a t e  w i th  80% bound w i t h i n  1 m inute .  
The p a t t e r n  o f  complexes was as f o r  t h e  lo w e r  p r o t e i n  

c o n c e n t r a t io n .  Th is  remained s t a t i c  w i th  l i t t l e  v i s i b l e  

change u n t i l  t=5  minutes,  when th e r e  was a change in  th e  

d i s t r i b u t i o n  o f  complexes.  The i n t e n s i t y  o f  band IV  

decreased, w i th  more counts appearing in  band I I I  and in  
i n d i s t i n g u i s h a b l e  complexes near the  top o f  the  g e l .  The 

p a t te r n  change was assoc ia ted  w i th  f u r t h e r  loss o f  f r e e  

DNA. There  was l i t t l e  f u r t h e r  change o v e r  t h e  n e x t  5 

minutes ( la n e  13 ) ,  or  indeed w i t h i n  a f u r t h e r  h a l f - h o u r  

(d a ta  not shown).
From t h i s  g e l ,  an i n i t i a l  a s s o c i a t i o n  r a t e  o f  2 

pM/sec can be es t im a te d ,  as the  r a t e  o f  loss o f  unbound 

DNA. Unbound DNA i s  used as a m e a s u re  r a t h e r  t h a n  

complexes, because the  f r e e  DNA band repres en ts  p r e c i s e l y  

t h e  p r o p o r t i o n  o f  DNA unbound a t  t h e  s t a r t  o f  

e le c t r o p h o r e s is ;  complexes may have d is s o c ia te d  dur ing  gel  
running, a l lo w in g  the  DNA t h a t  was in  them to  run f a s t e r ,  
producing a smear which may not be d e te c te d .  The r a t e  is
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F i g u r e  4 . 6  K i n e t i c s  o f  b i n d i n g :  a s s o c i a t i o n  r a t e
A.  B i n d i n g  r e a c t i o n s  w i t h  t h e  i n d i c a t e d  p r o t e i n  
c o n c e n t r a t i o n s  w e r e  i n c u b a t e d  a t  6 ° C ,  a n d  s a m p l e s  
w i t h d r a w n  a t  t h e  t i m e s  s h o w n  a n d  l o a d e d  o n t o  a 
r u n n i  ng g e l  ( 1 0 0 V ) .
B i n d i n g  and g e l  c o n d i t i o n s :  s t a n d a r d .
Dktft: pM£2CO cuct Gce>£\ . Wir»dUl/y NJcteA , CLvx$&rd lo*Jb2Uedi \ )
Lane 1 no e x t r a c t

2 . 8  0 mi n 5 , 1 1 2 mi ns
3 . 9  0 . 5  m in  6 , 1 2  5 m i n s
4 , 1 0 1 mi n 7 , 1 3 10 mi ns

l a n e s  1 - 7 :  0 . 2 5  ug p r o t e i n ;  l a n e s  8 - 1 3 :  1 ug p r o t e i n

B. P l o t  o f  t h e  p r o p o r t i o n  o f  f r e e  DNA ( l o g a r i t h m i c  
s c a l e )  a g a i n s t  t i m e ,  f o r  0 . 2 5 u g  p r o t e i n .



ta k e n  from  th e  b e g in n in g  o f  t h e  e x p e r i m e n t  r a t h e r  t h a n  

l a t e r ,  as th e r e  w i l l  be l i t t l e  d i s s o c i a t i o n  a t  t h i s  s tag e .  
The measure o f  r a t e  o f  loss o f  f r e e  DNA is  an e s t im a te  o f  

th e  r a t e  o f  i n i t i a l  p roduct ion  o f  s i n g l y  bound spec ies;  as 

th e  complex c o n c e n tra t io n  is  low e a r l y  in  the  t ime course,  
th e  m a jo r i t y  o f  i n t e r a c t i o n s  w i l l  be o f  t h i s  ty p e .  Binding  

o f  second, t h i r d  ( e t c . )  p r o t e i n s  t o  bound DNA do n o t  

c o n t r i b u t e  to  ra te s  measured in  t h i s  way, but these w i l l  

only  be a m in o r i t y  o f  the  i n t e r a c t i o n s  o c c u r r in g .
A p l o t  o f  log [ f r e e  DNA] a g a in s t  t im e is  shown in

f i g u r e  4 .6 B .  The l i n e a r i t y  o f  th e  graph f o r  e a r l y  t im e
p o in ts  shows t h a t  the  a s s o c ia t io n  r a t e  i s  p ro p o r t io n a l  to
[DNA], as the  p r o t e in  is  in  excess, so i t s  c o n c e n tra t io n
can be regard ed  as c o n s t a n t .  A f i r s t - o r d e r  a s s o c i a t i o n

5 — 1 — 1r a t e  cons tan t  o f  2 .5  x 10 M s is  es t im ated  from th e  

graph. The p l o t  becomes n o n - l i n e a r  a t  l a t e r  t ime p o in ts  

because complexes begin  t o  d i s s o c i a t e  as a f r e e : b o u n d  

e q u i l i b r i u m  is  e s ta b l is h e d .
The p ro p o r t io n  o f  pUC18 to  become bound in  the  f i r s t  

minute is  s i m i l a r  to  t h a t  f o r  the  Tn7RE fragm ent,  i . e .  the  

a s s o c ia t io n  r a t e  constants  are  s i m i l a r .  Th is  could suggest  
t h a t  both re a c t io n s  occur by the same mechanism; ie  t h e r e  

i s  no a p p a r e n t  enhancement o f  t h e  r a t e  o f  b i n d i n g  t o  
s p e c i f i c  s i t e s  due t o ,  f o r  e x a m p le ,  c a p t u r e  by a non
s p e c i f i c  s i t e  fo l lo w e d  by d i r e c t  t r a n s f e r .

4 . 7 . 2  Rate o f  d i s s o c ia t io n
The r a t e  o f  d i s s o c i a t i o n  o f  t h e  Tn7 RE /  TnsB  

complexes was examined in exper im ents  such as t h a t  shown 

in  f i g u r e  4 . 7 .  Tenfo ld  d i l u t i o n  o f  a b ind ing  re a c t io n  w i th  

a b u f f e r  co n ta in in g  an excess o f  s u p e rc o i le d  pLM2, reduced 
the  l i k e l i h o o d  o f  any d is s o c ia t e d  p r o t e in  r e - a s s o c i a t i n g  

w i t h  th e  l a b e l l e d  DNA, so a l l o w i n g  t h e  o f f - r a t e  t o  be 
observed independent ly  o f  b in d in g .

During the  f i r s t  minute a f t e r  d i l u t i o n ,  most o f  th e  
n o n - s p e c i f i c  binding to  the  v e c to r  d is s o c ia t e d  ( la n e  2 ) ,  

w i t h  r e a s s o c i a t i o n  being quenched by t h e  e f f e c t i v e l y
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MINS 0 

1

pLM2
• 2 5 10 2D 40 80 12D

2 3 4 5 6 7 8 9 10

pUCl8
I 20 120

II 12 15

pLM2
I 20 120

14 15 16

F i g u r e  4 . 7  K i n e t i c s  o f  b i n d i n g ' :  d i s s o c i a t i o n  r a t e .
A f t e r  15 m i n u t e s ’ i n c u b a t i o n  a t  3 7 ° C ,  t h e  b i n d i n g  m i x  was 
d i l u t e d  t e n f o l d  i n  r e a c t i o n  b u f f e r  c o n t a i n i n g  2 u g  
c o m p e t i t o r  ( a s  i n d i c a t e d ) .  S a m p l e s  w e r e  r e m o v e d  a t  t h e  
t i m e s  shown ( i n  m i n u t e s )  and l o a d e d  o n t o  a r u n n i n g  g e l .

l a n e s  1 - 9  0 . 5 u g  p r o t e i n  1 0 - 1 6  1 . 0 u g  p r o t e i n

0 :  r e a c t i o n  m i x  b e f o r e  d i l u t i o n

R e a c t i o n  c o n d i t i o n s :  s t a n d a r d ,  c a r r i e r  5 u g / m l  pUC18 
Gel  c o n d i t i o n s :  s t a n d a r d ,  200V r u n n i n g  v o l t a g e

DkJA : pKiG200 Cuet MivncAlU, Wdel, orvrA €ndlaboiA.<sd.



excess 1 c a r r i e r ’ in  th e  r e a c t i o n .  Th is  s h o r t  l i f e t i m e  was 

in  marked c o n t r a s t  to  the  apparen t  s t a b i l i t y  o f  the  more 

s p e c i f i c  Tn7 end complexes ( la n e s  3 - 8 ) .  The h igher  o rder  

complexes I X - X I I  d isappeared w i t h i n  5 minutes.  Complexes 

V I I  and V I I I  a lso  began to  d is a p p e a r ,  a f t e r  10-20 minutes,  
and were b a re ly  d e te c ta b le  a f t e r  80 minutes.

The c o n c e n t r a t i o n  o f  unbound DNA a l s o  i n c r e a s e d  

g r a d u a l l y ,  a t  the expense o f  th e  complexes. The r a t e  o f  

change o f  c o n c e n tra t io n  o f  f r e e  DNA can be es t im ated  as 

around 4 x 10-1 4  M s” 1 . I t  i s  l i k e l y  t h a t  the source o f  

th e  f r e e  DNA i s  d i s s o c i a t i n g  s i n g l y  bound s p e c i e s ,  b u t  

t h a t  has not been demonstrated. The advantage o f  look ing  

a t  the  f r e e  DNA is  t h a t  i t s  c o n c e n t ra t io n  is  determined  

on ly  by complex d i s s o c i a t i o n ,  whereas th e  co n c e n tra t io n  o f  

any complex is  dependent on i t s  own d i s s o c ia t io n  as w e l l  
as t h a t  o f  h igher  complexes.

A d is s o c ia t io n  r a t e  co ns tan t  f o r  the  d i s s o c ia t io n  o f  

s i n g l y  bound s p e c i e s  c a n n o t  be d e t e r m i n e d ,  as t h e  

c o n c e n tra t io n  o f  the  d i s s o c i a t i n g  species is  not known. A 
r a t e  constant  c a lc u la te d  from th e  r a t e  o f  increase  o f  f r e e  
DNA c o n c e n t ra t io n ,  would be e f f e c t i v e l y  the  r a te  co ns tan t  

f o r  a l i m i t i n g  step in  the  d i s s o c i a t i o n  pathway. The r a t e  
l i m i t i n g  s te p  is  no t  n e c e s s a r i l y  t h e  d i s s o c i a t i o n  o f  

s i n g l y  bound c o m p l e x e s ;  i t  i s  more l i k e l y  t o  be 
d i s s o c i a t i o n  o f  m u l t i p l y  bound s p e c i e s ,  wh ich  w i l l  be 

s t a b i l i s e d  by p r o t e i n / p r o t e i n  i n t e r a c t i o n s .
However, a d i s s o c i a t i o n  r a t e  c o n s t a n t  f o r  s i n g l y  

bound species can be es t im ate d  from equat ion  ( 8 ) .  Taking  

th e  Kd and k^ va lues above, k^ is  7 x 10“ 3 s” 1 , w i th  a 
h a l f l i f e  f o r  t h e s e  s p e c i e s  o f  a r o u n d  10 s e c o n d s .  

S i m i l a r l y ,  th e  r a t e  c o n s t a n t  f o r  d i s s o c i a t i o n  o f  n o n -  

s p e c i f i c a l l y  bound TnsB is  15 s“ 1 , g iv in g  a h a l f l i f e  o f  
Q.05 s.

The s o l u t i o n  h a l f l i v e s  c a l c u l a t e d  a r e  in  m arked  

c o n t r a s t  t o  t h e  s t a b i l i t y  o f  t h e  c o m p le x e s  d u r i n g  

e l e c t r o p h o r e s i s . There is  l i t t l e  smearing forward o f  th e  

bands, which would i n d i c a t e  d i s s o c i a t i o n  in  the  g e l .  I t  is
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no t  known w hether  t h e  e f f e c t  i s  a g e n u in e  i n c r e a s e  in  

h a l f l i f e ,  o r  due t o  enhanced r e a s s o c i a t i o n .  A ' c a g e ’ 
e f f e c t  has been p r o p o s e d  t o  e x p l a i n  t h e  a p p a r e n t l y  

enhanced s t a b i l i t y  o f  p r o t e i n - D N A  co m p le x es  in  g e l s ,  

whereby any d is s o c ia te d  p r o t e i n  is  he ld in  c lose  p r o x im i ty  

to  th e  DNA, and the l o c a l l y  high p r o t e in  c o n c e n tra t io n  may 

then fa vo u r  rea s s o c ia to n .  The n a tu re  o f  the s t a b i l i s a t i o n  

could be addressed by exper im ents  l i k e  those o f  F r ie d  and 

C ro th ers  (1 9 8 1 ) .  A f t e r  a l lo w in g  th e  complexes to  e n t e r  the  

g e l ,  co ld  DNA co n ta in in g  th e  b ind ing  s i t e  was loaded in  

th e  same lane .  As the  naked DNA over takes  the  complexes,  
i t  can compete f o r  any f r e e  p r o t e i n ,  and t h i s  w i l l  be 

observed as smearing fo rw ard  o f  th e  l a b e l l e d  complex band.
The t e n f o l d  d i l u t i o n  in  t h i s  e x p e r i m e n t  w ou ld  be 

expected to  g ive  an e q u i l i b r i u m  b ind ing  p a t te rn  s i m i l a r  to  

t h a t  in  lane 4 o f  f i g u r e  4 . 2 ,  as t h i s  is  the f i n a l  p r o t e i n  

c o n c e n t r a t io n .  However, some account must be taken o f  the  

l a r g e  amount o f  Tn7 end fragment p res e n t .  By comparison 

w ith  f i g u r e  4 . 5 ,  t h i s  amount o f  a d d i t io n a l  b ind ing  s i t e s  

w o u ld  be p r e d i c t e d  t o  g i v e  a f u r t h e r  r e d u c t i o n  i n  

e f f e c t i v e  p ro te in  c o n c e n t ra t io n  o f  around e i g h t f o l d .  As 

t h e  p a t t e r n  o f  c o m p le x e s  has n o t  r e a c h e d  a s t a t e  
c o n s is te n t  w i th  t h i s  c o n c e n t r a t io n ,  i t  appears t h a t  even 

a f t e r  120 m ins  t h e  d i s s o c i a t i o n  has n o t  r e a c h e d  an 
e q u i l i b r i u m ,  i . e  the  d is s o c a t io n  o f  the  h igher  complexes 

i s  slow.
A s i m i l a r  e x p e r i m e n t  was c a r r i e d  o u t  a d d i n g  an 

e q u iv a le n t  excess o f  pUC18 DNA to  the  d i l u t i o n  mix. Th is  

was to  determine whether th e  a d d i t io n  o f  e x t r a  DNA per se 

had any e f f e c t  on the  d i s s o c i a t i o n ;  a concern was t h a t  the  

p r o t e in  was not f u l l y  s o lu b le  in  the  b ind ing r e a c t i o n ,  and 
t h a t  t h i s  s o l u b i l i t y  could be a l t e r e d  by DNA (see c h a p te r  

3 ) .  Under th e s e  c o n d i t i o n s ,  t h e  a p p a r e n t  amounts and 

d i s t r i b u t i o n s  o f  the complexes remained constant  f o r  over  

an hour ,  whereupon a slow i n c r e a s e  o f  unbound DNA and 

complexes I  was observed over th e  next  hour ( la n e s  1 1 - 1 3 ) .  
Th is  d i s s o c ia t io n  is  o c c u rr in g  a t  about one q u a r te r  o f  the
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r a t e  o f  t h a t  seen in  the  presence o f  excess b ind in g  s i t e s .
The  a p p a r e n t  d i f f e r e n c e s  i n  s t a b i l i t y  o f  t h e  

complexes under the two c o n d i t io n s  can be e x p la in ed  in  two 

ways. The a p p a re n t  reduced r a t e  o f  d i s s o c i a t i o n  in  t h e  

a b s e n c e  o f  c o m p e t i t o r  m i g h t  i n d i c a t e  t h a t  a l t h o u g h  

d i s s o c i a t i o n  i s  o c c u r r i n g  a t  t h e  r a t e  s e e n  w i t h  
c o m p e t i to r ,  th e re  is  a ls o  some r e a s s o c ia t io n .  The f o u r f o l d  

d i f f e r e n c e  then su gg es ts  t h a t  1 b% o f  a l l  d i s s o c i a t e d  

p r o te in s  are  rep laced .
A l t e r n a t i v e l y ,  th e  r a t e  seen in  the  l a t t e r  exper im ent  

may be c l o s e r  to  th e  ' t r u e ’ r a t e ,  w i t h  t h e  c o m p e t i t o r  

causing an enhanced o f f - r a t e .  One mechanism f o r  t h i s  would 
be the  d i r e c t  removal o f  p r o t e in s  bound to  th e  l a b e l l e d  

DNA, by the added c o m p e t i to r .  Given the  r o le  we propose  

TnsB t o  have in  t r a n s p o s i t i o n ,  in  b r i n g i n g  t o g e t h e r  

transposon ends, such in t e r m o le c u la r  i n t e r a c t i o n s  would 

not be s u r p r is in g ,  and cannot be excluded.

4 . 7 . 3  B io lo g ic a l  i m p l ic a t io n s  o f  e q u i l ib r i u m  and k i n e t i c  

d a ta
In  order  to  mediate t r a n s p o s i t i o n ,  the *t r a n s p o s a s e ’ 

must lo c a te ,  and bind t o ,  the  transposon ends, amongst a 

v a s t  excess o f  chromosomal DNA sequences  p r e s e n t .  I t s  
a b i l i t y  to  do t h i s  w i l l  be a fu n c t io n  o f  i t s  a f f i n i t y  f o r  

i t s  s i t e  r e l a t i v e  to  t h a t  f o r  n o n - s p e c i f i c  DNA, and w i l l  

be dependent on the t o t a l  c o n c e n tra t io n  o f  DNA. We can use
t h e  e s t im a te s  o f  e q u i l i b r i u m  c o n s t a n t s  t o  model t h e
behaviour  of the p r o t e in  j_n vi_vo, bear ing  in  mind t h a t  th e  
t r u e  s i t u a t i o n  in th e  c e l l  is  more complex, w i th  o t h e r
g e n e ra l  DNA-binding p r o t e i n s  c o m p e t in g  w i t h  s p e c i f i c  

p r o te in s  f o r  the DNA.
For n o n -s p e c i f ic  b ind in g ,

[B] = Kd

[B ] °  [D]+Kd

w h e re  [B ]  and [ B 3 Q a r e  t h e  f r e e  and t o t a l  TnsB  
c o n c e n t r a t i o n s ,  Kp i s  th e  n o n - s p e c i f i c  d i s s o c i a t i o n
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constan t  (6 x 10” 5 M), and [D] i s  the  c o n c e n t r a t io n  o f  

p o t e n t i a l  b inding s i t e s ;  assuming a l l  random sequences to  

have a s i m i l a r  a f f i n i t y  f o r  TnsB, then the  number o f  s i t e s  

i s  equal to  th e  number o f  basepa irs  in the  c e l l .  Th is  is  

perhaps an o v e r e s t i m a t e ,  due t o  o c c l u s i o n  o f  p o t e n t i a l  

s i t e s  by b inding o f  p r o t e in s  l i k e  HU, or  u n a v a i l a b i l i t y  o f  

DNA due to  s t r u c t u r e ;  however, g iven t h i s  assumption, the
. . .  . 7 _ p

number o f  n o n -s p e c i f ic  s i t e s  is  10 , or  10 M . Hence 

[B] = 6 X 10- 3

W 0

i e  on ly  0.6% o f  the p r o t e in  is  f r e e .
For b inding to  the  22 bp re p e a ts ,

IS ]  = Ks 
[ S ] 0 ks+ [ b ]

where [S] and [ S ] Q a re  the  f r e e  and t o t a l  c o n c e n t ra t io n s  

o f  s p e c i f i c  s i t e ,  and Ks is  the  s p e c i f i c  b ind ing  c o nstan t  

(3  x 10“ 8 M). So, f o r  10% o f  t h e  b i n d i n g  s i t e s  t o  be 

occupied ( C S ] / [ S ] Q = 0 . 9 ) ,  a TnsB c o n c e n tra t io n  o f  3 .3  x
_  q  .

10 M, or 4 molecules per  c e l l ,  is  r e q u i re d .  S i m i l a r l y ,
 fi

to  occupy 99% o f  the s i t e s ,  TnsB must be a t  3 x 10 M, or
3600 molecules per c e l l .  However, as shown above, most o f
th e  p r o t e in  is  bound to  n o n - s p e c i f i c  DNA, so th e  t o t a l  

p r o t e in  co n c e n tra t io n ,
[B ] q = [B]

6 x 10"3

which is  670 molecules o f  TnsB per c e l l  f o r  10% occupancy 

( i e  one every 15 kb o f  the  chromosome), and 5 x 105 per  
c e l l  f o r  99% occupancy (one e v e r y  20 bp, w h ic h  w o u ld  

com plete ly  coat the chromosome). The l e v e ls  do not appear  
t o  be as high as t h i s  i_n v iv o  in  a c e l l  c a r r y in g  a s i n g l e  

c opy  o f  Tn7;  u s i n g  d a t a  f r o m  t r a n s c r i  p t i o n a l  and  
t r a n s l a t i o n a l  f u s io n s  ( E k a t e r  i n a k i  ,: 1 987 ) i t  can be
es t im ate d  t h a t  from a s in g le  copy o f  tnsB, t h e r e  would be
390 molecules o f  TnsB in  the  c e l l .
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I f  TnsB a t  t h a t  c o n c e n tra t io n  is  to  f i n d ,  and bind  

t o ,  th e  t ran s p o so n  ends, a d d i t i o n a l  m e c h a n is m (s )  must  

opera te .  One such mechanism is  c o o p e r a t i v i t y , whereby the  

binding o f  subsequent p ro te in s  is  f a c i l i t a t e d  compared to  

binding o f  the  f i r s t .  An example where c o o p e r a t i v i t y  is  

i m p o r t a n t  i s  i n  b i n d i n g  o f  lam bda r e p r e s s o r  t o  i t s  

o p e r a t o r  s i t e s  ( G r i f f i t h  e t  a ! . , 1 9 8 6 ) .  An a l t e r n a t i v e  

mechanism is  t h a t  o f  *c i s - a c t i  ng1 transposase, as observed  

f o r  IS10 (M o r is a to  e t  a l . , 1 9 8 3 )  and IS903 (G r in d le y  and 
Joyce, 1980) .  Because t r a n s c r i p t i o n  and t r a n s l a t i o n  occur  

s im u l t a n e o u s ly  in  b a c t e r i a ,  t h e  l o c a l  c o n c e n t r a t i o n  o f  

' t ra n s p o s a s e ’ is  e le v a te d  c lose  to  i t s  s i t e  o f  a c t i o n ,  and 

loss by d i f f u s i o n  to  chromosomal DNA is  reduced. Tn7 is  

n o t  b e l i e v e d  t o  show t h i s  phenom enon,  as t  r  ans  

complemented t r a n s p o s i t i o n  is  as e f f i c i e n t  as c i s  a c t i o n .  
However,  th e  d a ta  can a ls o  be e x p l a i n e d  i f  t r a n s p o s a s e  

acts  p r e f e r e n t i a l l y  in  c is  and t r a n s p o s i t i o n  is  l i m i t e d  by 

other  f a c t o r s .
Another way to  increase  s p e c i f i c i t y  is  to  in c re as e  

e q u a l l y  th e  number o f  both s p e c i f i c  and n o n - s p e c i f i c  

c o n t a c t s ,  by d o u b l in g  t h e . s i z e  o f  t h e  p r o t e i n  and i t s  

binding s i t e ;  ie  by binding as a dimer. Kp and Ks would 

then be squared, as would t h e i r  r a t i o .  However, a Kp as
_ q

low as 3 .6  x 10 means t h a t  th e  p ro te in  would spend a l l  

of  i t s  t im e bound to  n o n - s p e c i f i c  DNA, and would r a r e l y  

f i n d  a b i n d i n g  s i t e ;  t h e  p r o b l e m  has become one o f  
k i n e t i c s  r a t h e r  than thermodynamics.

4 . 8  Binding t o  p a r t i a l  r ig h t - e n d  fragments
The b ind ing  experiments descr ibed so f a r  a l l  use a 

' c o m p l e t e ’ Tn7 r i g h t  e n d ,  w h ic h  c o n t a i n s  t h e  f o u r  

contiguous 22 bp repeats  and is  longer than th e  minimal  
t r a n s p o s i t i o n - c o m p e t e n t  end ( 7 0  bp; A r c i z e w s k a  e t  a l  .
1988) .  The p a t t e r n  o f  bands seen is  very complex; i t  was 
o f  i n t e r e s t  to  c r e a te  ' d e l e t e d ’ fragments ,  to  look a t  th e  

behaviour o f  a reduced number o f  22 bp re p e a ts .  I t  was 

hoped t h a t  th e  b inding p a t te r n  would be a l t e r e d  in  a way

86



H

1 2  3 4 5 
•  •  •  • •

R
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•  •  •  •  •

2 3 4 5
•  •  •  •

J U J J
U u k  - M

T 
N

* 0

R

H.

F igure  4 .8  Fragments c o n ta in in g  1 .5  and 2 .5  22 bp repeats  
pNE200 was d i g e s t e d  w i t h  E c o R I , H i n d l l l  and B g l l l ,  and 
t h e  t w o  s m a l l  f r a g m e n t s  w e r e  p u r i f i e d  and e n d - 1a b e l 1e d , 
and  i n c u b a t e d  w i t h  TnsB e x t r a c t  a t  room t e m p e r a t u r e  f o r  
10 m i n u t e s ,  i n  pH 9 . 4  b u f f e r .  3 u g / m l  pUC18 was i n c l u d e d  
as  c a r r i e r .

1 no• e x t r a c t
2 0. 5 ug TnsB e x t r a c t
3 '1 ug
4 2 ug
5 4 ug

The l a b e l l e d  DNA fragments were d e r iv e d  from pNE200:
T E c o R I - H i n d l l l  fragment c o n ta in in g  'c o m p le te ’ Tn7RE
N H i n d l I I - N d e l  c o n t ro l  fragment
H H i n d l l l - B g l I I  f ragment c o n ta in in g  1 .5  22 bp repeats
R B g l I I - E c o R I  fragment c o n ta in in g  2 .5  22 bp repeats



A.
O l i g o n u c l e o t i d e  1:  R1 ( pLM5)

5 ’ -  CTAGAGACAATAAAGTCTTAAACTGAAG - 3 ’
3 ’ -  TCTGTTATTTCAGAATTTGACTTCAGCT - 5 ’

O l i g o n u c l e o t i d e  2 :  R1 p l u s  8 bp IR (pLM8)

5 ’ -  CTAGATGTGGGCGGACAATAAAGTCTTAAACTGAAG - 3 ’
3 ’ - TACACCCGCCTGTTATTTCAGAATTTGACTTCAGCT - 5  *

B pLM5 1 2 3 4 - 1 2 3 4  plM8

IX.
VIII

F i g u r e  4 . 9  B i n d i n g  t o  a s i n g l e  22 bp r e p e a t
A.  S e q u e n c e s  o f  t h e  o l i g o n u c l e o t i d e s  c l o n e d  i n  pLM5 and 
pLM8, O l i g o n u c l e o t i d e  1 c o n s i s t s  o f  t h e  f i r s t  r i g h t - e n d  22 
bp r e p e a t  ( R 1 ) .
O l i g o n u c l e o t i d e  2 i s  R1 p l u s  t h e  8 bp t e r m i n a l  i n v e r t e d  
r e p e a t  o f  Tn7 .
Tn7 s e q u e n c e s  a r e  shown i n  b o l d  t y p e .
B. pLM5 and pLM8 w e r e  d i g e s t e d  t o  r e l e a s e  f r a g m e n t s  X and  
Y ( f i g u r e  4 . 1 ) ,  w h i c h  w e r e  e n d - l a b e l l e d  a n d  u s e d  i n  
b i n d i n g  e x p e r i m e n t s  as a b o ve  ( c a r r i e r  7 . 5  u g / m l ) .

Lane 1 no e x t r a c t
2 125 ng TnsB e x t r a c t

500 ng 
1 ug

B i n d i n g  and g e l  c o n d i t i o n s :  s t a n d a r d



which would a l lo w  us t o  d e f in e  the  c o n t r i b u t i o n  due to  the  

d i f f e r e n t  regions o f  th e  transposon end. These exper iments  

would a ls o  conf i rm  our b e l i e f  t h a t  i t  i s  the  22 bp repeats  

t o  which TnsB binds.
Cleavage o f  pNE200 w i th  B g l l l  in  a d d i t io n  to  EcoRI 

and H i n d l l l  c u t s  t h e  s e c o n d  r e p e a t  i n  t h e  m i d d l e ,  

g e nera t ing  two fragments c a r r y in g  1.5  and 2 .5  re p e a t  u n i t s  

( f ragments  H and R; f i g u r e  4 . 1 ) .  The form er  fragment (78  

bp) gave r i s e  t o  t h r e e  s t r o n g  and two f a i n t ,  s t r o n g l y  
re ta rd e d  p ro te in -d e p e n d e n t  bands in  th e  gel assay ( f i g u r e  

4 . 8 ,  lanes 1 - 5 ) .  The p a t t e r n  resembled t h a t  seen f o r  the  

r i g h t  end fragment in  bands I ,  I I I ,  and IV .
For fragment R ( 2 . 5  s i t e s )  a p l e t h o r a  o f  bands was 

observed ( la n e s  11—1 5 ) .  The predominant bands again  looked  
s i m i l a r  in  d i s t r i b u t i o n  t o  I ,  I I I  and I V .  T h e s e  

c o r r e l a t i o n s  are  i n s u f f i c i e n t  to  conclude t h a t  the  bands 
a re  analogous, w i th o u t  look ing a t  the s t o ic h io m e t r ie s  o f  

th e  components; however i t  does suggest t h a t  th e r e  is  a 
loading p a t te rn  common to  the  th re e  s u b s t ra te s .

B i n d i n g  t o  a s i n g l e  22 bp r e p e a t  was a l s o  

i n v e s t ig a te d .  For t h i s  exper im ent ,  complementary o l i g o 
n u c le o t id e s  were syn th es ised ,  c o n s is t in g  o f  th e  f i r s t  RE 
22 bp copy (R1) f la n k e d  by S a i l  and Xbal r e s t r i c t i o n  s i t e s  

( f i g u r e  4 . 9 A ) .  These were a n n e a le d  and c lo n e d  i n t o  t h e  

p o l y 1 in k e r s  o f  pUC18 and pBEND2 (pLM5, p L M 7) .  A second  

o l ig o n u c le o t id e  was synthes ised  which conta ined  R1 p lus  
th e  extreme te rm in a l  8 bp which' are  in  p e r f e c t  in v e r te d  

rep e a t  a t  the two ends o f  Tn7; t h i s  was cloned in  the  same 

way (pLM6, pLM8).
Binding to  these s u b s t ra te s  is  shown in  f i g u r e  4 .9B .  

