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Summary.

I t  has previously been shown tha t the only sequences near the term ini 
o f Tn1/3 e s s e n t ia l  fo r  th e  f i r s t '  s te p  of the  t r a n s p o s i t io n  process  of 
these elements are the two 38bp. perfect inverted repeats a t  the extreme 
ends of the elements. This finding has-been confirmed and i t  has also  
been shown that both of these sequences are equally good substra tes fo r 
t r a n s p o s i t io n .  Also, i t  was shown t h a t  Tn1/3 t r a n s p o s i t io n  norm ally  
a c ts  to  r e p l i c a t e  the  DNA sequences t h a t  correspond to  the  e n t i r e  
transposon sequences. Further in d irec t  evidence for the binding of Tn1 
tran sp o sase  to  the  in v e r te d  re p e a t  sequences of Tn1/3 was ob ta ined , 
supporting  the hy po thes is  t h a t  i t  i s  to  and upon th ese  sequences t h a t  
transposase binds and acts. . '

The location of the HincI I  s i t e  present in Tn1 but absent in Tn3 has , 
also been determined by DNA sequencing and found to  be a t  a position in 
Tn1 equivalent to co-ordinates 3037-3042 in Tn3, with cleavage occurring 
between base pairs 3039 and 3040. Thus, th is  s i t e  l i e s  ju s t  within the 
tnoA gene coding region , near i t s  N -term inal end. The sequence o f  
114bp. of Tn1 lying to the l e f t  of th is  s i t e  (i.e. extending towards the 
C-terminus of the tnoA gene) was determined and was found to have 97/114 
bp. (=85.1%) homology a t  the  DNA le v e l  and 37/38 re s id u e  (=97.4%) 
homology at the amino acid leve l with Tn3. This confirmed the prediction 
o f  a high degree of homology between the  two e lem ents, which had been 
made on the basis of th e i r  very s im ila r  re s t r ic t io n  profiles .

Using th i s  in fo rm a tio n , a plamid (pSN015) was co n s tru c ted  t h a t  
produced a fus ion  p ro te in  c o n s is t in g  of the  whole Tn1 t ra n sp o sa se  
p ro te in  w ith  i t s  th re e  N -term inal amino ac id  re s id u e s  removed and 
rep laced  by the  f i r s t  eleven N -term inal amino ac id  re s id u es  o f  B- 
g a la c to s id a se .  As judged by th e  a n a ly s i s  of plasmid encoded p ro te in s  
expressed in E.coli K-12 m inicells , pSN015 did produce more protein than

(xiv).



the derepressed Tn1 derivative  Tn103 carried  on a plasmid (pMB9) with a 
copy number c.1/4 o f th a t  of pSN015. Yet the  t r a n s p o s i t io n  of Tn3651 
m ediated in  t r a n s  by each of th ese  p lasm ids occurred a t  very s i m i l a r  
frequencies a t  both 30°C and 37°C.’ Thus the varia tion  in transposition  
frequencies with temperature seen with both Tn1 and Tn3 was retained in 
pSN015. I t  was also found tha t there  was a varia tion  with temperature in 
the  amount of fusion  p ro te in  expressed  by pSN015 ; t h i s  l e v e l  was a t  
le a s t  f ive  times greater a t  30°C than a t  37°C. Hence, i t  seemed l ik e ly  
t h a t  a t  l e a s t  p a r t  of the  reason fo r  the  d i f f e r e n t  t r a n s p o s i t io n  
frequencies observed with pSN015 a t  30°C and 37°C was a varia tion  in the 
l e v e l  of p ro te in  expressed a t  the  two tem pera tu res .  These da ta , 
together with other observations made in th is  laboratory over a period 
of time, led to the formation of two hypotheses:-

( i )  th o s e  DNA se q u en c es  r e s p o n s i b l e  f o r  th e  v a r i a t i o n  in  
transposition  frequency seen with temperature l i e  between co-ordinates 
1642 and 3040 in the Tn1/3 sequence and the reason for th is  varia tion  i s  
probably some feature(s) of the tnoA mRNA th a t  varies with temperature.

( i i )  an a d d i t io n a l  p rocess seems to  ope ra te  to  r e g u la te  the  
t r a n s p o s i t io n  of Tn1/3 so t h a t  a t  high tnoA gene dosage 0 2 0 ) ,  
transposition  frequency does not s ign if ican tly  a l t e r  as tnpA gene dosage 
increases.

Various possible models for the mechanism of th is  additional process 
were considered , and- one of th ese  -  a model invo lv ing  a n t i s e n s e  RNA 
regulation of tnpA gene expression, akin to. th a t  seen in the regulation 
of transposase gene expression in IS10-right of Tn10 -  was investigated 
in d e ta il .  However, no evidence to support th is  model could be produced 
in an examination of tha t part of Tn3 extending from co-ordinates 2073 
to  3094.

(xv).
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1.1. H is to r ic a l  perspective.

Transposable genetic elements are unique, non-permuted DNA sequences 
tha t can in se r t  in to  genomes a t  s i t e s  th a t  lack substan tia l DNA homology 
with the element by mechanisms th a t  are independent of a functional host 
homologous recombination system.

The existence of such elements was f i r s t  mooted by Mc.Clintock (1950) 
on the basis of her analysis of the patterns of pigmentation varia tion  
shown by maize kernels. However, fu rther  developments had to await the 
d iscovery  in  p rokaryotes  o f a new c la s s  o f  h igh ly  p o la r  m uta tions  
(Malamy, 1966; Saedler and S tarlinger, 1967) and the charac terisa tion  of 
these by physical means as being due to the in se r tio n  of DNA (Jordan e t  
a l f 1968; Shapiro, 1969). Since then, th ese  e lem ents have been the  
subject of intensive investigation, and th is  has led to a much c learer 
understanding of th e ir  natures, e ffe c ts  on host genomes and mechanisms 
of transposition .

• To date, transposable elements have been detected in bacteria, yeast, 
p lants and invertebrates (e.g. D rosoph ila , Trypanosoma). See Calos and 
M il le r ,  (1980); Kleckner, (1981); Shapiro , (1983a) and Doring, (1985) 
fo r reviews. Recently, suggestions have been made th a t  such elements 
may also ex is t  in the genomes of vertebrate  species, e.g. Temin, (1980) 
suggested a close evolutionary r e l a t i o n s h ip  between known eu kary o tic  
t ran sp o sab le  elements and the  p ro v i ra l  forms of RNA tumour v iru se s .  
This has been supported by the observation th a t  transposition  of the Ty1 
element in  y e as t  proceeds v ia  rev e rse  t r a n s c r i p t i o n  (Boeke e t  a l ,  
(1985), i s  associated with the presence of v iru s - l ik e  p a r t ic le s  in yeast 
c e l l s  (G arfinkel e t  a l ,  1985) and th a t  Ty elem ents employ a s im i la r  
protein coding strategy to some re trov iruses  (Mellor e t  a l ,  1985). Also 
in tra -c is te rn a l  A p a r t ic le  (IAP) genes, which form a prominent middle 
rep e t i t iv e  component in the mouse genome, are s t ru c tu ra lly  s im ila r  to 
mammalian and avian re troviruses and to  the mobile, dispersed genetic
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elements of Drosophila and yeast (Lueders and Kuff, 1977; Grigoryan e t  
a l T 1985). F in a l ly ,  an e lem ent w ith  the  s t r u c tu r a l  f e a tu r e s  o f a 
tran sp o sab le  element has been found in  human DNA (Paulson e t  a l ,  

(1985)).

1.2. Transposable elements.

The prokaryotic transposable elements have been c la s s if ie d  in to  three 
groups by Kleckner (1981) according  to  s t r u c tu r a l  and m ech an is t ic  
c r i t e r i a  :

( i ) .  c lass I  elements : th i s  c lass includes the IS -like  elements and 
the compound transposons derived from them, in which a unique segment of 
DNA i s  f lanked by two copies of an IS-sequence in  e i t h e r  d i r e c t  or 
inverted orientation (e.g. Tn9 -  Mac.Hattie and Jackowski,1977; Tn903 -  
Grindley and Joyce, 1981). In these transposons, a l l  the functions and 
s i t e s  necessary for transposition  are carried  in the IS-elements (Tn9 -  
Rosner and Guyer, 1980; Tn10 -  Foster e t  a l, 1981). Both these elements 
are s truc tu ra lly  in tac t ,  but one i s  o f ten  fu n c t io n a l ly  d e f i c i e n t  (e.g. 
IS 1 0 - le f t  in  Tn10 -  F o s te r  e t  a l ,  1981). These transposons can 
transpose as a single unit, or one copy of the IS sequence can transpose 
alone (e.g. IS50 in  Tn5 -  Berg e t  a l ,  .1982; IS903 in  Tn903 -  G rindley  
and Joyce, 1980).

IS e lem ents are  q u i te  sm all (between 0.77 and 1.75kb. in  len g th ;  
Kleckner, 1981) and, ty p ic a l ly ,  the  t ran sp o sase  gene spans a lm ost the  
e n t i r e  leng th  of the  element (e.g. in  IS 1 0 -r ig h t  of Tn10 -  H a iling  e t  
a l ,  1982).

T ranspos ition  of members o f t h i s  c la s s  g en e ra te s  e i t h e r  a s im ple  
i n s e r t i o n  or a t r a n s p o s i t io n  c o in te g ra te ,  in  which the  whole o f the  
donor rep lico n , to g e th e r  w ith  two f lan k in g  copies of the  com plete  
e lem ent are  in s e r te d  in to  the  rep l ico n .  See F ig .1.1 The
p ro p o rtio n s  of these  products  v a r ie s  from one element to  ano the r  
(Kleckner, 1981).

3
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Fig. 1.1. The products  o f transposition.

a), non-replicative simple insertion  with lo ss  of donor duplex.

b). r e p l i c a t iv e  sim ple  in s e r t io n ;  one copy of elem ent r e ta in e d  
a t  original s i te .

c). cointegrate formation /  replicon fusion:, always rep lica tive .



( i i ) .  c la s s  I I  e lem ents : th e  Tn3 fam ily . This group c o n s i s t s  of a 
la rg e  number 0 2 0 )  o f transposons th a t  a re  c lo se ly  r e l a te d  both 
s tru c tu ra lly  and functionally. Such close re la tionships are suggestive 
of a common evolutionary origin. This i s  a medically important group as 
most of i t s  members can confer a n t ib io t ic  resistance to many pathogenic 
bacteria . In particu la r, the B-lactamase enzyme encoded by Tn3 (Kopecko 
and Cohen, 1975) and i t s  close re la t iv e s  Tn1 and Tn2 (Hedges and Jacob, 
1 974; Heffron e t  a l ,  1975b) has been found in  the  pathogenic  b a c te r i a  
Haemophilus ducrevi (Brunton e t  a l T 1981), H. in f lu e n z a e :(de G ra ffe  e t  
a l ,  1976) and N e isse r ia  gonorrhoeae (Fayet e t  a l ,  1982). All th e  
group’s members have been iso la ted  from Gram-negative bacteria , except 
Tn551, which was iso la ted  from Staphylococcus aureus (Kahn and Novick,
1980). All can m ediate t h e i r  own t r a n s p o s i t io n  except two (IS101 and 
Tn951) which possess the  s i t e s  bu t not fu n c t io n s  necessary  fo r  
transposition  and therefore have to be complemented in trans for these 
(Heffron, 1983). near

All these  e lem ents a re  long (>5kb.) and have 38-40bp.^ p e r f e c t  
in v e r te d  rep e a ts  a t  t h e i r  ends. These re p e a ts  a re  very s i m i l a r  among 
d i f f e r e n t  elem ents (Kleckner, 1981; Heffron, 1983). All a ls o  c o n ta in  
genes necessary for the transposition  process and most possess accessory 
determinants as well (Kleckner, 1981). The transcrip tion  of the genes 
may be u n id i r e c t io n a l  (e.g. Tn501) or d iv erg en t (e.g. Tn3. Heffron, 
1983).

Much evidence has been accumulated th a t  these  e lem ents tran sp o se  
inter-molecularly in a two-step mechanism via an obligatory coin tegra te  
in te rm e d ia te  th a t  i s  reso lved  by an element encoded s i t e - s p e c i f i c  
recom bination system (Arthur and S h e r r a t t ,  1979; K i t t s  e t  a l ,  1982a.). 
However, Bennett et, a l ,  (1983), have rep o rted  t r a n s p o s i t io n  in  the  
absence^of cointegrates at low frequency for Tn3 and Tn21, so i t  may be 
tha t some transposition can proceed by another mechanism too.

Class I  and I I  elements share the feature  th a t  th e ir  ends are short
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inverted repeats between 9 and 40bp. long (Kleckner, 1981).
( i i i ) .  c lass I I I  elements : the transposing bacteriophages Mu 

and D108. These are  c lo se ly  r e l a te d  (Hull e t  a l ,  1978) and both use 
rep l ica t iv e  transposition as the normal method of genomic rep lica tion  
during l y t i c  ’phage growth. Also, unlike other temperate ’phages, they 
both in teg ra te  in to  the host chromosome whether entering the ly t i c  or 
lysogenic pathway of infection (Toussaint and Resibois, 1983). As well 
as th e i r  ’phage charac te r is t ic s ,  these elements d i f fe r  from c lass  I  and 
c lass  I I  elements in tha t th e ir  ends are not perfect inverted repeats, 
though th e re  i s  some in v e r ted  homology between the  two (Kahmann and 
Kamp, 1979). The observation th a t  l y t i c  growth generates transposition  
c o in te g ra te s  w h i l s t  the  e s ta b l ish m e n t  of lysogeny g e n e ra te s  s im ple  
i n s e r t i o n s  led  to  the  suggestion  t h a t  th e re  may be two d i f f e r e n t  
pathways of Mu transposition (Chaconas e t  a l,  1981). However, recent in 
v i t ro  studies have shown tha t both simple in se r ts  and cointegrates can 
a r is e  from the same transposition in te rm e d ia te  (C ra ig ie  and Mizuuchi, 
1985).

Among the eukaryotic transposable elements so fa r  studied, terminal 
re p e a t  sequences again seem to  be a u n iv e rsa l  f e a tu re ,  but th e re  may 
well be a variety of transposition  mechanisms.

For example, the  copia- l i k e  e lem ents o f  Drosophila  m elanogaste r 
possess long terminal d irec t  repeats, reminiscent of some prokaryotic 
compound transposons. However, DNA-sequence a n a l y s i s  and th e  
i d e n t i f i c a t i o n  of v i r u s - l ik e  p a r t i c l e s  con ta in in g  a 5kb. RNA sp e c ie s  
t h a t  h y b r id is e s  to  copia DNA in  c u l tu re d  D rosophila  c e l l s  su g g es ts  a 
c loser rela tionsh ip  to vertebrate  re trov iruses (Shiba and Saigo, 1983; 
Saigo e t  a l ,  1984; Emori e t  a l ,  1985). The re c e n t  dem onstra tions t h a t  
the  Ty1 elem ents of yeast ( t h a t  a lso  have long te rm in a l  re p e a ts )  
t ran sp o se  v ia  an RNA in te rm e d ia te  (Boeke e t  a l ,  1985), t h a t  t h e i r  
transposition  i s  associated with the presence of v iru s - l ik e  p a r t ic le s  in 
y e a s t  c e l l s  (G arfinkel e t  a l ,  1985) and th a t  they employ a s im i l a r  
p ro te in  coding s t ra te g y  to  some r e t r o v i r u s e s  (M ellor e t  a l ,  1985) a re
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s im ila r ly  suggestive.
Another c la s s  of mobile e lem ents in  D rosophilaT the  P e lem ents 

( re sp o n s ib le  fo r  one form of hybrid  dysgenesis  -  see B reg liano  and 
Kidwell (1983) for review), also possess terminal repeats (inverted in 
th e i r  case) but appear to  transpose via a 'cut-and-pastef mechanism th a t  
may or may not be r e p l i c a t iv e  and i s  dependent on an element-encoded 
fu n c t io n  (O'Hare, 1985). A s i m i l a r  model has been put forward fo r  the  
t r a n s p o s i t io n  of t ra n sp o sa b le  e lem ents in  plants (Saedler and Nevers, 
1985).

A th ird  family of Drosophila transposable elements i s  the foldback 
elem ents (Finnegan, 1982). They, too , have long te rm in a l  in v e r ted  
re p e a ts ,  but d i f f e r  from the  above elem ents in  th a t  these  re p e a ts  a re  
composed p r im a r i ly  of tandem cop ies  of sim ple  sequence DNA (Rubin,
1983). Two fo ld -back  e lem ents have been observed to  i n t e r a c t  in  the 
formation of a type of compound transposon -  TE1 (Chia e t  a l, 1985).

1.3. The consequences of transposition .

Transposable e lem ents i n s e r t  them selves in to  new t a r g e t  s i t e s  a t  
f req u en c ie s  between 10”2* and 1CT? per c e l l  per g enera tio n  (Kleckner,
1981). On doing so, a l l  but one (Tn554 -  Murphy and Lofdahl, 1984) 
gen e ra te  a sh o r t  d u p l ic a t io n  of host DNA (3-12bp. depending on the  
element -  Kleckner, 1981) so th a t  the inserted  transposon is  flanked by 
a d i r e c t  rep ea t  of host DNA. This d u p l ic a t io n  i s  not necessary  fo r  
t r a n s p o s i t io n  to  occur (Kleckner, 1979) and probably a r i s e s  as a 
consequence of a s taggered  c leavage  of the  t a r g e t  DNA (Grindley and 
Sherra tt ,  1979).

A t r a n s p o s i t io n  event can g en e ra te  e i t h e r  a s im ple  in s e r t i o n  or a 
transposition  cointegrate (see Fig 1.1) and, i f  stable,' cointegrates can 
be the  source of im portan t events . For example, the  F plasm id can 
become in te g ra te d  in to  th e  h o s t  chromosome by t r a n s p o s i t io n  or by 
homologous recombination and can subsequently t ran sfe r  chromosomal genes
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to a new host (Cullum and Broda, 1979).
One of the  most obvious consequences o f transposon  in s e r t i o n  i s  

in a c t iv a t io n  of the  t a r g e t  gene due to  the  i n te r r u p t io n  of i t s  coding 
sequence (e.g. Lieb, 1981). However, many tra n sp o sa b le  e lem ents have 
a ls o  been observed to  produce marked p o la r  e f f e c t s ,  a b o lish in g  or 
diminishing the expression of genes downstream of the s i t e  of in se r tion  
(e.g. Tn3 -  Heffron e t  a l , 1975a; Rubens e t  a l , 1976; Tn5 -  Berg e t  a l .  
1980; many IS e lem ents -  I id a  e t  a l ,  1983). For IS e lem ents, such 
e ffec ts  are thought to be due to the presence of termination codons in 
a l l  three reading frames of the elements (Adhya and Gottesman, 1978).