Both su b s tra te s  showed a t i t r a t i o n  s i m i l a r  to  th e  s tandard  

r i g h t  end ( f i g u r e  4 . 2 ) ,  w i th  respect  to  both th e  s p e c i f i c  
f ra g m e n t  and th e  v e c t o r .  T h e re  was p e rh a p s  a g r e a t e r  

p ro p o r t io n  o f  f r e e  DNA a t  a given p r o t e in  c o n c e n t r a t io n ,  
f o r  these is o la t e d  repea t  f ragments ,  than f o r  th e  complete  

end (eg lan es  4 ,  8; c f  l a n e  9 o f  f i g u r e  4 . 2 ) .  T h i s
s u g g e s t s  t h a t  t h e r e  i s  c o o p e r a t i v i t y  w i t h  t h e  f o u r
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re p e a ts ,  which i s  absent on the  i s o l a t e d  s i t e s .
The s in g le  22 bp re p e a t  ( f ragm ent  X o f  p!_M5; f i g u r e

4 . 1 )  gave r i s e  to  s i x  d i s t i n g u i s h a b l e  p ro te in -d e p e n d e n t  

bands ( la n e s  2 - 4 ) .  Th is  was the same p a t te r n  as seen f o r  

th e  p u r i f i e d  annealed o l ig o n u c le o t id e  (d a ta  not shown), so 

we can be c o n f id e n t  t h a t  these bands are  due to  complex 

fo rm at ion  w i th  the  cloned sequence r a t h e r  than w i th  the  

p o l y l i n k e r .  The p a t t e r n  was a lso  very  s i m i l a r  to  t h a t  seen 

w i t h  1 .5  re p e a ts  ( f i g u r e  4 . 8 ) ;  by a n a lo g y  w i t h  t h e  

i s o l a t e d  re p e a t ,  i t  i s  p o s s ib le  t h a t  the  lowest complex 

f o r  fragment H is  in  f a c t  a d o u b le t ,  and t h a t  th e r e  i s  a 

f a i n t  band below the upper do ub le t  which is  not v i s u a l i s e d  

in  f i g u r e  4 . 8 ,  making a t o t a l  o f  seven  bands f o r  1 . 5  

r e p e a t s .
The fragment c a r r y in g  the  a d d i t i o n a l  te rm in a l  8 bp 

gave a ve ry  s i m i l a r  p a t t e r n  o f  b and s ,  w i t h  t h r e e  more  

s lo w ly  m i g r a t i n g  bands a t  h ig h  p r o t e i n  c o n c e n t r a t i o n  

( 1 anes 5 - 8 ) .
The f a c t  t h a t  s p e c i f i c  complexes were seen w i th  an 

i s o la t e d  22 bp rep ea t  confirms our b e l i e f  t h a t  t h i s  a t  

l e a s t  c o n t a in s  th e  m o t i f  r e c o g n i s e d  by TnsB. The v e r y  

s i m i l a r  p a t t e r n s  o f  complexes seen f o r  t h e  two c l o n e s ,  
which d i f f e r  only  in  the presence o f  the  te rm in a l  8 bp, 
suggest t h a t  b inding to  t h i s  8 bp, i f  i t  indeed occurs ,  
does not gross ly  a l t e r  th e  s t r u c t u r e s  o f  the  complexes 

formed, and t h a t  these 8 bp are  less  im portan t  f o r  b in d in g  

than the 22 bp m o t i f s .  Th is  is  borne ou t  by f o o t p r i n t i n g  

(s e c t io n  5 .2 ;  L. Arc iszwska,'  personal communication) ,  and 
i s  co ns is ten t ,  w i th  experiments on b ind ing  o f  transposases  

o f  o th e r  elements (d iscussed in  ch ap te r  1 ) .
The la rg e  number o f  bands seen in  these ge ls  r a is e s  

the  quest ion o f  the na ture  o f  the complex in  each band. As 

discussed in the I n t r o d u c t io n ,  in fe re n c e s  can be made from  
the  number and d i s t r i b u t i o n  o f  the  complexes, concerning  
the  na ture  o f  each complex. Given the  fo u r  22 bp r e p e a ts ,  
i f  each binds a s in g le  p r o t e in  ' u n i t ’ and a l l  combinat ions  

are  separab le ,  then we would p r e d i c t  24 bands, i . e .  15
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complexes plus f r e e  DNA. Th is  would be c o n s is te n t  w i th  the  

12 i d e n t i f i a b l e  c o m p le x e s  s e e n  i n  f i g u r e  4 . 2 ;  t h e  

v a r i a t i o n  in  i n t e n s i t y  may t h e n  be a c o n se q u enc e  o f  

c e r t a i n  conformat ions being p r e f e r r e d  over o th e rs .
O th er  s c e n a r i o s  can be e n v i s a g e d ,  and p r e d i c t i o n s  

made c o n c e rn in g  th e  number o f  bands e x p e c t e d .  A l l o w i n g  

occupation to  be random or  ordered ,  in  one or  two steps  

p er  r e p e a t  u n i t ,  and w i t h  o r  w i t h o u t  ' s h u f f l i n g *  w h ic h  

g e n e ra l is e s  b ind ing  between s i t e s  or  h a l f s i t e s  (Bednarz,  
1989; P ren tk i  e t . a l . ,  1987) ,  the p re d ic te d  number o f  bands 

ranges from 4 to  256, f o r  fo u r  22 bp s i t e s .  In  th e  same 

way i t  i s  p o s s i b l e  t o  p r e d i c t  t h e  p a t t e r n s  f o r  t h e  

' d e l e t e d ’ f ra g m e n ts .  However ,  t o  d a t e  none o f  t h e s e  

p r e d ic t io n s  match the  observed da ta  p r e c i s e l y .
Although i t  is  usefu l  to  consider  the  d i f f e r e n t  ways 

in  which TnsB could be b inding to  i t s  s i t e ,  we should be 

wary o f  c o n c lu d in g  to o  much f ro m  t h i s  s p e c u l a t i o n .  The  
e xac t  number o f  species is  not t r u l y  d e f in e d ,  f o r  any o f  

t h e  f r a g m e n t s .  I t  i s  l i k e l y  t h a t  t h e  g e l s  g i v e  an 

u n d e re s t im a te  o f  th e  number o f  co m p le x e s  fo rm e d ;  t h i s  

could be due to  c o m ig ra t io n ,  or to  d i s s o c ia t io n  o f  some o f  
th e  complexes in  s o lu t io n  or  in th e  g e l .  However, i t  can 

a ls o  be argued t h a t  some o f  the complexes might be non
s p e c i f i c ,  or are  due to  the  o th e r  p r o t e in  species  p re s en t  

in the  TnsB p r e p a r a t io n ,  and so should not be counted.  
This  u n c e r ta in ty  o f  numbers o f  bands makes i t  im possib le  

t o  draw any f i r m  c o n c lu s io n s  a b o u t  t h e  n a t u r e  o f  t h e  

complexes; TnsB b ind ing to  Tn7 ends is  found to  be o f  a 

c o m p le x i ty  beyond our u n d e r s t a n d i n g  o f  t h e  g e l  s y s te m .  
F u r t h e r  d a t a  a r e  r e q u i r e d  i n  o r d e r  t o  a l l o w  su ch  

conclusions to  be reached. This  would in c lu d e  exper im ents  

to  determine d i r e c t l y  the s t o ic h io m e t r ie s  o f  the  complexes  

( F r i e d  and C ro th ers ,  1981; Carey, 19 88 ) ,  and f o o t p r i n t i n g  

o f  i s o l a t e d  c o m p le x e s  t o  d e t e r m i n e  p r e c i s e l y  w h i c h  

sequences a re  p r o t e c t e d  ( S t r a n e y  and C r o t h e r s ,  1 9 8 5 ;  
Kuwabara and Sigman,1 9 8 7 ) .
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4 . 9  Bending o f  th e  Tn7 r i g h t  end
As d e s c r ib e d  in  th e  I n t r o d u c t i o n  t o  t h i s  c h a p t e r ,  

band s h i f t  ge ls  can be used to  d e t e c t  and lo c a te  bends and 
c u rv a tu re  o f  th e  DNA ( f i g u r e  4 . 10A).

T n s B - i n d u c e d  b e n d in g  o f  t h e  Tn7 r i g h t  end was 

in v e s t ig a t e d  using a s e t  o f  c i r c u l a r l y  permuted fragments  

o f  the  r i g h t  end. These were prepared from a tandem dimer  

o f  the  r i g h t  end (pLM1), cu t  w i th  r e s t r i c t i o n  enzymes w i th  
a unique s i t e  w i t h in  the  i n s e r t  ( f i g u r e  4 . 1 ) .

T h e r e  was some i n t r i n s i c  b e n d i n g  i n  t h e  Tn7RE  

f ragm ent,  shown by the  v a r i a t i o n  in  m o b i l i t y  o f  the naked 

DNA ( f i g u r e  4 . 1 0 B ) .  The m o b i l i t y  p l o t  ( f i g u r e  4 . 1 0 C )  

i m p l i c a t e s  th e  t h i r d  r e p e a t ,  R3, as t h e  c e n t r e  o f  an 

i n t r i n s i c  bend. The DNA sequence in  t h i s  region con ta ins  

se vera l  runs o f  th re e  or f o u r  AT ba se p a irs ,  which have 

been shown to  be p r e f e r e n t i a l l y  lo ca te d  on the  in s id e s  o f  

bends (T ra v e rs  and Klug, 1987) .
These fragments were incubated w i th  TnsB under normal 

binding c o n d i t io n s ,  and the  products were separated on a 

n a t iv e  gel ( f i g u r e  4 . 1 1 ) .  The v a r i a t i o n  in  m o b i l i t y  o f  the  
f r e e  DNA was less  apparent in  t h i s  lower percentage g e l .  
The p a t t e r n  o f  complexes seen had s e v e r a l  i n t e r e s t i n g  

f e a t u r e s .
F i r s t l y ,  t h e r e  was a c l e a r  f l u c t u a t i o n  i n  t h e  

m o b i l i t y  o f  a n a l o g o u s  c o m p le x e s  f o r  t h e  d i f f e r e n t  

f r a g m e n t s .  A p l o t  o f  t h e  m o b i l i t y  o f  t h e  s t r o n g e s t  
complexes ( I I I ,  IV ,  V I I ,  V I I I )  as a p ro p o r t io n  o f  the  f r e e  

DNA m o b i l i t y ,  i s  shown in f i g u r e  4 .11B .  The maximum on the  
g r a p h  r e p r e s e n t s  a maximum o f  r e t a r d a t i o n ;  by 

e x t r a p o l a t i o n  the  centres  o f  these fragments ( i e  the  bend 

c e n t r e )  can be located  between bp 57 and 69, i e  in  re p e a t  

1. The minimum on th e  graph i s  t h e  f r a g m e n t  w i t h  t h e  
g r e a t e s t  m o b i l i t y ;  assuming such fragments have a bend a t  

the  te rm inus ,  the graph shows the  bend to  be around bp 62,  
which l i e s  a t  the c e n tre  o f  a s h o r t  reg ion o f  im p e r fe c t  

dyad symmetry w i t h in  R1 (see ch apter  5 ) .
The f l u c t u a t i o n  in m o b i l i t y  s t r o n g ly  suggests t h a t

90



F i g u r e  4 . 1 0  B e n d i n g  o f  t h e  Tn7 r i g h t  e n d :  i n t r i n s i c  bend
A. The b a s i s  o f  t h e  c i r c u l a r  p e r m u t a t i o n  e x p e r i m e n t .  DNA 
f r a g m e n t s  w i t h  a b en d  l o c a t e d  i n  t h e  c e n t r e  h a v e  a 
g r e a t e r  e n d - t o - e n d  d i s t a n c e ,  a n d  e x p e r i e n c e  g r e a t e r  
r e t a r d a t i o n  i n  t h e  g e l ,  t h a n  do f r a g m e n t s  w i t h  a bend 
n e a r  t h e  e n d .
B.  C i r c u l a r  p e r m u t a t i o n  o f  t h e  r i g h t  e n d :  m o b i l i t e s  o f  
t h e  f r e e  DNA. F r a g m e n t s  A-E f r o m  pLM1 ( f i g u r e  4 . 1 )  w e re  
p u r i f i e d ,  e n d - 1a b e 11e d , and r u n  on a 10% p o l y a c r y l a m i d e  
g e l  ( T r i s / H C l ,  pH 8 . 2 )  a t  4 ° C .
C. P l o t  o f  t h e  m o b i l i t i e s  o f  t h e  f r e e  DNA f r a g m e n t s .  The 
d i s t a n c e  m i g r a t e d  i s  p l o t t e d  a g a i n s t  t h e  d i s t a n c e  o f  t h e  
end  o f  t h e  f r a g m e n t  f r o m  t h e  P s t I  s i t e  i n  pLM1 ( i e  t h e  
h o r i z o n t a l  p o s i t i o n  o f  e ac h  p o i n t  c o r r e s p o n d s  t o  t h e  end 
o f  t h e  f r a g m e n t  on t h e  r e p r e s e n t a t i  on o f  pLM1 abo ve  t h e  
g r a p h ) .
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F i g u r e  4 . 1 1  B e n d i n g  o f  t h e  r i g h t  end  by TnsB
A.  R e t a r d a t i o n  o f  f r a g m e n t s  A - E  by  T n s B .  B i n d i n g  
c o n d i t i o n s  a r e  pH 8 . 2 ,  25 u g / m l  s h e a r e d  s a l m o n  s p e r m  
DNA c a r r i e r ,  10 m i n s  i n c u b a t i o n  a t  room t e m p e r a t u r e .

Lane 1 
2
3
4

no e x t r a c t  
5 ug e x t r a c t  
1 . 25  ug 
0 . 3  ug

Gel  c o n d i t i o n s :  pH 8 . 2

B. P l o t  o f  t h e  r e l a t i v e  m o b i l i t i e s  o f  c o m p l e x e s  I I I ,  
I V ,  V I I  and V I I I  f r o m  A.  M o b i l i t i e s  a r e  p l o t t e d  as  a 
p r o p o r t i o n  o f  t h e  m o b i l i t y  o f  t h e  nak e d  DNA, a g a i n s t  
t h e  d i s t a n c e  o f  t h e  f r a g m e n t  end f r o m  t h e  P s t I  s i t e .  
( F r a g m e n t  P i s  d e r i v e d  f r o m  pNE200 as shown i n  f i g u r e
4 . 1 ,  and i s  e q u i v a l e n t  t o  t h e  pLM1 f r a g m e n t s . )
The  h o r i z o n t a l  a x i s  i s  p l o t t e d  as  d e s c r i b e d  f o r  
f  i g u r e  4 . 1 0 .



t h e r e  i s  bending o f  th e  DNA on b ind ing  TnsB, w i t h  the  bend 

lo c a te d  w i t h in  the f i r s t  r e p e a t .  The s l i g h t  v a r i a t i o n  in  

th e  p r e c i s e  bend c e n t r e  p o s i t i o n  o f  t h e  f o u r  c o m p lex e s  

shown i s  p r o b a b l y  i n s i g n i f i c a n t ;  h o w e v e r  i t  i s  n o t  

i n c o n c e i v a b l e  t h a t  t h e r e  a r e  r e a l  v a r i a t i o n s  in  t h e  

l o c a t i o n  o f  the  bend c e n t re  in  th e  d i f f e r e n t  complexes.
A second p o in t  to  note is  t h a t  the  p a t t e r n  o f  bands, 

and th e  percentage o f  fragment bound, remained co nstan t  

f o r  a l l  f ragments,  and i s  the  same as f o r  th e  s tandard  

r i g h t  end f r a g m e n t .  The phenomenon i s  p a r t i c u l a r l y  

n o te w o r th y  f o r  th e  B g l l l  and M ae l  f r a g m e n t s ,  w here  t h e  
a r r a y  o f  22 bp r e p e a t s  i s  d i s r u p t e d .  The c o n s t a n t  

p e r c e n t a g e  bound s u g g e s t s  t h a t  any c o o p e r a t i v e  
i n t e r a c t i o n s  a re  n o t  dep en d e n t  on t h e  r e p e a t s  b e in g  

contiguous; t h i s  is  c o n s is te n t  w i th  t h e i r  spacing in  the  

l e f t  end. The f a c t  t h a t  the  p a t t e r n  is  unchanged is  more 

d i f f i c u l t  to  e x p la in ,  e s p e c i a l l y  f o r  the  B g l I I  f ragment in  

which the  R2 copy is  s p l i t .  The lac k  o f  an e f f e c t  could be 

f o r t u i t o u s ,  i f  R2 i s  r e l a t i v e l y  un important  f o r  b in d in g ;  

indeed, R2 has the poorest  match to  the  22 bp consensus 

( f i g u r e  5 . 3 ) .  A l t e r n a t i v e l y ,  the  constancy o f  th e  p a t t e r n ,  

taken w i th  the co nserva t ion  o f  p o s i t io n  o f  the  bend c e n t r e  
in  the  d i f f e r e n t  complexes, may in d ic a t e  t h a t  th e  b in d in g  

observed is  a t im e-avera ge  e i t h e r  in  s o lu t io n  or  d u r ing  
gel running. This  has been proposed f o r  o th e r  DNA b ind in g  

p r o t e i n s  in  th e  gel as s ay ,  eg Tn3 r e s o l v a s e  ( B e d n a r z ,  

1989) and IHF (P re n tk i  e t .  a l . ,  1987 ) .
The s y n t h e s i s e d  Tn7 ' t e r m i n u s  c l o n e d  i n  pLM8,  

c o n s is t in g  o f  the R1 re p e a t  w i th  the  te rm in a l  8 bp, was 

used to  in v e s t ig a t e  the  bending o f  a s in g le  22 bp r e p e a t .  
The v e c to r ,  pBEND2 ( f i g u r e  4 .12A; Zwieb e t .  a l . ,  1 9 89 ) ,
c o n ta ins  a tandem repea t  o f  a 120 bp p o l y l i n k e r  c o n ta in in g  
1.6 r e s t r i c t i o n  s i t e s ;  t h i s  a l low s  the s i t e  o f  i n t e r e s t  to  

be moved through th e  f r a g m e n t  in  a s i m i l a r  way t o  t h e  

tandem dimer, but avoids c u t t i n g  in t o  the  b ind ing  s i t e ( s ) .
The m o b i l i t i e s  o f  DNA fragments o f  pLM8 showed ve ry  

l i t t l e  v a r i a t i o n  in th e  absence o f  p r o t e in  ( f i g u r e  4 . 1 2 B ) ,
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F i g u r e  4 . 1 2  B e n d i n g  o f  a s i n g l e  22 bp r e p e a t
A.  The  t a n d e m l y  r e p e a t e d  p o l y l i n k e r  o f  pBEND2 ( Z w i e b  e t  
a l . , 1 9 8 8 ) .  I n  pLM8,  o l i g o n u c l e o t i d e  2 i s  c l o n e d  b e t w e e n
t h e  S a i l  and X b a l  s i t e s .  The r e s t r i c t i o n  s i t e s  c u t  t o
g e n e r a t e  t h e  f r a g m e n t s  f o r  t h e  g e l s  shown a r e  i n d i c a t e d
a b o v e  ( B )  and b e l o w  ( C)  t h e  map.
B. F r a g m e n t s  f r o m  pLM8,  r u n  on a 10% p o l y a c r y l a m i d e  g e l  
a t  4 ° C .

l a n e  1 B g l l l l a n e  5 P v u I I
2 ( C l a l )
3 X h o l
4 EcoRV

6 Smal
7 S s p I
8 BamHI



Bg

C. p LM8 f r a g m e n t s  w e r e  i n c u b a t e d  w i t h  t h e  i n d i c a t e d  
am ou n ts  o f  p r o t e i n ,  and t h e  b i n d i n g  r e a c t i o n s  l o a d e d  o n t o  
a 5% n o n - d e n a t u r i n g  g e l .
B i n d i n g  and g e l  c o n d i t i o n s :  s t a n d a r d .

l a n e s  1 no p r o t e i n
2 0 . 1 2 5  ug p r o t e i  n
3 0 . 5  ug p r o t e i n

Bg B g l l l  X X h o l  E EcoRV
S Smal  K K p n l  B BamHI

P v u I I



nor in  i t s  p resence  ( f i g u r e  4 . 1 2 C ) .  The v a r i a t i o n s  a r e  

s m a l l  enough  t o  be b a r e l y  d i s t i n g u i s h a b l e  f r o m  

f l u c t u a t i o n s  in  th e  gel running; th e  a v a i l a b l e  da ta  are  

not s u f f i c i e n t  to  conclude t h a t  th e  s i n g l e  s i t e  is  bent.

4 .1 0  I n t e r a c t i o n s  w i th  c e l l u l a r  DNA b ind ing  p r o t e in s
The r o l e  o f  h o s t  f a c t o r s  i n  t r a n s p o s i t i o n  i s  

d i s c u s s e d  i n  t h e  I n t r o d u c t i o n  t o  t h i s  c h a p t e r .  Two 
p r o te in s  were in v e s t ig a te d  f o r  b ind ing  to  Tn7RE : IHF and 

F IS .  IHF was o r i g i n a l l y  i s o l a t e d  as a host f a c t o r  req u ire d  

f o r  lambda i n t e g r a t i o n ,  and has been found to  be invo lved  
in  t r a n s p o s i t i o n  o f  phage Mu ( S u r e t t e  and Chaconas, 1989)  

and IS10 (M or isa to  and K lec kne r ,  19 87 ) .  The r i g h t  end o f  

Tn7 co n ta in s  two p u t a t i v e  IHF b ind ing  s i t e s  (as d e f in ed  by 

G o o d r i c h  e t  a l . , 1 9 9 0 ) .  A l t h o u g h  no d i f f e r e n c e s  in  

t r a n s p o s i t i o n  f re q u e n c y  were d e t e c t e d  between I H F + and 
IH F ” s t r a i n s  in  th e  m a t e - o u t  a s s ay  (N .  E k a t e r i n a k i ,  

personal communication) i t  was o f  i n t e r e s t  to  look f o r  any 

i n t e r a c t i o n s  between t h i s  sequence and IHF.
FIS is  invo lved in  many s i t e - s p e c i f i c  recombinat ion  

r e a c t io n s ,  eg the  G i n / g ix  in v e rs io n  system o f  phage Mu, 
where i t  has an accessory r o l e  as a de term inan t  o f  s i t e  

a l i g n m e n t .  F IS ” s t r a i n s  show a red u c ed  l e v e l  o f  Tn7 
t r a n s p o s i t i o n  (N. C ra ig ,  personal communication);  hence 

bind ing  experiments were c a r r i e d  out to  t e s t  whether the
r o l e  o f  FIS is  in b inding to  th e  ends o f  the transposon,
and m e d i a t i n g  t h e  f o r m a t i o n  o f  a c o r r e c t l y  a l i g n e d  

' transpososome’ .
When p a r t i a l l y  p u r i f i e d  IHF was used in the  b ind ing  

r e a c t i o n ,  no bands were seen w h ich  c o u ld  be IHF/DNA  

complexes ( f i g u r e  4 .1 3 ,  lanes 1 - 5 ) ,  nor did IHF have any 
e f f e c t  on the binding o f  TnsB (d a ta  not shown). At low 

c a r r i e r  co nc e n tra t io n s ,  or  w i th  high l e v e ls  o f  IHF, a l l  

the  l a b e l l e d  DNA remained trapped in  th e  w e l ls  o f  th e  gel 
( f i g u r e  4 . 1 3 ,  l a n e  5 ) .  The c a r r i e r  used in  t h e s e  

exper iments was sheared salmon sperm DNA, or p o ly ( d ld C ) .
p o ly ( d ld C ) ,  as th e re  is  a known IHF b inding s i t e  in  the
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IHF was a generous g i f t  from G. Szatmari  
FIS was a generous g i f t  from R. Kahmann

1 2  3 4 5 
•  •  •  •  •

6 7 8 9 10 11 
•  • • • • •

m m m m

WM
I m m b M

Figure  4 .1 3  Binding of  IHF and FIS
P a r t i a l l y  p u r i f i e d  I H F ,  a n d  p u r i f i e d  F I S ,  w e r e  
i n c u b a t e d  w i t h  l a b e l l e d  pNE200 u n d e r  t h e  c o n d i t i o n s  
d e s c r i b e d  i n  s e c t i o n  2 . 4 0 .

1 I HF : no p r o t e i n 6 F I S : no p r o t e i n
2 0 . 6  ug 7 6 . 3  ng
3 1 . 2 5  ug 8 1 2 . 5  ng
4 2 . 5  ug 9 25 ng
5 5 ug 10 50 ng

1 1 1 00 ng

Gel  c o n d i t i o n s :  s t a n d a r d

The DNA s u b s t r a t e  used is  pNE200 c u t  w i t h  E c o R I , H i n d l l l ,  
and N d e l ,  t o  g e n e r a t e  f r a g m e n t s  P ( E c o R I - N d e l  l i n e a r  
pUC8) ,  T ( E c o R I - H i n d l I I  c l o n e d  Tn7 r i g h t  e n d ) ,  and N 
( H i n d l l l - N d e l  216 bp pUC8 f r a g m e n t ) ;  th e  f rag m e nts  were  
e n d - l a b e l l e d .



o r i g i n  r e g i o n  o f  pBR322 and h e n c e  i n  pUC18 .  I t  i s  

d i f f i c u l t  to  say whether t h e r e  was p r e f e r e n t i a l  r e t e n t i o n  

o f  t h e  pUC18 f ra g m e n t  in  t h e s e  g e l s ,  w h ich  c o u ld  be 

a s cr ib e d  to  t h i s  e lement,  o r  whether th e  t e n f o ld  g r e a t e r  

length  o f  th e  v e c to r  over th e  fragment is  s u f f i c i e n t  to  

e x p la in  i t s  r e t e n t i o n .
In  the  presence o f  p u r i f i e d  F IS ,  a r e g u la r  ladder  o f  

bands was v i s i b l e ,  w i th  in c re a s in g  e x t e n t  o f  r e t a r d a t i o n  

a t  h i g h e r  FIS c o n c e n t r a t i o n s  ( l a n e s  6 - 1 1 ) .  These bands  

appeared a t  the  expense o f  th e  f r e e  Tn7 RE fragm ent .  A 

second ladder  o f  bands became superimposed on t h i s  a t  the  

h ig h e r  p r o t e in  c o n c e n t ra t io n s ,  c o r r e l a t i n g  w i th  loss o f  

th e  216 bp fragm ent.  The r e g u l a r i t y  o f  spacing o f  these  

bands is  c o n s is te n t  w i th  each a c q u i r in g  an a d d i t io n a l  FIS  

dimer,  r a t h e r  than fo rm at io n  o f  s p e c i f i c  complexes. Non
s p e c i f i c  b inding by FIS has p re v io u s ly  been observed in  

t h i s  la b o r a t o r y ,  w i th  a s i m i l a r  r e s u l t  f o r  almost a l l  DNAs 

t e s te d  (G. S z a tm a r i , A. Bednarz, K. McCurrach, S. Colloms;  

personal communications).  However, the  a f f i n i t y  o f  FIS f o r  

th e  Tn7 RE fragment appears to  be g r e a t e r  than f o r  th e  

s m a l l  pUC f r a g m e n t ,  as i t  i s  bound a t  a l o w e r  F I S  

c o n c e n t r a t i o n ;  t h i s  may i n d i c a t e  some p r e f e r e n t i a l  

b in d in g ,  which might n u c le a te  c o o p e ra t iv e  co at ing  o f  the  

DNA by FIS under these c o n d i t io n s .  Thus a r o le  f o r  FIS in  
Tn7 t r a n s p o s i t i o n  i_n v iv o  should not be excluded.

4 .11  In te r m o le c u la r  b ind ing
V a r io u s  e x p e r im e n ts  were c a r r i e d  o u t  t o  v i s u a l i s e  

complexes in  which TnsB i s  bound t o  more th a n  one DNA 

m olecule .  One approach was to  c a r r y  out b inding re a c t io n s  

c o n t a i n i n g  two d i f f e r e n t  s i z e d  s p e c i f i c  f r a g m e n t s ,  and 

look  f o r  novel bands. T h is  t y p e  o f  e x p e r i m e n t  can be 

extended to  inc lude  second dimension e l e c t r o p h o r e s i s , as 
shown in  f i g u r e  4 . 3 .  In  no case were any such novel bands 

d e te c te d ,  using two fragments c a r r y in g  22 bp repeats  (eg  
f i g u r e  4 . 3 ,  lan e  3; o t h e r  d a t a  n o t  s h o w n ) .  E x p e r i m e n t s  

in c lu d in g  l e f t  ends a lso  showed no novel complexes.
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Another approach was to  vary  the  t o t a l  amounts o f  DNA 

and p r o t e i n ,  and t h e i r  r a t i o .  E x p e r i m e n t s  w i t h  1ac  

re p res s o r  showed appearance o f  looped s t r u c t u r e s ,  which 

were rep laced by 'sandw ich ’ s t r u c t u r e s  a t  h ighe r  p r o t e in  

c o n c e n t ra t io n s ,  under c o n d i t io n s  o f  high co n ce n tra t io n s  o f  

both components. These t y p e s  o f  s t r u c t u r e s  w ere  n o t  

de tec te d  w ith  Tn7 RE fragm ents ,  even w i th  1 0 0 - f o ld  h ig h e r  
DNA c o n c e n tra t io n s .

I f ,  as we propose, th e  r o l e  o f  TnsB in  t r a n s p o s i t i o n  

i s  t o  b ind t o  th e  ends and b r i n g  them t o g e t h e r ,  t h i s  

r e s u l t  i s  not as expected.  However, i t  may be t h a t  such 
complexes are  formed but a re  too  la rg e  to  e n te r  th e  g e l .  
A l t e r n a t i v e l y ,  th e y  may be u n s t a b l e  e i t h e r  un de r  t h e  

b ind ing  c o n d i t io n s  used, o r  in  th e  g e l .  The gel c o n d i t io n s  

a r e  o p t im is e d  f o r  th e  v i s u a l i s i n g  o f  c o m p le x e s ;  t h e s e  

c o n d i t i o n s  may n o t  f a v o u r  t h e  s t a b i l i s i n g  o f  

i n t e r m o l e c u l a r  's y n a p s e s ’ . T h i s  i s  n o t  u n p r e c e d e n t e d ;  

although Tn3 resol vase is  known to  form a c t i v e  s y n a p t ic  

complexes w ith  l i n e a r  DNA, under the  same c o n d i t io n s  these  

are  not observed on n a t iv e  ge ls  (Bednarz,  1989) .  In  the  
case o f  Tn7, i t  is  a lso  p o s s ib le  t h a t  such i n t e r a c t i o n s  

a r e  m e d i a t e d  by a n o t h e r  p r o t e i n ,  e i t h e r  h o s t -  o r  

t ransposon-encoded, which is  absent from these r e a c t io n s .

4 .1 2  CONCLUSION

T h is  c h a p te r  p r e s e n ts  gel r e t a r d a t i o n  e x p e r i m e n t s  

t h a t  i n v e s t i g a t e  th e  b i n d i n g  o f  TnsB t o  a l i n e a r  DNA 
fragment c o nta in in g  205 bp o f  th e  r ig h t -h a n d  end o f  Tn7.  
The f ra g m e n t  in c lu d e s  f o u r  c o p i e s  o f  a 22 bp m o t i f ,  

present  in  both l e f t  and r i g h t  ends, which is  thought  to  

be t h e  b in d in g  s i t e  o f  a ' t r a n s p o s a s e ’ . A c o n s i s t e n t  
p a t t e r n  o f  complexes was seen, which v a r ie d  w i th  p r o t e in  

c o n c e n t ra t io n ,  and the  b inding showed some c o o p e r a t i v i t y .  

The sharpness o f  the bands was improved by r a is i n g  th e  gel 
pH t o  9 . 4 ,  and reduc ing  th e  s a l t  c o n c e n t r a t i o n  i n  t h e  

b in d in g  r e a c t i o n s .  Changes in  r e a c t i o n  b u f f e r  pH, in
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tem p era tu re ,  or  in  o rder  o f  a d d i t io n  o f  the  components did  
not a f f e c t  th e  b ind in g  observed, nor d id  a d d i t io n  o f  any 
o f  th e  fo u r  d i v a l e n t  c a t io n s  t e s t e d .

The gel assay was used t o  e s t i m a t e  a d i s s o c i a t i o n  
constant  f o r  th e  b ind ing  o f  a s in g le  p r o t e in  monomer to  
f r e e  DNA, and t o  e s t i m a t e  k i n e t i c  c o n s t a n t s .  T h e r e  a r e  
c a v e a t s  t o  t h e  m a k in g  o f  t h e s e  e s t i m a t e s .  C o n c e r n s  
r e l a t i n g  s p e c i f i c a l l y  to  the  r e t a r d a t i o n  assay system are  
discussed in  t h i s  ch ap te r .  In  a d d i t i o n ,  the  c a l c u l a t i o n s  
make use o f  parameters whose accuracy is  u n c e r t a in .  One o f  
th e s e  i s  th e  c o n c e n t r a t i o n  o f  a c t i v e  TnsB. The t o t a l  
p r o t e in  content  o f  the  e x t r a c t s  can be measured, but th e  
p u r i t y  o f  t h e  p r e p a r a t i o n ,  and h e n c e  t h e  a c t u a l  
c o n c e n t r a t i o n  o f  TnsB, have been e s t i m a t e d  by eye  f ro m  
Coomassie-stained SDS g e ls .  W ithout  s t a n d a r d is a t io n  o f  the  
degree  o f  s t a i n i n g  ( i . e .  pe r  m ic ro g ra m  o f  p r o t e i n ) ,  in  
c o n j u n c t i o n  w i t h  d e n s i t o m e t r y ,  t h e s e  e s t i m a t e s  a r e  
somewhat s u b j e c t i v e .  The p u r i t y  e s t i m a t e  used h e r e  i s  
probably  an o v e re s t im a te ;  the  e f f e c t  o f  t h i s  would be to  
lower the Kq . In  a d d i t i o n ,  a v a lu e  f o r  the  amount o f  TnsB 
t h a t  i s  a c t i v e  has been as su m e d ;  a g a i n ,  t h i s  i s  an 
e s t im a te  based on r e t a r d a t i o n  assay au to rad iog ra phs ,  and 
should be taken as a guide to  th e  a c t i v i t y  r a t h e r  than a 
p re c is e  measurement.

I t  has been assumed t h a t  TnsB i s  b i n d i n g  as a 
monomer; i f  t h i s  was no t  th e  c a s e ,  t h e  c o n c e n t r a t i o n  
e s t im a te  would be a l t e r e d  to  account f o r  the  m u l t im e r ic  
s t a t e .

A second concern r e l a t e s  t o  t h e  e s t i m a t i o n  o f  t h e  
pro p o r t io n  o f  the  DNA t h a t  i s  f r e e  compared to  t h a t  in  
complexes. By co ns ider ing  th e  f r e e  DNA o n ly ,  we can be 
f a i r l y  c o n f i d e n t  t h a t  t h i s  i s  r e p r e s e n t a t i v e  o f  t h e  
p ro p o r t io n  o f  f r e e  DNA when th e  sample was in  the  w e l l  o f  
the  g e l .  However, the  es t im a te s  o f  the  p ro p o r t io n  o f  f r e e  
DNA were made by eye from th e  a u to ra d io g ra p h s , and t h i s  
leads to  concern about the  l i n e a r i t y  o f  th e  response o f  
the  f i l m  over th e  range o f  band i n t e n s i t i e s  seen, and th e  
r e p r o d u c ib i1 i t y  o f  t h i s  type o f  s u b je c t iv e  e s t im a te .

Given these caveats on the  es t im ate s  f o r  the  k i n e t i c  
and thermodynamic c o n s t a n t s ,  t h e s e  v a l u e s  s h o u ld  be 
t r e a t e d  w ith  c a u t io n ,  and taken l a r g e l y  as a guide f o r  the  
design o f  f u t u r e  exper iments.

Second dimension e le c t r o p h o r e s is  o f  a r e t a r d a t i o n  
gel was used to  de m o nstra te  t h a t  t h e  e x t r a c t - d e p e n d e n t



bands were n o n -c o v a len t  complexes r a t h e r  than m od i f ied  DNA 
fragments .  The same exper iment showed the presence o f  a 
216 bp p l )C 1 8 -d e r i  ved c o n t r o l  f r a g m e n t  in  one o f  t h e  
c o m p l e x e s ;  i t  i s  n o t  known w h e t h e r  t h i s  i s  an 
i n t e r m o l e c u l a r  complex,  o r  s t a b l e  b i  n d in g  by TnsB ( o r  
a n o t h e r  p r o t e i n )  t o  t h e  c o n t r o l  f r a g m e n t .  F u r t h e r  
e x p e r im e n ts  t o  d e t e c t  i n t e r m o l e c u  1a r  co m p lexes  gave no 
f i r m  evidence f o r  t h e i r  e x is te n c e  in  the  gel assay.

A s e t  o f  c i r c u l a r l y  perm uted f r a g m e n t s  o f  t h e  Tn7 
r i g h t  end was used to  d e te c t  bending o f  the  DNA. The 
unbound f ra g m e n ts  e x h i b i t e d  a s i n u s o i d a l  v a r i a t i o n  in  
m o b i l i t y ,  i n d i c a t i n g  an i n t r i n s i c  bend c e n t e r e d  a t  t h e  
j u n c t io n  o f  th e  t h i r d  and f o u r t h  22 bp re p e a ts .  In  the  
presence o f  p r o t e i n ,  the complexes a ls o  showed v a r i a t i o n  
in m o b i l i t y ,  which a l lowed lo c a t i o n  o f  the bend c e n t re  to  
around th e  dyad c e n t re  o f  the  f i r s t  22 bp re p e a t .  I t  i s  
l i k e l y  t h a t  t h i s  represents  a t im e -a ve ra g e  o f  th e  bending  
induced by TnsB.

S i m i l a r  experiments using an i s o la t e d  22 bp re p e a t  
gave no ev idence f o r  bending; however, the  fragment was 
ab le  to  bind TnsB, i n d i c a t i n g  t h a t  the  m o t i f  c o n ta in s  a 
sequence re c o g n is e d  by TnsB. F u r t h e r  e x p e r i m e n t s  t o  
determine th e  b ind ing s i t e  are  descr ibed in ch ap te r  5.

The host p r o te in s  IHF and F IS ,  t h a t  are  cand ida tes  
f o r  in v o lv e m e n t  in  Tn7 t r a n s p o s i t i o n ,  were  t e s t e d  f o r  
b inding to  the  Tn7 r i g h t  end. No ev idence was ob ta ined  f o r  
s p e c i f i c  b in d in g  by IH F .  A r e g u l a r l y  spaced l a d d e r  o f  
complexes was observed in  the presence o f  F IS ,  as has been 
observed p r e v io u s ly  f o r  FIS b ind ing  n o n - s p e c i f i c a l l y  to '  
DNA. The Tn7 fragment was p r e f e r e n t i a l l y  bound compared to  
the c o n tro l  DNA, so a r o le  f o r  FIS in  t r a n s p o s i t i o n  is  not  
excluded.

TnsB, th en ,  binds s p e c i f i c a l l y  to  the  ends o f  Tn7,  
and to  a l e s s e r  e x te n t  to  n o n - s p e c i f i c  DNA. The b ind ing  
s i t e  f o r  TnsB is  l i k e l y  to  be th e  22 bp m o t i f  repeated  in  
the  transposon ends. I t  is  proposed t h a t  a fu n c t io n  o f  
TnsB in  t r a n s p o s i t i o n  is  to  recognise  and bind to  th e  ends 
o f  th e  t ra n s p o s o n ,  perhaps b r i n g i n g  them t o g e t h e r  in  a 
s y n a p t ic  complex. This  proposed f u n c t io n ,  and th e  p r e c is e  
l o c a t i o n  o f  t h e  bound p r o t e i n ,  a r e  i n v e s t i g a t e d  i n  
experiments descr ibed in  chapte r  5.
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CHAPTER 5

THE FUNCTION OF TnsB IN TRANSPOSITION
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5 .1  INTRODUCTION

The experiments presented in  ch apter  4 examined the  

b in d in g  o f  TnsB t o  th e  r i g h t  end o f  Tn7; some o f  t h e
r e s u l t s  have been shown t o  h o ld  a l s o  f o r  t h e  l e f t  end
( L .Arc iszew ska,  personal communication).  A 22 bp m o t i f ,  

which is  found in  both ends o f  Tn7, is  ab le  to  bind TnsB.
The presence  o f  th e  b i n d in g  s i t e  in  bo th  ends o f  t h e
element leads us to  propose t h a t  a fu n c t io n  o f  TnsB in  

t r a n s p o s i t i o n  is  to  recognise  the  transposon ends, bind to  
them v i a  the  22 bp m o t i f s ,  and so br ing  the ends o f  the  

t ra n s po so n  t o g e t h e r ,  in  a  p r o t e i n / D N A  com plex  w h ic h  i s  

a b le  t o  i n t e r a c t  w i t h  th e  t a r g e t  s i t e  and o t h e r  Tns 

p r o t e in s  to  mediate t r a n s p o s i t i o n .
The technique o f  DNasel f o o t p r i n t i n g , used to  d e t e c t  

s i t e - s p e c i f i c  b in d in g  o f  p r o t e i n s  t o  DNA, was f i r s t  

descr ibed  by Galas and Schmitz ( 1 9 7 8 ) ,  using la c  re p res s o r  

bind ing  to  i t s  o p e ra to r  as a model system. Tne method has 

s ince  been ap p l ie d  to  many systems, and m o d i f ic a t io n s  to  
the  bas ic  technique have been in tro du ced .  These in c lu d e  

use o f  a l t e r n a t i v e  c leavage reagents  such as th e  hydroxyl  
r a d i c a l  ( T u l l i u s  and D o m b ro s k i , 1 986 ;  H a t f u l !  e t  a l  . ,
1987 ) and coppei— p h e n a n t h r o 1 i n e  (K uw abara  and S igm an ,  
1987) .  A l t e r n a t i v e  forms o f  f o o t p r i n t i n g  are  a l k y l a t i o n  

p r o t e c t i o n  and i n t e r f e r e n c e  e x p e r i m e n t s .  The f o r m e r  i s  

s i m i l a r  to  s ta n d a rd  f o o t p r i n t i n g ,  w i t h  bound p r o t e i n  
p r o t e c t in g  the DNA from m o d i f i c a t io n ;  the techn ique  can 
a ls o  be used to  monitor  b ind ing  in  v iv o  ( M a r t in  e t  a l  . ,
1 9 8 6 ) .  A l k y l a t i o n  i n t e r f e r e n c e  e x p e r i m e n t s  d e f i n e  t h e  

n u c le o t id e s  requ ired  to  i n t e r a c t  w i th  the  p r o t e i n ,  and can 

a ls o  prov ide in fo rm a t io n  about phosphate c o n ta c ts .
T h is  c h a p t e r  p r e s e n t s  e x p e r i m e n t s  t o  e x a m in e  t h e  

proposed r o l e  o f  TnsB in  t r a n s p o s i t i o n .  F o o t p r i n t i n g  
e x p e r im e n ts  a r e  d e s c r ib e d ,  w h ich  d e t e r m i n e  t h e  p r e c i s e  
sequences bound by TnsB. The r e s u l t s  show a TnsB-dependent  

p ro te c te d  region which inc ludes  the  22 bp re p e a t ,  and t h a t  

a s h o r t  region o f  dyad symmetry centred  a t  bp 14 o f  th e
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repea t  u n i t  might be im po rta n t  in  b ind in g .
E x p e r i m e n t s  a r e  a l s o  d e s c r i b e d  w h ic h  t e s t  t h e  

proposed r o l e  o f  TnsB in  b r in g in g  to g e t h e r  th e  transposon  

ends. The proposal i s  supported by th e  f o o t p r i n t i n g  d a ta ,  
which d e m o n st ra te  b in d in g  t o  p r e c i s e l y  t h o s e  s e q u e n c e s  
t h a t  a re  p res ent  in  both ends o f  Tn7. One e xper im en ta l  
method f o r  d e te c t in g  a TnsB-mediated i n t e r a c t i o n  between 

th e  ends is  based on enhancement o f  c i r c u l a r i s a t i o n  r a t e ;  

th e  b r i n g i n g  t o g e t h e r  o f  two t r a n s p o s o n  t e r m i n i  on a 
l i n e a r  f ra g m e n t  c o n t a i n i n g  a m i n i - T n 7 ,  w i l l  p u l l  t h e  
f r a g m e n t ’ s ends in t o  c lo s e r  p r o x im i ty ,  which w i l l  enhance 

th e  r a t e  o f  c i  rcul  a r i  s a t io n  by DNA l i g a s e .  Th is  approach  
was used by M u kher je e  e t  a l  . , ( 1 9 8 8 )  t o  d e m o n s t r a t e
p r o t e i n - m e d i a t e d  DNA l o o p in g  in  t h e  o r i g i n  r e g i o n  o f  
plasmid R6K. R e la ted  experiments by Buc’ s group using th e  

l a c  r e p r e s s o r  d e t e c t e d  be nd ing  o f  t h e  1 ac o p e r a t o r  on 

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

l i g a t i o n  in to  c i r c l e s  ( K o t l a r z  e t  a l . , 1 9 8 6 ) .  In  a d d i t i o n  
to  the l i g a t i o n  enhancement, the techn ique  can a ls o  d e t e c t  

any wrapping o f  the  DNA, whether around the  p r o t e i n ,  o r  by 

i n t e r w r a p p i n g  o f  tw o  s i t e s ;  t h e  r e s u l t  w i l l  be a 
d i f f e r e n c e  in  th e  number o f  s u p e r c o i I s  t r a p p e d  by t h e  

l i g a t i o n  in the  presence or  absence o f  bound p r o t e i n ,  and 

t h i s  l i n k a g e  d i f f e r e n c e  can be v i s u a l i s e d  by g e l  
e le c t r o p h o r e s is  ( f i g u r e  5 .1 A ) .

W r a p p in g  o f  t h e  DNA can a l s o  be d e t e c t e d  by 

e x p e r im e n ts  o f  th e  ty p e  shown in  f i g u r e  5 . 1 B .  B i n d i n g  
re a c t io n s  are  c a r r i e d  out using nicked plasmid s u b s t r a t e s .  

Wrapping o f  the  DNA around p r o t e i n ,  or  o th e r  s t r u c t u r a l  

changes such as u n d e rw in d in g  o f  t h e  h e l i x  ca used  by 
p r o te in  b ind ing ,  cause changes in  the  DNA topology t h a t  

a r e  t ra p p e d  by subsequent  c l o s u r e  o f  t h e  n i c k s  u s i n g  

l i g a s e ,  and a r e  d e t e c t e d  as a l i n k a g e  d i f f e r e n c e  on 

e l e c t r o p h o r e s i s  o f  th e  c lo s e d  p r o d u c t s .  An a l t e r n a t i v e  
approach to  t h i s  exper iment is  to  use s u p erco i led  DNA as 

t h e  s u b s t r a t e  f o r  b i n d i n g ,  and t h e n  r e l a x  i t  w i t h  

topoisomerase I ;  any s u p e rc o i ls  t rapped by p r o t e in  b in d in g
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binding ligation

F igure  5.1  Basis  o f  th e  l in k a g e  t ra p p in g  exper im ents  
In  the  example shown, the  b inding o f  th e  p r o t e i n  causes a 
l i n k a g e  d i f f e r e n c e  o f  - 2  when i t  b i n d s  t o  t h e  tw o  
r e c o g n i t i o n  s i t e s  on l i n e a r  ( A )  o r  r e l a x e d  ( B )  DNA 
s u b s t ra te s ;  these s u p e rc o i ls  are  trapped when th e  DNA ends 
are  sealed by th e  a c t io n  o f  DNA l ig a s e .

N nick in DNA strand 

M  binding site

protein



w i l l  be p r o t e c t e d  from  r e l a x a t i o n .  T h i s  a p p ro a c h  i s  

s u b j e c t  t o  p o t e n t i a l  a r t e f a c t s  due t o  i n c o m p l e t e  
r e l a x a t i o n  by t o p o i s o m e r a s e , b u t  would  be t h e  method  

chosen f o r  p ro te in s  which r e q u i r e  s u p e r c o i l in g  in  o rd e r  to  

form synapses.
Both techniques have been ap p l ie d  to  Tn3 resol  vase-  

mediated synapsis  o f  res s i t e s ,  and have demonstrated a 

l i n k a g e  change o f  around - 3  (B e n ja m in  and C o z z a r e 1 1 i , 
1 9 8 9 ;  M . S t a r k ,  p e r s o n a l  c o m m u n i c a t i o n ) ,  w h ic h  i s  

c o n s is te n t  w i th  the tw o -s tep  synapsis model f o r  reso lva se  

a c t io n  (Boocock e t  al  . ,  1986 ) .
Experiments o f  both ty pes ,  using l ig a s e  as a probe 

f o r  s t r u c t u r a l  changes, are  descr ibed in  t h i s  c h a p te r .  The 

r e s u l t s  support a r o l e  f o r  TnsB in  m edia t ing  i n t e r a c t i o n  

between the ends.

RESULTS AND DISCUSSION

5 . 2  D e t e r m i n a t i o n  o f  t h e  b i n d i n g  s i t e  o f  Tn s B :  DNA
f o o t p r i n t i n g

In  order  to  determine which sequences w i t h i n  th e  Tn7 

r i g h t  end f rag m ent  were i n v o l v e d  in  p r o t e i n  b i n d i n g ,  

p r o t e c t io n  experiments were c a r r i e d  out i_n v i t r o . using  

p a r t i a l l y  p u r i f i e d  TnsB.

5 . 2 . 1  DNase I  p r o t e c t io n
P r o t e c t i o n  o f  DNA from c l e a v a g e  by DNase I  was 

in v e s t ig a te d  using s tandard methods (Galas and Schmitz ,  
1978) .  The p r o te c t io n  observed was over a la r g e  re g io n ,  
in c lu d in g  the 22 bp repeats  ( f i g u r e s  5 . 2 ,  5 . 3 ) .  W i th in  the  
p r o t e c t e d  re g io n  were s e v e r a l  p o s i t i o n s  o f  en hanced  
c l e a v a g e .  These o c c u r re d  e v e r y  20 bp, i e  one in  t h e  

analogous p o s i t io n  in  each re p e a t .  The 20 bp spacing a ls o  
means t h a t  th e  c le a v a g e s  l i e  down one f a c e  o f  t h e  DNA 

h e l i x ,  a s s u m in g  s t a n d a r d  B - f o r m  DNA. The i n c r e a s e d  

r e a c t i v i t y  o f  th e  DNA s u g g e s ts  a change in  s t r u c t u r e ,  

p o s s i b l y  a bend o r  k i n k  ( a s  fo u n d  f o r  g a m m a - d e l t a
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1 2 3 4 5 6 7 8  910 11 12 13

T he  f o u r  22 bp m o t i f s  a r e  i n d i c a t e d  R 1 - R 4 ;  t h e  a r r o w  
i n d i c a t e s  t h e  end o f  Tn7 .



F i g u r e  5 . 2  P r o t e c t i o n  o f  t h e  r i g h t  end o f  Tn7 f r o m  
cleavage by DNase I  and hydroxyl r a d i c a l s
F o o tp r in t in g  experiments were c a r r i e d  out as descr ibed in  
M a t e r i a l s  and Methods. The l a b e l l e d  f r a g m e n t  was t h e  
B a m H I - P s t I  f r a g m e n t  o f  pLM3, ( f i g u r e  4 . 1 ) ,  3 ’ - e n d  
l a b e l l e d  a t  th e  BamHI s i t e .  The p r o t e i n  sam ple  i s  t h e  
s u b s t a n t i a l l y  p u r i f i e d  f r a c t i o n  IV ,  as used in  chapter  4 .

lanes 1-6 hydroxyl r a d ic a l  f o o t p r i n t :
1 no hydroxyl ra d ic a l
2 no TnsB
3 2 .2  ug/ml TnsB
4 8 .7  ug/ml TnsB
5 35 ug/ml TnsB ( * )
6 133 ug/ml TnsB

lanes 7 ,8  CT, AG cleavage ladders  
lanes 9-13 DNasel f o o t p r i n t :

9 500 ug/ml TnsB
10 125 ug/ml TnsB ( * )
11 31 ug/ml TnsB
12 no TnsB
13 no DNasel

In  th e  r e a c t i o n s  w i t h  no c l e a v a g e  r e a g e n t ,  t h e  TnsB  
c o n c e n tra t io n  was the one marked ( * ) .
The amount o f  p r o t e i n  added in  t h e  h y d r o x y l  r a d i c a l  
experiments was 0 .3 -2 1  ug, and in  the  DNase I  exper im en ts ,  
1 .2 5 -2 0  ug; the  two experiments used the  same amount o f  
DNA. Hence, the  r e l a t i v e  p r o t e in  and DNA amounts are  ve ry  
s i m i l a r  in  the  two exper iments;  the  c o n c e n t ra t io n  u n i t s  
d i f f e r  due t o  t h e  d i f f e r e n t  r e a c t i o n  v o lu m e s  used  
(hydroxyl r a d i c a l ,  150 u 1; DNase I ,  40 u l ) .



reso lvase  b ind ing  to  r e s : H a t fu l  1 e t  a l  . , 1 9 8 7 ;  Salvo and 

G r in d le y ,  1988) which a l t e r s  the  r e a c t i v i t y  to  DNase I  by 

changing the w id th  o f  the  minor groove (T ra v e rs  and Klug,
1987) .

5 . 2 . 2  Hydroxyl r a d ic a l  f o o t p r i n t i n g
DNase I  i s  a r e l a t i v e l y  l a r g e  m o l e c u l e ,  w i t h  a 

diam eter  o f  4nm, compared w i th  DNA, w i th  a d iam eter  of  

2nm. Th is  means t h a t  i t  can be s t e r i c a l l y  h indered from 

a t t a c k in g  phophodiester  bonds c lose  t o ,  but not covered 

by, bound p r o t e in .  I t  a ls o  has some sequence s p e c i f i c i t y ;  

th e  f o o t p r i n t ,  then ,  prov ides  a f a i r l y  coarse map o f  the  

reg ion  p ro te c te d .
The hydroxy l  r a d i c a l ,  h o w e v er ,  i s  a much s m a l l e r  

sp e c ie s ,  and can p e n e t ra te  c lo s e r  to  the  bound p r o t e i n .  As 

i t  m e d i a t e s  c l e a v a g e  by a t t a c k i n g  t h e  s u g a r  o f  t h e  

n u c le o t id e ,  i t  has a lmost no sequence dependence, g iv in g  a 

very  even p a t te rn  o f  c leavage in  the  absence o f  p r o t e in  or  

s t r u c t u r a l  a b n o r m a l i t i e s  o f  t h e  DNA ( T u l l i u s  and  

Dombroski, 1986; T u l l i u s  e t  a ! . , 1987) .
Cleavage o f  TnsB b ind ing  re a c t io n s  using hydroxyl  

r a d i c a l s  gave th e  p a t t e r n  o f  p r o t e c t i o n  seen in  f i g u r e
5 . 2 .  In  a d d i t i o n  t o  th e  enhanced c l e a v a g e s  seen w i t h  

DNasel, th e re  were a d d i t i o n a l  regions o f  access, lo ca ted  

halfway between the DNase l-c leaved sequences. The 10 bp 
p e r i o d i c i t y  shows t h a t  th e s e  seque nces  a r e  on t h e  same 

fa ce  o f  the h e l i x  as th e  DNase l-c leaved  ones.
Another f e a t u r e  apparent in  the  hydroxyl r a d ic a l  

f o o t p r i n t  was t h a t  o f  s e q u e n t ia l  occupation o f  the  22 bp 

re p e a ts .  P ro te c t io n  o f  the  f i r s t  two copies was observed  
a t  low p r o t e in  c o n c e n tra t io n  (2ug /m l;  lane 3 ) ,  but re p e a t  

4 showed only p a r t i a l  p r o t e c t io n  even a t  133ug/ml p r o t e in  
( l a n e  6 ) .  Ordered o c c u p a t io n  i s  l i k e l y  t o  be due t o  a 

combination o f  the r e l a t i v e  a f f i n i t i e s  o f  the  s i t e s  f o r  
TnsB, and p o t e n t i a l  p r o t e i n / p r o t e i n  in t e r a c t i o n s  g iv in g  

c o o p e r a t i v e  b i n d in g ,  and l e a d i n g  t o  t h e  u n i d i r e c t i o n a l  
' b u i l d i n g ’ o f  an a r r a y .  The d a t a  p r e s e n t e d  h e r e  a r e

101



A. R ig h t -e n d  22 bp re p e a ts  ( 5 7- 3 7 )

III  *  ^
R1 G A C A A T A  A A G T C T T A A A C  T G  A A
R2 A A C A A A A T A G A T C T A A A C T A T G
R3 G A C A A T A A A G T C T T A A A C T A G A
R4 G A C A G A A T A G T T G T A A A C T G A A

B. R1: both strands

 :----------
5 ’ G A C A A T  A A A G T  C T T  A A A C T  G A A
3 7 C T G T T A T T T C A G A A T T T G A C T T : ^

F ig u re  5 .3  22 bp repeats :  p r o t e c t io n  and enhancement
A. The sequences in the  22 bp repeats  which are  c leaved  a t
an enhanced l e v e l  by DNasel ( ) , and a r e  c l e a v e d  by
hydroxyl r a d ic a ls  but not by DNasel ( I  ) a re  in d ic a te d
above th e  a l igne d  sequences.

B. B o th  s t r a n d s  o f  t h e  R1 r e p e a t  a r e  show n ,  and a
p o t e n t i a l  dyad in d ic a te d .

The dyad takes the form: A G (T 3 ) T (A3 ) C T



c o n s is te n t  w i th  th e  r e s u l t s  o f  Lydia  Arciszewska in  Nancy 

C r a i g ’ s la b o ra to ry  (personal  communication).

5 . 2 . 3  D iscussion o f  f o o t p r i n t i n g  da ta
For both DNase I  and hydroxyl r a d ic a l  exper im enta l  

c o n d i t i o n s ,  no c le a v a g e s  were  o b s e r v e d  w h ich  can be 

a t t r i b u t e d  to  a n ic k in g  a c t i v i t y  o f  TnsB. In  p a r t i c u l a r ,  

th e re  was no s trong c leavage a t  th e  end o f  the  transposon,  
on the s trand examined, suggesting t h a t  TnsB does not have 

a cleavage f u n c t io n .  However, i f  t r a n s p o s i t i o n  proceeded 

v i a  a S h a p i ro /A r th u r  and S h e r r a t t  in te r m e d ia te ,  c u r r e n t  

models p r e d ic t  t h a t  i t  would be th e  o th e r  (bottom) s t rand  
on which the promary c leavage is  made.

The p o s i t i o n s  o f  t h e  n o n - p r o t e c t e d  r e g i o n s  a r e  

i n d i c a t e d  over  th e  sequences o f  t h e  r i g h t  end 22 bp 

r e p e a ts  in  f i g u r e  5 . 3 .  The c l e a v a g e  p a t t e r n  does n o t  

correspond w ith  the  beginning or  end o f  the  m o t i f ;  the  
s t ro n g ly  cleaved bonds are  3 ’ o f  n u c le o t id e s  14 and 16. 
P o s i t io n  14 is  a ls o  th e  ce n t re  o f  a region o f  im p e r fe c t  

dyad symmetry, which can be seen more c l e a r l y  in  f i g u e  
5 .3B,  where the  complementary s t ra nd  is  a lso  shown. The 

c o r r e l a t i o n  o f  the p o s i t io n s  o f  th e  enhanced c leavage and 

a po ss ib le  dyad sequence suggest t h a t  t h i s  region might be 

s i g n i f i c a n t  in  b in d in g ,  perhaps in  p ro v id in g  symmetry to  
which a p ro te in  dimer can bind.

The s t ronger  c le avage ,  on the  s t ra nd  t e s t e d ,  does not  
l i e  a t  the ce n tre  o f  th e  dyad, but 2 bp to  the  3 ’ s id e .  

However, the h e l i c a l  na ture  o f  DNA means t h a t  the bond a t  

an e q u iv a le n t  p o s i t io n  on the  o th e r  s t ra nd  w i l l  g e n e r a l l y  

be 2 bp 5 ’ o f  t h i s ,  i . e .  a t  the c e n t r a l  T res id u e .
Three models f o r  the  b ind ing o f  TnsB to  the  22 bp 

repe at  are  shown in  f i g u r e  5 . 4 .  In  a l l  cases, the  reg ions  
cleaved only by hydroxyl r a d ic a ls  are  sequences t h a t  a re  

a c c e s s ib le ,  eg between two bound p r o t e in  molecules,  but  

which DNase I  cannot reach due to  i t s  la rg e  s i z e  ( i . e .  
s t e r i c  h indrance) ;  th e  enhanced c leavage by DNase I  could  

repres en t  a s t r u c t u r a l  change in  the  DNA, which makes i t
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Figure  5 .4  Models f o r  TnsB b ind ing
The i m p l i c a t i o n s  o f  t h e  d i f f e r e n t  modes o f  b i n d i n g  
i l l u s t r a t e d  here are  discussed in  the t e x t .  In  I  and I I ,  
TnsB is  shown binding as a dimer; in  I I I ,  a monomer is  
shown.