A d d it io n a l ly ,  ad jacen t genes may be tran sc rip tiona lly  activated by 
in se rtion  of an element (e.g. Reynolds e t  a l,  1981). Some such e ffe c ts  
a r i s e  by t r a n s c r ip t i o n a l  readthrough from a promoter c a r r ie d  on the  
transposon tha t i s  directed outwards and are therefore seen in only one 
o r i e n ta t io n  of element in s e r t io n  (e.g. IS3 -  C h a r l ie r  e t  a l ,  1982). I f  
the newly introduced promoter responds to  e ffec to r  molecules, then the 
adjacent gene(s) too becomes subject to control by these e ffec to rs  e.g. 
Ty1 e lem ents can i n s e r t  in to  th e  5' non-coding reg ions  of genes and 
place them under the control of the mating-type control system (Errede 
e t  a l , 1980; Roeder and Fink, 1982). Other e f f e c t s  a re  seen only a t  
p a rt icu la r  insertion  s i te s  and may be due to the juxtaposition of host 
and element sequences causing the formation of a new promoter (e.g. IS2 
-  G lan sdorff  e t  a l , 1981; IS30 -  Dalrymple and Arber, 1985) or to  the  
rearrangement of sequences w ithin the element (Besemer e t  a l , 1979).

Once inserted in a genome, transposable elements can mediate fu r th er  
rearrangem ents  of the  ad jacen t  DNA such as in v e rs io n s ,  d e le t io n s  and 
t r a n s lo c a t io n s  (see Fig 1.2).

Deletion and duplicative inversion are the two possible re su l ts  of an 
intramolecular transposition event predicted by the symmetric model of 
transposition  (Arthur and Sherratt, 1979; Shapiro, 1979), and both have 
been reported : Chaing and Clowes, 1980; Kleckner e t  a l,  1979; Ross e£ 
a l ,  1979; Weinstock e t  a l , 1979; Bishop and S h e r r a t t ,  1984; Thorpe and
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F ig .1.2. In tram olecu la r  transposition  events.

a), i n s e r t i o n  o f  each s t r a n d  o f  th e  e le m e n t  i n t o  th e  same 
s t r a n d  g e n e r a t e s  a d e l e t i o n .  The segm ent w ith o u t  an o r ig in  of 
rep lica tion  cannot rep lica te  and i s  therefore lo s t .

b). i n s e r t io n  of each s tra n d  of the  element in to  th e  opposite  
strand generates a duplicative inversion.
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Clowes, 1984. koth deletion and inversion require only the tnpA
gene product, not t h a t  o f tn p R (Bishop, 1983; Bishop and S h e r r a t t ,
1984). D e le tions  extend from one end of the  elem ent in to
adjacent, non-element, DNA, with a copy of the element remaining a t  the 
orig inal point of insertion  (Ross e t  a l ,  1979; Ohtsubo e t  a l, 1979).

Additionally, transposable elements can mediate the translocation  of 
segments of the host genome. In principle , any block of DNA flanked by 
two copies of an element, in d irec t  or inverted repeat, can transpose. 
e.g. the whole E.coli K-12 chromosome has been shown to transpose when 
flanked by two copies of IS10 (Harayama e t  a l,  1984a). However, i t  has 
been observed th a t  the  frequency of t r a n s p o s i t io n  o f  such compound 
elem ents decreases  as t h e i r  le n g th  in c re a s e s  (Chandler e t  a l ,  1982; 
Morisato e t  a l ,  1983). Also, i t  has been reported th a t  a gene adjacent 
to  a s in g le  in s e r t i o n  sequence can form a transposon  i f  th e re  i s  a 
sequence su ff ic ien tly  homologous to the end of the IS element elsewhere 
on the host genome (Machida, Y. § t  a l,  1982a).

I t  i s  not only e lem ent-m edia ted  even ts th a t  promote th e se  DNA 
rearrangements. I f  there are two or more copies of an element present 
in a molecule or c e ll ,  these can act as substra tes for the action of the 
host homologous recombination system s to  cause s i g n i f i c a n t  l e v e l s  o f 
d e le t io n ,  in v e rs io n ,  c o in te g ra t io n  and t r a n s lo c a t io n ,  e.g. v a r i a n t  Ty 
elements have been observed to replace each other by gene conversion a t  
ra tes  10—1OOx higher than the ra te s  of transposition  (Roeder and Fink,
1982). Kleckner (1981) has s t r e s s e d  the  im portance o f  t ra n s p o sa b le  
elem ents a c t in g  in  t h i s  way.

F in a l ly ,  one recen t  re p o r t  has suggested  th a t  the  e lem ent Tn 1000 
can re p re ss  gene express ion  by causing  to p o lo g ic a l  changes in  th e  
molecule of which i t  i s  a part (Stokes and Hall, 1984) and transposition  
has also been suggested to  have a ro le  in tumour progression (Grigoryan 
e t  a l ,  1985).

The ne t r e s u l t  of c o n s id e ra t io n  of a l l  th ese  p rocesses  i s  t h a t  
t ran sp o sab le  e lem ents a re  l i k e l y  to  have made, and to  make, a
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s ign if ican t  contribution to both mutational frequency and the range of 
g e n e t ic  rearrangem ents, and thus to  be the  course  of genome evo lu tio n  
i t s e l f .  I t  has been suggested th a t  such e lem ents a re  fundam entally  
important in ce l lu la r  d iffe ren t ia t io n  in both development and evolution 
(Shapiro, 1983b). For review s, see B a ltim ore  (1985); Syvanen (1984); 
Cohen (1976); and see also Chao e t  a l,  1983; Schwarz-Sommer e t  a l,  1985.

1.4. The insertion  sp ec if ic ity  of transposable elements.

One of the  main c h a r a c t e r i s t i c s  o f t ra n sp o sa b le  elem ents i s  t h e i r
a b i l i ty  to in se r t  a t  many s i te s  in a DNA molecule. However, inse rtion
i s  not en tire ly  random, and d iffe ren t  elements do show marked varia tions
in  s p e c i f i c i t y  o f in s e r t io n .  This su ggests  t h a t  element encoded
functions pa rt ic ip a te  in the selection of ta rg e t  s i te s .  At one end of
the  spectrum i s  IS4, which has only ever been found a t  one p o s i t io n  in
the  g a lT gene of the  E .coli K-12 chromosome (Habermann e t  al-, 1979),
w h i l s t  a t  the  o ther  are  elem ents such as Mu, which show very l i t t l e  

c
specificity, inserting  a t  many d if fe ren t  s i t e s  in a ta rge t  (Bukhari and 
Zipser, 1972; Daniel! e t  a l,  1971).

Other e lem ents show in s e r t io n  s p e c i f i c i t i e s  ly in g  between th ese  
extremes, many showing what i s  called  "regional specific ity" . That is ,  
in some regions of a target, an element in se r ts  rarely , w hilst in others 
i t  i n s e r t s  much more f req u e n tly ,  though not always a t  the same s i t e .  
Tn3 shows th is  so r t  of spec if ic ity  (Heffron e t  a l , 1975a; Kretschmer and 
Cohen, 1977; Weinstock e t  a l ,  1979; Picken e t  a l ,  1985) and i t s  
p re fe r re d  in s e r t io n  s i t e s  seem to  be A/T r ic h  and have some homology 
with the ends of the element (Tu and Cohen, 1980). This observation has 
led  to  the  suggestions  th a t  lo c a l i s e d  duplex d e n a tu ra t io n  must occur 
b e f o r e  i n s e r t i o n  can ta k e  p la c e  and t h a t  t h e  Tn3 t r a n s p o s a s e  
p refe ren tia l ly  in te rac ts  with ta rg e t  s i t e s  th a t  have some homology to  
i t s  presumed normal substrate. For Tn9, s im ila r  observations have been 
made (Miller e t a l,  1980; Galas e t  a l,  1980) and for Tn10, ta rge ts  with
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some homology to the element ends are favoured insertion  s i te s  (Hailing 
afld Kleckner, 1982). I t  has a lso  been suggested fo r  Tn3 th a t  the  
physica l s t r u c tu r e  of the  t a r g e t  DNA may be an a d d i t io n a l  f a c to r  in  
determining inse rtion  sp e c if ic i ty  (Heffron, 1983).

For Tn3, i t  has been found th a t  interplasm idic transposition  i s  a far  
more common event than transposition  from a plasmid to  the chromosome 
(K re tsch m er  and Cohen, 1977). T h is  has  been i n t e r p r e t e d  by 
Campbell(198D to  suggest t h a t  the  e lem ents of the  Tn3 fam ily  a re  
closely re la ted  due to the rapid dispersion across species boundaries of 
a pa rt icu la r  successful transposon type rather than due to an tiqu ity  of 
the elements.

Much less  i s  known about the insertion  s p e c i f ic i t ie s  of eukaryotic 
t ran sp o sab le  e lem ents. All Ty elem ent in s e r t i o n s  h i th e r to  analysed  
occur in 5’ non-coding ra ther than coding regions themselves, but the 
reason fo r  t h i s  p re fe ren ce  i s  obscure (Scherer e t  a l ,  1982; Eibel and 
Philippsen , 1984).

1.5. The mechanism of transposition .

The fundamental question of whether transposition  i s  accompanied by 
s p e c i f i c  elem ent r e p l i c a t io n  has not y e t  been answered f o r  many 
eukaryotic transposable elements e.g. P elements in Drosophila (O'Hare,
1985).

Among prokaryotic elements, however, the s i tu a tio n  i s  more c learly  
understood. I t  seems tha t a l l  element-promoted genetic rearrangements 
can be understood as resu lting  from one of two types of element-target 
in te rac tion  (see Fig 1.1). In a simple in se rtion  reaction, both ends of 
a s in g le  copy of the  element become jo in e d  to  t a r g e t  sequences. This 
p rocess can e i t h e r  be r e p l i c a t i v e ,  when a copy of the  elem ent i s  
re ta in e d  a t  the  donor s i t e ,  or n o n - re p l ic a t iv e ,  when the  e lem ent i s  
e x c i s e d  from th e  donor s i t e  w i t h o u t  r e p l i c a t i o n  and t h e r e  i s  
concomitant loss  of the donor replicon. In cointegrate  formation, two

10



cop ies  of the element a re  formed (hence the  process i s  always 
rep lica tive)  and each re ta in s  one junction with the donor molecule and 
forms one with the target.

For Tn10, i t  seems that most transposition occurs by non-replicative  
sim ple  in s e r t io n  (M orisato and Kleckner, 1984; Kleckner e t  a l,1984). 
For some IS elements (eg.ISI, IS903), however, transposition can proceed 
by n o n - re p l ic a t iv e  sim ple  i n s e r t i o n  or (a t  low er frequency) by 
cointegrate  formation (Weinert e t  a l, 1984; Biel and Berg, 1984).

For Tn3 a l a r g e  body o f  e v id e n c e  has been a c c u m u la te d  t h a t  
in te r -m o le c u la r  t r a n s p o s i t io n  proceeds v ia  an obligatory cointegrate  
intermediate and i s  thus rep l ica t iv e  (Arthur and Sherratt, 1979; Muster 
and Shapiro, 1981; Mc.Cormick e t  a l ,  1981). However, Bennett e t  a l .  
1983, have repo rted  low frequency Tn3 t r a n s p o s i t io n  in th e  absence of 
cointegrates. This may represent an a l te rna tive  transposition  pathway 
(e.g. simple insertion  or tnpR-independent cointegrate  resolution).

In order to  exp la in  the  r e p l i c a t iv e  na tu re  of many t r a n s p o s i t io n  
events, two basic models of transposition  have been proposed. (See Figs 
1.3 and 1.4)., Both of these  m e c h a n is t ic a l ly  couple the b re a k / jo in  and 
rep lica tion  events involved in transposition  and fundamentally involve 
the ends of the elements,, in  keeping with the experimental evidence on 
the  need fo r  those sequences (e.g. Tn3 -  Mc.Cormick e t  a l ,  1981; Tn5 -  
Sasakawa e t  a l ,  1983, 1985; Tn10 -  Way and Kleckner, 1984). In  both 
a lso , s t ran d  t r a n s f e r  could invo lve  e i t h e r  th e  5* or 3’ ends o f  th e  
element.

The f i r s t  of these models (Shapiro, 1979; Arthur and Sherratt ,  1979) 
i s  a symmetric model, in  t h a t  both ends of the  element a re  t r e a t e d  in  
the same way, though not necessarily simultaneously. In th is  model, the 
same donor duplex i s  nicked on s t r a n d ^  a t  o ppo site  ends of th e
elem ent, and the  t a r g e t  duplex too  i s  nicked on s trands in  a
s taggered  fash ion . Attachment o f  the  f r e e  ends of the  e lem ent to  the  
ta rge t  DNA forms two rep lica tion  forks and rep lica tion  proceeds a t  both 
of these to rep lica te  the whole element. This i s  folowed by l ig a t io n  of
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Fig.1.3. A symmetric mcxiel of transposition .

After Grindley and Reed, 1985.

This diagram depicts both the cointegrate forming pathway (a) and an 
a l t e r n a t iv e  pathway by which sim ple  i n s e r t s  can be genera ted  w ith  
concomitant loss of the donor duplex (b) -  Ohtsubo e t a l, 1981.
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Fig.1.4. An asymmetric model of transposition .

After Harshey and Bukhari, 1981; Galas and Chandler, 1981.

This diagram depicts both the cointegrate  forming pathway (a) and the 
simple in se r t  forming pathway (b).



rep lica ted  DNA to  flanking sequences to generate a cointegrate  which is  
resolved to  y ie ld  the f ina l  transposition  products. Thus, cointegrates 
are an obligatory part of th is  model, though a modification proposed by 
Ohtsubo e t  a l ,  (1981) i l l u s t r a t e d  a means by which n o n - r e p l ic a t iv e  
s im ple  i n s e r t io n s  could be the  outcome of t h i s  pathway, w ith ou t 
c o in te g ra te  fo rm ation . This model was developed to  ex p la in  the  
o b se rv a t io n s  th a t  Tn3 t r a n s p o s i t io n  seemed to proceed via an obligate 
c o in te g ra te  in te rm e d ia te ,  but the  above-mentioned m o d if ica t io n  of 
Ohtsubo e t  a l  could explain the data of Bennett e t  a l,  1983.

The o th e r  model was derived  from the  o b se rv a t io n s  t h a t  both 
in s e r t i o n  sequences and Mu t r a n s p o s i t io n  can produce e i t h e r  sim ple  
in se r ts  or cointegrates. I t  i s  an asymmetric model, fo r the ends of the 
element a re  not t r e a te d  in  the  same way (Grindley and S h e r r a t t ,  1979; 
Galas and Chandler, 1981; Harshey and Bukhari, 1981). In t h i s  model, 
transposition  i s  in i t ia te d  by nicking the donor duplex a t  one end of the 
transposon and l iga tin g  th is  end to  one strand of a ta rge t  duplex th a t
has been cut in a staggered way. A rep lica tion  fork i s  thus created and
proceeds through the element u n t i l  i t  reaches and r e p l i c a t e s  the  
opposite ends of the element. A second nick a t  the equivalent sequence 
to the original on the strand with opposite polarity  w il l  then re s u l t  in 
cointegrate formation, whilst a second cleavage on the o rig ina lly  nicked 
parental strand w il l  y ield  a rep lica tiv e  simple insertion .

However, evidence i s  accumulating against th is  model, for both Mu and 
the IS elements. For example, an intermediate in Mu transposition , th a t
can be processed to  y ie ld  e i t h e r  a n o n - r e p l ic a t iv e  sim ple  i n s e r t  or a
cointegrate, has been iso la ted  in v i t ro  and has the s truc tu re  predicted 
by the  symmetric model. (The s t ra n d  t r a n s f e r  re a c t io n  invo lv es  
i n t e r a c t io n  of the  3f ends of the  elem ent w ith  th e  5T ends of the  
t a r g e t ) .  Also, s t r u c tu r e s  r e s u l t i n g  from DNA s tra n d  t r a n s f e r  a t  only 
one end of the  element a re  not seen (Mizuuchi, 1984; C ra ig ie  and 
Mizuuchi, 1985). Additionally, Tn10 seems to transpose principally  by a 
non-replicative simple insertion  process (Morisato and Kleckner, 1984;
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Kleckner e t  a l ,  1984). Also, though i n i t i a l  da ta  on the  v a r i a t io n  of 
transposition frequency with transposon length apparently supported the 
asymmetric model (Chandler e t  a l ,  1982; M orisato e t  a l ,  1983), l a t e r  
re su l ts  with a r t i f i c i a l l y  constructed g iant transposons did not (Rosner 
and Guyer, 1980; Harayama e t  a l ,  1984a). In passing, i t  i s  i n t e r e s t i n g  
to note that Tn3 transposition  shows no such length dependence (Lee e t  
a l ,  1985).

A novel type of t r a n s p o s i t io n  event i s  ’one-ended t r a n s p o s i t i o n 1, 
which has been observed for several transposons of the Tn3 family (e.g. 
Tn1 and Tn3 -  Arthur e t  a l ,  1984; Tn21 and Tn1721 -  Avila e t  a l ,  1984; 
Motsch and Schm itt, 1984; Motsch e t  a l ,  1985). This s o r t  o f  event 
appears to involve insertion  of a donor replicon tha t contains only one 
copy of a transposon end in to  a t a r g e t  molecule, w ith  a concom itant 
small and variable duplication of part of the inverted repeat sequence. 
Evidence th a t  such events a re  r e p l i c a t i v e  t r a n s p o s i t io n  events  i s  
p resen ted  in  Section  3.2.1 below. I t  seems most l ik e ly  th a t  the  
mechanism of such events i s  one closely akin to  the asymmetric model, 
since the transposase protein only has one inverted repeat sequence upon 
which to act. Thus, i t  may be th a t  transposition  of Tn3-like elements 
can proceed v ia  e i t h e r  a symmetric or asymmetric mechanism. The 
asymmetric one would be the only mechanism of transposition available  to  
one-ended elements, and may occur a t  low frequency in the transposition  
of two-ended e lem ents. (This too would exp la in  the  data  of B ennett e t  
a l,  1983). However, the symmetric mechanism seems to be highly favoured 
fo r the transposition of two-ended elements.