22 bp repe a t  • hydroxyl r a d ic a l  c leavage

p u t a t iv e  dyad ^  DNase I  c leavage

TnsB monomer



s u s c e p t ib le  t o  DNase I  a t t a c k .
The models d i f f e r  in  what is  d e f in ed  as th e  'b in d in g  

s i t e ’ . Models I  and I I  assume t h a t  t h e  p r o t e i n  b i n d s ,  

perhaps as a d imer,  to  a symmetrical s i t e ,  as found f o r  

many DNA b ind ing p r o t e in s .  In  I ,  the  symmetry l i e s  a t  the  

ends o f  the  b ind ing  s i t e ,  as i t  does in  th e  case o f  Tn3 

r e s o lv a s e  b in d in g  t o  th e  s u b s i t e s  o f  re s  ( F a l v e y  and 

Grind ley,- 1987) and comes from the  arms o f  th e  dyad in  

a d j a c e n t  r e p e a t  c o p ie s .  The c o n s e rv e d  s e q u e n c es  a t  t h e  

ends o f  the  proposed dyad ( A G . . . . . . C T )  would then occupy
s y m m e t r i c a l  p o s i t i o n s  i n  a d j a c e n t  m a j o r  g r o o v e s ,  

s u g g e s t i n g  t h a t  d i m e r  b i n d i n g  c o u l d  be by monomers  

recognis ing  and b inding in  these two a d ja c e n t  grooves. In  

I I ,  the  dyad is  in  th e  c e n t r e ,  w i t h i n  one 22 bp copy.
Given t h i s  type  o f  b in d in g ,  the  next  quest ion  i s ,  how 

long is  the b ind ing  s i t e  ? I f  i t  is  the  f u l l  length  o f  a 
'22  bp r e p e a t ’ , then p r o t e in  is  b ind ing  to  non-conserved  

sequences a t  th e  end o f  th e  a r ra y  in  the  r i g h t  end, and a t  
th e  end o f  each r e p e a t  in  t h e  l e f t  en d .  E x t e n s i o n  o f  

b inding to  non-conserved sequences has been observed f o r  
o t h e r  p r o t e i n s ,  f o r  example ArgR ( G. S z a t m a r i ,  p e r s o n a l  

c o m m u n i c a t i o n ) .  H o w e v e r ,  i f  b i n d i n g  o n l y  i n v o l v e s  
conserved sequences, then the  extreme ends o f  the  rep e a t  

are  not in c luded .  In  I I ,  the  sequences excluded would be 

th e  f i r s t  f i v e  n u c l e o t i d e s ,  w h ich  a r e  t h e  most h i g h l y  

conserved in  the  m o t i f ;  the  strong co n serv a t ion  makes i t  

d i f f i c u l t  to  j u s t i f y  e x c l u d i n g  t h i s  seq u e n c e  f ro m  t h e  

proposed b inding s i t e .
The t h i r d  model takes  the conserved 22 bp m o t i f  as 

the  b inding s i t e ,  w i th  p r o t e in  wrapped around th e  h e l i x ,  

lea v in g  one fa ce  un pro tec te d .  The DNasel enhanced c leavage  

can be exp la ined  as a s t r u c t u r a l  change as b e fo re .  The 

f u n c t i o n  o f  t h e  p r o p o s e d  d y a d ,  t h e n ,  c o u l d  be i n  

f a c i l i t a t i n g  the  p ro te in - in d u c e d  s t r u c t u r a l  change. In  the  
same way as th e  bending p r e f e r e n c e s  o f  t h e  DNA h e l i x  

c o n t r i b u t e  t o  th e  p o s i t i o n i n g  o f  nuc le oso m es  (Drew and 
T r a v e r s ,  1 9 8 5 ) ,  th e  dyad symmetry o f  t h i s  se q uenc e  may
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f a v o u r  a p a r t i c u l a r  c o n f o r m a t i o n  o f  t h e  DNA, w h ic h  

f a c i l i t a t e s  the  b ind ing  o f  TnsB an d /o r  i t s  d i s t o r t i o n  o f  

th e  DNA h e l i x  which i s  r e s p o n s i b l e  f o r  t h e  o b s e r v e d  

enhanced c leavages by DNasel.
Because t h i s  model makes use o f  t h e  w h o le  22 bp 

conserved reg io n ,  i t  i s  c u r r e n t l y  the  model o f  cho ice .  The 

proposed b inding s i t e  is  asymmetr ic , which suggests t h a t  

the  s i t e  is  bound by a monomer. P r o te c t io n  o f  a l a r g e  s i t e  

i s  seen f o r  IHF (C ra ig  and Nash, 1985) ,  so as TnsB is  much 
l a r g e r  than IHF, i t  i s  not unreasonable f o r  i t  to  bind  

over two tu rn s  o f  th e  DNA h e l i x .
To extend the  f o o t p r i n t i n g  work, i t  i s  d e s i r a b le  to  

o b ta in  da ta  on the  o th e r  s t ra nd  o f  the  r i g h t  end, and both  

strands o f  th e  l e f t  end. P r o te c t io n  da ta  from the  l e f t  

hand end would be u s e fu l  because o f  t h e  n o n - c o n t i g u o u s  

o r g a n i s a t i o n  o f  t h e  22 bp r e p e a t s ;  t h e  e x t e n t  o f  
p r o te c t io n  o f  the  i s o la t e d  22 bp re p e a ts ,  and o f  f l a n k i n g  

sequences, w i l l  h e lp  t o  d i s t i n g u i s h  be tw een t h e  m ode ls  

suggested. F o o t p r in t in g  o f  the  i s o l a t e d  22 bp repeats  in  

pLM5 and pLM6 would complement th e  da ta  from complete l e f t  

end f o o t p r i n t s .
The c e n t r e - t o - c e n t r e  s p a c i n g s  o f  a d j a c e n t  22 bp 

repeats  in the  l e f t  end are  56 and 65 bp r e s p e c t i v e l y ,  

which places analogous p o s i t io n s  in  a d ja c en t  rep ea ts  on 
opposite  s ides o f  the  h e l i x ,  in  c o n t r a s t  to  the  s i t u a t i o n  

in  the r i g h t  end. I n t e r a c t i o n s  between p ro te in s  bound a t  

a d ja c en t  s i t e s  might in troduce  d i s t o r t i o n s  in t o  the  DNA 

h e l i x ,  which could be de tec ted  by f o o t p r i n t i n g  reag ents .
The sequence in  the l e f t  end repeats  a t  the  p o s i t i o n  

o f  enhanced c leavage is  GG, compared to  AT in  the  r i g h t  

end. I t  would be i n t e r e s t i n g  to  see what e f f e c t ,  i f  any,  
t h i s  has on the  f o o t p r i n t ,  which might suggest a f u n c t io n  
f o r  the sequence d i f f e r e n c e  between the  ends.
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A. EcoRI fragments 
R R pEALl Rf~%rai pLM414

R R
pLMl13 R R pLMllO

B. pUC-based plasmids

pUC18 PNE200 PLM8075 pLMll

Figure  5 .5  S ub s tra te s  used in  l i g a t i o n  exper iments
A. The fragments shown were generated by d i g e s t io n  o f  th e  
in d ic a te d  plasmids w i th  EcoRI, and co n ta in  no Tn7 ends,  
the r i g h t  end, the  l e f t  end, and both ends r e s p e c t i v e l y .  
In  a l l  cases, a 4 .2  kb v e c to r  fragment is  a ls o  ge nera ted ,  
and t h i s  is  inc luded in  the b i n d i n g / l i g a t i o n  r e a c t io n .
B. The plasmids are  a l l  based on pUC18, and co n ta in  no Tn7 
e n d s ,  t h e  r i g h t  e n d ,  t h e  l e f t  e n d ,  and b o t h  en d s  
r e s p e c t i v e l y .  The plasmids were nicked w i th  DNase I  f o r  
use in  b i n d i n g / l i g a t i o n  r e a c t io n s .

attTn7 sequences CAT gene sequences

E  3  Tn7 ends 
I I Tn7 sequences

R EcoRI site



5 .3  Use o f  DNA Ligase t o  d e te c t  i n t e r a c t i o n s  o f  Tn7 ends 

5 .3 . 1  L ig a t io n  o f  l i n e a r  s u b s t ra te s
The e f f e c t  o f  TnsB on c i r c u l a r i s a t i o n  o f  T n 7 -e n d  

bear ing  fragments was i n v e s t ig a t e d ,  using l ig a s e  to  revea l  
any c h a n g e  i n  l i g a t i o n  r a t e ,  o r  in  t h e  t r a p p e d  

s u p e r c o i l in g  in  the  products .  The l i n e a r  su b s t ra te s  used 

a r e  shown in  f i g u r e  5 . 5 .  The 1 kb EcoRI f r a g m e n t  f ro m  

pEAL1 is  a chromosomal fragment c o n ta in in g  th e  h o t s i t e ;  

the  p o in t  o f  Tn7 in s e r t i o n  is  90 bp from the  EcoRI s i t e .  
pLM113, pLM414, and pLM110 c o n ta in  r i g h t ,  l e f t ,  and both  

Tn7 ends r e s p e c t i v e l y ,  in  t h e i r  n a tu r a l  in s e r t i o n  p o s i t io n  

in  the h o t s i t e ;  in  th e  l a t t e r  case th e  ends are  in  the  

c o r r e c t  r e l a t i v e  o r i e n t a t i o n  t o  fo rm  a t r a n s p o s o n ,  and 
t h i s  element does in  f a c t  t ranspose .

B i n d i n g / l i g a t i o n  r e a c t i o n s  w i t h  t h e  EcoRI l i n e a r s  

were performed as descr ibed in  Methods. The 4 .2  kb v e c to r  
fragment remained in  the  r e a c t io n s  as an in t e r n a l  co n tro l  
f o r  l i g a t i o n .  In  o rd e r  to  promote in t r a m o le c u la r  l i g a t i o n  
over i n t e r m o l e c u l a r , the DNA c o n c e n tra t io n  was kept low; 
t h i s  was achieved by using a la rg e  r e a c t io n  volume. A high  
l i g a s e  c o n c e n t r a t i o n  ( 2 . 5  u n i t s  p e r  r e a c t i o n )  was a l s o  

found to  f a c i l i t a t e  c i r c l e  fo rm at ion  r a t h e r  than l i n e a r  

m u l t i m e r is a t io n ;  the  reason f o r  t h i s  e f f e c t  is  not c l e a r .  
KC1 from the p r o t e in  s torage  b u f f e r  was found to  i n h i b i t  

l i g a t i o n  when above 50 mM; the la r g e  re a c t io n  volume a ls o  
served  to  d i l u t e  t h i s  t o  7mM, and sodium c h l o r i d e  was 

added to  50mM, which mainta ined p r o t e in  s o l u b i 1i t y  w i th o u t  
a f f e c t i n g  l ig a s e  a c t i v i t y .

A l i g a t i o n  t i m e  c o u r s e  w i t h  t h e  E c o R I  l i n e a r  

fragments was c a r r i e d  ou t ,  and th e  samples were run on two 

g e ls .  F igure  5 .6  shows a 0 .7 5  ug/ml EtBr g e l ;  under these  

co n d i t io n s  a l l  the  closed c i r c u l a r  topoisomers run as a 

s i n g l e  band, a l l o w i n g  r e l a t i v e  r a t e s  o f  c l o s u r e  t o  be 
compared. No change in  th e  l i g a t i o n  r a t e  was seen on 

a d d i t io n  o f  TnsB, even f o r  s h o r te r  t im e  po in ts  or w i th  

lower temperature  l i g a t i o n  (eg lanes 3, 4 or  5, 6 ) .  Much 
o f  the  t o t a l  c i r c u l a r i s a t i o n  o f  the  Tn7 fragment occurred
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Figure  5 .6  Rate o f  l i g a t i o n  o f  a l i n e a r  m in i - t ra n sp os o n
B i n d i n g / l i g a t i o n  r e a c t i o n s  w e r e  c a r r i e d  o u t  as  d e s c r i b e d  
i n  M e t h o d s ,  u s i n g  t h e  i n d i c a t e d  p l a s m i d  s u b s t r a t e s  c u t  
w i t h  E c o R I .  S a m p l e s  w e r e  w i t h d r a w n  a t  t h e  i n d i c a t e d  t i m e s ,  
s t o p p e d  w i t h  SDS, p r e c i p i t a t e d  w i t h  e t h a n o l ,  and l o a d e d  on 
a 1.2% a g a r o s e  g e l  c o n t a i n i n g  0 . 7 5 u g / m l  e t h i d i u m  b r o m i d e .  
Tns B c o n c e n t r a t i o n :  2 0 u g / m l . P r e s e n c e  o r  a b s e n c e  o f
p r o t e i n  ( + ,  - )  i s  i n d i c a t e d  a b o v e  t h e  f i g u r e .

1 pEAL1 u n t r e a t e d
2 pLM110 u n t r e a t e d
3 , 4 pLM110:  2 m i n  l i g a t i o n
5 , 6 pLM110:  5 m in  l i g a t i o n
7 \  H i n d l l l  m a r k e r s
8 pACYC184 u n c u t
9 - 1 2 p E A L 1 : as l a n e s  3 - 6

1 l i n e a r  oc  r e l a x e d  c i r c l e  c c  c l o s e d  c i r c l e s

EcoRI  f r a g m e n t s :  
pEAL 1 . 0 ,  4 . 2  kb
pLM110 1 . 7 ,  4 . 2  kb



w i t h i n  the  f i r s t  f i v e  m inutes,  w i th  very  l i t t l e  f u r t h e r  

change in  th e  amount o f  c lo s e d  c i  r c u l a r  m a t e r i a l  a f t e r  

t h i s .
The la c k  o f  enhancement o f  l i g a t i o n  r a t e  may be 

b e c a u s e  TnsB i s  n o t  a c t i n g  t o  b r i n g  t o g e t h e r  t h e  
t r a n s p o s o n  t e r m i n i ,  b u t  i s  b i n d i n g  t o  t h e  tw o  en ds  

in d e p e n d e n t ly .  T h is  may be t h e  t r u e  r o l e  o f  TnsB in  

t r a n s p o s i t i o n ,  w i th  another  f a c t o r  being requ ire d  to  b r in g  

th e  ends t o g e t h e r .  A no ther  e x p l a n a t i o n  i s  t h a t  TnsB 
re q u i re s  s u p e r c o i l in g  in  o rder  to  form a synapse. N e i t h e r  

o f  th e s e  i n t e r p r e t a t i o n s  a r e  c o n s i s t e n t  w i t h  t h e  d a t a  

below.
A l t e r n a t i v e l y ,  i t  may be t h a t  the l i n e a r  s u b s t ra te s  

used in  these experiments a re  too long, and so th e  EcoRI 
ends a re  too f a r  away from the  p r o t e in  b inding s i t e s  to  be 

brought s i g n i f i c a n t l y  c lo s e r  by i n t e r a c t i o n s  between the  

transposon ends.
The superco i led  products m igrated as a s i n g l e  band; 

t h i s  in d ic a te s  t h a t  th e r e  is  no s i g n i f i c a n t  k n o t t in g  o f  

the  products,  as knots would se para te  on t h i s  g e l ,  running  
ahead o f  the unknotted c i r c l e s .

The same samples were run on a gel c o n ta in in g  3ug/ml  
ch lo roq u in e ;  under these c o n d i t io n s ,  re laxed  and s l i g h t l y  

n e g a t i v e l y  s u p e r c o i l e d  p l a s m i d s  run  as p o s i t i v e l y  
s u p e rc o i le d  ( f i g u r e  5 . 7 ) .  In  the  presence o f  TnsB, th e  1 .7  

kb pLM110 f rag m ent  showed a p o p u l a t i o n  o f  more s l o w l y  

m i g r a t i n g  to p o i  somers; t h a t  i s ,  t o p o i s o m e r s  w i t h  l e s s  

p o s i t i v e  s u p e rc o i l in g  in  the  presence o f  c h lo ro q u in e .  The 

l in k a g e  s h i f t  was o f  2 -3  topoi somers, ie  the b in d in g  o f  

TnsB t o  the  t ransposon  t e r m i n i  i n t r o d u c e d  2 - 3  n e g a t i v e  

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

m o b i l i t y  as the blanks was p o ss ib ly  der ived  from unbound 

f ragm ents .
With su bst ra tes  co n ta in in g  on ly  a s in g le  Tn7 end, th e  

l in k a g e  change in the  presence o f  TnsB was much reduced.  
There was a s l i g h t  s h i f t  w i th  pLM113 ( r i g h t  end; lanes  
1 0 , 1 1 ) ,  of  less than one n e g a t iv e  s u p e r c o i l ;  no change
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Figure  5 .7  Trapped l in k a g e  in  l i n e a r  s u b s t ra te s
B i n d i n g / l i g a t i o n  r e a c t i o n s  w e re  c a r r i e d  o u t  as  d e s c r i b e d  
( M e t h o d s ,  f i g u r e  5 . 6 ) ,  u s i n g  t h e  i n d i c a t e d  p l a s m i d  
s u b s t r a t e s  c u t  w i t h  E c o R I .  The s a m p le s  w e r e  r u n  on  a 1. 2% 
a g a r o s e  g e l  c o n t a i n i n g  3 u g / m l  c h l o r o q u i n e .
TnsB  c o n c e n t r a t i o n :  2 0 u g / m l  . P r e s e n c e  o r  a b s e n c e  o f
p r o t e i n  ( + ,  - )  i s  i n d i c a t e d  a b o v e  t h e  f i g u r e .

l a n e  1 pEAL1 u n t r e a t e d
2 pLM110 u n t r e a t e d
3 , 4  pLM110:  5 m in  l i g a t i o n
5 \  H i n d l l l
6 pACYC184 u n c u t
7 , 8  p E A L 1 : 5 m in  l i g a t i o n
9 pLM113 u n t r e a t e d
10, 11 pLM113:  15 m i n u t e  l i g a t i o n  
12 pLM113 + pLM414: 15 m in  l i g a t i o n
1 3 , 1 4  pLM414 :  15 m i n u t e  l i g a t i o n  
15 pLM414 u n t r e a t e d

1 l i n e a r  o r e l a x e d  c i r c l e  c c l o s e d  t o p o i s o m e r s
F r a g m e n t  s i z e s  a r e  i n d i c a t e d  i n  kb

EcoRI  f r a g m e n t s :
pEAL 1 . 0 ,  4 . 2  kb  pLM113 1 . 8 ,  4 . 2  kb
pLM110 1 . 7 ,  4 . 2  kb  pLM414 2 . 3 ,  4 . 2  kb



was de te c te d  f o r  pLM414. Th is  exper iment suggests t h a t  th e  

m a j o r i t y  o f  th e  l in k a g e  change on c i r c u l a r i s i n g  the  m i n i -  

Tn7 comes from i n t e r a c t i o n s  between the two ends, r a t h e r  

than from b inding and wrapping a t  the  l e f t  and r i g h t  ends 

indep end en t ly .
When l e f t  and r i g h t  e n d -c a r ry in g  l i n e a r s  were mixed,  

t h e n  t r e a t e d  w i t h  TnsB and l i g a s e ,  t h e  t o p o i s o m e r s  
produced were a l l  accounted f o r  as products o f  th e  two 

independent b inding r e a c t io n s ;  th e r e  was no l in k a g e  change 

induced in  e i t h e r  fragment by th e  presence o f  th e  o t h e r  

( l a n e  12 and da ta  not shown). There was a lso  no ev idence  

f o r  an enhancement o f i n t e r m o l e c u l a r  l i g a t i o n  between th e  

two f r a g m e n ts ,  nor f o r  c a t e n a n e  f o r m a t i o n  ( d a t a  n o t  

shown). Thus the  i n t e r a c t i o n  between the two ends was o n ly  

observed when the  ends were p res en t  on the same m o lecu le .  
This  is  the  normal s i t u a t i o n  in  a t r a n s p o s i t i o n  r e a c t i o n .

A change in  trapped l in k a g e  was seen on ly  f o r  those  

fragments c o n ta in in g  Tn7 ends; i t  i s  t h e r e f o r e  u n l i k e l y  to  

be due to  n o n - s p e c i f ic  b ind ing  o f  p r o t e in  to  DNA.
The l i g a t i o n  e x p e r im e n ts  d e s c r i b e d  a r e  a p o w e r f u l  

method f o r  s tudy ing the  topology o f  in t e r a c t i o n s  between 

DNA s i t e s ,  and c o u l d  be e x t e n d e d  t o  e x a m in e  t h e  
i n t e r a c t i o n  between th e  t r a n s p o s o n  ends and t h e  t a r g e t  

s i t e .

5 . 3 . 2  Linkage change in  re la x e d  s u b s t ra te s
P lasm ids  c o n t a i n i n g  no Tn7 s e q u e n c e s ,  a Tn7 r i g h t  

end, a Tn7 l e f t  end, and Tn7 l e f t  and r i g h t  ends in  th e  
c o r r e c t  o r i e n t a t i o n  (pUC18, pNE200, pLM8075 and pLM1 1
r e s p e c t iv e ly :  f i g u r e  5 . 5 )  were nicked using DNase I  in  th e  

p r e s e n c e  o f  e t h i d i u m  b r o m i d e  ( s e e  M e t h o d s ) .  T h e s e  

s u b s t ra te s  were incubated w i th  TnsB under s tandard b in d in g  

c o n d i t io n s ;  l ig a s e  was added ( 0 .2 5  u n i t s / r e a c t i o n ) and th e  
in c u b a t i o n  was c o n t in u e d  fo r ,  a f u r t h e r  30 m i n u t e s .  The  

samples were e lec trop ho resed  on an agarose gel c o n ta in in g  

4 ug/ml ch loroquine  to  separa te  th e  topoisomers; th e  r e s u l t  

i s  shown in f i g u r e  5 . 8 .
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Figure  5 . 8  Trapped l in k a g e  in  re laxed  s u b s t ra te s
B i n d i n g / l i g a t i o n  r e a c t i o n s  w e r e  c a r r i e d  o u t  as  d e s c r i b e d  
i n  M e t h o d s ,  u s i n g  t h e  i n d i c a t e d  p l a s m i d  s u b s t r a t e s  w h i c h  
had been n i c k e d  w i t h  DNase I .  A f t e r  t r e a t m e n t  w i t h  l i g a s e  
f o r  40 m i n u t e s ,  t h e  r e a c t i o n s  w e re  s t o p p e d  w i t h  p r o t e a s e  K 
and t h e  s a m p le s  w e re  r u n  on a 1% a g a r o s e  g e l  c o n t a i n i n g  
4 u g / m l  c h l o r o q u i n e .

1 u n l i g a t e d :  2 ug TnsB
2 no TnsB
3 1 ug TnsB
4 2 ug TnsB
5 4 ug TnsB

The b a n d s  a r e  i d e n t i f i e d  f o r  pLM11:
oc r e l a x e d  c i r c l e  c c  c l o s e d  t o p o i s o m e r s



There was no change in  t rapped  l in k ag e  on b ind ing  o f  

T n sB .  The am ount o f  DNA i n  t h e s e  e x p e r i m e n t s  was 

e q u iv a le n t  to  t h a t  w i th  4 0 - f o l d  excess co m p et i to r  ( f i g u r e  

4 . 5 ,  lane 12 ) ,  so the  p r e d i c t i o n  is  t h a t  w i th  th e  same 

amount o f  p r o t e in  ( 0 . 5  ug; the  lowest used here )  we would 
expect  to  see around 3056 o f  th e  DNA bound.

The s im p les t  e x p la n a t io n  is  t h a t  th e re  is  no wrapping  
o f  t h e  DNA in  th e  co m plexes ,  o r  a t  e i t h e r  end o f  t h e  

t r a n s p o s o n ,  n o r  any o t h e r  t o p o l o g i c a l  c h a n g e  ( e g  

un de rw in d in g  o f  th e  DNA h e l i x ,  o r  changes in  h e l i c a l  

p i t c h ) .  T h is  is  no t  c o n s i s t e n t  w i t h  t h e  r e s u l t s  f ro m  

e x p e r im e n ts  w i t h  l i n e a r  s u b s t r a t e s  ( s e c t i o n  5 . 3 . 1 ) .  

A l t e r n a t i v e l y ,  the  p r o t e in  may be f a i l i n g  to  bind to  the  

re lax e d  s u b s t ra te s .  However, s i m i l a r  samples c o n ta in in g  

some la b e l l e d . T n 7  RE fragment showed t h a t  b ind ing  to  the  
small fragment does occur under these  c o n d i t io n s ,  and t h a t  

t h i s  b ind ing is  e f f e c t i v e l y  competed by the presence o f  

n ic k e d  s u b s t r a t e s  ( d a t a  n o t  s h o w n ) ,  showing t h a t  t h e  

re lax ed  plasmids are  being bound by TnsB in the  r e a c t i o n .
The e x p la n a t io n  may be in  terms o f  the s e g re g a t io n  o f  

the  s u p e r c o i l in g  between th e  two domains formed by p r o t e i n  

b in d in g .  The su b s tra tes  g e n e r a l l y  co nta in  a s i n g l e  n i c k .  
Given th e  r e l a t i v e  lengths  o f  th e  mini-Tn7 ( 0 . 7  kb) and 

the  v e c to r  ( 2 .7  kb ) ,  the n ic k  i s  fo u r  t imes as l i k e l y  to  
be in  the  v e c to r  DNA as in  the  transposon. G enera t ion  o f  

s u p e r c o i l in g  in  the synapse in tro du ces  an equal amount o f  

s u p e r c o i l in g  o f  the oppos ite  sense i n t o  the p lasmid; i f  
th e s e  s u p e r c o i l s  a r e  s e g r e g a t e d  i n t o  t h e  t r a n s p o s o n  

domain, in  80% of  events t h i s  domain w i l l  be c lo s e d ,  so 

th e  in t ro d u c e d  s u p e r c o i l s  c a n n o t  r e l a x ,  and t h e  n e t  

l in k a g e  change is  ze ro .  The 20% o f  bound plasmids which do 
show a l in ka g e  change may not be de te c te d ,  a g a in s t  th e  

.background o f  unbound and unchanged p l a s m i d s .  W i t h  t h e  

l a r g e r ,  pACYCI84-based s u b s t ra te s ,  on ly  one b ind ing  ev en t  

i n  s e v e n  w o u ld  t r a p  t h e  i n t r o d u c e d  s u p e r c o i l s ,  so  
d e te c t io n  of  a s h i f t  becomes even less  l i k e l y .

The e x p l a n a t i o n  g i v e n  a b o v e  s u g g e s t s  t h a t  t h e
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s u p e r c o i l i n g  in t r o d u c e d  i n t o  t h e  p la s m id  by p r o t e i n  

b ind ing  is  a l l  segregated in t o  th e  transposon domain. Th is  

h y p o th e s is  makes t h e  p r e d i c t i o n  t h a t  a t r a p p e d  l i n k a g e  

should be observed f o r  m u l t i p l y  n icked plasmids.
The l in k a g e  change observed in  the  l i n e a r  f ragm ent ,  

by t h i s  rea s o n in g  must have been due t o  n i c k s  in  t h e  

l i n e a r  DNA; v a r i a t i o n  in  th e  q u a l i t y  o f  the  DNA would a ls o  

e x p la in  the  v a r i a b i l i t y  in  the  r e s u l t s  o f  t h i s  ex per im ent .  
However, a l i n e a r  t ra n s p o s o n  c u t  w i t h i n  t h e  t r a n s p o s o n  

sequences would be p r e d i c t e d  t o  show a l i n k a g e  change  
r e g a r d l e s s  o f  n i c k i n g ,  and i n  a p r e l i m i n a r y  e x p e r i m e n t  
t h i s  appeared to  be th e  case.

5 . 4  CONCLUSIONS

F o o t p r i n t in g  experiments on th e  r i g h t  hand end o f  Tn7 

showed t h a t  TnsB p ro t e c t s  a la r g e  region from c leavage by 

both DNase I  and hydroxyl r a d i c a l s .  The p ro tec te d  reg ion  
inc luded the 22 bp re p e a ts ,  co n f i rm ing  t h a t  t h i s  m o t i f  is  

im p o r t a n t  in  b i n d i n g .  A r e g i o n  o f  ac cess  t o  c l e a v a g e  
reagents  was observed, down one face  o f  the DNA h e l i x .  

Ordered occupation o f  the  22 bp repeats  was observed, w i th  
R1 be ing  occup ied  a t  low p r o t e i n  c o n c e n t r a t i o n ,  and R4 

o c c u p a t i o n  r e q u i r i n g  t h e  h i g h e s t  c o n c e n t r a t i o n .  No 

e v id e n c e  was seen f o r  T n s B -d e p e n d e n t  c l e a v a g e  a t  t h e  
transposon te rm inus.

P o s i t io n s  o f  s t ro n g ly  enhanced cleavage by DNase I  

were observed; the  c leavage occurred once in  each 22 bp 
re p e a t ,  a t  the  analogous n u c le o t id e s  ( p o s i t io n  14 and 1 6 ) .  
The enhancement could be caused by a s t r u c t u r a l  change in  
th e  DNA which i s  induced by t h e  b i n d i n g  o f  TnsB; f o r  

exam ple ,  th e  DNA may become k i n k e d  o r  b e n t .  The same
n u c l e o t i d e s  a r e  p a r t  o f  a r e g i o n  o f  i m p e r f e c t  dy a d
symmetry w i t h in  the  22 bp m o t i f ,  o f  the  form AGT3TA3 CT. I f  

we m ain ta in  t h a t  the  whole o f  th e  22 bp repeat  forms th e  
b in d in g  s i t e  f o r  TnsB, then  t h e  f u n c t i o n  o f  t h i s  dyad
might be to  a l low  or favour  a p a r t i c u l a r  DNA s t r u c t u r e ,  in
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a way analogous to  the  p o s i t io n i n g  o f  nucleosomes, which 

f a c i l i t a t e s  th e  observed d i s t o r t i o n  o f  t h e  DNA on t h e  

b ind ing  o f  TnsB.
T h is  c h a p t e r  a ls o  p r e s e n t s  e x p e r i m e n t s  u s in g  DNA 

l i g a s e ,  which were designed to  d e t e c t  i n t e r a c t i o n s  between 

th e  ends o f  Tn7, mediated by TnsB. In  experiments where 

l i n e a r  m in i - t ransposons  were c i r c u l a r i s e d  in th e  presence  

or absence o f  TnsB, no enhancement o f  l i g a t i o n  r a t e  by the  

p r o t e in  was observed. However, th e  c i r c l e s  formed in  the  
presence o f  TnsB conta ined 2 -3  more ne ga t iv e  s u p e r c o i ls  

than the  c o n t ro ls  in  the  absence o f  TnsB. As the  l in k a g e  
change f o r  l i n e a r  fragments c o n ta in in g  on ly  a s in g le  l e f t  

o r  r i g h t  end was one s u p e r c o i l  o r  l e s s ,  most o f  t h e  

t r a p p e d  s u p e r c o i l i n g  i s  p r o b a b l y  due t o  i n t e r a c t i o n s  

between the transposon ends. Th is  supports the  proposal  
t h a t  a fu n c t io n  o f  TnsB in  t r a n s p o s i t i o n  is  to  recognise  

and br in g  to g e th e r  the  transposon ends.
No evidence was seen f o r  i n t e r a c t i o n s  between l e f t  

and r i g h t  ends in t r a n s ,  suggesting t h a t  the  two ends must 
be on the  same molecule in  o rde r  to  be brought to g e t h e r  by 

TnsB.
In  e x p e r im e n ts  w i t h  s i n g l y  n i c k e d  s u b s t r a t e s ,  t h e  

presence o f  TnsB did  not r e s u l t  in  th e  t ra p p in g  o f  any 

s u p e rc o i ls  when the DNA was resea led  by l ig a s e ,  a lthough  

i t  was demonstrated t h a t  th e r e  was b ind ing to  the  nicked  

plasmids in  these r e a c t io n s .  The r e s u l t  can be e x p la in e d  

by propos ing  t h a t  a l l  th e  in d uced  s u p e r c o i l s  a r e  b e in g  

s e g re g a te d  i n t o  th e  t ra n s p o s o n  domain o f  t h e  p l a s m i d .
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CHAPTER 6

ASSAYS OF TRANSPOSITION IN VIVO



6 .1  INTRODUCTION

W h i l s t  t h e  w o rk  p r e s e n t e d  i n  c h a p t e r s  3 - 5  w i l l  

c o n t r ib u t e  to  the s e t t i n g  up o f  an _i_n v i t r o  system using  

p u r i f i e d  c o m p o n e n t s ,  i t  was f e l t  t h a t  much more  

in fo rm a t io n  was re q u ire d  rega rd ing  th e  n a tu r a l  behav iour  

o f  Tn7 i_n v i v o . I t  i s  n o ta b ly  complex; a t  l e a s t  fo u r  gene 

products are  re q u ire d  f o r  each ev en t ,  demanding a lmost 8 

kb o f  coding c a p a c i ty  in  the  transposon, and two pathways 

of  t r a n s p o s i t i o n  are  observed, d i f f e r i n g  in  t h e i r  choice  

o f  t a r g e t  s i t e  (s ee  C h a p te r  1; Rog ers  e t  a l  . , 1 9 8 6 ;
Waddell and C ra ig ,  1988 ) .  Although we can propose r o le s  in  

the  r e a c t io n  f o r  tnsB, D, and E, we have l i t t l e  f u r t h e r  

i n f o r m a t i o n ;  when t h i s  work was s t a r t e d ,  even  l e s s  was 
known f o r  tnsA and C, and t h e i r  i n t e r a c t i o n s  w i th  each 

o th e r  and t h e ’ host c e l l  (a l tho ug h  rec e n t  da ta  from Nancy 
C r a i g ’ s group answer some o f  t h e s e  q u e s t i o n s :  p e r s o n a l  

communication to  D . S h e r r a t t ) .  For example, l i t t l e  is  known 
about the  s t o ic h io m e t r ie s  o f  the  v a r io u s  components in  th e  

re a c t io n  and the c o n tro l  o f  a c t i v i t y  or  gene express ion  to  

achieve these ,  or about host p r o t e in s  in v o lv e d ,  nor have 

the  a c t i v e  domains o f  the  p r o te in s  been lo c a te d .  I t  has 

not even been demonstrated whether the element transposes  
r e p l i c a t i v e l y  or c o n s e r v a t i v e ly .  I t  was t h e r e f o r e  decided  

t o  a t tem pt f u r t h e r  i n  v iv o  s tu d ie s  o f  t r a n s p o s i t i o n ,  to  

c l a r i f y  some o f  these p o in ts ,  and so prov ide  in fo r m a t io n  

to  f a c i l i t a t e  the design o f  in  v i t r o  exper im ents .
One important  s e t  o f  da ta  which would be d e s i r a b l e  

concerns mutageneses. The q u e s t i o n  w h ich  prom pted  t h i s  

w o rk  was t h a t  o f  h o s t  f a c t o r s  i n v o l v e d  i n  Tn7  
t r a n s p o s i t i o n .  This would be i n t e r e s t i n g  in  i t s  own r i g h t ,  

as w e l l  as f o r  j_Q v i t r o  w o r k .  Many t r a n s p o s i t i o n  

r e a c t io n s ,  and o ther  s i t e - s p e c i f i c  recombinat ion systems,  
r e q u i r e  host encoded p r o t e i n s .  One o f  t h e  f i r s t  t o  be 

d e f in e d  was IH F ,  r e q u i r e d  f o r  phage lambda i n t e g r a t i v e  
r e c o m b in a t io n .  I t  i s  a ls o  i n v o l v e d  in  t r a n s p o s i t i o n  o f  

phage Mu (S u r e t te  and Chaconas, 1989) ,  Tn10 (M o r is a to  and
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K le c k n e r ,  1987)  and s e v e r a l  o t h e r  t r a n s p o s o n s .  P la s m id  

ColE1 c a r r i e s  a s i t e - s p e c i f i c  r e c o m b i n a t i o n  sy s tem  in  

which th e  recombinase (XerC; Colloms e t  a l . , 1 9 9 0 )  and the  

p r o p o s e d  a c c e s s o r y  p r o t e i n s  ( S t i r l i n g  e t  a ! . , 1 9 8 7 ;  

S t i r l i n g  e t . a l . , 1988') a re  encoded by th e  host chromosome. 
Other examples in c lu d e  dam methylase in  temporal c o n t ro l  
o f  IS10 and Tn5 t r a n s p o s i t i o n  (Roberts e t  a l . , 1 9 8 5 ;  Y in e t  

a l . , 1 9 8 8 ) ,  DnaA (Tn5; Y in  and R e z n ik o f f ,  19 87 ) ,  DNA gyrase  

(Tn5; Isb erg  and Syvanen, 1982) and rho te r m in a t io n  f a c t o r  

( D a t t a  and Rosner, 1 9 87 ) .  The t r a n s p o s i t i o n  machinery o f  

Tn7, in v o lv in g  f i v e  element-encoded genes, i s  complex; i t  

i s  i n t e r e s t i n g  to  know whether f u r t h e r  f a c t o r s  a re  s t i l l  

requi r e d .
Other aspects which would b e n e f i t  from a m uta t ion a l  

a n a ly s is  inc lud e  c h a r a c t e r i s a t i o n  o f  th e  sequences a t  the  

ends o f  t h e  t r a n s p o s o n ;  s i m i l a r  s t u d i e s  w i t h  o t h e r  

elements have rev e a le d  'domains’ w i t h i n  the  t e r m in i  w i th  

d i f f e r e n t  c o n t r i b u t i o n s  t o  t h e  r e a c t i o n  (e g  I S 9 0 3 ;  
Derbysh ire  e t  a l . ,  1987: IS j  ; Zerb ib  e t  a l . ,  1990b) .