F in a l ly ,  c e r t a in  non-element f a c to r s  may be im portan t  in  th e  
mechanism of transposition of some elements. e.g. DNA gyrase i s  a host 
f a c to r  requ ired  fo r  the  t r a n s p o s i t io n  of Tn5, apparen tly  due to  a 
requirement for the rec ip ien t DNA to be supercoiled (Isberg and Syvanen, 
1982). Also, a decrease  of c.40 fo ld  i s  seen in  the  t r a n s p o s i t io n  
f re q u e n c y  o f  t h i s  e le m e n t  in  E .c o l i  s t r a i n s  d e f e c t i v e  in  DNA 
topoisom erase  I. This could r e f l e c t  e i t h e r  a d i r e c t  or i n d i r e c t  r o le
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for th is  protein in the transposition  process. No such e ffec t i s  seen 
fo r  Tn3 (S te rng lanz  e t  a l ,  1981). For Ty e lem ents, th e  i n t a c t  product 
o f the  SPT3 gene i s  req u ired  fo r  normal t r a n s p o s i t io n  (Winston e t  a l .
1984).

1.6. The persistence of transposable elements.

Some e lem ents can confer an obvious s e l e c t iv e  advantage on c e l l s  
co n ta in in g  them in s e l e c t iv e  environm ents by reason of the  accessory  
genes they carry . However, even in  the  absence of s e l e c t io n  fo r  th e  
p a r t i c u l a r  phenotype they con fe r , i t  was thought t h a t  t ra n sp o sa b le  
elements could confer a se lec tive  advantage on c e l ls  as a re s u l t  of an 
increased mutation ra te  caused by transposition  and the other genomic 
rearrangements mediated by them. Obviously, though, any such advantage 
must be balanced a g a in s t  the  d e le te r io u s  e f f e c t s  r e s u l t i n g  from an 
in c reased  m uta tion  r a te .  Such a t r a n s p o s i t i o n - s p e c i f i c  s e l e c t i v e  
advantage has been observed fo r  Tn10, and concluded to  be due to  j u s t  
such a mechanism (Chao e t  a l ,  1983). Tn5 a lso  con fe rs  a s e l e c t i v e  
advantage on c e l ls  harbouring i f  in non-selective conditions, but th is  
has been found to  be independent of the  occurence of t r a n s p o s i t io n  
events, though dependent on Tn5 transposase a c tiv i ty .  The mechanism of 
t h i s  advantage remains obscure (H artl  e t  a l ,  1983; W u rs te r-B ie l  and 
H a r tl ,  1983).

However, for rep lica tive  transposable elements (as most prokaryotic 
e lem ents seem to  be), the  concept o f  ’s e l f i s h  DNA’ can e x p la in  t h e i r  
persistence. This hypothesis suggests th a t  once a unique segment of DNA 
acq u ire s  the  a b i l i t y  to  d u p l i c a t e  i t s e l f  in d e p e n d e n t ly  o f  th e  
r e p l i c a t io n  of the r e s t  of the  genome, i t  w i l l  be m ain tained  sim ply 
because of the d if f ic u lty  in simultaneously elim inating a l l  copies of i t  
from the popula tion  (D o o l i t t l e  and Sapienza, 1980; Orgel and Crick, 
1980). Such an e n t i ty  need not con fe r  any advantage to  h o s t ,  and may 
even be d isadvantageous, as long as i t  i s  ab le  to  propagate  i t s e l f
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rap id ly  enough to  prevent i t s  e l im in a t io n  from the  genome. Thus, 
rep lica tive  transposable e lem ents can be considered  as in tra -geno m ic  
paras ites  (Orgel and Crick, 1980).

The overall picture i s  probably made up of components from a l l  these 
sources.

1.7. The regulation of transposition .

That r e g u l a t i o n  o f  t r a n s p o s i t i o n  occurs i s  evidenced by the  
o b se rva tion  th a t  u n co n tro l led  p r o l i f e r a t i o n  of e lem ents i s  r a r e ly  
seen, a t  l e a s t  in p rokaryo tes , d e s p i te  the  r e p l i c a t iv e  n a tu re  o f many 
transposition events.

Two obvious mechanisms for regulation are a l im ita t io n  in the number 
o f t a r g e t  s i t e s  fo r  an e lem ent and /o r  ex c is io n  o f  e lem ent cop ies . 
However, exam ination of the  d i s t r i b u t i o n  of element in s e r t i o n s  in  
c lo se ly  r e l a te d  s t r a in s  r e v e a ls  more p o te n t ia l  s i t e s  than a re  ever 
occupied (Nyman e t  a l ,  1981) and, fo r  many e lem ents, the  r a t e s  o f 
e x c is io n  are l e s s  than the  r a t e s  of t r a n s p o s i t io n  (Kleckner, 1981). 
Thus, additional regulatory mechanisms must exist.

Of these, one rather coarse one may be tha t the accumulation of many 
mutations in a ce ll  by frequent transposition  se lec tive ly  disadvantages 
the c e l l ,  so that elements with low ra tes  of transposition  are favoured 
by se lec tive  processes.

Indeed, the  t r a n s p o s i t io n  r a t e s  o f most n a tu ra l  e lem ents a re  very 
low: between 10"^ and 10"^ per c e l l  per g en e ra t io n  (Kleckner, 1981). 
Since a r t i f i c i a l ly  increasing the level of transposase protein re su l ts  
in an increased transposition frequency (Casadaban e t  a l, 1982; Morisato 
e t  a l,  1983) i t  seems probable tha t low level transposase expression i s  
im portan t in  keeping t h i s  r a t e  down. Indeed, da ta  on the  c e l l u l a r  
leve ls  of transposases seem to bear th is  prediction out (O'Hare, 1985; 
Casadaban e t  a l ,  1980,1982). Such low lev e ls  could a r ise  by weak 
transcrip tion  and trans la tion  control s ignals (Simons e t  a l ,  1983;
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, Machida e t a l , .1984; Chou et a l ,  1979b), and other fac tors  too are 
probably important. For example, in s ta b i l i ty  of these proteins, th e i r  
sto ichiom etric  rather than c a ta ly t ic  use (both of which have been 
demonstrated fo r the Mu A protein : Pato and Reich, 1982, 1984) and the 
p re fe ren tia l  c is  action of many IS-element transposases (Machida e t  al, 
1982b; Morisato e t  a l,  1983; Isberg and Syvanen, 1981; Grindley and 
Joyce, 1981) a l l  probably contribute to the low transposition  ra te s  tha t  
are observed. I t  i s  in te res ting  to note Tn3 transposase appears to show 
no c is  preference in i t s  action (G. Russell, pers. comm.).

A d d it io n a l ly ,  th e  v a r i a t i o n  o f  t r a n s p o s i t i o n  f re q u e n c y  w i th  
tem pera tu re  seen fo r  Tn3 and Tn951 (Kretschmer and Cohen, 1979; 
Cornelius, 1980) acts  to reduce transposition  frequency a t  normal body 
temperature (37°C). These data, together with the observation th a t  the 
l e v e l  o f  Tn3 tran sp o sase  r i s e s  c.10 fo ld  in  s ta t io n a r y  phase c e l l s  
(Fennewald e t  a l ,  1981), may be in te r p r e te d  to  suggest th a t  e lem ents 
t h a t  tran sp o sase  a t  h igher f req u e n c ie s  in  a s t r e s s e d  h o s t  may be 
s e le c t iv e ly  advantaged.

During the  development of both Drosophila and maize, transposition  
seems to  occur only a t  p a r t i c u l a r  s ta g e s  -  i .e .  occurs in  b u r s t s  
(B regliano  and Kidwell, 1983; Gerasimova e t  a l ,  1984; Fedoroff, 1983). 
This may r e f l e c t  some t r a n s i e n t  change in  DNA s t r u c tu r e  t h a t  favours  
t r a n s p o s i t io n .  For IS10, a mechanism of in c reased  t r a n s p o s i t io n  
frequency (by both in c reased  tran sp o sase  gene t r a n s c r i p t i o n  and 
inc reased  a c t i v i t y  of the in s id e  end of the  element) a s so c ia te d  w ith  
hem i-m ethy la tion  of DNA has been d escribed  (Kleckner e t  a l ,  1984; N. 
Kleckner, pers . comm, to  D. S h e r r a t t ) .  DNA e x i s t s  in  such a s t a t e  
during  r e p l i c a t io n ,  so t h i s  may re p re se n t  a means whereby IS10 
t r a n s p o s i t io n  can a lso  occur in  b u rs t s  during DNA r e p l i c a t io n .  Dam 
methylation s i t e s  have been found a t  s im ila r  positions to those in  IS10 
in other IS elements (IS50 -  Sasakawa e t  a l, 1983; IS903 -  Grindley and 
Joyce, 1980) and these  elem ents too e x h ib i t  in c reased  t r a n s p o s i t io n  
ra tes  in the absence of Dam-methylation (Kleckner e t  a l,  1984; Sternberg,
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1985). IS1 and Tn3,however, have no Dam s i te s  in s im ila r  positions and 
thus i t  seems unlikely th e i r  transposition  frequencies are regulated in 
th is  way (Gamas e t  a l ,  1985; Heffron e t  a l, 1979).

An e ffec t  of transcrip tion  on the transposition frequency of some IS- 
e lem ents has a lso  been observed, and in  IS1 the  e x is te n ce  of two 
opposing transcrip tiona l un its  w ithin the element has been proposed as 
being a n a tu ra l  component of the  t r a n s p o s i t io n  frequency reg u la to ry  
process (Sasakawa e t  a l,  1982; Machida e t  a l,  1983, 1984).

Some elem ents encode t h e i r  own m olecules t h a t  he lp  to  r e g u la te  
transposition  .frequency. Tn3 encodes the resolvase protein th a t  ac ts  to  
re p re s s  t r a n s c r ip t i o n  of both th e  tnpA and tn p R genes (G il l  e t  a l ,  
1979); Tn10 t r a n s p o s i t io n  i s  re g u la te d  by an a n t i s e n s e  RNA c o n tro l  
mechanism (Simons e t  a l ,  1983; Simons and Kleckner, 1983); Mu 
t r a n s p o s i t io n  i s  reg u la te d  by a r e p re s s o r  t h a t  a c ts  to  r e p re s s  
transcrip tion  of the Mu A and B genes and also, a t higher concentration, 
binds to  the  ends of th e  elem ent (C ra ig ie  e t  a l ,  1984); and Tn5 
transposition is  regulated by a polypeptide tha t i s  a truncated form of 
the  tran sp o sase  p ro te in  (Lowe and Berg, 1983; Isb e rg  e t  a l ,  1982; 
Johnson e t  a l ,  1982). L as tly ,  a new form of re g u la to ry  m olecule has 
recently been described for Tn21 (Hyde and Tu, 1985). I t  i s  a modulator 
(M) p ro te in  th a t  a c ts  to  both in c re a se  t r a n s c r ip t i o n  of the  Tn21 
transposase gene and decrease expression of the resolvase gene (probably 
by ac t in g  on i t s  mRNA). Because Tn21 re so lv ase  a lso  seems to  re p re s s  
i t s  own t r a n s c r ip t io n ,  however, t h i s  l a t t e r  e f f e c t  i s  not as g re a t  as 
might be a t  f i r s t  expected. Thus, the  M p ro te in  se rv es  to  in c re a s e  
transposition frequency and c o in te g ra te  fo rm ation . This i s  the  f i r s t  
r e p o r t  o f  an e le m e n t-e n c o d e d  p o s i t i v e  e f f e c t o r  o f t ra n sp o sa se  
expression.

One reg u la to ry  mechanism unique to  the  Tn3 fam ily  of e lem ents  i s  
transposition immunity. This i s  a transposon-encoded mechanism t h a t  
acts  only In  c is  to l im i t  transposition  of a second transposon copy in to  
a rep l ico n  (by a f a c to r  of c.100) and i s  h igh ly  elem ent s p e c i f i c .  For
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Tn1/3 i t s e l f ,  immunity can be conferred by the presence of only a single 
copy of the inverted repeat sequence, and other parts  of element do not 
seem to  confer immunity (Lee e t  a l,  1983). I t  i s  inseparably linked to 
t r a n s p o s i t io n  p ro f ic ien cy  and s p e c i f i c i t y  and the  s t r e n g th  of i t s  
expression seems to depend on the c e l lu la r  level of transposase (Arthur 
e t  a l , 1984; H eritage  and B ennett, 1984-). However, i t  seems to  be a 
more complex phenomenon than t h i s ,  depending a lso  on which re p l ic o n  
c a r r i e s  the  transposon  sequences and th e  p re c is e  lo c a t io n  of th e se  
sequences (Heffron, 1983).

Finally, in  eukaryotic systems, i t  seems tha t external, ra ther than 
element-encoded, fac tors  mainly c o n tro l  t r a n s p o s i t io n  frequency. For 
example, both hybrid dysgenesis  in  D rosophila  and th e  movement of 
transposable elements in maize appear to  occur only a t  spec if ic  stages 
of development, and the  behaviour of some e lem ents in  maize i s  
determined by th e i r  location within the organism as a whole or w ithin a 
p a rt icu la r  t is su e  (Bregliano and Kidwell, 1983; Federoff, 1983).

The aims of t h i s  work were to  i n v e s t ig a te  f u r th e r  the  r o le s  of th e  
ends of Tn1/3 in  t r a n s p o s i t io n  and to  a t te m p t  to  develop a system fo r  
the  over-exp ress io n  of the  Tn1 tran sp o sase  p ro te in  w ith  a view to  
developing an i n  v i t r o  Tn1/3 t r a n s p o s i t io n  system. In pursu ing  t h i s  
l a t t e r  aim, evidence was ob tained  th a t  suggested a novel r e g u la to ry  
p rocess fo r  the  trip A gene of Tn1/3. One p o ss ib le  mechanism fo r  t h i s ,  
in vo lv ing  a n t i s e n s e  RNA, was explored . Hence, t h i s  in t ro d u c t io n  has 
been extended to  include  both a genera l d isc u ss io n  and a s p e c i f i c  
example of antisense RNA regulation of gene expression.
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1.8 . The g e n e r a l  f e a t u r e s o f  a n t i s e n s e  RNA r e g u l a t i o n  o f  gene 
expression.

There have re c e n t ly  been se v e ra l  r e p o r ts  o f novel reg u la to ry  
mechanisms of gene express ion  in  p ro k a ry o tic  system s, and one in  an 
eukaryo tic  system, which a c t  a t  the  p o s t - t r a n s c r ip t io n a l  l e v e l .  All 
these mechanisms are s im ila r  in tha t they involve the hybridisation of a 
complementary RNA molecule to a ta rg e t  RNA (e.g. an mRNA, RNA acting as 
primer of DNA replication) and th is  in te rac tion  impairs the function of 
the  t a r g e t  (e.g. an mRNA h y b r id ised  to  a complementary p o ly n u c leo t id e  
cannot be transla ted  in an in v i tro  system. Paterson e t  a l,  .1977). The 
complementary RNA i s  usually transcribed from the opposite strand Ao . 
tha t giving r ise  to the ta rg e t  RNA, thus ensuring th e ir  complementarity, 
and may be known as a n t is e n se  RNA. (There a re  now two examples -  
Coleman e t  a l , 1984; Mizuno e t  a l ,  1984; Spena e t  a l ,  1985 -  where the  
complementary RNA i s  actually  produced from a region fa r  removed from 
i t s  ta rge t, but these are exceptional).

Of the systems so fa r  studied, many are involved in the regulation of 
plasmid copy number. (See S c o t t ,  1984; Cesareni and Banner, 1985 fo r  
rev iew s). And, of these , some a c t  by re g u la t in g  the  exp ress ion  o f  a 
protein essen tia l for rep lica tion  (e.g. plasmid PT181 in Staphylococcus 
aureus -  Kumar and Novick, 1985; p lasm ids RI -  L ight and Molin, 1983, 
and NR-1 -  Womble e t  a l ,  1984 in  E .c o l i )T w h i l s t  ano ther  a c t s  by 
d irec tly  in terac ting  with the RNA primer of DNA synthesis (plasmid ColE1 
in  E .co li -  Tomizawa, 1984; Tamm and Po lisky , 1985). In t h i s  l a t t e r  
case, the  in te r a c t io n  of the  two RNA sp e c ie s  i s  c a ta ly ze d  by a sm all 
p ro te in  -  the  Rop or Rom p ro te in  (Lacatena e t  a l ,  1984; Tomizawa and 
Som, 1984). Other systems too a re  reg u la te d  in  t h i s  way -  e.g. 
exp ress ion  of the  ompF gene (which encodes a major o u te r  membrane 
p r o t e i n )  in  E .c o l i  (Mizuno e t  a l ,  1984) and e x p r e s s io n  o f  th e  
tran sp o sase  gene in  IS 1 0 -r ig h t  of Tn10 (Simons and k leck n er ,  1983).
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) There has also recently been the f i r s t  report of natural antisense RNA
re g u la t io n  (by a c i s  a c t in g  mechanism) in  a e u k a ry o tic  system ( the  
expression of zein genes in Zea mays -  Spena e t  a l,  1985), and such RNAs 
have also been implicated in  RNA splicing processes (Lerner e t  a l,  1980; 
Rogers and Wall, 1980).

A d d it io n a l ly ,  a r t i f i c i a l l y  c o n s tru c ted  a n t is e n se  RNA producing 
m olecules have been used to  modify th e  in  vivo exp ress io n  of a t a r g e t  
gene in  both p ro karyo tic  (Pestka e t  a l ,  1984; Coleman e t  a l ,  1984; 
Coleman e t  a l ,  1985) and eukaryotic systems (Izant and Weintraub, 1984; 
Melton, 1985; Rosenberg e t  a l, 1985; Kim and Wold, 1985). :

The p re c is e  mechanism(s) of a c t io n  of a n t i s e n s e  RNAs As- not y e t  
c le a r ,  but i t  i s  thought th a t  the  p o s tu la te d  fo rm ation  of RNA:RNA 
duplexes may cause inh ib it ion  of t r a n s c r i p t i o n  i n i t i a t i o n  (Coleman e t  
a l,  1984), pausing of transcrip tion  (Tomizawa and Itoh, 1982), premature 
t r a n s c r ip t io n  te rm in a t io n  (C arle ton  e t  a l ,  1984; Mizuno e t  a l ,  1984; 
Lactena e t  a l, 1984) and/or decreased s t a b i l i ty  of mRNA, possibly due to 
a la c k  of ribosomes t r a v e r s in g  the  m olecule (Coleman e t  a l ,  1984). 
These hypotheses would a l l  explain the observations tha t the presence of 
an a n t i s e n s e  RNA sp ec ie s  in  a c e l l  causes a red u c t io n  in  the  amount of 
i t s  t a r g e t  RNA (Mizuno e t  a l ,  1984; Coleman e t  a l ,  1984). Also, i t  i s  
proposed tha t  formation of these duplexes renders the ribosome binding 
s i t e  (Shine and Dalgarno, 1975) and t r a n s l a t i o n  i n i t i a t i o n  s i t e  
inaccessible  to the trans la tion  machinery, thus inh ib iting  tran s la tion . 
This could occur e ither  by duplex formation involving th is  region of the 
t a r g e t  (Mizuno e t  a l ,  1983; Simons and Kleckner, 1983) or inv o lv in g  
ano ther  reg ion  of the t a r g e t  such t h a t  a novel secondary s t r u c tu r e  i s  
generated in  which the ribosome binding and tran s la tio n  in i t i a t io n  s i t e s  
a re  seq ues te red  (L ight and Molin, 1983; Womble e t  a l ,  1984; Kumar and 
Novick, 1985). Such a novel secondary s truc tu re , formed upstream of the 
tran s la tio n  in i t i a t io n  s i te ,  could also simply physically obstruct the 
movement of the  t r a n s l a t i o n a l  machinery onto the  coding reg ion  o f  an 
mRNA. In a l l  natural cases so fa r  studied, the antisense RNA i s  always
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complementary to a region towards the 5’ end of the ta rge t and outwith 
any coding sequence whose exp ress ion  i s  being reg u la ted  (e.g. to  the  
ribosome binding s i t e s  and t r a n s l a t i o n  i n i t i a t i o n  s i t e s  -  Simons and 
Kleckner, 1983; Coleman e t  a l ,  1984 -  or to  a reg ion  f u r th e r  upstream 
than t h i s ,  the  a c t io n  of the  a n t is e n se  RNA then being exerted  from a 
d is ta n c e  (Kumar and Novick, 1985; Spena e t  a l ,  1985). And, i t  i s  
in te rac tions affecting  the area where ribosomes attach to an mRNA th a t  
seem to  be most e f f e c t iv e  (Coleman e t  a l ,  1984). In a r t i f i c i a l  
constructs with some genes, th i s  s i tu a tio n  i s  reproduced (e.g. I pp gene 
of E .c o l i ), but in  o th e rs  (e.g. ompA gene o f  E .c o l i ) a n t i s e n s e  RNAs 
complementary to the ribosome binding s i t e  and tran s la tion  in i t i a t io n  
s i t e ,  to  the  ribosome binding  s i t e  alone or to  s t r u c tu r a l  gene coding 
sequences were found to  be equ ally  in h ib i to r y  fo r  gene express ion . 
Also, the  le n g th  of the  a n t i s e n s e  RNA was found to  be im p o rtan t  in  
determining i t s '  effectiveness (Coleman e t  a l,  1984).

There c le a r ly  remains much to  be e lu c id a te d  about the  p re c i s e  
mechanism(s) of action and in  vivo ro les  of antisense RNAs. For reviews 
of the subject so far ,  including p o te n t i a l  experim enta l a p p l ic a t io n s ,  
see Laporte, 1984; Travers, 1984 and Weintraub e t  a l ,  1985.

1.9. A specific  example of antisense RNA regulation.
Of a l l  the  above system s, i t  was p a r t i c u l a r l y  the  re g u la t io n  of 

expression of the transposase gene of IS10-right of Tn10 tha t led to the 
suggestion  th a t  express ion  of th e  tran sp o sase  gene of Tn1/3 might be 
s im ila r ly  regulated.

The sa lien t  features of the Tn10 system are as follows:- 
Tn10 i s  a typical composite transposon encoding te tracycline  resistance. 
I t  i s  9300bp. long and c a r r i e s  in v e r te d  re p e a ts  of an i n s e r t i o n  
seq u ence-l ike  sequence a t  i t s  ends ( Kleckner e t  a l ,  1975). These two 
sequences co -o p e ra te  to  m ediate the  t r a n s p o s i t io n  of the  in te rv e n in g  
g e n e t ic  m a te r ia l  ( B o ts te in  & Kleckner, 1977), they co n ta in  a l l  th e  
s i t e s  and fu n c t io n s  req u ired  fo r  Tn10 t r a n s p o s i t io n  and have been
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designated  as IS10 sequences ( F o s te r  e t  a l ,  1981 ). The a n t i b i o t i c  
resistance determinant i s  c.2500bp. long and located asymmetrically in 
the  in te rv e n in g  6500bp. o f n o n - r e p e t i t i v e  m a te r ia l  (Jorgensen & 
Reznikoff, 1979 ). Both IS10 elements are s t ru c tu ra lly  in ta c t  (Ross e t 
a l r 1979), c.1330bp. long, but a re  not fu n c t io n a l ly  i d e n t i c a l :  IS10- 
r igh t  ( IS10-R ) specifies  a l l  the functions responsible fo r normal Tn10 
t r a n s p o s i t io n ,  whereas IS 1 0 - le f t  (IS10-L ) can only provide 1-105& of 
the  t r a n s p o s i t io n  a c t iv i t y  o f IS10-R, and i s  th e re fo re  c le a r ly  
functionally defective. ( I t  seems most probable tha t  IS10-R and IS10-L 
were o rig ina lly  iden tica l, but have since evolved divergently with only 
one of them retaining essen tia l  transposition  function(s). Foster e t  a l, 
1981 ; H ailing  e t  a l ,  1982 ). All the  s i t e s  a b so lu te ly  req u ire d  fo r  
normal Tn10 transposition are located in  the outermost 27bp. a t  each end 
of the element ( Way & Kleckner, 1984) and genetic data show th a t  IS10-R 
encodes  a t  l e a s t  one d i f f u s i b l e  f u n c t i o n  e s s e n t i a l  f o r  Tn10 
transposition  tha t acts  a t the ends of the element (Foster e t  a l,  1981). 
T ran sp o s i t io n  of Tn10 appears to  proceed p r in c ip a l ly  by a non- 
rep lica t ive  mechanism (Kleckner e t  a l ,  1984 ; Morisato & Kleckner, 1984) 
r a th e r  than v ia  a c o in te g ra te  in te rm e d ia te  ( F o s te r  e t  a l ,  1981; 
Harayama e t  a l ,  1984b ; Kleckner e t  a l ,  1984 ) as i s  the  case  fo r  some 
o th er  transposons ( e.g. c la s s  I I  transposons such as Tn3 -  A rthur & 
S h e r r a t t ,  1979 ).

The t r a n s p o s i t io n  frequency o f  Tn10 i s  low ( c .Ix lO "2* t r a n s p o s i t io n  
e v e n ts /e le m e n t/g e n e ra t io n  -  Simons e t  a l ,  1983) and a t  l e a s t  th re e  
autogenous mechanisms a c t  to  keep i t  so. All a c t  to  keep the  c e l l u l a r  
le v e l  of t ran sp osase  p ro te in  low, fo r  the  t r a n s p o s i t io n  frequency o f  
Tn10 i s  d irec tly  rela ted  to the amount of transposase protein present in 
the  c e l l  ( M orisato e t  a l ,  1983 ). F i r s t l y ,  th e  promoter fo r  th e  IS10 
tran sp o sase  gene (pIN -  see below) i s  i n t r i n s i c a l l y  weak (c.5% o f 
induced placUV5 -  Simons e t  a l,  1983 ). Secondly the transposase protein 
i t s e l f  acts p referen tia lly  in c is ,  thus ensuring th a t  any transposition  
-  defective mutants cannot be e ffec tive ly  complemented in trans and also
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t h a t  , as the  number of tran sp o sase  genes in c re a se s ,  th e  e f f e c t iv e  
c e l lu la r  concentration of transposase  does not in c re a se  ( M orisato  e t  
a l ,  1983 ). L as tly , the  a n t is e n se  RNA reg u la to ry  mechanism a lready  
alluded to plays an important role.

This mechanism was elucidated in the study of ’multi-copy in h ib i t io n ’, 
a phenomenon by which an in c re a se  in  the  number o f  IS10 e lem ents  in  a 
c e l l  leads  to  a decrease  in  the  t r a n s p o s i t io n  r a t e  of a s in g le  copy 
chromosomal Tn10 element ( Simons and Kleckner, 1983 ). I t s  workings can 
be summarised as follows:-

th e re  are , near the  te rm in i  of IS10, th re e  prom oters :: pIN, pOUT and 
p i l l .  See Fig.1.5. pIN i s  the  promoter fo r  the  t ran sp o sase  gene o f  IS10 
lo c a te d  near the  ’o u ts id e ’ end of IS10 and d i r e c t s  t r a n s c r i p t i o n  
’inw ards’ towards the  c e n tre  o f  Tn10. As a lready  mentioned, t h i s  
promoter i s  i n t r i n s i c a l l y  weak, p i l l  i s  even weaker than pIN and a lso  
d i r e c t s  t r a n s c r ip t i o n  ’inw ards’ towards the  c e n tre  o f  Tn10, but i t  i s  
s itua ted  near the ’inside’ end of IS10 and i t s  biological significance 
i s  unknown. pOUT i s  a much stronger promoter (c.33% of induced placUV5 ) 
and d irec ts  transcrip tion  ’outwards’ from a point near the ’outside* end 
of IS10, very c lo se , but i n t e r n a l ,  to  pIN. Although a l a r g e  p ro p o r t io n  
of the t ran sc r ip ts  from pOUT terminate within IS10, a s ig n if ican t  number 
pass on in to  adjacent host DNA sequences. The level of th is  readthrough 
t r a n s c r ip t io n  i s  c.10% of an induced placUV5 promoter and t h i s  i s  
thought to  be the  mechanism of a d ja ce n t  host gene ’tu rn -o n ’ seen 
following some Tn10 insertions (Ciampi e t  a l, 1982; Simons e t  a l ,  1983). 
pOUT does not appear to in te r fe re  with transcrip tion  in i t i a t io n  a t  pIN, 
but may in te rfe re  with elongation of the pIN t ran sc r ip t  ( Simons e t  a l, 
1983 ).

However, the  most s i g n i f i c a n t  f e a tu re  of t h i s  t r a n s c r i p t i o n a l  
arrangement i s  tha t the tran sc r ip ts  from pIN and pOUT overlap, and are 
therefore complementary, over a region of 36bp. th a t  includes both the 
ribosome binding s i t e  and the  t r a n s l a t i o n  i n i t i a t i o n  codon o f  th e  
transposase mRNA. Thus i t  i s  proposed tha t  the formation of an RNA:RNA
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Fig.1.5.

81
pIN

100 200
I I —I I 1-----------1---------- 1---------- 1---------- 1_______ I_______I_______i ------------------------------------------------------

pOUT

-  nearly p erfec t 23bp. terminal inverted repeat 

a t g - tran sp o sase  coding region

Fig.1.5. The outermost 200bp. of IS 10-right of Tn10.

After Simons e t  a l, 1983.

The diagram shows the exact s t a r t  points for the t ra n sc r ip ts  generated 
from pIN and pOUT. I t  can thus be seen that these t ra n sc r ip ts  overlap by 
36bp. over a region that includes both the ribosome binding s i t e  and the 
t rans la tion  in i t i a t io n  codon of the transposase mRNA.



duplex between the pIN and pOUT tra n sc r ip ts  w il l  prevent trans la tion  of 
the transposase mRNA, thereby reducing the amount of transposase protein 
produced (Simons e t  a l ,  1983; Simons and Kleckner, 1983 ). P a ir in g  
between these t ran sc r ip ts  has not yet been demonstrated in vivo , though 
t h i s  has been done in  v i t r o  ( N.Kleckner, pers . comm, to  D. S h e r r a t t  ), 
and th a t  t r a n s l a t i o n  can be in h ib i t e d  by se q u es te r in g  of a ribosome 
binding s i t e  and/or trans la tion  in i t i a t io n  codon in a region of RNA:RNA 
duplex has a lso  been dem onstrated  in  many systems ( Gold e t  a l T1Q8l; 
Hall e t  a l, 1982; Bruckner & Matzura,1985 ). This therefore seems to be 
a highly plausible hypothesis.

Note th a t  a consequence of t h i s  system i s  t h a t  the  le v e l  of IS10 
t r a n s p o s i t io n  i s  determ ined by th e  r e l a t i v e  s t r e n g th s  of pIN and pOUT 
and the re la t iv e  s t a b i l i t i e s  of th e i r  tran scr ip ts .  Any change in e i th e r  
of these ra t io s  w il l  a l t e r  the amount of transposase protein synthesised 
and therefore the level of IS10 transposition.



Chapter 2. 

Materials and methods.
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Chemicals.

Chemical.

G e n e r a l  c h e m i c a l s  and 
organic  compounds.

Antibiotics.

Biochemicals.

Media.

Agar.

Agarose and low melting 
po in t agarose.

S.D.S.

Radiochemicals.

Lambda DNA.

pKK223-3 plasmid DNA.

pK0500, pKL500 and 
pKM1 plasmid DNAs.

Source.

B.D.H., K o c h - l ig h t ,  
Hopkins & W illiam s, 
B.C.L., May & Baker, 
Formachem Research Int., 
B.R.L.

Sigma.

Sigma, Koch-light. 

Oxoid, Difco.

Oxoid, Davis.

B.R.L.

Serva.

Amersham Int.,
New England Nuclear.

G ift from M.Burke.

G ift from I.Anton.

G ifts  from A.Lamond.
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2.2. Enzymes.

All enzymes were obtained  from B.R.L., w ith  the  excep tions of the  
following:- Aha I I I  -  P&S Biochemicals Ltd.

c a l f - i n t e s t i n a l  a lka line  phosphatase -  B.C.L. 
lysozyme -  Sigma.

M13 universal primer and yeast t-RNA were also obtained from B.R.L.

2 .3 . Bacterial s t r a in s . :

The bacteria l s t ra in s  used were a l l  derivatives of Escherichia co li  
K-12 and are  l i s t e d  in  Table 2.1. Nomenclature i s  a f t e r  Demerec e t  .al, 
1966.

2.4. Plasmids, bacteriophages and transoosons.

Plasmids and b a c te r io p h a g e s ‘are  l i s t e d  in  Table 2.2. Symbols f o r  
genotype and phenotype are those recommended by Bachman e t  a l, 1976 and 
Campbell e t  a l , 1976. Transposons a r e - l i s t e d  in  Table 2.3, w ith  the  
genotype of Tn1/3 derivatives being based on the nomenclature of Heffron 
e t  a l ,  1979.

2 .5 . Culture media.

L b ro th : 10g.tryptone, 5g .yeast e x t r a c t ,  5g. NaCl, 1g.glucose,
20mg.thiamine made up to 1 l i t r e  with d i s t i l l e d  water and 
adjusted to pH7.0 with NaOH.

L agar: above broth containing 1.5% agar.
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Table 2.1: Bacterial strains.

Strain. 

A  M15. 

JM101.

DS902.

DS903.

DS910.

DS916.

CJ100.

Relevant markers.

[lac  p roU  th i  ^d80lacZ“^M15.

A  lac  pro su p E th i  FTt r a D36 
proAB lac l^  ZaM15.

th r  leu h is  pro are recA13 
rp sL (= S tr r ).

th r  leu th i  lacY1 galK2 ara14 
xvl5 proA2 h is4 argC3 tsx33 
s u p E44 5 t r r  recF.

minA minB rpsL (=Strr ).

t ro  his recA56 rooB (=Rifr ).

Spcr  S tr s P1 transductant 
derivative of DS903.

Source or reference.

Ruther e t  a l, 1981. 

Messing, 1983.

D.J. Sherratt.

D.J. Sherratt.

D.J. Sherratt.

D.J. Sherratt.

C.T. Jones, 1985.



Table 2.2: Plasmids and bacteriophages.

Plasmid/ 
* phage.

PACYC184

pUC8

pUC9

PUC18

PKK223-3

pKL500

pKO-1

pK0500

Description. Phenotype. SizeCkb.). Source/reference.

Vector derived 
from P15A

Vector derived 
from pBR322

Vector derived 
from pBR322

Vector derived 
from pBR322

tac promoter 
expression vector

Terminator probe 
vector

Cmr Tcr  4.0

Apr  2.67

Apr 2.67

Apr 

Apr 

Apr

Chang & Cohen, 
1978.

Vieira & Messing, 
• 1982.

Vieira & Messing, 
1982.

Mc.Kenney
e t  a l ,  1981.

Promoter probe Apr
vector

Promoter probe Apr .
vector

2.67 Yanisch-Perron
e t  a l, 1985.

4.6. I. Anton.

4.3 A. Lamond.

4.1. A. Lamond.

pKM-1 Promoter probe Apr  
vector

4.4 A. Lamond.



Table 2 .2  (c o n t.) .

RSF1050

R388

pMB9::
Tn103

ColE1

pDS4153

pCB101*

pKS400

pKS401

pPAK100

pMB8::Tn3 Apr 7.7

Naturally Tpr  33.0
occurring

Insertion of Tcr  9.5
Tn103 into pMB9

Naturally cea+ iea+. 6.646.
occurring

ColK: :Tn1, A Hael l  Apr
53,HaeII tnpR+
scramble of 
pDS4101

Lambda dv vector Cmr

pUC8 + 2.7kb. PstI Apr
fragment from 
pDS1118

pUC9+ 2.7kb. P s t I  Apr 
fragment from 
pDS1118

pAA231 BamHI Cmr 7.2
deletion

8.1

5.0

5.4

5.4

d e v o id  o f  Tn1 /3  s e q u e n c e s .

Heffron e t  a l, 
1977.

Datta & Hedges, 
1972.

A. Arthur.

Chan e t  a l .
1985.

Tacon e t a l .
1981.

A.C. Boyd.

D.K.Summers; 
Arthur e t al, 

1984.

D.K. Summers; 
Arthur e t  al, 

1984.

K itts , 1982.



Table 2.2 (c o n t.) .

PPAK200

pAA15

pAA32

PAA35

pAA36

PAA361

pACYCl84::Tn3651 Cmr , Apr  7.9

Resolvase-mediated Tcr  8.2
resolution product 
of a pMB9::Tn103 
derivative  containing 
the Tn1000 res s i t e

pACYCl84::Tn103 Cmr , Tcr  8.1

4.7kb.BamHI Cmr , Tcr  9.2
fragment of pAA30 
+ 4.5kb.BamHI 
fragment of pAA32

3.6kb.BamHI Cmr . 6.4.
fragment of pAA32 +’ '
2.8kb.BamHI fragment 
of pAA30

As for pAA36, but Cmr 6.4
with pAA30 fragment 
in opposite orien tation

K itts , 1982.