A n o t h e r  t a r g e t  f o r  t h i s  a p p r o a c h  w o u ld  be t h e  

t r a n s p o s i t i o n  genes t h e m s e lv e s .  O t h e r  t h a n  t h e  m in i - M u  

i n s e r t io n s  used to  d e f in e  the  f i v e  complementation groups 
(W addel l  and C r a ig  1 9 8 8 ) ,  t h e r e  have been no r e p o r t e d  

mutageneses o f  tn s A -E .

6 . 2  Assaying t r a n s p o s i t i o n
The major o b s ta c le  to  c a r r y in g  out such exper im ents  

i s  th e  problem o f  a s s a y in g  t r a n s p o s i t i o n  I n  vj_vo. The  

c u r r e n t  assay in  use in  the  la b o ra to ry  is  the  c o n ju g a t iv e ,  
o r  m a te -o u t ,  as say ,  which i s  d e s c r i b e d  in  f i g u r e  6 . 1 . 
A l t h o u g h  i t  does  n o t  g i v e  an a b s o l u t e  m e a s u r e  o f  
t r a n s p o s i t i o n  f requency ,  comparisons between assays can be 

made. The m a te -o u t  asssay i s  t h e  c l a s s i c a l  m easure  o f  

t r a n s p o s i t i o n ,  and i s  used by many g rou ps  f o r  a s s a y i n g  
transposon a c t i v i t y  (eg Tn10: Roberts and K lec k ne r ,  1988;  

Tn5: Berg,  1983; IS 9 0 3 :  W i a t e r  and G r i n d l e y ,  1 9 9 0 ) .  A
m odif ied  ve rs ion  scores donor r e s is ta n c e  t r a n s f e r  due to
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c o in t e g r a te  fo rm a t io n  (eg Tn21: M a r t in  e t  a l . , 1 9 8 9 ;  Tn3: 
A rth u r  and S h e r r a t t ,  1979) .

6 .3  Problems w i th  th e  m ate -ou t  assay
There a r e ,  however, d i f f i c u l t i e s  in  th e  use o f ,  and 

i n t e r p r e t a t i o n  o f  d a ta  f ro m ,  t h i s  a s s a y .  These  can be 

c o n s id e re d  in  s e v e r a l  c a t e g o r i e s ;  some o f  t h e s e  a r e  

s p e c i f i c  to  Tn7, but  o thers  have more general  v a l i d i t y .
1 . " i n h e r e n t "  p r o b l e m s :  f o r  e x a m p le  r e l a t i v e  

s t a b i l i t i e s  and c o n j u g a t i o n  e f f i c i e n c i e s  o f  t a r g e t  and 
product ,  or loss o f  plasmids by t r a n s p o s i t i o n  in t o  o r i g i n  

sequences, marker o r  t r a n s f e r  genes. Mark Rogers (1 986 )  

e x a m in e d  tw o p o s s i b l e  s o u r c e s  o f  e r r o r ,  n a m e ly  t h e  

r e l a t i v e  growth r a t e s  o f  c e l l s  c a r r y i n g  R388 o r  pEN300  

( t a b l e  2 . 2 ) ,  w i th  o r  w i th o u t  Tn7, and th e  e f f i c i e n c i e s  o f  

mating o f  these p lasmids. In  n e i t h e r  case did  th e  presence  

o f  Tn7 appear to  have an e f f e c t  under th e  c o n d i t io n s  used.
The assay a ls o  re q u ire s  transposons and t a r g e t s  on 

plasmids, o f te n  in  high copy number, so th e r e  is  p o t e n t i a l  

f o r  t i t r a t i o n ,  'm u l t ic o p y  i n h i b i t i o n ’ (Arc iszewska e t  a l . ,  

1 9 8 9 )  and i m m u n i t y  e f f e c t s .  I t  m ust  be assumed i n  

comparing assays t h a t  these are  remaining co nstan t  in  a l l  
circumstances, which need not be th e  case.

However, one f e a t u r e  o f  a l l  these p o in ts  is  t h a t  they  

can be t e s t e d  f o r .  They can t h e r e f o r e  i f  n e c e s s a r y  be 

c o n t r o l l e d  f o r  in  any given exper im ent ,  i f  the  v a r i a t i o n  
i s  such t h a t  comparisons between assays become i n v a l i d .

2.  Time: by th e  t im e  e x c o n j u g a n t s  a r e  s c o r e d  f o r  

t r a n s p o s i t i o n ,  th e  c e l l s  a r e  many g e n e r a t i o n s  f r o m  t h e  

o r i g i n a l  event;  hence we lose in fo rm a t io n  on th e  t im in g  o f  
t r a n s p o s i t i o n  during c e l l  growth.

3.  P o p u la t io n  dynamics: as w e l l  as b e in g  a t i m e  

average, the data  from t h i s  assay are  a ls o  a p o p u la t io n  

a v e ra g e .  The t a r g e t  p lasm id  i s  s e g r e g a t i n g  d u r i n g  c e l l  

d i v i s i o n ,  w i t h  o c c u p i e d  and n o n - o c c u p i e d  t a r g e t s  

p r e s u m a b l y  p a r t i t i o n i n g  a t  ran d o m ,  l e a d i n g  t o  a 
d i s t r i b u t i o n  o f  c e l l  t y p e s  w i t h i n  t h e  c u l t u r e .  I n
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a d d i t i o n ,  we s u f f e r  a " f l u c t u a t i o n ” type  a r t e f a c t  -  i t  i s  

no t  p o s s i b l e  t o  d i s t i n g u i s h  a s i n g l e ,  e a r l y  e v e n t  f ro m  

m u l t i p l e  ( i e  h ig h e r  f requency)  l a t e r  even ts .  Th is  makes a 

screen  (a s s a y in g  t r a n s p o s i t i o n  w i t h i n  a s i n g l e  c o l o n y )  
im possib le ,  g iven th e  low frequency o f  t r a n s p o s i t i o n  ( 10” 5 

-  10 ” 2 ) .
4. Plasmid i n t e r a c t i o n s :  in  the  case o f  Tn7, i t  is  

f r e q u e n t l y  observed  t h a t  m a rk e rs  c a r r i e d  on t h e  do no r  

plasmid a re  t r a n s f e r r e d  to  the r e c i p i e n t  c e l l  (d a ta  not  

shown; K.McCurrach, personal communication).  The le v e l  o f  

fu s io n s  ap pears  t o  be a f f e c t e d  by t h e  Tn7 se q u e n c es  

p r e s e n t ;  s p e c i f i c a l l y ,  by a r e g i o n  l e f t w a r d  o f  t h e  

d i h y d r o f o l a t e  r e d u c ta s e  gene,  w h ic h  c o n t a i n s  an open  

reading frame w i th  homology to  th e  A In te g ra s e  fa m i l y  o f  

s i t e - s p e c i f i c  recombinases (Sundstrom e t  a l . , 1 9 8 8 ;  Stokes  

and H a l l ,  1990 ) .  The same sequences a re  a ls o  p resen t  in  

R388 (H a l l  and V o c k le r ,  1987) ,  which is  the  pa re n t  plasmid  

o f  th e  c o n j u g a t i v e  r e c i p i e n t s  commonly used .  Hence t h e  

assay system as c u r r e n t l y  used is  f a r  from i d e a l ,  w i th  
m u l t i p l e  i n t e r a c t i o n s  m a k in g  t h e  d a t a  d i f f i c u l t  t o  

i n t e r p r e t .
5. Fate o f  the  donor: as t r a n s p o s i t i o n  is  scored on ly  

a f t e r  t r a n s f e r  to  na ive  c e l l s ,  and t r a n s p o s i t i o n  products  

are  s p e c i f i c a l l y  s e le c te d  f o r ,  th e  donor molecule  is  l o s t  

during the  assay. We thereby  lose in fo rm a t io n  as to  i t s  
f a t e  d u r in g  t r a n s p o s i t i o n .  T h i s  i s  a f e a t u r e  common t o  

many c u r r e n t  assay methods, hence the  dear th  o f  knowledge 

a b o u t  t h i s  c o m p o n e n t  o f  t h e  r e a c t i o n .  T h i s  becomes  

p a r t i c u l a r l y  i m p o r t a n t  when c o n s i d e r i n g  mechanisms o f  
t r a n s p o s i t i o n .

6 . P r a c t i c a l i t y :  c a r ry in g  out la r g e  numbers o f  such 

assays ( i e  more than 1 0 ) consumes la r g e  amounts o f  both 

t ime and m a t e r i a l s ,  and can lead to  c ro s s -c o n ta m in a t io n .
7. As a r e s u l t  o f  the p o in ts  noted above, the  mate-  

o u t  a s s a y  s o m e t im e s  f a i l s  t o  r e v e a l  c h a n g e s  i n  

t r a n s p o s i t i o n  frequency;  f o r  example, F IS ” s t r a i n s  do not  

show a reduced f re q u e n c y  o f  Tn7 t r a n s p o s i t i o n  by t h i s
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Figure  6 .2  The bas is  o f  th e  p a p i l l i a t i o n  assay
A. A p r o m o t e r le s s  r e p o r t e r  gene (e g  gaJ_K, c o d in g  f o r  
g a l a c t o k i n a s e )  lo c a t e d  downstream o f  t h e  a t t Tn7 i s  n o t  
expressed, and th e  c e l l s  are  g a l ~ and w h i te  on MacConkey/  
ga lac tose  agar .
B. I n s e r t i o n  o f  Tn7 in t o  a t t  might prov ide  t r a n s c r i p t i o n  
s ig n a ls  a l lo w in g  the  gene to  be expressed; the  c e l l s  are  
g a l *  and red on MacConkey/galactose agar .

— 1-----  a t t Tn7 , and p o in t  o f  in s e r t i o n
E = 3  Tn7 
est&gEgag gal K
P promoter a c t i v i t y  from w i t h i n  Tn7



assay (K. McCurrach, personal communication),  but show a 

much reduced frequency when assayed by a p a p i l l i a t i o n  t e s t  

( N . C r a i g ,  p e rs o n a l  c o m m u n ic a t io n ) .  O t h e r  v a r i a t i o n s  in  

frequency may have been masked in  th e  same way, eg between 

I H F + and I H F "  s t r a i n s  ( N . E k a t e r i n a k i , p e r s o n a l  

communication).

In  o rder  to  c a r r y  out la rg e  s c a le  t e s t i n g  o f  mutant  
b a n k s ,  an a s s a y  was r e q u i r e d  w h ic h  g i v e s  a r a p i d  

q u a n t i f i a b l e  s c r e e n  f o r  c h a n g e s  i n  t r a n s p o s i t i o n  

f requency.  As such, i t  is  p r e f e r a b l e  f o r  t r a n s p o s i t i o n  to  

be monitored in  the  same c e l l s  as the  event i t s e l f ;  in  

a d d i t i o n  to  overcoming some o f  t h e  p ro b le m s  d i s c u s s e d  

a b o v e ,  t h i s  a l l o w s  a s c r e e n  a t  t h e  l e v e l  o f  s i n g l e  
c o lo n ie s .  In  the  case o f  Tn7, i t  is  p o s s ib le  to  e x p l o i t  

the  extreme s i t e  s p e c i f i c i t y  o f  t r a n s p o s i t i o n ,  and design  

assays using th e  h o t s i t e  as a " t ra p "  which can in d i c a t e  
w hether  th e  s i t e  i s  o c c u p ie d .  T h i s  c h a p t e r  d e s c r i b e s  

developement o f  one such assay, based on a c t i v a t i o n  o f  a 

r e p o r t e r  gene engineered in t o  the chromosomal h o t s i t e .

RESULTS

6 . 4  Basis o f  th e  p a p i l l i a t i o n  assay.
Given sporad ic  gene a c t i v a t i o n  w i t h i n  a co lony,  i f  

th e  gene concerned can c o n f e r  a s e l e c t i v e  a d v a n t a g e  on 

t h a t  c e l l  and i t s  descendants,  then these w i l l  grow out  as 

a p a p i l l a  on the  su rface  o f  the co lony.  With a s u i t a b l e  

i n d i c a t o r  medium, t h i s  change in  gene express ion can be 

re a d i  1 y v i  sual  i sed by s t a i n i n g ,  eg g a l  K on M acC on key /  
ga lac tose  agar ,  or l a c Z on X g a l / I a c t o s e .

This  could be u t i l i s e d  as an assay in  the  form o f  th e  
c o n s tru c t io n  descr ibed in f i g u r e  6 . 2 .  I f  the  g a l K gene can 

be a c t iv a t e d  by t r a n s c r i p t i o n  from w i t h in  Tn7, then the  

g a l K+ c e l l s  r e s u l t i n g  from t r a n s p o s i t i o n  (and  t h e i r  

descendants) w i l l  have a growth advantage in  th e  presence  

of  ga lactose and l i m i t i n g  glucose, and so w i l l  grow out  as
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F igure  6 .3  C o n s tru c t io n  o f  pLM50 and i t s  d e r i v a t i v e s  
The 280 bp E c o R I - H i n d l l l  f ragment o f  pK01 was rep la ced  by 
th e  E c o R I - H i n d l l l  minimal a t t Tn7 f r a g m e n t  f ro m  pMR80,  
p lac in g  a t tTn 7  upstream of  a prom oter less  g a l K gene. The 
d e r i v a t i v e s  o f  Tn7 shown were transposed in t o  th e  a t t  s i t e  
of  pLM50 j_n v i v o .
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a red s ta in e d  p a p i l l a ;  each one o f  th e se ,  th e n ,  rep resen ts  

an in d ep e n d en t  t r a n s p o s i t i o n  e v e n t .  I n  t h i s  way t h e  

frequency o f  t r a n s p o s i t i o n  can r e a d i l y  be observed w i t h i n  

a s in g le  co lony ,  which a l low s  a la r g e  number o f  s t r a i n s  to  
be assayed s i m u l t a n e o u s l y .  Any s t r a i n s  show ing  v a r i a n t  

t r a n s p o s i t i o n  l e v e l s  can th e n  be i s o l a t e d  f o r  f u r t h e r  

s t u d y .

6 .5  T e s t in g  in  m u lt icop y  plasmids
To t e s t  th e  f e a s i b i l i t y  o f  t h i s  approach, i e  whether  

t r a n s c r i p t i o n  i n i t i a t e d  w i t h i n  Tn7 can in  f a c t  e x t e n d  

through the  l e f t  end in t o  the  f l a n k i n g  DNA, a t e s t  system 
was s e t  up, us in g  m u l t i c o p y  p l a s m id s  based on p r o m o t e r  

probe v e c t o r s  c a r r y i n g  g a l K as t h e  r e p o r t e r  g e n e .  In  

a d d i t i o n  t o  t h e  c o l  o u r  c h a n g e  se en  on p l a t e s ,  g a l K 

e x p r e s s i o n  can r e a d i l y  be a s s a y e d  i n  c e l l  l y s a t e s ,  

p ro v id in g  q u a n t i t a t i v e  da ta  to  support  r e s u l t s  from growth  

on i n d i c a t o r  media.
The a t t T n 7 -g a l K plasmid pLM50, and a s e t  o f  i n s e r t i o n  

d e r i v a t i v e s ,  were constructed  ( f i g u r e  6 . 3 ) .  Clones o f  the  

t r a n s p o s i t i o n  products were i s o la t e d ;  d ig e s t io n  o f  these  

w ith  EcoRI showed t h a t  t r a n s p o s i t i o n  r e ta in e d  th e  s i t e -  

and o r i e n t a t i o n - s p e c i f i c i t y  seen w i th  o th e r  h o t s i t e  c lones  
(d a ta  not shown).

gal K e x p r e s s io n  in  th e  t r a n s p o s i t i o n  p r o d u c t s  was 
monitored both on p l a t e s  and by assaying f o r  g a la c to k in a s e  

a c t i v i t y .  The r e s u l t s  a re  p r e s e n t e d  in  t a b l e  6 .1  , and 
f i g u r e  6 .4 .

The in s e r t i o n  products were c l e a r l y  redder than c e l l s  

c a r r y in g  the p a re n t  plasmid; however the  co lo u r  was not  as 

in tense  as t h a t  seen w i th  g a l K under P-ja c ; t h i s  was borne 
ou t  by th e  as say s ,  w i t h  th e  i n s e r t i o n  p r o d u c t s  sh ow in g  

only  5-10% o f  th e  P-jac le v e l  o f  k inase a c t i v i t y .
In  order  to  t r y  to  increase  the  le v e l  o f  i n t e r n a l  

t r a n s c r i p t i o n  i n i t i a t i o n ,  a DNA fragment c o n ta in in g  the  

strong ta c  promoter was cloned in t o  a Tn7 d e r i v a t i v e  (T n7 -  
5 ) .  As th e re  were no convenient r e s t r i c t i o n  s i t e s  w i t h i n
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Ta b le  6.1  GalK a c t i v i t i e s  o f  i n s e r t i o n  products o f  pLM50 

Plasmid IPTGa GalK S . A . b Bla  S . A . C G a lK /B la  r a t i o d

pLM50 2 .7 0 1 . 72 1 .57 1

PLM50: Tn7 9 .2 4 2 .3 0 4 .0 2 2 .5 6
pLM50: Tn7-3 12.1 1 .03 11.7 7 .45
PLM50: Tn7-1 5.51 1 .28 4 .3 0 2 .7 4
pLM50: Tn7-5 - 3 .46 0 .7 0 4 .9 4 3 .1 5
pLM50: Tn7-5 + 3 .72 0 .4 7 7 .90 5 .0 3
PK0500 4 .9 6 1.93 2.57 1 .63
PKL500 - 1.60 2 .55 0 .6 3 0 .4 0
pKL.500 + 129 2 .1 3 166 111

A l l  va lues  a re  th e  average o f  a t  l e a s t  two assays.

a. C u l tu re s  grown w ith  and w i th o u t  IPTG f o r  in d u c t io n  are  

i n d i c a t e d .  Where no i n d i c a t i o n  i s  made, t h e  p r o m o t e r  

concerned is  not IP T G - in d u c ib le ,  and was not te s te d  under 
inducing c o n d i t io n s .
b. GalK s p e c i f i c  a c t i v i t y  u n i t s  a r e  nmoles g a l a c t o s e  
phosphory lated /  min /  ml o f  c u l t u r e  a t  an A650  o f  1 .
c. B - lactamase a c t i v i t y  u n i t s  are  d e f in e d  in  M a t e r i a l s  

and Methods, and are  converted to  s p e c i f i c  a c t i v i t i e s  by 

d i v i d i n g  by the  A650  o f  the  c u l t u r e .  The reasons f o r  the  

v a r ia n c e  in  the  va lues is  t h a t  d i f f e r e n t  subsets o f  the  

p la s m id s  were used in  r e p e a t  e x p e r i m e n t s ;  w i t h i n  an 

ex per im en t ,  the  rankings o f  the r e s u l t s  were the  same, 
a l though the ab so lu te  va lues  v a r ie d .
d. The copy-number co rre c te d  GalK a c t i v i t y  -is d iv id e d  by 

t h e  c o p y - n u m b e r  c o r r e c t e d  v a l u e  f o r  pLM50 w i t h  no 
i n s e r t i o n .



F igure  6 .4  g a lK phenotype o f  pLM50 and i t s  d e r i v a t i v e s
The i n d i c a t e d  p l a s m i d s ,  i n  D S 9 4 1 , w e re  g row n  on M acConkey  
/ g a l a c t o s e  a g a r  a t  30°C  o v e r n i g h t .

A. PKL500 B. : : T n 7 - 1 : : Tn7

PK0500 pLM50 : : T n 7 - 5 : : T n 7 - 3



t h i s  f r a g m e n t ,  i t s  o r i e n t a t i o n  c o u ld  n o t  r e a d i l y  be 

d e te r m in e d .  The r e s u l t i n g  e l e m e n t  was t r a n s p o s e d  i n t o  

pLM50. None o f  the  c lones te s te d  showed the  s i g n i f i c a n t  

i n c r e a s e  in  g a l K e x p r e s s io n  e x p e c t e d  f o r  t h i s  s t r o n g  

promoter in  the  presence o f  IPTG. Th is  may be because the  

cloned promoter is  in  the  wrong o r i e n t a t i o n  in  a l l  cases,  
suggesting t h a t  the  o th e r  o r i e n t a t i o n  is  s e le c te d  a g a in s t  

f o r  some reason .  A l t e r n a t i v e l y  t r a n s c r i p t i o n  f ro m  t h i s  

promoter may be being te rm in a te d  w i t h i n  the l e f t  end o f  

th e  Tn7; th e  r e p e t i t i v e  n a t u r e  o f  t h e s e  s e q u e n c e s  may 

a l l o w  f o r m a t i o n  o f  s e c o n d a r y  s t r u c t u r e s  l e a d i n g  t o  

t r a n s c r i p t  t e r m in a t io n  or  i n s t a b i l i t y .  Indeed, i t  i s  not  

c l e a r  w h eth er  th e  in c r e a s e d  g a l  K e x p r e s s i o n  seen in  
t r a n s p o s i t i o n  p r o d u c t s  c o m p a re d  t o  pLM50 i s  t r u e  

t r a n s c r i p t i o n a l  readthrough,  or  an u n re la te d  phenomenon; 
f o r  example, s t r u c t u r a l  changes f o l lo w i n g  in s e r t i o n  o f  the  

t ransposon .
I t  was thought t h a t  th e  le v e l  o f  express ion o f  g a l K 

in  the  in s e r t io n  products might be s u f f i c i e n t l y  high to  be 

d e tec ted  when present  in  s in g le  copy in  the chromosome, 
and so the  requ ire d  s t r a i n  was c o n s tru c te d .

6 . 6  C on struc t ion  o f  EM3 and EM5
The method used to  genera te  a chromosomal h o t s i t e -  

g a l K was forced i n t e g r a t i o n  o f  a s e l e c t a b l e ,  r e p l i c a t i o n -  
incompetent plasmid c a r r y in g  the  g a l K in s e r t i o n  ( F l i n n  e t  

a l . ,  1989) .  I t  was necessary to  prov ide  f u r t h e r  homology
3 ’ o f  the  gene. Th is  was provided from a 1 kb h o t s i t e  

c l o n e ,  pEAL1 ( L i c h t e n s t e i n  and B r e n n e r ,  1 9 8 1 ) ;  t h e  
c o n s t ru c t io n  is  shown in  f i g u r e  6 . 5 .

The r e s u l t in g  plasmid,  pLM55, c a r r i e s  a Adv o r i g i n  
s e n s i t i v e  to  repress ion  by A rep re s s o r ,  and was exposed to  

repressor  by in t ro d u c in g  pEA305 (a  c l  ov e rp rodu c e r ) .  pLM55 
w i l l  be u n a b l e  t o  r e p l i c a t e ,  and c h l o r a m p h e n i c o l  

r e s is ta n c e  can only  be m ain ta ined  by i n t e g r a t i o n  o f  th e  
plasmid in to  the chromosome. The above order  o f  a d d i t i o n  

a l lo w e d  t r a n s f o r m a t i o n  and i n t e g r a t i o n  t o  o c c u r  i n  two
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F igure  6 .5  C on struc t ion  o f  pLM55
A 1 .9kb EcoRI-Ndel fragment from pLM50 con ta ine d  a t t Tn7 
and th e  gal K gene. A f t e r  f i l ' l i n g - i n  t h e  N de l  e n d ,  t h e  
fragment was l i g a t e d  to  th e  0 .7 5  kb D r a l l l - E c o R I  fragm ent  
from pEALl (which conta ined sequences from downstream o f  
a t tT n 7 )  in  the  presence o f  EcoRI. The r e s u l t a n t  2 .6 5  kb 
EcoRI fragment was cloned i n t o  the EcoRI s i t e  o f  pCB104. 
R=EcoRI H=Hi n d l l l  N=NdeI D = D r a I I I
n /d = N d e I /D ra I  recombinant j o i n t

c r o . e l l ,  O, P are  re q u ire d  f o r  r e p l i c a t i o n  o f  th e  lambda 
o r i g i n  o f  pCB104

a t t  Tn7 —  & a lK



A Insertion at galK
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red white

B Insertion at attTn7
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F ig u r e  6 . 6  Proposed g e n e t i c  s t r u c t u r e  o f  re d  and w h i t e  
i n t e g r a n t  s t r a i n s
A. I n s e r t i o n  o f  pLM55 a t  ga l  K can g i v e  red  o r  w h i t e  
co lon ies  depending on whether the  plasmid ( w i l d t y p e )  or  
th e  chromosomal (m u ta n t )  a l l e l e  i s  do w nstream  o f  t h e  
w i ld ty p e  chromosomal gal promoter.
B. I n s e r t i o n  o f  pLM55 a t  a t t Tn7 g ives w h i te  c o lo n ie s ,  as 
th e re  is  no promoter f o r  g a l K express ion .

WAmtm gal K
MtmsMa chromosomal g a l K mutat ion  
mmtmm a t t Tn7 and p o in t  o f  i n s e r t i o n



s t a g e s .
ApCmr  c o lo n ie s  were i s o l a t e d ,  and were screened f o r  

i n s e r t i o n  by loss o f  the  a b i l i t y  to  t ran s fo rm  c e l l s  to  

chloramphenicol r e s is t a n c e .  S u i t a b le  s t r a i n s  were s t re ake d  

onto  MacConkey/ga l  a c to s e  p l a t e s .  Both red and w h i t e  

pa tch es  were seen; an i n t e r p r e t a t i o n  o f  t h e  r e s u l t  i s  

shown in  f i g u r e  6 . 6 . In  both types  o f  w h ite  s t r a i n ,  th e  

h o t s i t e  w i l l  be upstream o f  the  w i ld t y p e  g a l K gene, and so 
can be used in  th e  assay.

However, Southern b l o t t i n g  in d ic a te d  t h a t  th e r e  was 

some f r e e  plasmid present  in  these  s t r a i n s ,  which proved  

to  be d i f f i c u l t  t o  lose (d a ta  not  shown); i t  is  p o s s ib le  

t h a t  p l a s m i d s  w e r e  r e c o m b i n i n g  i n  and o u t  o f  t h e  

chromosome. Free plasmid would be a b le  to  s u rv iv e  i f  the  

repres sor  plasmid had mutated; t h i s  i s  p o s s ib le ,  as pEA305 

i s  h i g h l y  u n s t a b le  and d e l e t e s  even in  r e c o m b i n a t i o n -  

d e f i c i e n t  s t r a i n s  (M. Burke, personal communication). As 

the  presence o f  any f r e e  plasmid a t  a l l  would de s troy  th e  

p a p i l l i a t i o n  s c r e e n ,  t h e s e  s t r a i n s  w e re  n o t  t e s t e d  

f u r t h e r .
An a l t e r n a t i v e  s t r a te g y  was to  use a lambda lysogen  

to  repress th e  pLM55 o r i g i n .  DS959, a lysogen o f  DS941, 
was used. Cmr t ran s fo rm an ts  were te s te d  as above f o r  loss  
o f  f r e e  plasmid.  Again,  both red and w h ite  c lones were 

i s o l a t e d ,  and w h i te  clones (EM5) te s te d  f o r  p a p i l l i a t i o n  
on in t r o d u c t io n  o f  Tn7.