Arthur .et a l . 
1984.

Arthur e t  a l, 
•1984. 

Arthur e t  a l, 
1984.

Arthur e t  a l . 
1984.

Arthur et a l . 
1984.

pJKA 282bp.EcoRI* Apr  4.26. K elly , 1983.
fragment from Tn3 
inserted in to  pKO-1



Table 2.2 (c o n t.) .

pJKR

pGR06

pSN015

pSN016

pSM021

pSN070

pSN033

As for pJKA, but Apr 4.26 Kelly, 1983. 
fragment inserted in 
opposite orien tation

837bP.Sau3A fragment Apr 3.51 G. Russell,
from Tn3 inserted 
into  pUC8

4.0kb.HincI I  
fragment from pPAK100 
inserted  in to  pUC8

Ap1 6.7. Chapter 4.

As for pSN0l6, but 
fragment inserted  in 
opposite orien tation

Ap1 6.7 Chapter 4.

4.0kb.EcoRI-HindIII 
fragment from pSN015 
inserted  in to  pKK223-3

Apr 8.6 Chapter 4.

4.0kb.BamHI-HindI I I  Apr  
fragment from pSN015 
inserted  in to  pUCl8

6.7. Chapter 4,

192bp.TaaI fragment 
from Tn3 + 3.66kb. 
Ahal l l  fragment of 
pACYCI84

Tcr 3.85 Chapter 5.



Table 2 .2  (c o n t.) .

pSN034

pSN043

pSN047

pSN048

PSM052

PSN053

As for pSN033, but Tcr  3.85
fragment inserted  in 
opposite orien ta tion

285bp.HaeIII-PvuII Apr 4.3
fragment from Tn3 
inserted in to  pK0500

As for pSN043, but Apr  4.3
fragment inserted  in 
opposite orien tation

340bp.HindIII-EcoRI Apr 4.42
fragment from pSN047 
inserted in to  pKM-1

859bp.EcoRI-HindIli ' Apr 4.9
fragment from pGR06 
inserted into  pK0500

880bp.EcoRI-HindIII Apr  4.97
fragment from 
M13rnpGR041 inserted 
in to  pKM-1

Chapter 5.

Chapter 5.

Chapter 5.

Chapter 5.

Chapter 5.

Chapter 5.

M13mpl8 ’Phage sequencing 
vector

7.23 Yanisch-Perron
e t  a l ,  1985.



Table 2.2 (c o n t.) .

M13mpGR041

M13mpSM07

T n 1 / 3

T n  1 0 3

T n  3 6 5

T n  3 6 5 1

. 1 k b .

837bp.Sau3A fragment 
from Tn3 inserted 
intoM13mpl8

8.07 G. Russell.

4.0kb.HindIII-EcoRI 
fragment from pSN0l6 
inserted in to  M13mp18

11.3 Chapter 4.

t n p A . . .  b l a - +  ^ t e r m i n a l  
r e s  i n v e r t e d
—  r e p e a t

d e l e t i o n *

d e l e t i o n

d e l e t i o n 4

I 1 _ ------1— 1----------------- L *

i n s e r t i o n



Table 2.3: Transposons.

Common name S y stem atic

o r lo c a tio n . name. D eriv a tio n . Phenotype. R eference.

Tn1. Tn1. Naturally occurring tnpA* tnpRt Hedges &
on RP4. res* Apr . Jacob, 1974.

Tn3. Tn3. Naturally occurring tnpA* tnpR* Kopecko &
on R1. res+ Apr . Cohen, 1975.

Gamma-delta. Tn1000. Naturally occurring tnpA* tnpR+ Guyer, 1978.
on F. res*.

Tn103. TnlAAp. Spontaneous tnpA* tnpR” Heffron e t
deletion of Tn1. res* Aps. a l,  1977.

Tn3651. Tn3A3651. Insertion in to  tnoA~ tnpR" K itts , 1982.
BamHI s i t e  of Tn365. res* Apr .

(See opposite), j



L broth without glucose: above broth with glucose omitted.

2-YT: 16g.tryptone, 10g.yeast e x t r a c t ,  5g.NaCl made up to  1 l i t r e  
with d i s t i l l e d  water and adjusted to pH7.0 with NaOH.

Isosens ites t  broth: 23.4g.Isosensitest base made up to  1 l i t r e  with
d i s t i l l e d  water.

Iso sens ite s t  agar: above broth containing 1.25% agar. -

Minimal b ro th :  Tg.^HPOjj, 2g.KH2P04, ^g.CNH^SO^, 0 .25g .tr i-sod ium  
c i t r a t e ,  0.1g.MgS0ij.7H20 made up to  1 l i t r e  in  
d i s t i l l e d  water.

Minimal agar: above broth containing 1.5% agar.

VJhen requ ired , supplements were added to  minimal medium a t  the  
following concentrations:- glucose -  2mg./ml.

thiamine (vitamin B-j) -  20ug./ml.

Soft agar: 6g.agar in 1 l i t r e  of d i s t i l l e d  water.

Mac.Conkey medium w ith  g a la c to se :  20g.peptone, 3 g .b i le  s a l t s ,  
(Oxoid,1982). 5g.NaCl, 0 .03g .neu tra l red , 0 .0 01g .c rys ta l

v i o le t ,  10g .ga lac tose , 13.5g.agar made up 
to  1 l i t r e - w i t h  d i s t i l l e d  w a te r  and 
adjusted to pH7.T with NaOH.

M in ice ll  medium: 3 .2m l.g lycero l,  6g.Na2HP0ij, 3g.KH2P02|, 0.5g.NaCl, 
Ig.NH^Cl made up to 1 l i t r e  with d i s t i l l e d  water.
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All growth media were s te r i l i s e d  by autoclaving a t  121°C for 15mins.

2.6. Buffer and other so lu tions.

Buffer E: 40mM Tris HC1, 20mM NaAc, 1mM Na2EDTA.2H20, pH adjusted to 
8.2 with g lac ia l ace tic  acid.

1xTE (general use): 10mM Tris HC1, 1mM Na2EDTA.2H20, pH7.6.

1xTE ( f o r  use  in  s e q u e n c i n g  r e a c t i o n s ) :  10m M Tris HC1,
1 mM Na2EDTA.2H20, pH8.0.

1xTBE: 10.8g.Tris HC1, 5.5g.boric acid, 4ml.0.5M Na2EDTA.2H20 made up 
to 1 l i t r e  with d i s t i l l e d  water. pH8.3.

Gelatin in TE: 100ug. gela tin /m l. of TE.

T r is /g ly c in e  running buffer” fo r  p ro te in  g e ls :  14.41g .g lyc ine ,
3.03g.Tris HC1, 1g.SDS made up to 1 l i t r e  with d i s t i l l e d  water.

DMA f i n a l  sam ple  b u f f e r  (FSB): 10% F i c o l l ,  0.5% SDS, 0.05% 
bromophenol blue, 0.06% orange G in buffer E.

Single colony ly s is /g e l  buffer: 2% Fico ll, 1% SDS, 0.01% bromophenol 
b lue, 0.01% orange G in b u f fe r  E.

P r o t e in  f i n a l  sam ple  b u f f e r :  10% g l y c e r o l ,  3% SDS, 5% B-
mercaptoethanol, 0.01% bromophenol blue in 0.0625M Tris HC1, 
pH8.0.
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Formamide dye (for sequencing gels): 100ml.formamide s t i r re d  with 5g.
Amberlite MB1 resin  fo r 30 mins. and then f i l t e r e d  to  
remove r e s i n .  0.03g. x y len e  cy ano l FF, 0.03g. 
bromophenol b lue and 0.75g.Na2EDTA.2H20 added and 
dissolved.

PEG/NaCl solution: 2.5M NaCl/20% polyethylene glycol 6000.

L y tic  mix: 1% T rito n  X-100, 50mM T r is  HC1, 60mM Na2EDTA.2H20, pH 
adjusted to 8.0 with HC1. :

’Phage b u ffe r :  7g.Na2HP04, 3g.KH2P04, 5g.NaCl, 0.25g.MgS04.7H20, 
i 5mg.CaCl2.2H2O, 1ml.1% ge la tin  solution made up to  
1 l i t r e  with d i s t i l l e d  water.

Calcium chloride solution: 50mM CaCl2.2H20 in d i s t i l l e d  water.

Magnesium sulphate solution: 100mM MgS04.7H20 in d i s t i l l e d  water.

Buffered s a l in e  g e la t in :  8 .5g.MaCl, 0.3g.KH2P04, 0.6g.Na2HP04, 0.1g 
(B.S.G.). g e la t i n  made up to  1 l i t r e  w ith  d i s t i l l e d

water.
sucrose added to 5$ or 20% i f  appropriate. 

Upper b u f fe r  fo r  SDS-PAGE gel (4x): 0.5M T r is  HC1, pH6.8, 0.4% SDS. 

Lower b u ffe r  fo r  SDS-PAGE gel (4x): 1.5M T r is  HC1, pH8.8, 0.4% SDS.
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Galactokinase assay solutions:

1. 5mM DTT, 16mM NaF.
2. 8mM MgCl2, 200mM Tris HC1, pH 7.9, 3.2mM ATP.
3. 100mM Ma2EDTA.2H20, 100mM DTT, 50mM Tris HC1, pH 8.0.
4. 240ul.4mM ga lac to se  + 10ul.D(1-^C)galactose.

10x l ig a tio n  buffer: 660mM Tris HC1, pH 7.5, 100mM MgCl2, 10mM DTT,
10mM Na2EDTA.2H20.

10x nick trans la tion  buffer: 500mM Tris HC1, pH 7.8, 50mM MgCl2,
10mM DTT.

10x Klenow buffer: 100mM Tris HC1, pH 8.0, 100mM MgCl2.

Restriction buffers:

10x low s a l t :  100mM Tris HC1, pH 7.4, 100mM MgS04.7H20, 10mM DTT.

10x medium s a l t :  500mM NaCl, 100mM T r is  HC1, pH 7.4, 10mM DTT,
100mM MgS04.7.H2o:

10x high s a l t :  1M NaCl, 500mM Tris HC1, pH 7.4, 100mM MgS0ij.7H20,
10mM DTT.

10x A ha lll  b u f fe r :  250mM NaCl, 60mM T r is  HC1, pH 7.6, 60mM MgCl2 ,
60mM B-mercaptoethanol, 100ug./ml.BSA.

10x Smal  buffer: 200mM KC1, 100mM Tris HC1, pH 8.0, 10mM DTT,
100mM MgS0ij.7H20.
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10x BamHI buffer: 1M NaCl, 200mM Tris HC1, pH 8.0, 70mM MgCl2,
20mM B-mercaptoethanol.

All the  above s o lu t io n s  were s t e r i l i s e d  by f i l t r a t i o n  or by 
autoclaving a t  108°C for 10 mins., except the CaCl2 and MgSO/j solutions 
which were autoclaved a t  114°C for 10 mins.

2.7. Growth c o n d i t io n s .

Liquid cultures for transformations, matings, m inicell experiments or 
plasmid DNA preparations were grown up from a single colony inoculum, 
taken from a f re s h  s e le c t iv e  p la te ,  w ith  shaking a t  30°C or 37°C 
according to  the s tra in  in use and the experiment being performed. The 
medium used was L b ro th , un less  tr im ethoprim  s e le c t io n  was being 
applied, in  which case Isosens ite s t  broth was used, or unless JM101 was 
the  s t r a i n  in  use, in  which case minimal b ro th  + g lucose  and th iam in e  
was used.

S ta tio n a ry  phase overn igh t c u l tu r e s  were grown up a t  30°C or 37°C 
from a single colony inoculum without shaking.

Growth of c e l ls  on plates was on L,■ Iso sens ites t  or minimal agar or 
Mac.Conkey’s agar with galactose according to the s t ra in  and a n t ib io t ic s  
in use. Plates contained c.25ml. agar solution and appropriate additives 
and were incubated for 24-36 hours a t  30°C or 12-18 hours a t  37°C unless 
o therw ise  s ta te d .  D ilu tio n  and washing of c e l l s  were c a r r ie d  out in  
’phage b u ffe r .

Bacterial s t ra in s  were stored on L agar slopes a t  room temperature or 
frozen  in  the  fo llo w in g  way a t  -20°C:- 0.75ml. of a s ta t io n a ry  phase 
overnight culture  was mixed with 0.75ml. of a 40£ glycerol, 2% peptone 
solution and the mixture stored a t  -20°C.
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2.8. Antibiotic selections.

The standard concentrations l i s te d  in Table 2 A  were used throughout 
for both liqu id  and p la te  se lections, except for chloramphenicol which 
was used a t  25ug./ml. in p la tes and 50ug./ml. in liqu id . Agar solutions 
were cooled to  50°C before  adding th e  a n t i b i o t i c  s o lu t io n (s ) .  All 
an tib io tic  stock solutions were s te r i l i s e d  by f i l t r a t io n .

I f  tr im ethoprim  was being used in  s e le c t io n ,  I s o s e n s i t e s t  agar or 
broth was used as the growth medium. This was because trimethoprim acts  
by inh ib iting  thymine synthesis and i s  not e ffec tive  in media containing 
exogenous thymine (Stacey and Simpson, 1965). All other an tib io tic s  were 
used in  L broth or agar or minimal broth or agar or Mac.Conkey’s medium 
with galactose except when used in conjunction with trimethoprim.

2.Q. Use of X-gal and IPTG.

X-gal (5-bromo, 4-chloro, 3-indolyl B-D galactoside) i s  a gratu itous 
s u b s t r a te  fo r  the  enzyme B -g a la c to s id a se .  I t  i s  hydrolysed by t h i s  
enzyme, g iv ing  co lon ies  of c e l l s  possess ing  the  a c t iv e  enzyme a blue 
colour when grown on a medium containing X-gal. Cells lacking the active  
enzyme produce white colonies. In the ’phage and plasmid vectors M13mp8 
& 9, PUC18 & 19, e tc . ,  t h i s  co lour d i f f e r e n c e  i s  the  b a s is  o f a sc reen  
for detecting plaques or colonies containing recombinant molecules.

IPTG (isopropyl B-D thiogalactopyranoside) i s  a gratu itous inducer of 
the  la c  promoter (and the  r e l a te d ,  hybrid  ta c  promoter: de Boer .et a l ,  
1983) and i t s  inclusion in a growth medium ensures tha t  these promoters 
are fu lly  induced. In the cases of these promoters, the absence of IPTG 
in  the growth medium ensures  th a t  the  prom oters a re  not a c t iv e  in  a 
la c lQ or lac I suPer“Q stra in . Thus, in such a s tra in , IPTG can be used as 
a ’switch1 to regulate the expression of a gene cloned under the control 
of e ither  of these promoters.

X-gal and IPTG were freshly made up a t  concentrations of 20mg./ml.
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Table 2.4: Antibiotic selections.

A n tib io tic . Source o f  S e le c t iv e  S tock

re s is ta n c e .  co n ce n tra tio n . s o lu tio n .

Ampicillin.

Rifampicin.

Transposon.

Chloramphenicol. Plasmid.

Chromosome.

50ug./ml.

25ug./ml.

50ug./ml.

5mg./ml. in water.

5mg./ml. in EtOH.

5mg./ml. in
methanol. 

(Made f re sh ) .

Spectinomycin.

Streptomycin.

Tetracycline.

Chromosome.

Chromosome.

Plasmid. ‘

50ug./ml.

50ug./ml.

10ug./ml.

5mg./ml. in water.

5mg./ml. in water.

1mg./ml. in
1OOmM.NaOH. 

(Made f re s h ) .

Trimethoprim. Plasmid. 50ug./ml. 5mg./ml. in
50% EtOH.



in dimethylformamide and d i s t i l l e d  water respectively. In L agar p lates, 
both were used a t  a co n ce n tra t io n  o f  25ug./ml., and in  s o f t  agar 
ov e rlays  on minimal agar p la t e s  both were used a t  a c o n ce n tra t io n  of 
200ug./ml.

2.10. Plasmid and M13 RF DNA iso la t io n .

Plasmid and M13 r e p l i c a t iv e  form (RF) DMAs fo r  a l l  in  v i t r o  
m an ipu la tions  were prepared by th e  c le a re d  ly sa te /C sC l method. Small 
amounts of such DMAs su itab le  for r e s t r ic t io n  analysis were prepared by 
th e  a lk a l in e /S D S  method. DNAs f o r  use as g e l  m a rk e rs  o r in  
transformations were prepared by e i th e r  method, as convenient.

(i) . cleared lysate/CsCl method,
a), plasmid DNAs: 100ml. of L b ro th  p lus a p p ro p r ia te  a n t i b i o t i c ( s )  was 
in o cu la te d  from a s in g le  colony of the  p la sm id -co n ta in in g  s t r a i n  and 
grown up overnight (c.16 hours) with shaking. The c e l ls  were harvested 
by centrifugation (12000g, 2 mins., 4°C) and resuspended in 2.5ml. of an 
ic e -c o ld  25$ sucrose  in 50mM T r is  HC1, pH 8.0 s o lu t io n .  0.5ml. o f  a 
20mg./ml solution of lysozyme in 250mM,Tris HC1, pH8.0, was thoroughly 
mixed in  and the  suspension allowed to  stand on ic e  fo r  30-60 mins., 
being shaken every 10 mins. 1ml. o f  250mM Na2EDTA.2H20, pH 8.0, was 
added, mixed in  and the  suspension l e f t  on ic e  fo r  a f u r th e r  5 mins. 
4ml. of l y t i c  mix was gen tly  added, mixed in  and the  m ix ture  l e f t  a t  
room tem pera tu re  fo r  15-30 mins. to  form a ’crude l y s a t e ’. The c e l l  
d e b r is  was p e l le te d  (48000g, 30mins., 4°C) and the  su p e rn a ta n t  ( th e  
'c le a re d  l y s a t e ’) c a re fu l ly  decanted. 50ul. of a 1 mg./ml. s o lu t io n  o f  
r ib o n u c lea se  in  TE (p rev iously  b o i le d . fo r  two m inutes to  des troy  any 
deoxyribonuclease  a c t iv i ty )  was mixed in  and the  so lu t io n  a llow ed to  
stand  a t  room tem pera tu re  fo r  15 mins. 4.83ml. of t h i s  s o lu t io n  was 
added to  5.00g. of caesium c h lo r id e  and the  CsCl allow ed to  d is so lv e .



0.33ml. of a 3mg./ml. solution of ethidium bromide in TE was added, the 
d e n s i ty  o f the  r e s u l t a n t  s o lu t io n  checked and ad ju s ted  to  1.58- 
1.60g./ml. i f  necessary . The s o lu t io n  was poured in to  a ’Q u ick -S ea l’ 
u l t r a c e n t r i f u g e  tube, the  tube f i l l e d  w ith  p a ra f f in  o i l  and sea led . 
After u ltracen trifuga tion  (200000g, 16 hours, 15°C in an angled rotor; 
or 270000g, 4 hours, 15°C in  a v e r t i c a l  ro to r ) ,  the  DNA bands were 
v isualised  under long wavelength u l t r a -v io le t  l ig h t  (300-360nm.) and the 
low er band (con ta in ing  the  c o v a len t ly  c losed , c i r c u l a r  plasm id DNA) 
removed through the s id e  of the  tube. Three volumes of TE b u f fe r  were 
added to  t h i s  m a te r ia l  and the  EtBr removed by repeated  butanol 
e x t r a c t io n  u n t i l  the  butanol la y e r  was c o lo u r le s s .  The DNA was then 
p r e c ip i t a te d  w ith  two volumes of e thano l and resuspended in  250ul. o f  
2xTE buffer. I t s  concentration was estimated by running an aliquot on an 
agarose gel.

b). M13 RF DNAs: the treatment of the overnight culture was as described 
above fo r  plasmid DNAs. However, th e  p rep a ra t io n  of the  o ve rn ig h t 
c u l tu r e  d i f f e r e d  as fo l lo w s : -  a s in g le  plaque con ta in in g  the  d e s ire d  
’phage was picked and placed in  tml. o f  ’phage b u f fe r  fo r  3-4 hours a t  
4°C to  form a ’phage suspension. A 5ml. l iq u id  c u l tu re  of JM101 c e l l s  
was grown up to a den s ity  of c.1x10^ c e l l s /m l . ,  0.5ml. of the  above 
’phage suspension added to t h i s  and growth continued fo r  a f u r t h e r  2 
hours. This whole c u l tu re  was then added to  a 100ml. c u l tu re  o f JM101 
c e l l s  (of dens ity  c.1x10^ c e l l s /m l . )  and t h i s  was grown o vern igh t a t  
37°C with vigorous shaking.

( i i ) .  alkaline/SDS method.
This i s  a modification of the method of Birnboim and Doly, 1979.

a), plasmid DNAs: single colonies were used to inoculate 2.5ml. a liquo ts  
of L broth and these were grown to sta tionary  phase overnight. The c e l ls  
were harvested  by c e n t r i fu g a t io n  (12000g, 2 mins., 4°C) in a l a r g e  
(1.5ml.) microfuge tube, the  su p e rn a ta n t  removed by a s p i r a t io n ,  th e
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c e l l s  resuspended in  100ul. of l y s i s  b u ffe r  (50mM glucose, 25mM T r is  
HC1, pH 8.0, 10mM Ma2EDTA.2H20, 4mg./ml. lysozyme) and l e f t  a t  room 
tem pera tu re  fo r  5 mins. 200ul. of a f r e s h ly  made 200mM NaOH, 155 SDS 
so lu t io n  was added and the  m ix ture  l e f t  on ic e  fo r  a f u r t h e r  5 mins. 
150ul. of pre-cooled 3M potassium acetate/2M acetic  acid solution, pH
4.8, was added and l e f t  on ic e  fo r  ano th e r  5 mins. Cell d e b r is  and 
chromosomal DNA were removed by centrifugation  (12000g, 1 min., 4°C) and 
th e  s u p e r n a t a n t  c a r e f u l l y  d e c a n te d .  An eq u a l volum e o f  a 
phenol/ch loroform  (1:1 -  v/v) s o lu t io n  was mixed in  and the  phases 
sep a ra ted  by c e n t r i f u g a t io n  (12000g, 5 mins., 4°C). The aqueous phase 
was removed and the n uc le ic  ac id s  p r e c ip i t a te d  from i t  by adding two 
volumes of e thanol and leav in g  a t  room tem p era tu re  fo r  2 mins. The 
prec ip ita ted  m aterial was spun down (12000g, 1 min., room temperature) 
and the  su p e rn a tan t  d iscarded . The p e l l e t  was washed in  1ml. o f  8555 
ethanol in TE, re-centrifuged (12000g, 5 mins., room temperature), dried 
and resuspended in  45ul. o f 2xTE p lus  5ul. of a 1mg./ml. s o lu t io n  o f  
RNase in  1xTE. 10ul. a l iq u o ts  were used fo r  r e s t r i c t i o n  a n a ly s i s  or 
transformation.

b). M13 RF DNAs: again, the iso la t io n  of DNA was ju s t  as described above 
but the  growth of the  c e l l  c u l tu re  w a s -d i f f e re n t  as fo l lo w s :  a s in g le  
plaque containing ’phage was placed in 1ml. of ’phage buffer and l e f t  a t 
4°C for 2-3 hours to form a ’phage suspension. A 2.5ml. culture  of JM101 
c e l l s  was grown to  a d en s ity  o f  c.1x10^ c e l l s /m l . ,  200ul of the  above 
’phage suspension added to  i t  and growth continued fo r  a f u r t h e r  5 
hours.

2.11. Phenol extraction: p rec ip ita tion  of nucleic acids.

( i ) .  phenol e x t r a c t io n :  an. e q u a l  volume o f  d i s t i l l e d  pheno l 
( s a tu ra te d  w ith  1M T ris  HC-1, pH;8.0) was added to  the  s o lu t io n  to  be 
e x tra c te d ,  thoroughly mixed -in and the  two phases re so lv ed  by
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c e n t r i f u g a t io n  (12000g, 5mins., 4°C). The aqueous phase was c a re fu l ly  
removed and e x t r a c t io n  repeated  once or tw ice  more. The f i n a l  aqueous 
phase was e x tra c te d  two or th re e  t im es  w ith  an equal volume of 
chloroform or diethyl ether to  remove a l l  traces of phenol.

( i i ) .  p rec ip ita tion  of nucleic acids: th i s  was performed with e ithe r  
isopropanol or e thano l.  Unless th e re  was a volume c o n s t r a in t ,  e thano l 
was used as there i s  le s s  co-precip ita tion  of non-nucleic acid m ateria ls  
( e g .s a l t ,  sugars) w ith  e thanol and i t  i s  a lso  more v o l a t i l e  and 
therefore more easily  removed (Maniatis e t  a l,  1982).
a), with ethanol: 0.1 volumes of 5M NaCl and two volumes of ethanol were 
added to the solution to be precip ita ted , mixed in and the.mixture l e f t  
a t  -20°C for 20-120 mins.
b). w ith  isop ropano l:  0.1 volumes of 5M NaCl and 0.54 volumes of 
isopropanol were added, mixed in  and the  m ix ture  l e f t  a t  room 
temperature for 20-120 mins.

In e ither  case, i f  only a small amount of DNA was being prec ip ita ted , 
0.01 volumes of a 1mg./ml. s o lu t io n  o f  y e a s t  tRNA in  TE was a lso  added 
to aid in the formation of a p rec ip ita te .

The p r e c ip i t a te d  m a te r ia l  was spun down (27000g, 20 mins., 4°C), 
washed in  1ml. of 85% ethanol in  TE, re-spun (27000g, 10mins., 4°C) and 
the  washing and re -sp in n in g  repea ted . The p e l l e t  was d r ie d  and 
resuspended in an appropriate volume of 1x or 2x TE.

2.12. Gel e le c t ro p h o re s is .

( i) . standard agarose gels.

V e r t ic a l  gel k i t s  were used which held  two 16.5 x 15.5cm. g la s s  
p la t e s  0.3cm. a p a r t .  Agarose was d isso lv ed  in  b u f fe r  E a t  100°C and 
cooled to  55°C befo re  being poured between the  g la s s  p la t e s  to  f i l l
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them. ( I f  the gel was to  be used fo r  the  a n a ly s is  of s in g le  colony gel 
samples, RNase a t  a c o n ce n tra t io n  of 1ug./ml. of agarose  was mixed in  
with the agarose a f te r  cooling and before pouring). A 10 or 15-toothed 
’Teflon’ comb was quickly inserted in to  the top of the gel and, once the 
gel had set, th is  was removed and the top and bottom reservoirs of the 
gel apparatus f i l l e d  with su f f ic ie n t  buffer E to cover the gel. Single 
colony gel supernatants were loaded d irec tly  onto the gel, w hils t marker 
plasm id DNAs and r e s t r i c t i o n  d ig e s t s  were made up to  20ul. w ith  TE 
b u f fe r  ( i f  necessary) and mixed w ith  5ul. o f DNA f i n a l  sample b u f fe r  
before loading. Gels were run a t  constant voltage -  2 volts/cm. fo r  15 
hours or 6 volts/cm. for 5 hours -  a t  room temperature and were stained 
by soaking in  an EtBr so lu t io n  (0.5ug./ml. in b u f fe r  E) f o r .30-45 mins. 
They were viewed on a 260nm. u l t r a - v i o l e t  t r a n s i l l u m in a to r  and 
photographed on I lfo rd  HP-5 film  using a 35mm. camera f i t t e d  with a red 
f i l t e r .

I n te r p r e t a t io n  of g e ls ,  based on Dugaiczyk e t  a l ,  1975, was as 
fo l lo w s :  the  f a s t e s t  moving band was the  su p e rco i led  (sc.) monomeric 
plasmid, which was usually the most abundant species. Behind th is  was 
another prominent band co n ta in in g  monomeric open c i r c l e  (oc.) and 
supercoiled dimeric plasmid. Open c i r c le  dimers and other higher forms 
(not always c le a r ly  v i s ib le )  ran more-slowly s t i l l .  Plasmid l i n e a r s ,  
which ran between the sc. and oc. forms of the plasmid, could sometimes 
be seen on single colony gels. Sheared fragments of chromosomal DNA ran 
as a single thick band towards the top of the gel.

0.8% agarose was used fo r  a l l  purposes: s in g le  colony g e ls ,  i n t a c t  
plasmid DNAs and analysis of re s t r ic t io n  enzyme digests.

( i i ) .  low melting point agarose gels.

Thefse g e l s  w ere  used to  i s o l a t e  p a r t i c u l a r  fragm ents from a 
re s t r ic t io n  enzyme digest for use in a cloning procedure. A horizontal 
gel system was used for th is  type of agarose as i t  i s  considerably le s s
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robust than general purpose agarose. The agarose concentration used was 
always 1%.

Agarose was d isso lv ed  in  b u ffe r  E a t  100°C and cooled to  37°C. A 
1.5mm. thick comb was suspended over a p la s t ic  tray  (19 x 11.5 x 0.4cm.) 
so th a t  th e re  was a gap of 0.5mm. between the  bottom of the  te e th  and 
the  f lo o r  of the  t ra y .  The agarose  was poured in , a llow ed to  s e t ,  the  
comb removed and the  gel immersed in  b u ffe r  E. The samples (15-25ul.) 
were loaded and the  gel run a t  2 v o lts /cm . fo r  15 hours a t  room 
temperature. Staining was as described for standard agarose gels above.

( i i i ) .  standard polyacrylamide gels (non-denaturing).

These gels were used to  separate r e s t r ic t io n  fragments le s s  than 1kb. 
in size. The acrylamide concentration could be varied, according to  the 
size(s) of the fragment(s) being analysed. Throughout th is  work, 5% ge ls  
were used which gave good separation over a size range of 80-500 bp.

Vertical gels were again used, 16.5 x 15.5cm. with a 13-tooth p la s t ic  
comb. The gel k i t  was f i r s t  sea led  using 0.8% agarose  in  TBE and 5% 
acry lam ide prepared by mixing 25.3ml. d i s t i l l e d  w ate r ,  4ml. 10x TBE 
buffer, 10ml. 20% acrylamide/1% M N’ bis-methylene acrylamide, 240ul 10% TEMED 
(N N NfNT tetramethylethylenediamine) and 480ul.10% APS (ammonium persulphate
-  (nh4)2s2o8).
This so lu t io n  was poured between the  gel p la te s ,  the  comb qu ick ly  
inserted and the gel allowed to polymerise for a t  l e a s t  one hour a t  room 
temperature. The comb was removed, the top and bottom reservoirs  f i l l e d  
w ith  TBE b u ffe r ,  the  w e l ls  washed out to  remove any unpolym erised 
acrylamide, the samples (15-25ul.) loaded and the gel run a t  a constant 
c u rre n t  o f 20mA. fo r  c.3 hours a t  room tem pera tu re . S ta in in g  and 
photography were as described for standard agarose gels above, unless 
bands were being excised for fu rther  manipulations (see below).
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(iv). SDS-polyacrylamide gels for analysis of protein samples.

These are described in the section on the use of E.coli m inicells  
(2.22) below.

( v ) .  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 s  f o r  a n a l y s i s  o f  DNA 
sequencing reaction products.

These are described in the section on DNA sequencing (2.23) below.

(vi). in te rp re ta t ion  of r e s t r ic t io n  data.

The s iz e  of l in e a r  r e s t r i c t i o n  fragm ents was e s t im a te d  using  the  
re la tionsh ip :

logM = c x VD -  Helling e t a l ,
1974.

M = molecular s ize  in base pairs.
D = distance migrated. c = a constant.

Molecular size standards were ‘obtained by re s t r ic t io n  of lambda Cj857 
Sam7 DNA or pUC8 or pUC9 plasmid DNA (P h il ip p sen  e t  a l ,  1978; Haggerty 
and Scheif, 1976; Vieira and Messing, 1-982).

2.13. Single colony {_ single Plaque gel analysis .

(i). for plasmid DNAs: ’single colony’ gel analysis: a single colony was 
s treak ed  out onto a s e l e c t i v e  p la te  and grown overn igh t. Using a 
to o th p ick , a mass of c e l l s  (c.0.6cm2 from an area  of co n flu en t growth) 
was removed from the  p la te  and thoroughly resuspended in  150ul. of 
s in g le  colony gel b u ffe r  in  a sm all (0.6ml.) microfuge tube. The c e l l s  
were l e f t  to lyse for 15-30 mins. a t  room temperature, the ce ll  debris 
p e l le te d  by c e n t r i fu g a t io n  (12000g, 15 mins., 4°C) and 50ul. o f the
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supernatant loaded onto an agarose gel containing RNase (1ug./ml.).

( i i ) .  for M13 RF DNAs; ’single plaque’ gel analysis: cu ltures were grown 
up as described above for alkaline/SDS DNA preparations of M13 RF DNAs 
[2 .1 0 ( i i)b ]  and 1ml. o f  c u l tu r e  removed to  a l a r g e  m icrofuge tube. The 
c e l l s  were p e l le te d  (12000g, 2 mins., 4°C), the  su p e rn a tan t  d isca rded  
and the  c e l l s  resuspended in  150ul. o f s in g le  colony gel b u ffe r .  
Subsequent t rea tm e n t  was as d esc r ibed  above fo r  plasm id co n ta in in g  
s t ra in s .

2.14. Extraction of DNA from gels .

(i) . low melting point agarose gels.

After staining, the gel was illum inated using long wavelength u l t r a ­
v io le t  l ig h t  (300-360nm.) and the gel s l ic e  containing the fragment of 
i n t e r e s t  excised. This s l i c e  was m elted a t  65°C and d i lu te d  by adding 
two volumes of buffer E, also a t  65°C. After b r ie f  mixing, the solution 
was cooled to 37°C, phenol extracted three times, chloroform extracted 
twice, the DNA recovered by ethanol p rec ip ita tio n  and resuspended in TE.

( i i ) .  polyacrylamide gels.

After staining, the gel was illum inated using long wavelength u l t r a ­
v i o l e t  l i g h t  and the gel s l i c e  c o n ta in in g  th e  fragm ent of i n t e r e s t  
excised. This s l ic e  was placed inside a piece of d ia ly s is  tubing (which 
had p rev ious ly  been bo iled  fo r  c.20 mins. in  a 1mM Ma2EDTA.2H20 
so lu t io n )  w ith  250ul. of TBE b u f fe r ,  th e  ends sea led  and the  whole sac 
placed in  a gel box and covered w ith  b u f fe r  E. E le c t ro p h o re s is  was 
c a r r ie d  out a t  50 v o l ts  fo r  90-180 mins. (depending on the  s i z e  o f the  
fragm ent involved) and a t  the end of t h i s  period  the  c u r re n t  was 
reversed  fo r  30 seconds. The f l u id  from the  sac was removed, th e  DNA
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recovered by ethanol p rec ip ita tion  and resuspended in TE buffer.

2.15. Genetic t ran s fo rm a tio n .

All plasmids, other than conjugative ones, and a l l  M13 RF DNAs were 
introduced in to  d iffe ren t  host s t ra in s  by transformation.

( i ) .  plasmid DNAs.
An overnight culture  of the rec ip ien t s t ra in  was d ilu ted  1 in 100 in 

l iqu id  medium and grown with shaking to  a density of c.2x10^ ce lls /m l. 
The c e l l s  were ha rves ted  by c e n t r i f u g a t io n  (12000g, 2 mins., 4°C), 
resuspended in 10ml. ice-cold 100mM MgSOjj.TF̂ O solution, re-harvested, 
resuspended in  10ml. ic e -c o ld  50mM C aC ^^f^O  so lu t io n  and h a rv es ted  
again . They were then resuspended in  1ml. ic e -c o ld  50mM CaC^^F^O 
s o lu t io n  and 200ul. a l iq u o ts  o f t h i s  suspension d ispensed  to  l a rg e  
microfuge tubes. The transforming DNA solution (1-50ul.in TE) was added 
and the tubes kept on ice for 15 mins. A heat shock was then carried  out 
(30°C fo r  10 mins. or 37°C fo r  5 mins.) and the  c e l l s  re tu rn ed  to  ic e  
for a further 15-60 mins. 1ml. of L broth was added to each tube and the 
c e l ls  incubated a t  30°C or 37°C fo r 60-90 mins. to  allow expression of 
the plasmid genes. Aliquots of the transformation mixture were spread 
onto appropriate se lec tive  p la tes and incubated as appropriate.

I f  the transfo rm ing  DNA con fe rred  th e  phenotype of a m p ic i l l in  
r e s i s ta n c e  on the  r e c ip ie n t  c e l l s ,  the  c e l l s  were spun down a f t e r  the  
express ion  s tep  (12000g, 2 mins., 4°C) and washed tw ice  in  1ml. o f 
’phage b u ffe r ,  being r e - p e l le te d  a f t e r  each wash. They were f i n a l l y  
resuspended in  500ul. o f ’phage b u ffe r  and a l iq u o ts  p la te d  out on 
appropriate se lective  plates. This washing procedure removed exogenous 
B-lactamase from the liqu id  culture  medium and thus prevented the growth 
of Aps c e l ls  on the selec tive  plates.
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The presence of plasmid DNA in  transform ed c e l l s  was checked by 
single colony gel analysis.