6 .7  T e s t in g  o f  i n s e r t i o n  s t r a i n s
EM5 c e l l s  were t r a n s fo rm e d  w i t h  p E A L 1 : :T n 7 ,  and 

r e la t e d  plasmids which do not c o n ta in  a c t i v e  Tn7, and th e  

t ran s fo rm an ts  were p la te d  d i r e c t l y  onto in d i c a t o r  medium. 
F i r s t l y ,  t h e r e  appeared to  be some i n s t a b i 1 i t y  in  t h e  
assay s t r a i n ,  e s p e c i a l l  y f o l 1ow ing t r a n s f o r m a t i o n ,  and  

red, pink or p a p i l l i a t e d  c o lo n ie s  appeared in the  absence 

o f  Tn7. The i n s t a b i l i t y  o f  the  gal K genotype may aga in  be 

due to  plasmid e x c is io n  and r e i n t e g r a t i o n .
In  th e  presence  o f  Tn7, a l l  t h e  c o l o n i e s  a p p e a r e d
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pa le  p in k ,  w i th  w h i te  ' h a l o s ’ . The co lo u r  change was not  

Tn7 t ra n s p o s i t io n -d e p e n d e n t ;  th e  same r e s u l t  was seen f o r  

p EA L 1 a l o n e ,  f o r  p E A L 1 : : T n 7 - 1  ( t n s ~ )  . and f o r  

PEAL1 : :Tn7A ecoRI ( tn s * .  but no l e f t  en d ) .  When th e  pink
c o l o n i e s  w e r e  t e s t e d  f o r  t h e i r  a b i l i t y  t o  g row  on
g a lac to se  as the  so le  carbon source,  none grew, i . e  they
w e re  a l l  ga 1 ~ . I t  c o u l d  be t h a t  t h e  Tn7 was n o t
t r a n s p o s i t i o n - c o m p e t e n t  ( w h i c h  i s  u n l i k e l y ,  as  two  

d i f f e r e n t  sources o f  Tn7 were t e s t e d ) ,  t h a t  EM5 is  not  
a b le  t o  s u p p o r t  t r a n s p o s i  t i  o n , o r  t h a t  t h e  l e v e l  o f  

express ion o f  g a lK i s  too low to  c o n fe r  a g a l + phenotype.  
The t h i r d  e x p la n a t io n  is  perhaps the  most l i k e l y ,  g iven  
the  GalK assays presented above.

EM5 shows a p p r o x i m a te ly  a t e n f o l d  d e f i c i t  i n  t h e  

a b i l i t y  to  ta ke  up plasmids c o n ta in in g  a c t iv e  Tn7 (d a ta  

not shown). The reason f o r  t h i s  d e f ic i e n c y  is  not c l e a r ,  
but i t  demonstrates t h a t  th e r e  i s  some Tn7 t r a n s p o s i t i o n -  

r e la t e d  i n t e r a c t i o n  in  these c e l l s ,  which might in  i t s e l f  
be worthy o f  f u r t h e r  study,  or  p rov ide  th e  basis  f o r  an in  

v iv o  assay.
The red c o lo u r  o f  th e  c o l o n i e s  in  t h e  a b s e n c e  o f  

t r a n s p o s i t i o n  makes i t  d i f f i c u l t  t o  d e t e c t  any  

d i f f e r e n t i a l  s t a in i n g  w i t h in  the  co lony,  p a r t i c u l a r l y  i f  

g a l K express ion is  low. Reasons f o r  th e  observed c o lo u r  

change are  discussed below ( s e c t io n  6 . 9 ) ,  as are  p o s s ib le  

m o d i f ic a t io n s  to  the assay to  a l lo w  i t  to  be used as a 

s c re e n .

6 . 8  A l t e r n a t i v e  assays in v e s t ig a t e d
T h i s  s e c t i o n  g i v e s  a b r i e f  summary o f  i n i t i a l  

experiments on two o th e r  types o f  assay te s te d  f o r  use 

w ith  Tn7, i n i t i a l l y  in  v i v o , but p o t e n t i a l l y  a lso  f o r  in  
v i t r o  work. Although the da ta  a re  p r e l i m in a r y ,  they  are  

presented here f o r  the  b e n e f i t  o f  f u t u r e  workers,  who may 

wish to  develop these systems f u r t h e r  f o r  r o u t in e  use.
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6 .8 . 1  I n t r a m o le c u la r  t r a n s p o s i t i o n
The c o n s t ru c t io n s  used to  study th e  in t r a m o le c u la r  

t r a n s p o s i t i o n  o f  Tn7, and t h e  t r a n s p o s i t i o n  p r o d u c t s  

p r e d ic te d ,  a re  shown in  f i g u r e  6 . 7 .  C e l l s  c o n ta in in g  the  

p l a s m i d s  g rew  p o o r l y ,  f o r m i n g  s m a l 1 c o l o n i e s  w h ic h  

f r e q u e n t l y  f a i l e d  to  grow on subsequent p l a t i n g ;  the  poor  

v i a b i l i t y  was independent o f  the  presence o f  tns  genes.
In t r a m o le c u la r  t r a n s p o s i t i o n  can be assayed by loss  

o f  drug r e s is ta n c e  markers.  Loss o f  both Apr  and Cmr was 

observed; however, i t  was not according to  th e  p r e d ic t i o n s  

in  th e  f i g u r e .  Each p las m id  gave r i s e  t o  a v a r i e t y  o f  

d e l e t i o n  products ,  and the  d e le t i o n  was not tns -d epend ent .  
The s iz e s  o f  th e  product p lasmids, and r e s t r i c t i o n  maps 

w h e re  t h e y  c o u l d  be o b t a i n e d ,  c o u l d  n o t  be s i m p l y  

e x p la in e d .
The plasmids were te s te d  f o r  the  a b i l i t y  to  a c t  as 

t a r g e t s  f o r  in t e r m o le c u la r  Tn7 t r a n s p o s i t i o n ,  and f o r  the  

a b i l i t y  o f  t h e  a t t  s i t e  m i n i - t r a n s p o s o n s  t o  t r a n s p o s e .  

Both e x p e r im e n ts  gave p o s i t i v e  r e s u l t s  as as s a y e d  by 
t r a n s f e r  o f  drug r e s is ta n c e s ;  on a n a ly s is  o f  the  products  

by gel e l e c t r o p h o r e s i s , the  s iz e s  o f  th e  products could  

not r e a d i l y  be e x p la in e d .
From these r e s u l t s ,  i t  appears t h a t  these p lasmids,  

and some o f  t h e i r  t r a n s p o s i t i o n  p r o d u c t s ,  a r e  h i g h l y  

u n s t a b l e ,  and undergo r e a r r a n g e m e n t  in  t h e  p r e s e n c e  o r  

absence o f  Tn7 t r a n s p o s i t i o n  fu n c t io n s .  Var ious techn iques  

were t r i e d  to  incre as e  t h e i r  s t a b i l i t y .  One was t o  grow 

th e  s t r a i n s  on 1% g lu c o s e ,  t o  r e p r e s s  t h e  1 ac and t a c  

promoters, and so reduce the  number o f  i n t e r a c t i n g  domains 
o f  s u p e r c o i l i n g  (Wu e t  a ! . , 1 9 8 8 )  w i t h i n  t h e  p l a s m i d s .  

However, t h i s  made l i t t l e  d i f f e r e n c  to  the  s t a b i l i t y .  An 
sbcB recN s t r a i n ,  SP231, which had been found to  reduce  

rea r ra ng e m e nts  o f  cosmid c lo n e s  c o n t a i n i n g  mammalian  
genes ( I s h i u r a  e t  a ! . , 1 9 8 9 ) ,  was a l s o  i n v e s t i g a t e d ;  

however, our i s o l a t e  o f  t h i s  s t r a i n  was unable to  m a in ta in  

plasmids c o n ta in in g  A r e p l i c a t i o n  o r i g i n s .
In  t h e i r  c u r r e n t  s t a t e ,  these plasmids c l e a r l y  are
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Figure  6 .7  In t r a m o le c u la r  t r a n s p o s i t i o n  s u b s t ra te s
pLM60 was constructed  by in s e r t i n g  the 1 kb EcoRI a t t Tn7
fragment from pEALl in t o  the EcoRI s i t e  o f  pMRIOO.
pLM601 and pLM602 c o n t a i n  pLM60,  l i n e a r i s e d  a t  t h e
p o l y l i n k e r  S a i l  s i t e ,  in s e r te d  in to  the S a i l  in  Tn7-1 in
pMR11; th e  two plasmids have pLM60 in the  two p o s s ib le
o r i e n t a t i o n s .
The t r a n s p o s i t i o n  product generated w i l l  be determined by 
the o r i e n t a t i o n a l  s p e c i f i c i t y  o f  h o t s i t e  i n s e r t i o n ;  th e  
c o n f ig u r a t io n s  o f  o r i g i n s  and drug re s is ta n c e s  r e l a t i v e  to  
th e  a t t  s i t e  in  pl_M601 and pLM602 w i l l  g e n e r a t e  t h e  
t r a n s p o s i t i o n  products shown.



not s u i t a b l e  f o r  assaying t r a n s p o s i t i o n  i n  v i v o . Although  

the  rearrangements o c c u r r in g  may be ve ry  i n t e r e s t i n g ,  the  

d a ta  a re  d i f f i c u l t  t o  i n t e r p r e t  due t o  t h e  v a r i e t y  o f  

i n t e r a c t i o n s  o c c u r r in g ,  and in t r a m o le c u la r  t r a n s p o s i t i o n  

was not s tu d ie d  f u r t h e r .

6 . 8 . 2  In d u c t io n  o f  bacte r io phage  lambda prophage
T r a n s p o s i t io n ,  p a r t i c u l a r l y  by a c o n s e rv a t iv e  ' c u t  

and p a s te ’ - t y p e  mechanism, c re a te s  c leavages in  the  DNA 

s t ra n d s .  DNA damage by o th e r  agents is  known to  induce 

expression o f  a s e t  o f  genes which have fu n c t io n s  in  the  

r e p a i r  o f  damage; t h i s  is  known as the  SOS response. The 
SOS genes are  norm al ly  repressed by LexA; f o l lo w i n g  DNA 

damage, c le a v a g e  o f  LexA ( m e d ia t e d  by RecA) l i f t s  t h e  
repress ion  and the  genes are  expressed. C ond it ions  which 

lead  t o  SOS i n d u c t i o n  a ls o  cause  i n d u c t i o n  o f  l y t i c  

developement in  A lysogens, because th e  phage repressor  

undergoes c leavage in  the  same way as LexA.
I t  was t h o u g h t  t h a t  t h e  DNA damage c a u s e d  by 

t r a n s p o s i t i o n ,  or  by the  e f f e c t s  o f  ' t ra n s p o s a s e ’ , might  
a ls o  induce th e  SOS response. Roberts and Kleckner  (1988 )  

o b s e r v e d  p r o p h a g e  i n d u c t i o n  t h a t  c o r r e l a t e d  w i t h  
t r a n s p o s i t i o n  o f  Tn10, and w i th  o th e r  f e a t u r e s  o f  the  SOS 

response. They suggested t h a t  the  SOS response was being  
induced by de grada t ion  o f  the  broken donor DNA m olecule .

The a b i l i t y  o f  Tn7 t r a n s p o s i t i o n  to  induce the  SOS 

response was t e s t e d  by m ea s u r in g  i n d u c t i o n  o f  t h e  A 
prophage in DS959; th e  r e s u l t s  are  presented in  t a b l e  6 . 2 .  

I n  t h e  f i r s t  s e t  o f  e x p e r i m e n t s ,  t h e  e f f e c t s  o f  

overexpression o f  tns  genes was examined. DS959 is  1a c l q , 
so should be ab le  to  repress the express ion  o f  the cloned  

gene to  some e x t e n t ,  in  the absence o f  IPTG. The r a t i o s  in  
.the f i n a l  two columns express the  e f f e c t  o f  the  cloned  

gene r e l a t i v e  to  the  parent  v e c to r .  The most s i g n i f i c a n t  

e f f e c t  was f o r  pMR205, encoding tnsAB; the in d u c t io n  is  

g r e a t l y  increased by IPTG, in d i c a t i n g  t h a t  th e  f u n c t io n  

respons ib le  is  under the co n tro l  o f  the  ta c  promoter.  t n s D

122



Table  6 .2  In d u c t io n  o f  A prophage by Tn7 and tn s  genes

PIasmid tns  gene(s) Phage
-IPTG

y i e l d a 
+ IPTG

IPTG
i nduction

R a t i o 13
+

pMR78 9 .5 13 1 .37 1 1
PMR203 tnsE 22 .5 17 0 .7 6 2 .4 1 .3
PMR204 tnsA 6 .5 19 2 .9 2 0 .7 1 .5
PMR205 tnsA and B 4 66 16.5 0 .4 5.1
PMR207 tnsB 20 .5 38 .5 1 .88 2 .2 3 .0

a.  Phage y i e l d s  ( i n  p f u / m l ) a re  x 106 , and a re  co r re c te d  

f o r  the  spontaneous frequency o f  in d u c t io n  o f  th e  prophage
Rin DS959, which gave 4 x 10 p fu /m l in  the  presence and 

absence o f  IPTG.
b. The phage y i e l d  f o r  each plasmid is  shown r e l a t i v e  to  

t h a t  f o r  the  v e c to r  p lasmid, under th e  r e le v a n t  in d u c t io n  

c o n d i t io n s .

Plasmid Ends tns Phage y i e l d

c. pEALl - ■ - 2 . 4 X 106
pEALl: : Tn7-1 L,R - 2 . 0 X 106

pEALl : : Tn7AR1 R + 1 .5 X 106
pEALl: :Tn7 L,R + 4 . 8 X 106

d. pEALl - - 1 .1 X 106
pEALl: : Tn7-1 L,R - 3 . 0 X 105
pEALl: : Tn7 L , R + 1 .3 X 106

c. C u l tu res  were grown to  s t a t i o n a r y  phase.
d. C u l tu res  were in  log phase.



and E were a ls o  t e s t e d ;  no e f f e c t  o f  th e  cloned gene, or  

o f  IPTG, was d e te c te d  (d a ta  not shown).
The r e s u l t s  could i n d i c a t e  a r o le  in  DNA c leavage f o r  

TnsA or B. However, i t  i s  not c l e a r  in  these exper iments  

whether the  prophage in d u c t io n  is  due to  a DNA-metabolic  

a c t i v i t y  v i a  th e  SOS re s p o n s e ,  o r  i s  a more i n d i r e c t  

e f f e c t  due to  the  s t r e s s  o f  overexpress ing  cloned genes.
The e f f e c t  on prophage in d u c t io n  o f  plasmids c a r r y in g  

combinations o f  Tn7 ends and tns  genes is  shown in  the  

l o w e r  p a r t  o f  t a b l e  6 . 2 .  T h e r e  i s  no s i g n i f i c a n t  

d i f f e r e n c e  between plasmids w i th  and w i th o u t  t r a n s p o s i t i o n  

a c t i v i t y .  The v a l u e s  shown a r e  a v e r a g e s  f r o m  t h r e e  

e x p e r im e n ts .  The r a n k in g  o f  phage y i e l d  v a r i e d  be tw een  

e x p e r im e n ts ;  t h e r e  was no t  n e c e s s a r i l y  a c o r r e l a t i o n  

between t r a n s p o s i t i o n  a c t i v i t y  and prophage in d u c t io n  in  a 

given exper im ent .  As the  aim o f  t h i s  p a r t  o f  th e  p r o j e c t  

was to  design a ra p id  assay f o r .ac tua l  t r a n s p o s i t i o n , t h i s  

method o f  measuring t r a n s p o s i t i o n  by SOS in d u c t io n  d id  not  

appear to  be u s e f u l .
In d u c t io n  o f  th e  SOS response was a lso  te s te d  in  a 

s t r a i n  in  which l a c Z i s  p la c e d  dow nstream  o f  an SOS- 
in d u c ib le  promoter in  the  chromosome (N3331) .  Th is  s t r a i n  
was found to  induce the  SOS response under th e  s t r e s s  o f  

t r a n s f o r m a t i o n  w i t h  th e  t n s - e x p r e s s i n g  p l a s m i d s :  a l l
c o lon ie s  were blue on Xgal , and red on MacConkey/1 ac tose  

agar .  The v e c to r  plasmids alone caused the  same e f f e c t .  As 
the  s t r a i n  was found to  be so s e n s i t i v e ,  i t  was not used 

f u r t h e r .

6 .9  DISCUSSION

The r e s u l t  o f  t e s t i n g  th e  ga l  K p a p i l l i a t i o n  a s s a y  
S t r a i n  was t h a t  no gal K t r a n s p o s i t i o n  p r o d u c t s  w e re  

de te c ted ,  as assayed by the  a b i l i t y  to  u t i l i s e  g a la c to s e ;  
on MacConkey/galactose agar the co lo n ies  were u n i fo rm ly  

p ink ,  surrounded by an area  o f  w h i te .  The reason f o r  the  

co lour  change is  not c l e a r .  I t  is  our ex per ie nce  t h a t  the
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r e s u l t s  from MacConkey p la t e s  tend to  be somewhat s t r a i n -  

and p lasm id-dependent ,  and th e  u t i l i t y  o f  these i n d i c a t o r  

p l a t e s  v a r i e s  w i t h  th e  c o n s t r u c t i o n s  in  u se .  The w h i t e  

area  around th e  colony i s  due t o  an a l k a l i n e  pH, which is  

th e  ex p e c te d  r e s u l t  o f  th e  g a l ~ c e l l s  u t i l i s i n g  amino  

a c id s  as t h e i r  carbon s o u r c e ,  and e x c r e t i n g  ammonia-  

c o n ta in in g  products .  Presumably some c h a r a c t e r i s t i c  o f  th e  
c o m b i n a t i o n  o f  D S 9 59 ,  pLM 55,  and t h e  t e t r a c y c l i n e -  

r e s i s t a n t  pEALl p la s m id s ,  i s  c a u s i n g  a change in  t h e  

growth o f  th e  c e l l s  such t h a t  t h e y  c r e a t e  an a c i d i c  

environment w i t h in  th e  co lony,  le a d in g  to  pink s t a i n i n g .
An a l t e r n a t i v e  form o f  the  p a p i l l i a t i o n  assay i s  to  

in c lud e  the  promoter less  r e p o r t e r  gene on the  transposon,  
and look f o r  a c t i v a t i o n  by e x te r n a l  t r a n s c r i p t i o n  from the  
t a r g e t  gene. Some o f  th e  c o n s t r u c t i o n s  d e s c r i b e d  in  

c h a p t e r  7, w i t h  l a c Z c lo ne d  i n t o  m i n i - T n 7 ,  c o u ld  be 

m odif ied  f o r  t h i s  purpose. The r e p o r t e r  gene would need to  

be o r ie n te d  such t h a t  i t  was t r a n s c r ib e d  from the  l e f t  end 

o f  the e lement,  as th e re  is  a t r a n s c r i p t i o n a l  t e r m in a t o r  
i n  t h e  r i g h t  end (Gay e t  a 1 . , 1 9 8 6 ) ,  as w e l l  as  a 

promoter; a t  l e a s t  the  l a t t e r  i s  inc luded in  the  reg ion  

r e q u i r e d  in  c i  s f o r  t r a n s p o s i t i o n  ( A r c i s z e w s k a  e t  a l  . , 
1 9 8 9 ) .  Such a c o n s t r u c t i o n  w ou ld  o n l y  assay  co.lds.-i te  

t r a n s p o s i t i o n ,  g iv en  th e  o r i e n t a t i o n  s p e c i f i c i t y  o f  

h o t s i t e  i n s e r t i o n .
The p a p i l l i a t i o n  assays in  use f o r  o th e r  transposons  

are  g e n e r a l ly  o f  t h i s  ty p e ,  w i th  th e  r e p o r t e r  gene w i t h i n  

the  transposon, eg Tn10 (Huisman and K leckner ,  1987) and 

IS903 ( K. D e rb y s h i re , personal communication) .  An ex cep t io n  

i s  an IS1 and IS5 assay, which d e te c ts  t r a n s p o s i t i o n  by 
a c t i v a t i o n  o f  a c r y p t i c  bgl operon by in s e r t i o n  upstream  

o f  t h e  gene ( D a t t a  and R o s n e r ,  1 9 8 7 ) .  The i n t e r n a l  

r e p o r t e r  gene approach was considered when the  Tn7 assay  

was f i r s t  d e s ig n e d ,  and d e c id e d  a g a i n s t  f o r  s e v e r a l  
reasons. The t r a n s c r i p t  produced by readthrough would be 
very  long, in c lu d in g  the  t a r g e t  gene and the long Tn7 end 

as w el l  as the  r e p o r t e r  gene; th e r e  was concern t h a t  t h i s
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m ight  reduce th e  s t a b i l i t y  o f  t h e  t r a n s c r i p t ,  and t h a t  

t h i s  would vary  between i n s e r t i o n  s i t e s .  The le v e l  o f  
r e p o r t e r  ge ne  e x p r e s s i o n  w i l l  f a l l  u n d e r  t h e  same 

c o n t r o ls  as th e  t a r g e t  gene, and so again  w i l l  be v a r i a b l e  

f o r  d i f f e r e n t  i n s e r t i o n  s i t e s ,  and may depend on f a c t o r s  

such as th e  growth phase o f  t h e  c e l l s ,  o r  n u t r i t i o n a l  

s t a t u s .  S i m i l a r l y ,  t h e  s t a t e  o f  t h e  c e l l ,  and t h e  
r e s u l t a n t  p a t t e r n  o f  gene e x p r e s s i o n ,  m ig h t  a f f e c t  t h e  

a v a i l a b i l i t y  o f  t a r g e t  s i t e s ,  so a l t e r i n g  t h e  o b s e r v e d  

t r a n s p o s i t i o n  frequency (Lodge and Berg, 1990) .  For these  

reasons, i t  was decided to  use th e  h o t s i t e ,  where the  s i t e f 

o f  in s e r t i o n  is  unique and w e l l  d e f in e d ,  so such p o s i t io n  

e f f e c t s  w o u ld  n o t  o c c u r .  The h o t s i t e  a l s o  had t h e  

a d v a n t a g e  o f  h i g h  f r e q u e n c y  o f  t r a n s p o s i t i o n ,  so 
in c re a s in g  the  p r o b a b i l i t y  o f  d e t e c t in g  an ev e n t .

A p a p i l l i a t i o n  screen has been s e t  up and is  in  use 

in  Nancy C r a i g ’ s la b o r a to ry  (personal  communication);  i t  

i s  probably s i m i l a r  to  the c o l d s i t e  assay discussed above.  
The two systems were developed independent ly ;  a o r i  o r i  
the  h o t s i t e  r e p o r t e r  is  the  more fa v o u ra b le  o p t io n ,  but  in  

r e a l i t y  has a s s o c i a t e d  d i f f i c u l t i e s  w h ic h  w e r e  n o t  

apparent  when th e  work was i n i t i a t e d .
The s e c o n d  a s s a y  c o n s i d e r e d  was b a s e d  on 

in t ra m o le c u !a r  t r a n s p o s i t i o n .  C o n struc t ion s  which assay 

t r a n s p o s i t i o n  w i t h i n  a s in g le  molecule are  usefu l  f o r  two 

reasons. F i r s t l y ,  they could be used as s u b s t ra te s  in  an 
in  v i t r o  system; as both o f  the s i t e s  invo lved  are  p re s en t  

on the  same molecule ,  the number o f  i n t e r a c t i n g  spec ies  is  

reduced, and th e  r e l a t i v e  s t o ic h io m e t r ie s  o f  th e  DNA s i t e s  

are  known. The c u r r e n t  c e l l - f r e e  system f o r  Tn10 u t i l i s e s  

t h i s  ty p e  o f  s u b s t r a t e  ( M o r i s a t o  and K l e c k n e r ,  1 9 8 7 ;  

Benjamin and K leckner ,  1989) .  Secondly, the  i n t r a m o le c u la r  

. t ran s p o s i t io n  behaviour o f  an element can prov ide  i n d i r e c t  

evidence concerning the  r e p l i c a t i v e  or  c o n s e rv a t iv e  n a tu re  

o f  the t r a n s p o s i t i o n  mechanism. R e p l i c a t i v e  in t r a m o le c u la r  

t r a n s p o s i t i o n  can on ly  u t i l i s e  a t a r g e t  loca ted  o u ts id e  

the  transposon, whereas 'c u t  and p a s t e ’ t r a n s p o s i t i o n  uses
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a s i t e  w i t h i n  th e  t ra n s p o s o n  ( B e r g ,  1989;  Tom csanyi  e t  

a l . ,  1990) .
The r e s u l t s  i n d i c a t e d  t h a t  t h e r e  a r e  i n t e r e s t i n g  

phenomena to  be observed  in  such a s y s te m ,  b u t  t h e i r  

i n t e r p r e t a t i o n  is  c o m p l ic a t e d  by m u l t i p l e  i n t e r a c t i o n s  

in v o lv in g  transposon and non-transposon DNA, t r a n s p o s i t i o n  

p r o t e i n s ,  and c e l l u l a r  r e c o m b i n a t i o n  s y s t e m s .  The  

i n s t a b i l i t y  o f  th e  p ro d u c ts  j_n v i v o  made t h e i r  f u r t h e r  

a n a l y s i s  d i f f i c u l t ;  h o w e v e r ,  t h e  i n t r a m o l e c u l a r  

t r a n s p o s i t i o n  s u b s t r a t e s  m ig h t  be more u s e f u l  in  an i n 

v i t r o  system; i f  p u r i f i e d  t r a n s p o s i t i o n  p r o te in s  are  used,  
then th e  rearrangements promoted by c e l l u l a r  recombinat ion  

fu n c t io n s  would not occur .  The reasons f o r  the  i n s t a b i l i t y  

a r e  no t  known, but co u ld  i n c l u d e  t h e  p r e s e n c e  o f  two  

r e p l i c a t i o n  o r ig in s  or  s e v era l  promoters,  or  could be due 

to  the  recombinogenic na tu re  o f  some sequence e lem ents ,  or  

c o m b i n a t i o n  o f  s e q u e n c e  e l e m e n t s ,  i n c l u d e d  i n  t h e  

c o n s t r u c t s .
The c o r r e l a t i o n  between t r a n s p o s i t i o n  f requency and 

th e  e x t e n t  o f  SOS i n d u c t i o n  was d e s c r i b e d  f o r  Tn10 by 

Roberts and Kleckner (1 9 8 8 ) .  A s i m i l a r  approach is  taken  

here .  No c o r r e l a t i o n  was observed between phage y i e l d  and 

t r a n s p o s i t i o n  a c t i v i t y ,  b u t  t h i s  may be due t o  o t h e r  
v a r i a b l e s  in the growth o f  the  c u l t u r e s ,  which a re  causing  

s t re s s  to  the c e l l s .  One such f e a t u r e  may be the  d e n s i ty  

to  which the c u l tu r e  is  grown, or  the  n u t r i t i o n a l  s t a t e  o f  

th e  c e l l s ,  w h i c h ' wi 1 V. a f f e c t  t h e  ba ckground  i n d u c t i o n  
f r e q u e n c y .

Once a r a p i d  s c r e e n  f o r  c h a n g e d  t r a n s p o s i t i o n  

f re q u e n c ie s  has been e s ta b l is h e d ,  much data  can be r e a d i l y  

o b ta in e d ,  from mutagenesis exper im ents .  As s t a te d  in  th e  

I n t r o d u c t i o n  to  t h i s  c h a p t e r ,  s o m e .o f  t h e  t a r g e t s  f o r  

mutagenesis are the t r a n s p o s i t i o n  genes, the  transposon  

ends, and the host chromosome. For an i n i t i a l  screen f o r  
h o st  m u tan ts ,  a mutagen such as Tn5 would be f a v o u r e d  

(Berg,  1989) .  To c re a te  mutat ions in  the  tns genes, and in  

t h e  t r a n s p o s o n  t e r m i n i ,  a l e s s  c o a r s e  m e th o d  o f
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mutagenesis i s  r e q u i re d ,  such as chemical mutagenesis in
v i  vo ( M i l l e r ,  1972)  o r  i_n v i  t r o  ( D a v i s  e t  a l . , 1  9 8 0 ) ,
mutator  s t r a i n s  (eg H an i fo rd  e t  a l . , 1 9 8 9 ) ,  or  degenerate  

o l ig o n u c le o t id e s  (D e rb y s h ire  e t  a l . , 1987 ) ,  to  s a t u r a t e
t h e  sequence w i t h  p o i n t  m u t a t i o n s .  Once t h e  e s s e n t i a l  

r e g io n s  o f  t h e  Tns p r o t e i n s  have  been mapped, f u r t h e r  

exper iments  could make use o f  s i t e - d i r e c t e d  mutagenesis ,  
t o  a s k  s p e c i f i c  q u e s t i o n s  a b o u t  t h e  f u n c t i o n s  o f  

p a r t i c u l a r  amino a c id s .

6.10 CONCLUSION

The assays o f  t r a n s p o s i t i o n  frequency c u r r e n t l y  in  
use a re  not id e a l  f o r  la r g e  s c a le  j_n v ivo  exp er im en ts .  
T h is  c h a p t e r  p r e s e n t s  a c o n s i d e r a t i o n  o f  methods o f
assaying t r a n s p o s i t i o n  j_n v i v o , and the  r e s u l t s  o f  t e s t i n g  

t h r e e  a p p r o a c h e s  t o  t h i s  p r o b l e m .  The m a j o r  a s s a y  

d e s c r ib e d  i s  based on d e t e c t i o n  o f  t r a n s p o s i t i o n  by
a c t i v a t i o n  o f  a r e p o r t e r  gene, lead in g  to  fo rm a t io n  o f  a 

p a p i l l a  on the  s u r fa ce  o f  the  co lony .  The approach chosen 
was t o  e n g in e e r  a r e p o r t e r  gene i n t o  t h e  a t t Tn7 s i t e ,  

which would be a c t iv a t e d  by th e  i n s e r t i o n  o f  a transposon .
A plasmid system to  t e s t  t h i s  approach was designed;  

r e p o r t e r  gene a c t i v a t i o n  was observed on i n s e r t i o n  o f  Tn7 
in  t e s t  p lasmids, but th e  le v e l  o f  express ion was low.  
When th e  r e p o r t e r  c o n s t ru c t  was in troduced  in t o  the  E . c o l i  
chromosome, the  s t r a i n s  produced were u n s ta b le .  There was 

no d i f f e r e n t i a l  r e p o r t e r  gene e x p r e s s i o n  w i t h i n  t h e  
c o lo n ie s ;  a l l  the  c o lo n ie s  became s ta in e d  s l i g h t l y  p in k ,  
making i t  more d i f f i c u l t  t o  o b s e r v e  any d i f f e r e n t i a l  
express ion ,  and no g a l + c o lo n ie s  were observed, i n d i c a t i n g  

t h a t  t h e r e  i s  an i n s u f f i c i e n t  l e v e l  o f  r e p o r t e r  gene  

ex p res s io n .  In  order  to  make use o f  p a p i l l i a t i o n  as an 

assay, then,  the  system needs to  be m od i f ied ,  and th e  most 
l i k e l y  a l t e r n a t i v e  would be t o  p l a c e  t h e  r e p o r t e r  gene  

i n s i d e  t h e  t r a n s p o s o n  and s c r e e n  f o r  a c t i v a t i o n  by 

e x te r n a l  promoters.
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An a s s a y  o f  i n t r a m o 1 ecu 1a r  t r a n s p o s i t i o n  was 

at tem pted ,  d e te c t in g  t r a n s p o s i t i o n  i_n v iv o  by loss o f  drug 

r e s i s t a n c e  m a r k e r s .  The t e s t  p l a s m i d s  and t h e i r  

d e r i v a t i v e s  d isp la y ed  extreme i n s t a b i l i t y  i_n v i v o , and the  

dependence o f  these  rearrangements on Tn7 t r a n s p o s i t i o n  

f u n c t i o n s  was n o t  c l e a r .  H ow ever ,  t h e  c o n s t r u c t s  may 

prov ide  a v i a b l e  approach to  assaying t r a n s p o s i t i o n  in  a 

c e l l - f r e e  system, where such rearrangements would be less  

l i k e l y  to  occur,  p a r t i c u l a r l y  i f  p u r i f i e d  t r a n s p o s i t i o n  
fu n c t io n s  were used.

F i n a l l y ,  in d u c t io n  o f  A prophage by Tn7 t r a n s p o s i t i o n  

was observed, which was probably  due t o  in d u c t io n  o f  the  
SOS response. The presence o f  TnsA and B caused s l i g h t  

i n d u c t i o n ,  which m igh t  i n d i c a t e  t h a t  t h e r e  i s  a DNA 

c le a v a g e  a c t i v i t y  a s s o c i a t e d  w i t h  one o r  b o th  o f  t h e  

p r o t e i n s .  The l e v e l  o f  SOS i n d u c t i o n  c o u l d  n o t  be 

c o r r e la t e d  w i th  t r a n s p o s i t i o n  frequency ,  e i t h e r  by phage 

in d u c t io n  measurements, or  using a t e s t  s t r a i n  w i t h  an SOS 

promoter fused to  1acZ , and so t h i s  approach to  assaying  

t r a n s p o s i t i o n  i_n v iv o  was not taken f u r t h e r .
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CHAPTER 7

TRANSPOSITION MECHANISMS:

DOES Tn7 TRANSPOSE CONSERVATIVELY ?
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7 .1  INTRODUCTION

One im portant  m ech an is t ic  quest ion  fa c in g  researchers  

i n  t h e  f i e l d  o f  t r a n s p o s i t i o n  i s  t h a t  o f  how t h e  

in fo rm a t io n  is  t r a n s m i t t e d  from donor to  t a r g e t .  I s  the  

element s imply cu t  from i t s  o r i g i n a l  lo c a t io n  and moved as 

a u n i t  in t o  the  new s i t e ,  o r  is  r e p l i c a t i o n  o f  th e  element  

i n v o l v e d ,  g e n e r a t i n g  two c o p i e s ,  one o f  w h ic h  i s  th e n  
d e tec ted  in  a t r a n s p o s i t i o n  event  ? Th is  is  c e n t r a l  to  

c o n s i d e r a t i o n s  o f  t r a n s p o s i t i o n  models  ( d i s c u s s e d  more  
f u l l y  in  Chapter 1 ) .  I f  no r e p l i c a t i o n  is  in v o lv e d ,  s imple  

*c u t - a n d - p a s t e ’ models can be envisaged.  However, i f  the  

element is  shown to  r e p l i c a t e  during  t r a n s p o s i t i o n ,  i t  is  

n e c e s s a ry  to  invoke  more complex m o d e ls .  C l e a r l y ,  when 

e v a lu a t in g  m echanis t ic  proposals  f o r  any given t ransposon,  
one d i s t i n g u i s h i n g  f e a t u r e  w i l l  be t h e  r e q u i r e m e n t  o r  

o therw is e  f o r  r e p l i c a t i o n  o f  th e  transposon DNA.
In  a d d i t io n  to  i t s  m echan is t ic  i n t e r e s t ,  th e  ques t ion  

o f  r e p l i c a t i o n  during t r a n s p o s i t i o n  is  a ls o  c e n t r a l  to  our  

ideas about the  e v o lu t io n a r y  and p o pu la t io n  b io lo g y  o f  the  

transposons and t h e i r  hosts (eg Galas and Chandler ,  1 9 82 ) .  
The e x te n t  and ra te  a t  which a transposon spreads through  

a po p u la t io n  w i l l  depend on the  way on which i t  in c re ases  

i t s  copy number. Tn7 is  a m e d ic a l ly  im portant  t ransposon,  
in  both human and v e t e r i n a r y  m e d i c i n e ,  as t h e  m a jo r  

response in  w i ld  po p u la t io n s  to  t re a tm e n t  o f  k idney and 

u r i n a r y  t r a c t  i n f e c t i o n s  w i t h  t r i m e t h o p r i m  ( S t e e n  and 

Skold,  1985) .  I t  is  t h e r e f o r e  o f  i n t e r e s t  to  know how the  

e le m e n t  t r a n s p o s e s ,  f o r  c o n s i d e r a t i o n s  bo th  o f  t h e  i t s  
p o p u la t io n  b io logy  in  the  f i e l d ,  and o f  the e v o l u t i o n  o f  

th e  b a c t e r i a  and transposon s ince  the modern high l e v e l s  
o f  a n t i b i o t i c  usage.

A t h i r d  j u s t i f i c a t i o n  f o r  w i s h i n g  t o  d e t e r m i n e  

whether an element r e p l i c a t e s  during  t r a n s p o s i t i o n  i s  to  

a s s i s t  in  the design and s e t t i n g  up o f  a c e l l - f r e e  system.  
With any transposon i t  is  d e s i r a b le  to  know in  advance how 

much o f  the  c e l l u l a r  machinery w i l l  be re q u ire d  in  o rd e r
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t o  a l lo w  a f u l l  t r a n s p o s i t i o n  r e a c t io n  i_n v i t r o . For Tn7, 
th e  requ irements  f o r  t r a n s p o s i t i o n  are  a l re a d y  complex, in  

t h a t  f i v e  t r a n s p o s i t i o n  fu n c t io n s  are  needed; i t  would be 

h e lp f u l  to  know whether a c e l l - f r e e  system must a ls o  be 
re p l i c a t io n - c o m p e te n t .

As descr ibed in  ch apter  1, p r o k a r y o t ic  transposons  

can be c l a s s i f i e d  according to  whether o r  not th e  e lement  

i s  r e p l i c a t e d  dur ing  t r a n s p o s i t i o n .  The Tn3 f a m i l y  move 
v i a  an o b l i g a t e  in te r m e d ia te  ( t h e  c o i n t e g r a t e ) , c o n ta in in g  

the  donor and t a r g e t  re p ! ic o n s  jo in e d  by two copies  o f  th e  
transposon (A r th u r  and S h e r r a t t ,  1 9 79 ) .  The s t r u c t u r e  o f  

t h i s  in te r m e d ia te  re q u i re s  t h a t  r e p l i c a t i o n  has occured.  
Demonstration t h a t  a c o in t e g r a t e  is  formed can be taken as 

evidence f o r  r e p l i c a t i v e  t r a n s p o s i t i o n ,  p ro v id in g  t h a t  i t  

can be shown t h a t  th e  c o i n t e g r a t e  i s  a g e n u in e  i n t e r 
media te ,  and not made by o th e r  c e l l u l a r  processes, such as 
homologous r e c o m b in a t io n  o r  t r a n s p o s i t i o n  f r o m  d i m e r i c  

donors (Berg,  1983) .
Phage Mu f a l l s  in t o  the  c la s s  o f  elements t h a t  are  

a b le  to  t ranspose both r e p l i c a t i v e l y  and c o n s e r v a t i v e l y .  

D ur ing  l y t i c  d e v e lo p e m e n t , phage g ro w th  i s  a c h i e v e d  by 

high l e v e ls  o f  r e p l i c a t i v e  t r a n s p o s i t i o n  v i a  unreso lved  

c o i n t e g r a t e s . This  has a ls o  been demonstrated in  v i t r o , 
where a d d i t io n  o f  a r e p l i c a t i o n  -competent e x t r a c t  to  a 

in te rm e d ia te  w i l l  g ive  r i s e  to  a c o in t e g r a t e  ( C r a i g i e  and 
Mi z u u c h i , 1985) .

E x p e r i m e n t a l  d e m o n s t r a t i o n  o f  n o n - r e p  1 i c a t i v e  

t r a n s p o s i t i o n  has been o b t a i n e d  in  t h e  case o f  i n i t i a l  
i n f e c t i o n  by phage Mu, where a s in g le  t r a n s p o s i t i o n  even t  
occurs  to  c r e a t e  a ly s o g e n .  A ck ro yd  and Symons ( 1 9 8 3 )  

i n fe c t e d  c e l l  w i th  phage c o n ta in in g  a B+/B “ h e te ro d u p le x ,  
and found t h a t  both markers were r e ta in e d  in  th e  progeny.  
Harshey (1984)  showed t h a t  th e  m e th y la t io n  s t a t e  o f  th e  

i n f e c t i n g  phage was mainta ined during t r a n s p o s i t i o n ,  and 
so no r e p l i c a t i o n  had occurred.

Tn 10  has been shown g e n e t i c a l l y  t o  t r a n s p o s e  
c o n s e r v a t i v e l y ,  by an e x p e r im e n t  u s in g  h e t e r o d u p l e x
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Figure  7.1 The basis  o f  the  experiment
The two transposon donor phage conta in  Tn7-1 d e r i v a t i v e s  
w ith  l a c Z+ and 1acZQm a l l e l e s .  The donors are  denatured  
and reannealed to  generate a he terodup lex .  On i n f e c t i o n  o f  
th e  phage i n t o  c e l l s ,  i f  t r a n s p o s i t i o n  i s  c o n s e r v a t i v e  
( A ) ,  then both a l l e l e s  w i l l  be m a i n t a i n e d ,  and w i l l  
s e g re g a te  a t  th e  n e x t  c e l l  d i v i s i o n ,  g i v i n g  a s e c t o r e d  
b l u e / w h i t e  co lony  on Xgal p l a t e s .  I f  t h e  t r a n s p o s o n  
u n d e r g o e s  s e m i c o n s e r v a t i v e  r e p l i c a t i o n  d u r i n g  
t r a n s p o s i t i o n ,  th e  i n s e r t e d  e le m e n t  r e t a i n s  o n l y  one 
a l l e l e ,  and the  r e s u l t in g  colony w i l l  be pure 1ac+ or la c "



t ran spo son s  t o  f o l l o w  th e  f a t e  o f  each s t r a n d  d u r i n g  

t r a n s p o s i t i o n  (Bender and K lec kner ,  1986) .  However, f o r  

o t h e r  e le m ents  th e  e v id e n c e  c o n c e r n i n g  r e p l i c a t i o n  i s  

l a r g e l y  i n d i r e c t ,  such as th e  a b i l i t y  to  mediate  c e r t a i n  

rearrangements (Berg,  19 89 ) .
The same is  t r u e  f o r  Tn7; th e r e  has been no d i r e c t  

demonstration t h a t  i t  transposes c o n s e r v a t i v e ly ,  a l though  

t h i s  has been th e  p r e j u d i c e  ( s e e  D i s c u s s i o n )  . I n  t h i s  

c h a p t e r ,  an approach a n a lo g o u s  t o  t h a t  o f  B e n de r  and 

Kleckner  (1986)  has been taken to  answer t h i s  q u e s t io n .  
The e x p e r im e n t  f o l l o w s  th e  two s t r a n d s  o f  t h e  e l e m e n t  

t h r o u g h  t h e  t r a n s p o s i t i o n  p r o c e s s ,  by means o f  t h e  
s l i g h t l y  d i f f e r e n t  g e n e t ic  in fo rm a t io n  they c a r r y .  From 

t h e  s e g r e g a t i o n  p a t t e r n  o f  t h e s e  m a r k e r s  i n  t h e  

t r a n s p o s i t i o n  products ,  we can deduce whether th e  e lement  

has been r e p l i c a t e d .

RESULTS

7 .2  The basis  o f  th e  exper iment
The experiment i s  shown d ia g ra m m a t ic a l1y in  f i g u r e  

7 . 1 .  A heteroduplex transposon is  generated ,  in  which each 

stra nd  o f  the element can be fo l lo w e d  g e n e t i c a l l y  through  

th e  r e a c t i o n .  The c o n s t r u c t e d  e le m e n t  c a r r i e s  t h e  1 a c Z 

gene, and a he terodup lex  is  formed between 1acZ+ and a 
1 acZ~ p o in t  mutant a l l e l e .  N o n - r e p ! i c a t i v e  t r a n s p o s i t i o n  

o f  t h i s  transposon w i l l  r e s u l t  in  i n s e r t io n s  which c a r r y  
both markers;  th e se  w i l l  s e g r e g a t e  a t  t h e  f i r s t  c e l l  

d i v i s i o n ,  g i v in g  r i s e  t o  l a c Z+ / l a c Z~ s e c t o r e d  c o l o n i e s  
( f i g u r e  7 .1 A ) ,  which can be scored on an i n d i c a t o r  medium 

such as X - g a l . I f  s e m i c o n s e r v a t i v e  r e p l i c a t i o n  o f  t h e  
element occurs before  i n s e r t i o n  ( f i g u r e  7 .1 B ) ,  the  p roduct  

w i l l  c a r r y  o n ly  one ty p e  o f  1 a c Z i n f o r m a t i o n ,  and t h e  
c o lo n ie s  w i l l  be pure 1acZ+ or  l a c Z~ .

7 .3  C onstruct ion  o f  l a c Z -  Tn7-1
Both w i ld typ e  and an amber mutant a l l e l e  o f  l a c Z were
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F ig u re  7 .2  C on s truc t ion  o f  T n 7 - la c
1 acZ was cloned as a 4 .3  kb BamHI-NcoI f ragm ent ,  which 
conta ined the 3 ’ end o f  t r p , in t o  pMA1441 cu t  w i th  BamHI 
and H i n c I I ;  1 acZ was expressed from the Tn3 transposase  
promoter in th e  cloned res s i t e  (pLM79, pLM80). K p n I -P s t I  
res - 1ac fragments,  and BamHI-PstI 1ac fragments ,  were both 
c lo ned  i n t o  th e  S a i l  s i t e  o f  Tn7-1  in  pMR11 (p L M 7 9 2 ,  
pLM802, pLM800) .  The p o l y l i n k e r  H i n d l l l  s i t e  in  pLM800 was 
converted in to  an EcoRI s i t e  (pl_M801).

B = BamHI 
C = H i n c I I

N = Ndel 
H = H i n d l l l

K = Kpnl 
R = EcoRI



o b t a in e d  in  t r p - 1ac f u s i o n s  f ro m  Nancy K l e c k n e r .  Both  

a l l e l e s  o f  la c Z  were cloned as descr ibed in  f i g u r e  7 . 2 .
The cloned fragment c a r r i e s  the  3 ’ end o f  th e  t r p A gene,
fo l lo w e d  by th e  l a c Z read ing  frame, la c k in g  a promoter .

I t  was o r i g i n a l l y  decided to  use the  T n 7 - la c  elements  

conta ined  in  pLM792 and pLM802, w i th  1 acZ under th e  res  

promoter. However, t h e r e  was a concern t h a t  dur ing  t h e i r  

c o n s t r u c t i o n ,  some o f  our  l a b o r a t o r y  s t r a i n s  had been  

exposed t o  Tn1000. As r e s o lu t i o n  by Tn1000 res o lv a s e  would
destroy  c o in t e g r a te s  o f  a res - c o n t a i  ni ng t ransposon,  i t
was decided to  use the  element conta ined in  pLM800, w i th  

1 a c Z e x p r e s s io n  presum ably  d r i v e n  by P1 o f  T n 7 .  I t  i s  

known t h a t  b in d in g  o f  TnsB t o  t h e  t r a n s p o s o n  end can  
repress express ion  from P1 ; however, in  the  presence o f  

pEAL1: :T n 7 / \E coRI  (m u l t i - c o p y  plasmid c a r r y in g  tn s A -E ) ,  
express ion o f  1acZ from pLM800 was s u f f i c i e n t  t o  s t a i n  the  

c e l l s  blue (d a ta  not shown).

7 . 4  S t r a i n  and phage c o n s t ru c t io n
The c h a r a c t e r i s t i c s  re q u ire d  o f  the  host s t r a i n  f o r  

t h i s  exper im ent ,  and the  techniques used to  o b ta in  th es e ,  
are  descr ibed below.

a) l a c Z~. to  a l lo w  the transposon phenotype to
be seen .

b) supQ. t o  av o id  s u p p r e s s io n  o f  t h e  amber
a l l e l e .

c) lam b d a - f re e ,  to  prevent  i n t e r a c t i o n s  w i th  the  

transposon v e c to r .
d )  r e c F .  t o  r e d u c e  p s e u d o - t r a n s p o s i t i o n  by 

homologous recombinat ion .
e) mut~ . t o  prevent  r e p a i r  o f  the h e te rod up lex  

in  th e  c e l l s .
S t r a i n  DS947 has t h e  f i r s t  f o u r  o f  t h e s e  

c h a r a c t e r i s t i c s .  To make the  c e l l s  mut~ . phage P1 was used 

to  transduce a Tn5 in s e r t i o n  mutat ion  in  the  mutL gene 

in t o  t h i s  s t r a i n ;  th e  donor s t r a i n  is  RH302 (Bender and 

K le c k n e r ,  1 9 8 6 ) .  The m u ta t io n  i s  marked w i t h  ka n a m y c in
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F i g u r e  7 . 3  UV s e n s i t i v i t y  o f  k a n a m y c i  n - r e s i  s t a n t  
t r a n s d u c ta n ts
S t a t io n a r y  c u l tu re s  were s e r i a l l y  d i l u t e d ,  spotted  onto  
a g a r  p l a t e s ,  and e x p o s e d  t o  UV i r r a d i a t i o n  f o r  t h e  
in d ic a te d  t im e .
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*K* i n d i c a t e s  a Kmr , p u t a t i v e  m u tL d e r i v a t i v e ,  o f  t h e  
s t r a i n  concerned.



re s is ta n c e  and so can be r e a d i l y  s e le c te d .  I s o l a t e s  were 

checked f o r  t h e i r  mut s t a tu s  in  two ways:
i )  s e n s i t i v i t y  t o  UV i r r a d i a t i o n .  The s u r v i v a l  o f  

kanamycin r e s i s t a n t  t r a n s d u c t a n t s  in  DS801 ( r e c + ) and
DS947 ( r e c F ) ,  f o l l o w i n g  UV i r r a d i a t i o n ,  is  shown in  f i g u r e  

7 . 3 .  The t r a n s d u c t a n t  s t r a i n s  w ere  a rou nd  1 0 - f o l d  more  

s e n s i t i v e  t o  UV th a n  th e  p a r e n t  s t r a i n s ,  o r  a c o n t r o l  

t r a n s d u c ta n t  s t r a i n  c a r r y in g  Tn5 a t  th e  x e r B locus ( d a t a
not shown), a t  t h i s  low le v e l  o f  c e l l  k i l l i n g .

i i )  m utator  phenotype a t  se vera l  l o c i .  M u ta t io n  to  

r e s is ta n c e  to  r i f a m p i c i n ,  n a l a d i x i c  a c id ,  and v a l i n e  were 

assayed ,  and th e  r e s u l t s  a r e  shown i n  t a b l e  7 .  1 . The  

s t r a i n s  showed a p p r o x i m a t e l y  a 1 0 0 - f o l d  i n c r e a s e  in  

m u t a t i o n  r a t e  a t  t h e s e  l o c i ;  a l t h o u g h  many m ore  

independent c u l t u r e s  would need to  be assayed to  o b ta in  

good s t a t i s t i c s ,  these d a t a . a r e  c o n s is te n t  w i th  p r e v io u s ly  
r e p o r t e d  m u ta t io n  r a t e s  f o r  t h i s  a l l e l e  ( G l ic k m a n  and 

Radman, 1980) .  A Km s t r a i n  w i th  the  descr ibed p r o p e r t i e s
was chosen and named EM1.

In  n e i t h e r  t ra n s fo rm a t io n  nor co n ju ga t ion  is  i t  c l e a r  
t h a t  th e  e n t e r i n g  DNA s t r a n d s  a r e  r e t a i n e d  in  t h e i r  

o r i g i n a l  duplex.  For t h i s  reason, phage lambda was chosen 

as a d e l i v e r y  v e c t o r  f o r  t h e  t r a n s p o s o n .  I t  i s  t h e n  

necessary to  ensure t h a t  the  phage does not s u rv iv e  in  th e  

c e l l s ,  so t h a t  s e l e c t i o n  f o r  transposon drug r e s is ta n c e s  

w i l l  reveal  on ly  products o f  t r a n s p o s i t i o n .  The phage must 
t h e r e f o r e  be c l "  t o  p revent  maintenance by lysogeny, and 

must no t  be a b le  t o  r e p l i c a t e  i n ,  and l y s e ,  t h e  a s s a y  
s t r a i n .  A s u i t a b l e  phage is  . \g t1 0 .

The basis o f  e x c lu s io n  o f  phage r e p l i c a t i o n  and c e l l  

l y s i s  is  the spi phenotype: a phage which c a r r i e s  w i ld t y p e  

red and gam genes cannot r e p l i c a t e  on a P2 lysogen. The 

red and gam genes a re  c a r r i e d  on the  ' s t u f f e r ’ f ragm ent o f  

re p la c e m e n t  v e c t o r s ,  eg EMBL4, a l l o w i n g  s e l e c t i o n  o f  
recombinant phage by loss o f  these genes. They are  a ls o  

present  on A g t1 0 .  I t  was t h e r e f o r e  necessary to  make th e  
host s t r a i n ,  DS947 mutL . in to  a P2 lysogen.
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T a b l e  7 . 1  M u t a t i o n  r a t e s  o f  k a n a m y c i n - r e s i s t a n t  

t r a n s d u c ta n ts

S t r a i n  N a l a d i x i c  R i fa m p ic in  V a l in e
ac id

DS947

RH302

3x10~*11 

2x10-9

7x10"11 

3x10-9

7x10-9  

3x10 "8

DS947X 1x10“ 9 1x10~8 5x10” 9

DS947K1 3x10“ 8 3 .5 x 1 O-6 5 .5 x 1 0- 8

DS947K2 1x10"7 O) X __
L o
1 O) 1 .3 x 1 0~8

M u t a t io n  r a t e s  a re  e x press ed  as r e s i s t a n t  c o l o n i e s  p e r  

v i a b l e  cel  1.
In  the  top p a r t  o f  th e  t a b l e ,  the  c u l t u r e s  were grown to  
s t a t i o n a r y  phase be fo re  assaying; in  th e  lower p a r t ,  th e  

c u l t u r e s  were in  log phase.

K1 and K2 are independent ly  i s o la t e d  k a n a m y c in - re s is ta n t  

t r a n s d u c ta n ts .  K1 was named EM1



EcoRI

5 ’ -  A G C T G A A T T C  - 3 ’
3 ’ -  C T T  A A G T  C G A - 5 ’

F ig u re  7 . 4  Sequence o f  the  H i n d l l l - E c o R I  o l ig o n u c le o t id e
The o l ig o n u c le o t id e  is  se l f -c om plem enta ry ,  and is  shown 
in  i t s  doub le -s tranded  form.



P2 lysogens were i s o la t e d  by s p o t t in g  phage onto a 

lawn o f  EM1 c e l l s  and p ic k in g  from th e  t u r b i d  regions o f  

th e  p l a t e .  C e l l s  i s o l a t e d  in  t h i s  way were c ro s s -  s t reake d  

a g a in s t  P2, and a g a in s t  A phage; s t r a i n s  were chosen which 

were u n a b le  t o  p l a t e  EMBL4, b u t  w ere  l y s e d  by a phage  

s to c k  o f  an EMBL4 r e p la c e m e n t  l i b r a r y  w h ich  l a c k e d  t h e  

s t u f f e r  re g io n .  T h e i r  s u s c e p t i b i l i t y  to  these phage was 

confirmed more q u a n t i t a t i v e l y  ( t a b l e  7 . 2 ) .  The 104- f o l d  

ex c lu s io n  o f  th e  p a re n t  phage was considered to  be s trong  

enough s e l e c t i o n  a g a i n s t  phage p e r s i s t e n c e ,  g i v e n  t h e  

expected t r a n s p o s i t i o n  frequency o f  1%. The same le v e l  o f  
e x c l u s i o n  was seen f o r  A g t 1 0  ( d a t a  n o t  s h o w n ) .  The P2 

lysogen was named EM2.
Agt10 has a unique EcoRI s i t e ,  s i t u a t e d  in  th e  c l  

gene. Recombinant phage w i th  in s e r t i o n s  a t  the  EcoRI s i t e  

are  t h e r e f o r e  unable  to  form lysogens; t h i s  is  d e s i r a b le  

both f o r  th e  t r a n s p o s i t i o n  e x p e r i m e n t ,  and t o  a l l o w  

s e le c t io n  o f  recombinant phage. I f  the  packaged l i g a t i o n  

i s  p la te d  on an h f  1 (h igh  frequency o f  lysogeny)  s t r a i n ,  
any c l + n o n - re c o m b in a n t  phage w i l l  e f f i c i e n t l y  fo rm  

l y s o g e n s ,  and t h e  o n l y  c l e a r  p l a q u e s  s e e n  w i l l  be 

recombi n a n ts .
In  o rder  t o  make use o f  the  EcoRI s i t e  to  c lone the  

1a c Z t ran s p o so n s  i n t o  th e  phag e ,  i t  was n e c e s s a r y  t o  
c re a te  an EcoRI s i t e  a t  the  r ig h t -h a n d  end o f  the  e lement  

in  pLM800 ( f i g u r e  7 . 2 ) .  Th is  was achieved by means o f  a 

se lf -com plem entary  o l ig o n u c le o t id e ,  which cons is ted  o f  an 

EcoRI s i t e  p lus th e  5 ’ ex tens ion o f  a H i n d l l l  s i t e  ( f i g u r e  
7 . 4 ) .  D ig e s t io n  o f  pLM800 w i th  H i n d l l l ,  and r e l i g a t i o n  in  

the  presence o f  the  annealed o l i g o n u c le o t id e  and H i n d l l l  

enzyme, g e n e ra te d  a p lasm id  in  w h ich  t h e  p o l y l i n k e r  

H i n d l l l  s i t e  i s  re p la c e d  by an EcoRI s i t e  ( p L M 8 0 1 ) .  

P a r t i a l  d ig e s t io n  o f  t h i s  plasmid w i th  EcoRI g ives  a 7 .4  

kb transposon fragment f la n k e d  by EcoRI s i t e s ,  which can 

be cloned in t o  the  EcoRI s i t e  o f  A g t10 .
A 1acZ+ d e r i v a t i v e  o f  pLM801 ( r e f e r r e d  to  as p791 ) 

was re q u ire d .  The f i r s t  approach taken was to  t ra n s fo rm
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Table  7 .2  Exc lus ion  o f  EMBL4 from P2 lysogens

S t r a i n  EMBL 4 EMBL 4 l i b

EM 1 4 x 108 6 x 108

EM 2 (P2) 5 x 103 5 x 108



pLM801 in t o  EM1 and screen f o r  T_acZ+ on Xgal p l a t e s .  Blue 

c o lo n ie s  were o b ta in e d ,  a t  a f requency o f  1-20%, and t h e i r  

plasmids were checked f o r  r e t e n t i o n  o f  a l l  markers,  and by 

r e s t r i c t i o n  d i g e s t i o n .  However, on r e t r a n s fo rm a t io n  in t o  

f re s h  DS947, a l l  th e  plasmids gave w h i te  c o lo n ies  on Xgal ;  

presumably th e  o r i g i n a l  m u t a t i o n s  w ere  a l l  chromosomal  
amber s u p p re s s o rs .  A l th oug h  more t h a n  40 b l u e  c o l o n i e s  

were t e s t e d ,  none c o n ta in e d  p l a s m i d s  c a r r y i n g  a 1 a c Z + 
gene.

The a l t e r n a t i v e  approach was to  c o n s t ru c t  p791 from  

pLM79 and pMR1 1 (a s  in  f i g u r e  7 . 2 ) ,  as i n t e n d e d  when 

pLM800 was made. The H i n d l l l  s i t e  o f  pMR11 was converted  

i n t o  an EcoRI s i t e  u s ing  th e  o l i g o n u c l e o t i d e  d e s c r i b e d  

above (pLM 20) .  U n f o r t u n a t e l y ,  t i m e  d i d  n o t  p e r m i t  t h e  

c o n s t ru c t io n  o f  p791 to  be completed, nor the  c o n s t ru c t io n  

o f  the  t ransposon-bear ing  phage d e r i v a t i v e s  ( r e f e r r e d  to  
as A79 and A 8 0 ) .

7 .5  C on stru c t ion  o f  c o n tro l  s t r a i n s
In  a d d i t io n  to  t r a n s p o s i t i o n ,  CmR sectored  c o lo n ie s  

might be generated by homologous recombinat ion w i th  the  

chromosome. The number o f  sectored  c o lo n ie s  produced by 

t h i s  means would g ive  a measure o f  th e  number o f  h e t e r o 
duplex  tran spo son s  in  th e  i n f e c t i n g  p o p u l a t i o n  t h a t  

s u rv iv e  packaging, i n f e c t i o n ,  and t r a n s p o s i t i o n ,  and avoid  

r e p a i r  b e fo r e  c e l l  d i v i s i o n .  To p rom ote  e v e n t s  o f  t h i s  

ty pe ,  e x te n s iv e  homology f o r  recombinat ion was prov ided by 

making lambda lysogen d e r i v a t i v e s  o f  EM1 and EM2.
W ild type  lambda phage were sp o t ted  onto lawns o f  EM1 

and EM2. Colonies were picked from t u r b i d  reg ions ,  and th e  

s t r a i n s  i s o la t e d  were te s te d  f o r  lysogeny; lysogens do not  
p l a te  A+ and A c l , but are lysed by Av i  r . For EM1, lysogens  

were r e a d i l y  i s o la t e d  and i d e n t i f i e d  • ( EM11 ) .  In  the  case 
of  EM2, the pr imary p la te s  showed much fewer plaques than  
f o r  EM2, due t o  the spi phenotype. C e l l s  i s o la t e d  from the  

t u r b i d  r e g i o n s  o f  t h e  p l a t e  w e r e  a s s a y e d  f o r  
s u s c e p t i b i l i t y  t o  th e  t e s t  phage as a b o ve ;  t h e  r e s u l t s
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were not as c l e a r ,  due to  the  low le v e l  o f  l y s i s ,  but a 

s t r a i n  was f o u n d  w h ic h  a p p e a r e d  t o  be a d d i t i o n a l l y  

r e s i s t a n t  to  \ + but  not to  Avi r (EM12). Before using t h i s  
s t r a i n ,  however, i t  would be d e s i r a b l e  to  check f o r  the  

presence o f  lambda, eg by t e s t i n g  f o r  t h e  a b i l i t y  t o
produce phage on i n d u c t i o n ,  o r  f o r  phage m a r k e r s  by
complementation o f  d e f e c t i v e  phage. I n t e r e s t i n g l y ,  none o f  

the  P2 s t r a i n s  t e s t e d ,  in c lu d in g  EM2, were a b le  to  p l a t e  
X c l  d e te c ta b ly :  th e  reason f o r  t h i s  is  not known.

7 .6  P r e p a r a t io n  o f  r e p a i r - d e f i c i e n t  packaging e x t r a c t s
In  a d d i t io n  t o  use o f  mutL s t r a i n s ,  to  reduce the  

amount o f  d e s t r u c t i o n  o f  th e  h e t e r o d u p l e x  by m ism atc h  

r e p a i r ,  th e  pa c ka g in g  e x t r a c t s  used in  t h e  e x p e r i m e n t  

should a ls o  be r e p a i r - d e f i c i e n t .  E x t r a c ts  are  made from  

standard packaging s t r a i n s  which have been made mutL by P1 
t ra n s d u c t io n  (Bender and K leckner ,  1986) .