( i i ) .  M13 RF DNAs.

The rec ip ien t s t ra in  used was always JM101, and c e l ls  were trea ted  as 
described above for transformation with plasmid DNA up to and including 
the stage of addition of the transforming DNA. The c e l ls  were then l e f t  
on i c e  fo r  1-2 hours, hea t  shocked a t  37°C fo r  5 mins. and re tu rn e d  to  
ice for a fu rther 1-2 hours. The whole transformation mixture was added 
to  2.5ml. molten (45°C) 0.6% agar, along w ith  200ul. of a log  phase 
c u l tu r e  of JM101 c e l l s  (of d en s i ty  c.2x10^ c e l l s /m l . ) ,  25ul. of a 
20mg./ml. X-gal so lu t io n  and 25ul. o f a 20mg./ml. IPTG s o lu t io n .  All 
these components were b rie f ly  mixed and the solu tion  poured over the 
surface of a minimal agar p late  containing thiamine and glucose. After 
a llow ing  the  overlay to  s e t ,  the  p la t e s  were incubated  a t  37°C 
overnight.

2.16. P la te  matings.

Plasmids of the IncW class l ik e  R388 produce frag ile ,  r ig id  p i l i  and 
hence conjugal t r a n s f e r  i s  c.20000x more e f f i c i e n t  when con juga tion  
occurs on a solid  surface than when liqu id  culture  i s  used (Bradley et 
a l ,  1980). Therefore , R388 m atings were always c a r r ie d  out on the  
surface of an Isosens ites t  or L agar plate.

An overn igh t c u l tu re  of th e  R388-containing (donor) s t r a i n  was 
d ilu ted  1 in 20 in fresh Iso sens ite s t  broth and grown up to a density of 
c.2x10^ cells /m l. 5ml. of th is  cu ltu re  was taken, mixed with 5ml. of an 
ove rn igh t c u l tu r e  of the  r e c ip ie n t  s t r a i n  and the  c e l l s  p e l le te d  
to g e th e r  (12000g, 2 mins., 20°C). They were resuspended in  500ul. 
I s o s e n s i t e s t  b ro th  and 200ul. of t h i s  suspension was spread  over the
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su rfa ce  of a w ell d r ied  agar p la te .  The p la te  was l e f t  to  dry w ith  the  
l i d  o f f  fo r  20-30 mins. a t  30°C or 37°C, the  l i d  rep laced  and the  p la te  
incubated  fo r  a f u r th e r  1-3 hours a t  the  a p p ro p r ia te  tem pera tu re . The 
c e l l s  were washed o f f  the  p la t e  w ith  two 10ml. a l iq u o ts  o f  ’phage 
b u ffe r ,  p e l le te d  (12000g, 2 mins., 20°C), resuspended in  1ml. of ’phage 
b u f fe r  and d i lu t io n s  p la ted  out on a p p ro p r ia te  s e l e c t iv e  p la t e s  and 
incubated as appropriate.

I f  the  co n juga tiv e  plasmid co n fe rred  the  phenotype of a m p ic i l l in  
r e s i s t a n c e  on the  r e c ip ie n t  c e l l s ,  the  c e l l s  were washed tw ice  w ith  
10ml. of ’phage buffer, being re-p e lle ted  a f te r  each wash, a f te r  being 
removed from the  agar p la te  to  remove exogenous B -lac tam ase  from the  
system.

2.17. Restriction enzvme digestion.

1-10ul. of a DNA s o lu t io n  was mixed w ith  7u l. of g e la t i n  in  TE, 2ul. 
o f  10x r e s t r i c t i o n  b u f fe r  and the  volume made up to  20ul. w i th  TE. 
Restriction enzyme was added (at. a ra t io  of 1 unit of enzyme per ug. of 
DNA; usually 0.1-1 ul. of enzyme solution), a l l  the components mixed and 
the solution incubated a t 37°C (65°C for Taql digests) for 1-3 hours. I f  
the sample was to be run on a gel, the reaction was terminated by adding 
5ul. FSB. I f  the DNA was to  be su b je c t  to  fu r th e r  m an ipu la tion , th e  
enzyme was in a c t iv a te d  by h e a t in g  to  70°C f o r  10 mins. and the  DNA 
fragm ents recovered by e thanol p r e c ip i t a t i o n .  (For Taal  d ig e s ts ,  the  
re a c t io n  was te rm ina ted  by phenol e x t r a c t io n  tw ice , ch loroform  
e x tr a c t io n  tw ice  and the  fragm ents were then recovered by e thano l 
p rec ip ita tion ) .
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The re s t r ic t io n  buffers used were:

a), low s a l t :  Hael l l .  Hoal l .  Tag I.
b). medium sa l t :  Aval, Clal, HincII ,  Hindlll, Pstl .  PvuII.
c). high s a l t :  EcoRI, S a i l .

Ahalll, BamHI and Smal  were used in th e i r  own p a r t icu la r  buffers.

For m u lt ip le  d ig e s ts  r e q u ir in g  d i f f e r e n t  b u f fe rs ,  the  lo w e s t  s a l t  
b u f fe r  was used f i r s t  and r e s t r i c t i o n  c a r r ie d  out fo r  1 hour. The s a l t  
concentration was then adjusted by adding an appropriate volume of 5M 
NaCl and the DNA incubated with the other enzyme(s).

For p a r t ia l  enzyme digests, the r a t io  of enzyme:DNA was reduced (to 
0.1-0.5 u n i ts  of enzyme per ug. o f DNA) and r e s t r i c t i o n  c a r r ie d  out fo r  
only a short time.

2.18. C a lf- in te s t ina l  a lkaline  phosphatase (CIP) treatm ent.

I f  i t  was not possible to se lec t  or screen for the in se rtion  of a DNA 
fragment into  a plasmid, CIP was used to remove the 5T phosphate groups 
from the l inearised  vector to prevent i t s  rec ircu la r isa t io n . This was 
done by adding 2 u n i t s  of CIP to  th e  r e s t r i c t i o n  d ig e s t  mix a f t e r  c.2 
hours, mixing thoroughly and in cu b a tin g  fo r  a f u r t h e r  10-15 mins. a t  
37°C. This procedure was e ffec tive  in a l l  r e s t r ic t io n  buffers used. The 
re a c t io n  was te rm in a ted  by adding 5ul. of FSB ( i f  the  sample was to  be 
loaded onto a gel) or by phenol extraction twice, chloroform extraction 
twice followed by ethanol p rec ip ita tion  to  recover the DNA fragments ( i f  
the DNA was to  be further manipulated).
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2.1Q. *F illing-in*  o f  s t i c k y  ends* o f  DNA f r a g me n ts .

A fter  ethanol p r e c i p i t a t i o n  of r e s t r i c t e d  DNA, the  fragm ents were 
resuspended in  10ul. of TE b u f fe r  and 2ul. 10x nick t r a n s l a t i o n  b u f fe r  
added. 1mM aqueous so lu t io n s  o f  each of the dNTPs needed fo r  th e  
’fi ll ing-in*  reaction were prepared, 1ul. of each added to the reaction 
and the  t o t a l  volume made up to  20ul. w ith  TE. 2.5 u n i t s  of T4 DNA 
polymerase were added, a l l  the components mixed and incubated a t  37°C 
fo r  30 mins. The re a c t io n  was te rm in a ted  by two phenol e x t r a c t io n s  
followed by two chloroform extractions and ethanol p rec ip ita tion  of the 
DNA fragments.

2.20. Ligation of DNA fragments

The fragments to be l iga ted  were resuspended together in 16 u1 . of TE 
b u ffe r ,  and 2ul. each of 10x l i g a t i o n  b u f fe r  and 4mM ATP ( in  4mM T r is  
HC1, pH 7.5) added. T4 DNA l ig a s e  was added (0.01 u n i t s  per ug. o f DNA 
fo r  ’sticky* ends; 1 u n i t  per u g . 'fo r  f lu sh  ends), a l l  the  components 
mixed and then incubated  o ve rn igh t  a t  18°C. The l i g a t io n  m ix ture  was 
used both und ilu ted  and d i lu te d  1 in  10 in  the  t ra n s fo rm a tio n  of 
competent cells .

2.21. Galactokinase a ssay s .

Assays were always performed in duplicate on any one day and assays 
were repeated a t  le a s t  twice so as to get a re l iab le  mean figure fo r the 
galactokinase ac tiv ity  of each s t ra in  under te s t .

Overnight c u l tu re s  of the s t r a i n s  to  be assayed were grown up in  L 
broth without glucose^containing am picillin . These were d ilu ted  1 in 20 
in  the  same medium and grown up a t  37°C w ith  shaking t i l l  t h e i r  OD ^q
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was in  the range 0.2-0.35. The OD^^q of each c u l tu re  was recorded. 1ml. 
a l iq u o ts  of each c u l tu re  were taken, 10ul. of mix 3 c o n ta in in g  CTAB 
(mixed alkyltrimethyl-ammonium bromide) a t  a concentration of 5mg./ml. 
added to  each and the  m ixture  incubated  a t  30°C f o r  10 mins. Assay 
reaction systems were made up in small microfuge tubes as follows:

5ul. of mix 1 
+12.5ul. of mix 2 
+2.5 ul. of mix 4.

(See Section 2.6 for the composition of these solutions).
The re a c t io n s  were s t a r te d  by th e  a d d it io n  of 5ul. o f c e l l  ly s a te .  

(Blank systems were se t up by adding 5ul. of d i s t i l l e d  water ra ther than 
c e l l  l y s a te  and a d d i t io n a l  system s to  a c t  as unwashed, ’t o t a l  cou n t’ 
system s were a lso  s e t  up, using  c e l l  ly s a te s  taken a t  random). The 
reactions were incubated a t  32°C fo r 30 mins. and stopped by placing the 
tubes on ice . The whole re a c t io n  m ix tu re  was sp o tted  onto a 2.3cm. 
diameter Whatman DE81 f i l t e r  paper and the f i l t e r s  carrying the unwashed 
reaction systems dried. The other f i l t e r s  were washed twice (in 1 l i t r e  
of d i s t i l l e d  w ater  fo r  10 mins. each tim e) and then d r ied . L as tly ,  the  
f i l t e r s  w ere  coun ted  in  5ml'.' o f  ’B i o f l u o r ’ s c i n t i l l a n t  in  a 
s c i n t i l l a t i o n  counter. Each f i l t e r  was counted a t  l e a s t  tw ice  fo r  two 
minutes each time.

Galactokinase ac tiv ity  was calculated using the following equation:

(Cpm from _  Cpm from )
( te s t  systems blank systems)
-------------------   x 10400

(Average Cpm from x Incubation x OD̂ ^q 
2 unwashed f i l t e r s )  time (mins.)

Cpm = counts per minute. Ref.: Mc.Kenney et a l, 1981.

Number of units  
of galactokinase = 

a c tiv ity
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2.22. Use of E.coli m in ice lls .

The b a c t e r i a l  s t r a i n  DS910 was used to  examine s p e c i f i c a l l y  the  
exp ress ion  of plasmid-encoded p ro te in s ,  fo r  the  m in ic e l l s  budded o f f  
from whole ce lls  in such minicell-producing s tra in s  contain only plasmid 
DNA and no chromosomal DNA (Adler e t  a l,  1967; Frazer and Curtiss, 1975; 
Davie e t  a l ,  1984).

(i). preparation of minicell samples.

200ml. of L broth containing appropriate an tib io tic s  was inoculated 
from a single colony of DS910 containing the plasmid under investigation  
and the  c u l tu re  grown up w ith  shaking o vern igh t a t  37°C. (Some 
experiments were performed growing th is  cu lture  a t  30°C, but the yield  
of m in ic e l l s  was g re a t ly  decreased). The bulk of the  whole c e l l s  were 
p e l l e te d  (1400g, 3 mins., -4°C), the  su p e rn a tan t  decanted and r e ­
c e n tr i fu g e d  (15000g, 10 mins., 4°C) to  p e l l e t  the  m in ic e l l s  (and
remaining whole ce lls ) .  This p e lle t  was resuspended in 1ml. of buffered 
s a l in e  g e la t in  (BSG), lay e red  c a r e f u l ly  onto a cold (4°C) 28ml. 5-20% 
sucrose/BSG g ra d ie n t  and c e n tr i fu g e d  in  a sw ing-out r o to r  (I660g, 20 
mins., 4°C). The m inicells  formed a creamy band in the top V^rd. of the 
g ra d ie n t  w ith  the  whole c e l l s  as a cloudy phase beneath. The m in ic e l l  
band was removed, the  m in ic e l l s  p e l le te d  (11500g, 2 mins., 4°C) and 
resuspended in  0.5ml. of BSG. The m in ic e l l s  were passed through a 
f u r th e r  two such sucrose/BSG g ra d ie n ts  to  ensure maximum p u r i ty .  The 
f ina l minicell p e lle t  was resuspended in 0.5ml. of minicell medium and 
pre-incubated for 30 mins. a t  30°C or 37°C. 35s_methionine was added to 
each culture (5uCi per culture) and incubation continued for a fu r the r  
30 mins. 5ml. L broth was added as a cold chase and incubation continued 
fo r  a f u r th e r  45mins. The m in ic e l l s  were p e l le te d  (11500g, 2 mins., 
4°C), excess labelled  methionine removed by washing with 5ml. of 'phage 
b u ffe r ,  the  m in ic e l l s  r e - p e l l e t e d  and resuspended in  50-200ul. o f
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protein f ina l  sample buffer. This suspension was boiled for 5 mins. and 
e ith e r  loaded s tra ig h t onto a gel or kept frozen a t  -20°C un til  needed. 
A fter  f reez in g ,  samples were always b o ile d  fo r  5 mins. befo re  load ing  
onto a ge l.

( i i ) .  gel analysis of minicell samples.

The gel system used was a tw o -p a r t  SDS-polyacrylamide g e l ,  a 
m o d if ica t io n  of t h a t  of Laemmli (1970). The upper p a r t  was a s h o r t  
stacking gel (acrylamide concentration = 4.5%) and the lower part was a 
longer s e p a ra t in g  gel (acry lam ide  c o n c e n tra t io n  = 12.5%). The gel was 
poured in  the  same ap para tus  as used fo r  s tandard  polyacry lam ide 
electrophoresis of DNA samples [see Section 2.12(iii)] and was poured in 
two parts:

a), separating gel: 10ml. of 4x lower gel buffer was mixed with 13.4ml. 
d i s t i l l e d  w ater , 16.6 ml. 30% acry lam ide  /  0.8% N N* b is -m eth y len e  
acry lam ide, 20ul. TEMED and 120ul. 10% APS and the  s o lu t io n  poured 
between the ge l p la te s  to  a l e v e l  1cm. below the  bottom edges of the  
te e th  of the  comb. The top of the  gel was im m ediately sprayed w ith  a 
0.1% SDS so lu t io n  to  stop  bubbles form ing on i t  and the  gel a llowed to  
polymerise completely. The SDS solution was drained off.

b). s tack in g  ge l:  2.5ml. o f  4x upper gel b u f fe r  was mixed w ith  6.0ml. 
d i s t i l l e d  w ater, 1.5ml. 30% acry lam ide  /  0.8% N Nf b is -m ethy len e  
acrylamide, 20ul. TEMED and 30ul. 10% APS and the solution poured on top 
of the  lower ge l, ensuring  th e re  were no bubbles a t  the  in te r f a c e .  The 
comb was quickly inserted, the gel allowed to polymerise and the comb 
removed. The gel was i n s t a l l e d  in to  th e  running appara tu s ,  th e  
r e s e r v o i r s  f i l l e d  w ith  p ro te in  gel T r i s /g ly c in e  running b u f fe r ,  th e  
w ells washed out with buffer to remove any unpolymerised acrylamide, the 
samples (2-30ul.) loaded and the gel run a t  a constant current of 30mA.
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fo r  2.5-3 hours a t  room tem pera tu re . The gel p la te s  were c a r e f u l ly  
separa ted , the  s tack in g  gel p o r t io n  d iscarded  and the  s e p a ra t in g  gel 
p o r t io n  f ixed  in  a s o lu t io n  of methanol /  g l a c ia l  a c e t i c  ac id  /  
d i s t i l l e d  water (50/7/50: v/v) fo r 45-60 mins. a t  room temperature. The 
gel was d r ied  down under vacuum and the  p ro te in  bands v i s u a l i s e d  by 
autoradiography of a sheet of Kodak ’X-Omat* S1 film a t  room temperature 
for 1-7 days. To increase se n s i t iv i ty  and ensure a l in e a r  re la tionsh ip  
between the amount of rad ioactiv ity  in a protein band and the in ten s ity  
of the image produced by the band on the film, the film  was pre-flashed 
a t  a d is tan c e  of c.1 m etre  using  a ’Magicube E l im in a to r1 e l e c t r o n ic  
flashgun covered w ith  se v e ra l  sh e e ts  o f t i s s u e  paper to  decrease  the  
l ig h t  in tensity  and ensure diffuse, even illumination.

The apparent molecular weights of protein bands were calculated from 
t h e i r  r e l a t i v e  m o b i l i t i e s  compared to  ^ C - la b e l l e d  s iz e  m arkers 
(concentration = 0.1ug./ml.) comprised of the following:

Myosin heavy chain -  200 kd.

Phosphorylase b -  92.5 kd.

Bovine serum albumin -  63 kd.

Ovalbumin -  46 kd.

Carbonic anhydrase -  30 kd.

Lysozyme -  14.5 kd.

I f  appropriate, the re la t iv e  in te n s i t ie s  of bands were determined by 
microdensitometry.

50



2.23. DNA sequencing.

The principal source of reference for th is  work was the ’M13 Cloning 
and Sequencing Handbook’ published  by Amersham I n te r n a t io n a l  p ic , 
Amersham, U.K. A more d e ta i l e d  account of the  theory and p r a c t ic e  of 
sequencing using M13 ’phage vectors can be found there.

The aim of any DNA sequencing procedure i s  to  g enera te  a s e r i e s  o f 
rad io-labelled  DNA fragments tha t share a common 5* terminus, d i f fe r  in 
length a t the 3’ end by one defined nucleotide and which vary in length 
from 1-600 n u c le o tid e s .  These can then be s iz e - s e p a ra te d  on a high 
r e s o l u t i o n  d e n a tu r in g  p o ly a c ry la m id e  g e l  and v i s u a l i s e d  by 
autoradiography.