The d e f e c t i v e  prophage conta ined in  the two packaging  
s t r a i n s  each make a subse t  o f  t h e  s t r u c t u r a l  p r o t e i n s  

r e q u i r e d  f o r  p a c k a g in g ,  and so c a n n o t  p ro d u c e  ph age;  a 
m ixtu re  o f  e x t r a c t s  from the two s t r a i n s  is  competent to
package exogenous phage DNA. The repressors  o f  th e  pro
phage c o n t a i n  a t e m p e r a t u r e - s e n s i t i v e  m u t a t i o n ,  so 

expression o f  head and t a i l  genes is  induced by h e a t in g  

the  c u l tu r e s  t o  42°C. E f f i c i e n t  in d u c t io n  is  dependent on 

the  maintenance o f  t h i s  temperature  s e n s i t i v i t y ,  and so 

s t r a i n s  should  be checked b e f o r e  use and i s o l a t e s  used  

which grow a t  30°C but not a t  42°C.
E x t r a c t s  w e r e  p r e p a r e d  by s t a n d a r d  p r o c e d u r e s  

(Sambrook e t  a l . , 1 9 8 9 ) ,  and were  a s s a y e d  f o r  p a c k a g in g  

a b i l i t y  us ing  EMBL4 phage DNA. The e x t r a c t s  p ro d u c e d  

around 10^ p fu /ug  DNA which i s  less  than the  e f f i c i e n c y  o f  

c o m m e r c ia l  p a c k a g i n g  e x t r a c t s  ( 1 0 7 / u g ) .  The l o w e r  

packaging a c t i v i t y  i s  due t o  e f f i c i e n c y  o f  i n d u c t i o n .  

A l t h o u g h  a l l  s m a l l  c u l t u r e s  used  t o  i n o c u l a t e  t h e  

p r e p a r a t i v e  c u l t u r e s  w e re  t e s t e d  b e f o r e  use f o r  
temperature  s e n s i t i v i t y ,  by the t im e th e  la r g e  c u l t u r e  had
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reached an A600 o f  around 0 . 3  ( t h e  s t a g e  a t  w h ic h  t h e  

prophage were induced) ,  a s i g n i f i c a n t  p ro p o r t io n  o f  the  

c e l l s  were c l + r e v e r t a n t s .  Hence on ly  a p ro p o r t io n  o f  the  

c e l l s  w i l l  have been induced to  sy n th es ise  head and t a i l  

p r o t e in s ,  lead ing  t o  the  lowered a c t i v i t y  o f  th e  e x t r a c t s .  

The h igh  l e v e l  o f  r e v e r s i o n  i s  p re s u m a b ly  due t o  t h e  

mutator  a c t i v i t y  o f  the s t r a i n s .  However, the a c t i v i t y  o f  

th e  e x t r a c t s  was s u f f i c i e n t  f o r  them to  be used in  the  

exper im ent .

7 .7  DISCUSSION

U n f o r tu n a te ly  th e r e  was i n s u f f i c i e n t  t ime to  complete  

the  c o n s t ru c t io n s  req u ire d  to  c a r r y  out the h e te rod up lex  

e x p e r i m e n t .  The n e x t  s t a g e  o f  t h e  work  w o u ld  be t o  
c o n s t ru c t  p791 , as descr ibed above. Both p791 and pLM801 

would then  be p a r t i a l l y  d i g e s t e d  w i t h  E c o R I ,  and t h e  

t r a n s p o s o n  f r a g m e n t  l i g a t e d  i n t o  E c o R I - c u t  A g t 1 0 .  

Recombinants can be s e le c te d  on an h f  1 s t r a i n .  The c l e a r  
p laque-fo rm ing  phage must then be checked f o r  t h e i r  1 acZ 

s t a t u s ,  which is  necessary because pseudo-recombinants ( c l  

m u ta n ts )  can o c c u r ,  and d id  so a t  a p a r t i c u l a r l y  h i g h  

f requency when dephosphory1ated v e c to r  was used ( d a ta  not  
shown),  presumably because phage w h ich  have managed t o  

l i g a t e  have undergone mutat ion a t  the  EcoRI s i t e .
In  a d d i t i o n  to  s c o r in g  f o r  s e c t o r i n g ,  t h e r e  a r e  

severa l  d e s i r a b le  c o n tro l  exper im ents .  One is  to  show t h a t  

any s e c to r in g  is  not due to  m uta t ion ;  t h i s  is  im p o r ta n t  

g iv en  th e  observed in c r e a s e  in  m u t a t i o n  r a t e  in  EM1 . 
T r a n s p o s i t i o n  e x p e r im e n ts  as a b o v e ,  u s in g  hom oduplex  

donors, w i l l  g ive  an es t im a te  o f  th e  le v e l  o f  l a c Z +/l_acZam 
i n t e r c o n v e r s io n .

I n f e c t i o n  o f  the  he terodup lex  phage in t o  EM11 w i l l  
• Rg e n e r a t e  Cm c o l o n i e s  by h o m o lo g o u s  r e c o m b i n a t i o n .  

I d e a l l y ,  50% o f  the co lo n ie s  would be sec to red;  however,  
t h i s  number might be reduced by i n e f f i c i e n t  d e n a t u r in g ,  
low e f f i c i e n c y  o f  packaging o f  mismatched phage, or  r e p a i r
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o f  the  mismatch in  th e  packaging e x t r a c t s  or  th e  r e c i p i e n t  

c e l l .  Bender and K le c k n e r  ( 1 9 8 6 )  o b t a i n e d  arou nd  16% 

s e c t o r e d  c o l o n i e s .  They  s u g g e s t  t h a t  one r e a s o n  i s  

mismatch r e p a i r ,  d e s p i t e  t h e  use o f  r e p a i r — d e f i c i e n t  

s t r a i n s  and packaging e x t r a c t s .  I n e f f i c i e n c y  o f  fo rm at ion  

o f  he terodup lex  is  a ls o  a probable  e x p la n a t io n .  I t  should  

be p o s s i b l e  t o  s e l e c t  a g a i n s t  homoduplex phage a f t e r  

re a n n e a l in g ,  i f  th e  two phage a ls o  c a r r y  r e s t r i c t i o n  s i t e  

polymorphisms; i f  th e  s i t e s  were engineered so t h a t  each 

phage had one o f  th e  s i t e s ,  then in  th e  presence o f  both 

enzymes the  p a re n t  phage would be c u t ,  and so would not  

package, but th e  he terodup lex  phage would s u rv iv e .
A concern  w i t h  t h i s  e x p e r i m e n t a l  d e s ig n  i s  t h a t  

c o in te g r a te s  might be s e le c te d  a g a in s t .  One way in  which 

t h i s  could happen is  i f  the  l y s i s  genes c a r r i e d  on the  

phage were t o  be expressed  d u r i n g  t h e  l i f e t i m e  o f  a 

c o i n t e g r a t e ,  when phage se quences  a r e  m a i n t a i n e d ,  so 

k i l l i n g  any c e l l s  which bore c o in t e g r a t e s .  The homologous 

r e c o m b i n a t i o n  e x p e r i m e n t  t e s t s  f o r  t h i s ;  i f  s t a b l e  

homologous i n s e r t i o n s  can be made, t h e n  we can e x p e c t  
c o i n t e g r a t e s  t o  s u r v i v e .  I f  n o t ,  t h e  phag e  can be 

m o d i f ie d ,  f o r  example by in t ro d u c in g  Sam.
A second p o t e n t i a l  f o r  c o u n te r s e le c t in g  c o in t e g r a t e s  

a r is e s  by in s e r t i o n  o f  red+ and gam+ in t o  the  chromosome 

of  a P2 lysogen. The i n t e r a c t i o n  between re d / gam and P2 

which a c ts  to  p revent  lambda r e p l i c a t i o n  may a ls o  reduce  
the  v i a b i l i t y  o f  a s t r a i n  c o n ta in in g  both f u n c t io n s ,  f o r  

example by causing a r e p l i c a t i o n  b lock .  The f a c t  t h a t  EM12 
was constructed  suggests t h a t  the double lysogen is  v i a b l e  

(g iven  the  caveats  on the v e r i f i c a t i o n  o f  EM12 ’ s genotype  

discussed above),  but i t s  growth c h a r a c t e r i s t i c s  have not  

been in v e s t ig a t e d .  The homologous recombinat ion c o n t ro l  in  
EM12 would i n d i c a t e  whether a P2 s t r a i n  w i th  an i n t e g r a t e d  

lambda phage is  v i a b l e .
Having o b ta in e d  t r a n s p o s i t i o n  p r o d u c t s  f ro m  t h e  

h e te r o d u p le x  e x p e r im e n t ,  t h e s e  can be f u r t h e r  a n a l y s e d  
g e n e t i c a l l y  and p h y s i c a l l y ,  as d e s c r i b e d  by B en der  and

139



Kleckner  (1 9 8 6 ) .  The t r a n s p o s i t i o n  products can be used to  

g e n e r a t e  s t r u c t u r e s  i d e n t i c a l  t o  t r a n s p o s i t i o n a l  

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

C o i n t e g r a t e s  can be made by i n f e c t i n g  a w h i t e  ( 1a c Z ~ ) 
t r a n s p o s i t i o n  product w i th  A79 (J_acZ+ ) and s e l e c t i n g  f o r  

la c Z + in  the absence o f  t r a n s p o s i t i o n  f u n c t io n s .  A ga in ,  i f  
the  c o in t e g r a t e  can be formed in  t h i s  way, we can be more 

c o n f id e n t  t h a t  the  donor e x c lu s io n  system is  not b ia s s in g  

the  r e s u l t  a g a in s t  c o in t e g r a t e s .
There  a re  a l t e r n a t i v e  e x p l a n a t i o n s  f o r  s e c t o r i n g ,  

w h ic h  have  been d i s c u s s e d  by B e n d e r  and K l e c k n e r .  
T ra n s p o s i t io n  could ge nera te  c o in t e g r a t e s ,  which a re  then  

reso lved  w ith  high e f f i c i e n c y  w i t h in  the  f i r s t  few c e l l  

g e n e r a t i o n s .  R e s o l u t i o n  can g i v e  r i s e  t o  s e c t o r e d  

c o lo n ie s ,  only  i f  the  recombinat ion does not ocur a t  a 

f i x e d  s i t e  in  the  transposon,  so can occur in  fa v o u r  o f  

e i t h e r  a l l e l e ;  t h i s  would not be the  case w i th  a T n 3 - l i k e  

r e s o lu t io n  system. The model puts t i g h t  r e s t r i c t i o n s  on 

t h e  t im e  a t  which r e s o l u t i o n  o c c u r s ;  t o  e x p l a i n  t h e  

s e c to r in g  observed in  th e  Tn10 exper im ent ,  f o r  example,  
r e s o l u t i o n  would have t o  o c c u r  in  t h e  second o r  t h i r d  

g e n e r a t i o n .  A second d i f f i c u l t y  w i t h  t h e  r e s o l u t i o n  
s ce n a r io  is  t h a t  the  number and d i s t r i b u t i o n  o f  s e c to re d  

c o lo n ie s  was i d e n t i c a l  in  th e  t r a n s p o s i t i o n  and homologous 

recombination exper iments .  Randomly p o s i t io n e d  r e s o l u t i o n  

would show a bias in  the  p ro p o r t io n  o f  r e t e n t i o n  o f  th e  

1 ac a l l e l e s ,  depending on the  p o s i t io n  o f  the  h e te ro lo g y  

w i t h i n  the  transposon, and w i th  respect  to  any p r e f e r r e d  

recombination s i t e s .
Two o t h e r  a l t e r n a t i v e  e x p l a n a t i o n s  a r e  m ore  

d i f f i c u l t  to  r e f u t e  from the a v a i l a b l e  da ta .  The f i r s t  i s  

t h a t  th e  transposon r e p l i c a t e s  c o n s e r v a t i v e l y  d u r i n g  

t r a n s p o s i t i o n ,  g e n e r a t in g  a new m ism atched  t r a n s p o s o n .  

Secondly, Howard Nash suggested t h a t  the  r e s o lu t i o n  e v e n t  

i t s e l f  may g e n e ra te  a l a r g e  t r a c t  o f  h e t e r o d u p l e x ,  as 
proposed in models o f  homologous recombinat ion ,  and over  a 

s h o r te r  region in lambda i n t e g r a t i v e  recombinat ion (eg de
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Massy e t  a l . , 1 9 8 9 ) .  As th e  p r e d ic t i o n s  from t h i s  model are  

i d e n t i c a l  to  those based on c o n s e rv a t iv e  t r a n s p o s i t i o n ,  

t h i s  argument cannot be ru led  ou t .
The p r e d ic t i o n  f o r  Tn7 is  t h a t  t r a n s p o s i t i o n  is  non-  

r e p l i c a t i v e ,  f o r  s e v e r a l  r e a s o n s . F i r s t l y , t h e r e  i s  no 

evidence f o r  a T n 3 -1 ik e  s i t e - s p e c i f i c  recombinat ion system 
w i t h i n  Tn7. By analogy w i th  Tn3, we might expect to  f i n d  a 

s i t e  and enzyme r e l a t e d  to  r e s / r e s o l  vase i f  t r a n s p o s i t i o n  

in v o lv e s  c o in t e g r a t e  r e s o lu t i o n ;  however no such homology 

has been found a t  the  DNA l e v e l .  There is  a gene w i th  

homology to  th e  I n t  f a m i ly  o f  s i t e - s p e c i f i c  recombinases  

in  Tn7 (Sundstrom e t  a ! . , 1988);  th e  fu n c t io n  o f  t h i s  gene 

i s  u n c l e a r ,  but  i t  does no t  a p p e a r  t o  be r e q u i r e d  f o r  

r e s o lu t i o n  o f  t r a n s p o s i t i o n a l  c o in t e g r a te s ,  s in ce  t r a n s 
p o s i t io n  o f  m in i - T n 7 ’ s,  c o n s is t in g  o f  on ly  the  c i s - a c t i n g  
sequences, produces on ly  s im ple  in s e r t io n s  (unpubl ished  

ob se rv a t io n s ;  Rogers e t .  a l  . , 1986) ,  in d i c a t i n g  t h a t  any
r e s o lu t i o n  system must re s id e  com plete ly  w i t h in  200 bp o f  

th e  l e f t  end o r  560 bp o f  th e  r i g h t  e n d . A r t i f i c i a l 1y 

c re a ted  c o in t e g r a t e  analogues are  s t a b le  in recA s t r a i n s ,  

suggesting t h a t  Tn7 does not c o n ta in  i t s  own r e s o l u t i o n  

system (Hodge, 1983);  however t h i s  can a lso  be i n t e r p r e t e d  
as s h o w in g  t h a t  r e s o l u t i o n  can o n l y  a c t  c o -  

t r a n s p o s i t i o n a l 1y . Although these r e s u l t s  suggest t h a t  Tn7 

does  n o t  u n d e r g o  r e p l i c a t i v e  t r a n s p o s i t i o n  v i a  a 

c o i n t e g r a t e ,  t h e y  do n o t  e x c l u d e  o t h e r  r e p l i c a t i v e  
pathways.

T h e r e  i s  a c o r r e l a t i o n  b e tw e e n  c o n s e r v a t i v e  

t r a n s p o s i t i o n  and t h e  p r e s e n c e  o f  dam m e t h y l  a t i  on 

sequences in  the  'element ■ s. termi ni . IS10 (Roberts  e t .  a l . ,  
1985) and IS50 (Y in  e t  a l . ,  1988) both co n ta in  dam s i t e s
and t ra n s p o s e  c o n s e r v a t i v e l y ;  t h e  Tn3 f a m i l y  t r a n s p o s e  

r e p l i c a t i v e l y  and do not c o n ta in  dam methyl a t io n  s i t e s  in  

t h e i r  ends. In  the case o f  IS10 ,  t r a n s p o s i t i o n  is  coupled  

t o  DNA r e p l i c a t i o n  by th e  e f f e c t s  o f  dam m e th y l  a t  i o n ,  

which can be seen as an a d a p t a t i o n  o f  n o n - r e p  1 i c a t i  ng 
transposons, a l lo w in g  them to  e x p l o i t  c e l l u l a r  r e p l i c a t i o n
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to  increase  t h e i r  copy number.
The r i g h t  end o f  Tn7 co n ta ins  a dam methyl a t i o n  s i t e ,  

in  th e  second 22 bp r e p e a t  ( L i c h t e n s t e i n  and B r e n n e r ,  

1982) .  By comparison w i th  IS10 and IS 50 ,  i t  i s  tem pting  to  

suggest  t h a t  Tn7 may a ls o  t r a n s p o s e  c o n s e r v a t i v e l y .  

However, no d i f f e r e n c e s  in  t r a n s p o s i t i o n a l  behav iour  o f  

Tn7 cou ld  be d e t e c t e d  when compared in  dam+ and dam~ 

s t r a i n s  ( E k a t e r i n a k i , 1987) .
Nancy C r a i g ’ s group in  San Franc isco have c a r r i e d  out  

i n v i t r o  t r a n s p o s i t i o n  a s s a y s  w i t h  T n 7 ,  u s i n g  

s u b s t a n t i a l l y  p u r i f i e d  t r a n s p o s i t i o n  fu n c t io n s  (R .B a in to n  

and N .C ra ig ,  personal communication).  In  t h i s  system, no 

c o i n t e g r a t e s  a r e  o b s e rv e d ,  w i t h  a l l  t h e  t r a n s p o s i t i o n  

e v e n ts  being s im p le  i n s e r t i o n s ,  and t h e  c l e a v e d  do no r  

molecule being d e tec te d  as a l i n e a r .  However, i t  i s  not  

c l e a r  whether t h i s  system is  r e p l i c a t io n - c o m p e t e n t ;  i t  can 
be a r g u e d  t h a t  i t  i s  n o t ,  and so t h i s  c o u l d  be an 

a r t e f a c t u a l  r e s u l t .  A t  l e a s t  one o f  t h e  com ponents  i s  

added in  the form o f  a crude e x t r a c t ,  however, which may 

be ab le  to  support  a t  l e a s t  r e p a i r  s y n th e s is .

The heterodup lex  experiment to  determine whether Tn7 

t ran s p o s e s  r e p l i c a t i v e l y  o r  c o n s e r v a t i v e l y ,  w ou ld  be 

i n t e r e s t i n g  and i n f o r m a t i v e .  The r e q u i r e d  s t r a i n s  have  

been constructed  and te s t e d ,  and most o f  the  transposon  

co nstru c ts  have been made. I t  should be r e l a t i v e l y  easy  

f o r  a fu t u r e  worker to  complete the  exper im ent ,  and so 

f i n d  the  answer to  t h i s  basic  m echanis t ic  qu es t io n .
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CHAPTER 8

CONCLUDING REMARKS
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The lo ng - te rm  aim o f  our work on Tn7 is  to  study the  

t r a n s p o s i t i o n  r e a c t io n  in  a c e l l - f r e e  system. A w ea l th  o f  

i n f o r m a t i o n  and i n s i g h t  has been g a in e d  f ro m  i_n v i t  ro  

experiments on phage Mu; a s i m i l a r  depth o f  understanding  

o f  the  t r a n s p o s i t i o n  o f  elements l i k e  Tn10 and Tn7 should  

a lso  be p o s s ib le .
The approach we have ta k e n  i s  t o  o v e r e x p r e s s  and 

p u r i f y  each o f  th e  t r a n s p o s i t i o n  fu n c t io n s  in dep end ent ly ,  
and th en  t o  r e c o n s t i t u t e  a t r a n s p o s i t i o n  s y s te m .  T h i s  
approach has th e  advan tage  t h a t  t h e  i n i t i a l  c e l l - f r e e  

system is  v e ry  c l e a n ,  so th e  d i f f i c u l t i e s  i n h e r e n t  in  

working w i th  crude c e l l  e x t r a c t s  are  removed. In  a d d i t i o n ,  

much can be le a rn e d ,  during  the  p u r i f i c a t i o n  s tage s ,  about  

th e  p r o p e r t i e s ,  a c t i v i t i e s  and r e q u i r e m e n t s  o f  each  

p r o t e i n , so f a c i 1 i t a t i n g  th e  d e s ig n  o f  an o p t i m i s e d  i n 

v i t r o  system.
An a l t e r n a t i v e  approach was fo l lo w e d  by Nancy C ra ig  

in designing her Tn7 j_n v i t r o  system, which was to  s e t  up 

the r e a c t io n  w i th  crude c e l l  e x t r a c t s  ; the  same ro u te  was 

ta ke n  by M izuuch i  in  th e  e a r l y  Mu e x p e r i m e n t s ,  and by 

Nancy K l e c k n e r ’ s group w i t h  T n 1 0 .  Once t r a n s p o s i t i o n  

a c t i v i t y  has been e s t a b l i s h e d ,  a c l e a n e r  sys te m  can be 

evolved from t h i s  by f r a c t i o n a t i o n  o f  the  crude e x t r a c t s  

and assaying f o r  maintenance o f  t r a n s p o s i t i o n  competence. 
T ra n s p o s i t io n  fu n c t io n s  can be p u r i f i e d  by the  a b i l i t y  to  
complement e x t r a c t s  made from c e l l s  which are  mutant in  

t h a t  f u n c t io n .  As a route  to  p u r i f i c a t i o n ,  t h i s  has the  

advantage t h a t  the  p r o t e in  is  known t o  be f u l l y  a c t i v e ;  in  

c o n t r a s t ,  p ro to c o ls  which fo l lo w  p u r i f i c a t i o n  by SDS-PAGE 

o r  by assay f o r  a p a r t  o f  th e  f u n c t i o n ,  m ig h t  p r o d u c e  

p rep ara t io n s  which, though pure,  a re  not t r a n s p o s i t i o n -  
competent.

In  r e t r o s p e c t ,  in the  case o f  Tn7, I  would tend to  

f a v o u r  t h e  c r u d e  s y s te m  as a p r i m a r y  a p p r o a c h .  Tn7  
t r a n s p o s i t i o n  is  no tab ly  complex. For t r a n s p o s i t i o n  t o  an 

a t t  s i t e ,  f o u r  e l e m e n t - e n c o d e d  f u n c t i o n s  w o u ld  be 
re q u ire d ,  and i t  may not be t r i v i a l  to  r e c o n s t i t u t e  a l l
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th e  p u r i f i e d  components such t h a t  t h e y  a r e  a l l  a c t i v e .  

There are  many o t h e r  d e t a i l s  o f  t r a n s p o s i t i o n  about which 

we know very  l i t t l e ;  f o r  example whether any host p r o t e in s  

a re  i n v o l v e d .  Th e re  i s  a l a r g e  number o f  e x p e r i m e n t a l  

v a r i a b l e s ,  which would make t ro u b le s h o o t in g  very  complex, 
i n  c o n t r a s t  t o  s i m p l e r  s y s te m s  su ch  as c o i n t e g r a t e  

r e s o lu t i o n ,  where t h e r e  are  fewer components and unknown 
f a c t o r s .

The f i n a l  r e s u l t  o f  e i t h e r  approach is  th e  same: an 

in  v i t r o  system and a s e t  o f  p u r i f i e d  t r a n s p o s i t i o n  

f u n c t io n s .  The d i f f i c u l t y  w ith  the  r e c o n s t i t u t i o n  approach 

( a p a r t  from p u r i f y i n g  p r o t e i n s  f o r  w h ich  t h e r e  i s  no 
assay) is  t h a t  th e  step  from components to  t r a n s p o s i t i o n  

r e a c t io n  may be n o n - t r i v i a ! ; however, once a crude system 

has been e s t a b l i s h e d ,  much in fo rm a t io n  can be genera ted ,  
w h i l s t  p u r i f i c a t i o n  work is  in  progress.

The p r e f e r r e d  ro u te  to  crude i_n v i t r o  work would be 

to  use e x t r a c t s  from a c e l l  which overexpresses a l l  the  

tn s  genes. T h is  a v o id s  th e  need t o  mix e x t r a c t s ;  t h e  

overexpress ion  is  probab ly  advantageous as th e  l e v e l s  of  

t r a n s p o s i t i o n  fu n c t io n s  jjn v iv o  tend to  be low. Such an 

o v e r e x p r e s s i n g  c l o n e  has been c o n s t r u c t e d  i n  t h i s  

la b o ra to ry ;  g iven the  encouraging r e s u l t s  from th e  C ra ig  

l a b o r a t o r y ,  th e  p r o s p e c ts  f o r  s e t t i n g  up a c e l l - f r e e  

t r a n s p o s i t i o n  r e a c t io n  w i th  h ig h ly  enr iched  e x t r a c t s ,  are  
very good.

The m a j o r i t y  o f  th e  work p r e s e n t e d  i n  t h i s  t h e s i s  

concerns the p u r i f i c a t i o n  o f  TnsB and th e  c h a r a c t e r i s a t i o n  

o f  i t s  DNA-binding a c t i v i t y .  The p u r i f i e d  p r o t e in  can now 
be used in j_n v i  t r o  work by f u t u r e  re s e a rc h e rs .  Fu ther  

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

p r o t e o l y s is  to  lo c a te  the  a c t i v e  domains o f  the  p r o t e i n .  

An e x p e r im e n t  which has been c o n s i d e r e d  i s  t o  com bine  

p a r t i a l  p r o t e o l y s is  w i th  South-Western b l o t t i n g ,  to  lo c a te  

a f rag m e nt  w i t h  DNA-b ind ing  a c t i v i t y  on SDS-PAGE; t h e  

p e pt ide  can be e lu te d  from the gel and p a r t i a l l y  sequenced 
to  determine i t s  lo c a t io n  w i t h i n  TnsB.
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A usefu l  e xper im en ta l  to o l  a t  t h i s  s tage would be to  

have a n t i s e r a  r a i s e d  a g a i n s t  t h e  v a r i o u s  Tns p r o t e i n s .  

A n t ib o d ie s  co u ld  be used t o  f o l l o w  s m a l l  amounts  o f  

p r o t e in  through a p u r i f i c a t i o n  or  an exper im ent ,  o r  l in k e d  

t o  a column t o  p r o v id e  an a f f i n i t y  p u r i f i c a t i o n  s t e p .  

A nt ibod ies  could a ls o  be used f o r  s t a i n i n g  in  e l e c t r o n -  

m ic ro s c o p ic  s t u d i e s  o f  th e  t r a n s p o s i t i o n  f u n c t i o n s  and 

p ro c e s s ,  both j_n v i v o  and i n v i t r o : f o r  e x a m p le ,  t o
determine which p r o t e in s  are present  in ' transpososome’ 
complexes, as has been done f o r  phage Mu f u n c t io n s  by 

B r i g i t t e  Lavoie and George Chaconas.
I n  t h e  w o rk  d e s c r i b e d  i n  t h i s  t h e s i s ,  t h e  g e l  

r e t a r d a t io n  system proved to  be p a r t i c u l a r l y  in f o r m a t i v e ,  
in  both p u r i f i c a t i o n  and c h a r a c t e r  i s a t  i o n . The main  

quest ion  remaining is  the  na tu re  o f  the  complexes seen on 

t h e  g e l s .  I t  s h o u l d  be p o s s i b l e  t o  d e t e r m i n e  t h e  

s t o ic h io m e t r ie s  o f  the  major complexes, by using l a b e l l e d  
p r o t e i n ,  or by th e  method descr ibed in  ch apter  3, whereby 

gel s l i c e s  c o n ta in in g  the  complexes are  loaded i n t o  the  

w e l ls  o f  an SDS g e l ;  in  t h i s  exper im ent ,  a n t ib o d ie s  t o  th e  

p r o t e i n  would be u s e f u l ,  t o  d e t e c t  t h e  low l e v e l s  o f  

p r o t e i n  p r e s e n t .  To complement and e x t e n d  t h i s  w o rk ,  
f o o t p r i n t i n g  o f  i s o l a t e d  complexes could be c a r r i e d  ou t .

The l i g a t i o n  e x p e r im e n ts  d e s c r i b e d  in  c h a p t e r  5 

prov ide  a powerful to o l  f o r  ana lys ing  i n t e r a c t i o n s  between 

DNA s i t e s  and t h e i r  b ind ing  p r o t e in s ,  and a re  worthy o f  

f u r t h e r  i n v e s t i g a t i o n .  The experiments could be extended  

to  examine the i n t e r a c t i o n  between the transposon ends and 

th e  t a r g e t  s i t e .  For exam ple ,  a l i g a t i o n  e x p e r i m e n t  

c o n t a i n i n g  Tn sB ,  T n s D ,  a h o t s i t e - c o n t a i n i n g  l i n e a r  

f ragment,  and a s u p e rc o i le d  m ini-Tn7 (eg pLM11) could  be 

c a r r i e d  out t o  d e te r m in e  w h e th e r  t h e r e  was a l i n k a g e  
change in the h o t s i t e  l i g a t i o n  products ,  or an enhancement 
o f  c a te n a t io n ,  due to  the  presence o f  the p r o t e i n s .  The 
s u b s tra te s  f o r  these experiments are  a v a i l a b l e ,  but they  

have not been done s a t i s f a c t o r i l y  f o r  w an t  o f  a Tn sD -  
c o n t a i n i n g  e x t r a c t  o f  s u f f i c i e n t  a c t i v i t y .  F u r t h e r
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experiments could subsequent ly  be done in  which both the  

DNA f ra g m e n ts  a r e  l i n e a r ,  w i t h  c o m p a t i b l e  r e s t r i c t i o n  

t e r m i n i ;  i n f e r e n c e s  c o n c e rn in g  t h e  t h r e e - d i m e n s i o n a l  

arrangement o f  the  s t rands  ex tending from th e  synapse, can
be made from th e  p a t t e r n s  o f  * p a r t n e r  c h o i c e ’ i n  th e
1i g a t i o n .

The i n  v iv o  exper iments descr ibed here were i n i t i a t e d  

in  o rde r  to  f i l l  some o f  the  gaps in  our knowledge about  

Tn7 t r a n s p o s i t i o n .  A ssay ing  t r a n s p o s i t i o n  r a p i d l y  and 

a c c u r a t e ly  remains a problem. The p a p i l l i a t i o n  assay in  

i t s  c u r r e n t  fo r m  do es  n o t  p r o v i d e  a m e a s u r e  o f
t r a n s p o s i t i o n  f r e q u e n c y ,  b u t  i t  s h o u ld  be p o s s i b l e  to
modify the idea to  generate  a usefu l  screen.  As s t a te d  in  
chapter  6, much in fo rm a t io n  could then be generated  very  

r a p id ly  by mutagenesis exper im ents .
I n  a d d i t i o n  t o  i t s  i n t e r e s t i n g  t r a n s p o s i t i o n a l  

p r o p e r t i e s ,  one f a s c i n a t i n g  f e a t u r e  o f  Tn7 b io log y  is  i t s  

c o m p l e x i t y .  The e l e m e n t  t r a n s p o s e s  v i a a s e r i e s  o f  

e n z y m a t i c  s t e p s  w i t h  c o n s e q u e n c e s  t h a t  a r e  

i n d is t in g u is h a b le  from the  t r a n s p o s i t i o n  o f  an IS e lem ent ,  
f o r  example; Tn7 r e q u i r e s  m u l t i p l e  p r o t e i n  f u n c t i o n s ,  

accounting f o r  n e a r ly  9 kb o f  g e n e t ic  coding c a p a c i t y ,  to  

c a rry  out e s s e n t i a l l y  th e  same r e a c t io n  as the  s i n g l e  IS  

element transposase.  The reason f o r  the  com plex i ty  is  not  
c l e a r .  However, i t  is  apparent  t h a t  th e r e  must be many 

i n t e r a c t i o n s  between DNA s i t e s ,  be tw een p r o t e i n s ,  and 

between DNA and p r o t e i n ,  in  o r d e r  t o  c o o r d i n a t e  th e  

a c t i v i t i e s  requ ired  f o r  t r a n s p o s i t i o n .  I t  is  p o s s ib le  t h a t  

i t  i s  in  t h i s  f i e l d ,  o f  com m un ica t ion  and c o o r d i n a t i o n  

between macromolecules, t h a t  Tn7 w i l l  f e a t u r e  p ro m in en t ly ;  
i t s  n a tu ra l  occurrence in  E. c o l i . an organism o f  choice  

f o r  g ene t ic  and m olecu la r  a n a ly s is ,  w i l l  f a c i l i t a t e  i t s  

d e t a i l e d  c h a r a c t e r i s a t i o n , perhaps p ro v id in g  paradigms on 
which experiments in  o th e r  systems can be based.
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