Several methods for sequencing DNA have been developed (Sanger e t  a l, 
1977; Maxam and G ilbert, 1980) and, of these, i t  i s  the Sanger method of 
chain  te rm in a t io n  sequencing t h a t  i s  s i g n i f i c a n t l y  more s im ple  and 
rap id . One of i t s  few drawbacks i s  t h a t  re q u ire s  p ropagation  of a 
single-stranded DNA template (the ’plus’ strand of an M13 ’phage) in an 
E .coli host c e l l  (eg. s t r a i n  JM101) and t h i s  i s  c le a r ly  a p o t e n t i a l ly  
mutagenic environment. Howler, assuming any mutation w il l  be random and 
not s i t e - s p e c i f i c ,  a n a ly s is  of sev e ra l  independent i s o l a t e s  o f each 
cloned DNA w ill  allow correct determination of the DNA sequence. I t  i s  
th is  method that was employed in th is  work.

This method makes use of the fac t th a t  the large (’Klenow’) fragment 
of E.coli DNA polymerase I  has an absolute requirement fo r a primer with 
a 31 hydroxyl group i f  i t  i s  going to perform nucleotide chain extension 
on a s in g le -s t ra n d e d  tem p la te .  Also, i t  w i l l  in c o rp o ra te ,  a l b e i t  a t  
lower efficiency, 2’3,-dideoxynucleotides in to  a growing polynucleotide 
chain . However, once such a n u c le o t id e  has been in co rp o ra ted  in to  a 
chain , no fu r th e r  ex tension  can occur s in c e  t h i s  n u c le o tid e  lac k s  a 3 f 
hydroxyl group. Thus, by vary ing  th e  r a t i o  of deoxy- : d ideoxy- 
nucleotide for one type of nucleotide and having the other three deoxy-
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n u c le o t id e s  p re sen t  in  excess, i t  i s  p o ss ib le  to  gen e ra te  a s e r i e s  of 
fragm ents s p e c i f i c a l l y  te rm in a ted  a t  each p o s i t io n  in  the  nascen t 
polynucleotide chain where th is  nucleotide occurs. To elim inate spurious 
bands r e s u l t in g  from f a i l u r e  to  con tinue  chain e lo n g a tio n  from a 3’ 
hydroxyl group, a cold chase i s  employed to  produce very long 
o l ig o n u c le o t id e s  th a t  do not s u b s ta n t i a l ly  e n te r  the  ge l.  This can be 
done fo r  each type of n u c le o tid e  and thus fragm ents o f  a l l  p o ss ib le  
lengths are produced to  allow determination of the DNA sequence.

The prim er used to  i n i t i a t e  the  chain  e lo ng a tion  re a c t io n  was the  
commercially available 17bp. M13 universal primer.

Using the Klenow fragment of E.coli DNA polymerase I, ra ther than the 
holoenzyme, ensured tha t  there was no degredation of fragments from the 
5T end, which would have made the in te rp re ta t io n  of re su l ts  d i f f ic u l t .

The r a d io - la b e l le d  n u c le o tid e  used in  t h i s  work was a-^^s-dATPaS. 
This was p re fe r re d  to  a-^^p-dATP s in ce  i t  i s  s a f e r  to  work w ith , the  
lon ger  h a l f - l i f e  o f 35$ a llow s samples to  be kept fo r  long er  period s  
and, particu larly , the lower energy B-emissions of 35g produce t igh te r ,  
l e s s  fuzzy bands on the  au to rad iog raph , making i t  e a s i e r  to  read. 
dNTPaS’s are incorporated le s s  e ff ic ie n tly  into a growing polynucleotide 
chain than dNTPs by E .coli DNA polymerase I  (holoenzyme or Klenow 
fragment), but th is  problem is  readily, overcome by increasing the time 
a llowed fo r  the  sequencing re a c t io n  (eg. from 15 mins. fo r  dNTPs to  20 
mins. fo r  dNTPaS’s).

All the procedures necessary  fo r  the  g en era tio n , i s o l a t i o n  and 
id en tif ic a t io n  of recombinant M13 clones have been described above. The 
subsequent procedures needed fo r  the  determination of the sequence of 
the cloned fragment are as follows:

(i) . preparation of single-stranded template DNA.

20ml. o f  2-YT medium was in o cu la te d  w ith  200ul. of an ov e rn ig h t 
c u l tu r e  of JM101 c e l l s  and 1.5ml. a l iq u o t s  of t h i s  m ix ture  d ispensed
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in to  10ml. c u l tu re  tubes. Each tube was in o cu la ted  w ith  a s in g le  M13 
'phage [o r  100ul. of a s in g le  .'phage suspension prepared as desc r ibed  
in 2.10(i)b above] and grown a t 37°C for 5 hours with vigorous shaking. 
The c e l l s  (con ta in ing  a l l  chromosomal, plasmid and M13 RF DNAs) were 
removed by centrifugaton (12000g, 5 mins., 4°C), the supernatant removed 
and re -c e n tr i fu g e d  to  remove a l l  t r a c e s  o f host c e l l s .  1.3ml. of t h i s  
su pe rna tan t  was added to  200ul. of 2.5M NaCl/20$ PEG s o lu t io n  in  a 
l a r g e  microfuge tube and allowed to  s tand  a t  room tem p era tu re  f o r  15 
mins. to  p r e c ip i t a t e  v i r a l  p a r t i c l e s .  The so lu t io n  was c e n tr i fu g e d  
(12000g, 5 mins., 4°C), the  su p e rn a ta n t  d iscarded , the  rem aining 
m a te r ia l  r e -c e n t r i fu g e d  and a l l  t r a c e s  of superna tan t  sc rupu lou s ly  
removed by aspiration, leaving only the white v ira l  p e lle t .  ( I f  no v ira l  
p e l l e t  was v i s i b l e  a t  t h i s  s ta g e ,  th e re  was found to  be no po in t  in  
proceeding fu rther  with the prep.). The p e l le t  was resuspended in  100ul. 
of TE buffer (pH 8.0) and th is  suspension phenol extracted three times, 
chloroform  e x tra c te d  tw ice  to  remove v i r a l  p ro te in s  and the  s in g l e ­
s tranded  DNA recovered by ove rn igh t e thano l p r e c ip i t a t i o n  a t  -20°C. 
Finally, the DNA was spun down (12000g, 20 mins., 4°C), washed twice in 
1ml. of 85$ ethanol in TE buffer, being re-spun between each wash, dried 
and resuspended in  50ul. TE b u f fe r .  This method produces s u f f i c i e n t l y  
pure single-stranded DNA for use in sequencing reactions (Schreier and 
Cortese, 1977).

( i i ) .  annealing of primer to template.

To provide su ff ic ien t m aterial for the four sequencing reactions for 
each clone, the following components were mixed together: 5ul. s ing le­
s tranded  tem pla te  DNA, 2ul.(=4rig.) M13 u n iv e rsa l  prim er, 1.5ul. 10x 
Klenow buffer and 1.5ul. d i s t i l l e d  water. This mixture was incubated a t  
60°C for 60-90 minutes and then allowed to  cool slowly (over a period of 
c.2 hours) to room temperature.
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( i i i) .  dideoxy sequencing reactions.

All so lu t io n s  were made up in  d i s t i l l e d  w ater and kept frozen  a t  -  
20°C.

Stock s o lu t io n s  a t  a c o n ce n tra t io n  of 10mM of a l l  four dNTPs were 
prepared and these used to make up working solutions (concentration = 
0.5mM) and the  cold chase mix needed fo r  th e  sequencing re a c t io n  (a 
uniform m ixture  o f a l l  four dNTPs, each a t  a c o n c e n tra t io n  o f  0.5mM). 
dNTP (N°) mixes were then prepared from these working solutions as shown 
in  Table 2.5.

Stock solutions, also a t  a concentration of 10mM, of a l l  four ddNTPs 
were prepared and used to  make up. working s o lu t io n s .  The optimum 
concentrations of these, when used with the above N° solutions and the 
rad io-labelled  nucleotide described below, determined empirically, were 
as follows: 0.033mM ddATP 

0.1 OmM ddCTP 
0.15mM ddGTP 
0.25mM ddTTP.

Equal volumes of each N° mix and the  corresponding ddNTP working 
solution were mixed to produce the N°/ddNTP reaction mixes.

The r a d io - la b e l le d  n u c leo tid e  used was a-^^g-dATPaS of s p e c i f i c  
a c t iv i ty  1000-1300 Ci/mmole. The concentration of the solution supplied 
v a r ie d  from 7.9-9.22uM. and t h i s  was a d ju s te d  by th e  a d d i t io n  o f  an 
a p p ro p r ia te  volume of a 100uM. cold dATPaS s o lu t io n  to  g ive a f i n a l  
overall concentration of 16uM dATPaS. Such a volume of th is  so lution was 
taken (1.5ul.) so th a t  each r e a c t io n  system conta ined  7.60-8.87 pmoles 
(= 8.07-11.54 uCi.) o f a-35s_dATPaS.

To carry  out the  sequencing r e a c t io n s ,  1.5ul. of the  above l a b e l l e d  
nucleotide mix was added to  the annealed primer/template mix and 1ul. of 
Klenow enzyme solution (1 un it/u l.)  mixed in carefully  by p ipetting  in
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Table 2.5: N° mixes for sequencing reactions.

0.5mM. dCTP. 

0.5mM. dGTP. 

0.5mM. dTTP. 

1x TE b u f fe r .

A°. C°.

30ul. 1.5ul.

30ul. 30ul.

30ul. 30ul.

30ul. 30ul.

G°. T°.

30ul. 30ul.

1.5ul. 30ul.

30ul. 1.5u1.

30ul. 30ul.



and out. Four small microfuge tubes were labelled  A,G,C, or T and 2.5ul. 
of the annealed primer/tempi a te /lab e l led  nucleotide/enzyme mix put in to  
each. 2ul. of a p p ro p r ia te  N°/ddMTP r e a c t io n  mix (A°/ddATP to  A tube, 
e tc .)  was placed j u s t  in s id e  the  rim of each tube, the  co n te n ts  mixed 
and the  re a c t io n  s t a r t e d  by a b r i e f  sp in . The re a c t io n  was allowed to  
proceed fo r  20 mins. a t  room tem p era tu re ,  2ul. of the  chase mix placed 
j u s t  in s id e  the  rim of each tube, mixed in  by a b r i e f  sp in  and th e  
reaction allowed to proceed fo r a fu r th e r  15 mins. a t  room temperature. 
The reaction was stopped by the addition of 4ul. of formamide dye mix to 
each tube. Samples were then e i t h e r  im m ediately  prepared  fo r  load ing  
onto a gel or stored a t  -20°C u n t i l  convenient.

(iv). high resolution polyacrylamide gel electrophoresis.

The gel apparatus used consisted of two 45 x 23cm. s il icon ised  glass 
p la t e s  held  a p a r t  by 0.4mm. th ic k  ’P l a s t i c a r d ’ space rs  along each long 
side and sealed with vinyl tape. Combs were also cut from 0.4mm. th ick  
’P las ticard ’ and had 29 teeth.

For a 50ml. 6% g e l ,  th e  fo llow in g  components were mixed to g e th e r :  
21g. ’Ultrapure* urea, 5ml. 10x TBE buffer, 7.5ml. 38% acrylamide /  2% N 
N* b is -m ethy lene  acry lam ide (d e io n ised  by the  a d d it io n  of 5g. of 
'A m berli te ’ MB1 re s in  and s t i r r i n g  a t  room tem p era tu re  fo r  30 mins., 
followed by f i l t r a t i o n  to remove the resin) and d i s t i l l e d  water up to  a 
t o t a l  volume of 50ml. These were shaken to g e th e r  t i l l  th e  urea  was 
d isso lved , 300ul. of 10% APS and 50ul. of TEMED mixed in ,  th e  gel 
poured, the  comb in s e r te d ,  the  p la t e s  clamped to g e th e r  f i rm ly  and 
po ly m erisa tio n  allowed to  proceed to  com pletion (c.2 hours a t  room 
temperature).

The gel was in s ta l led  in the running apparatus, the comb removed, the 
reservoirs  f i l l e d  with TBE buffer and the w ells  washed out w ith buffer 
to remove any unpolymerised acrylamide. Just before loading, the w ells 
were again  washed out w ith  b u f fe r  to  remove any urea t h a t  may have
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leached in to  them, as t h i s  would have prevented even load ing  of the  
samples.

The samples were heated to  90-95°C fo r  a t  l e a s t  3 mins. and 2ul. of 
each loaded im m ediately  onto the  g e l .  The gel was run a t  a co n s tan t  
power (40 Watts) which maintained i t  a t  a su ff ic ien tly  high temperature 
(60-65°C) to keep the DNA samples denatured. After running, the gel was 
f ix ed  in  a 10% a c e t ic  ac id  (v/v) so lu t io n  fo r  20-30 mins. a t  room 
tem pera tu re , c a r e f u l ly  t r a n s f e r r e d  to  Whatman 3mm. f i l t e r  paper and 
dried down under vacuum. Bands were v isualised  by autoradiography of a 
sheet of Kodak ’X-Omat* S1 film  fo r  1-4 days a t  room temperature.

C
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C h a p t e r  3 .

The r o le  o f  tran sp o so n  ends 

in  th e  t r a n s p o s i t io n  o f  Tn1/3 d e r iv a tiv e s .
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3.1 Introduction.

The work of Heffron and others has shown that there are three s i te s  
and three genes in Tn3 which are involved in i t s  transposition  (Heffron 
e t  a l  1977, 1979; G i l l  e t  a l  1978). Of the  s i t e s ,  two are  the  ends of 
the transposon, which include perfect 38 bp. terminal inverted repeats 
and a t  l e a s t  one o f  w hich  i s  a b s o l u t e l y  r e q u i r e d  i_n c i s  f o r  
transposition, w hils t the th ird  i s  the res s i t e  : the s i t e  of the s i t e -  
s p e c i f i c  recom bination  event th a t  occurs during re so lv ase -m ed ia ted  
c o in te g ra te  r e s o lu t io n  (Reed 1981). The th re e  genes a re  the  b la  gene, 
which encodes the enzyme B-lactamase and provides the transposon with 
i t s  phenotypic marker, and the tnoA and tnpR genes, whose products are 
involved in the transposition  process i t s e l f .  (Fig : 3.1).

In ter-rep licon  transposition of Tn3 occurs in  two se q u e n t ia l  s te p s  
tha t are genetically  distinguishable (Kitts e t  a l  1982a). The tnpA gene 
product (transposase), in trans or in c is , and the ends of the element, 
An c i s , a re  e s s e n t i a l  f o r  th e  f i r s t  s t e p ,  i n  w hich  t r a n s p o s o n  
r e p l i c a t io n  occurs and donor and r e c ip ie n t  r e p l ic o n s  become fused 
between d irec tly  repeated copies of the transposon to form a cointegrate  
(K i t t s  e t  a l  1982a). This c o in t e g r a t e ' i s  then reso lved  in  the  second 
step  to yield the f ina l  transposition products, a process requiring two 
copies of the  re s  s i t e  in  d i r e c t  re p e a t  i n  c i s  and the  product of the  
tnpR gene (resolvase) in c is  or in trans (Arthur & Sherratt,  1979; K it ts  
e t  a l,  1982b). The resolvase protein also acts to  regulate  the c e l lu la r  
leve ls  of both i t s e l f  and the transposase protein, acting a t  the level 
of transcrip tion  (Chou e t  a l, 1979a).

I n t r a - r e p l i c o n  t r a n s p o s i t io n  of Tn3 i s  a one -s tag e  process  and 
re q u ire s  only the  ends of the  e lem ent and the  t ra n sp o sa se  p ro te in  ( in  
c is  or in trans) (Bishop, 1983; Bishop & Sherratt, 1984).

Heffron e t  a l, (1979), have demonstrated an absolute requirement in 
c i s  fo r  the  ends of Tn3 i f  t r a n s p o s i t io n  i s  to  occur and i t  was
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Fig.3.1.
tnpA bla1 tnfiR

o+n
o+o

^ - p e r f e c t  38bp. terminal inverted repeats 

[ ^ -  res region

Fig.3.1. G enetic  o rg a n is a tio n  o f  Tn1/3 and th e  pathway o f  in te rm o le c u la r  
t r a n s p o s i t io n  o f  th e se  e lem en ts .

After Arthur et a l, 1984.

The roles of the tnpA and tnpR gene products are indicated.
See tex t for fu rther d e ta ils .



therefore  of in te re s t  to find out more deta iled  information about the 
ro les  of, and requirements for, these sequences. Especially, were the 
sequences in ternal to the inverted repeats important in transposition; 
were the  ends in te r c h a n g e a b le ;  was t h e i r  r e l a t i v e  o r i e n t a t i o n  
s ign if ican t;  can the "inside" ends of the inverted repeats function as a 
substra te  in transposition?

For some compound transposons, i t  has been shown th a t  the inside ends 
of the  te rm in a l  in v e r ted  rep e a t  sequences can a c t  as s i t e s  fo r  the  
in i t ia t io n  of transposition, sometimes with a comparable efficiency to 
the  o u ts id e  ends (e.g. IS10 in  Tn10 : F o s te r  e t  a l ,  1981), sometimes 
w ith  a lower e f f ic ie n c y  (e.g. IS1 in  Tn9 : I s h iz a k i  and Ohtsubo, 1984; 
Gamas e t  a l , 1985; IS50 in  Tn5 : Sasakawa & Berg, 1982). However, i t  
should be borne in mind th a t  such terminal inverted repeat sequences are 
s t r u c t u r a l l y  i n t a c t  i n s e r t io n  sequences, and th a t  such sequences a re  
o f ten  capable  of independent t r a n s p o s i t io n  i f  provided w ith  the  
necessary functions e ith e r  in c is  or in trans (Kleckner, 1981).

3.2 Construction and assaying of substra te  plasmids, and analysis of 
transposition products.

3.2.1 Construction and assaying of substra te  plasmids.
To address  th ese  q u es tion s , v a r io u s  p lasm ids were c o n s tru c te d  

c o n ta in in g  d i f f e r e n t  com binations o f  transposon  ends in  d i f f e r e n t  
o rientations. The construction of these i s  described by Arthur e t  a l, 
1984 and th e ir  sa l ien t  features, and those of th e ir  parental plasmids, 
a re  l i s t e d  in  Table 3.1.

In determ in ing  t r a n s p o s i t io n  f req u e n c ie s  throughout t h i s  work, a 
system based on the conjugal tran s fe r  of small, non-mobilisable plasmids 
c a rry in g  transposons or t h e i r  d e r iv a t iv e s  by the Tpr  IncW conjugative 
plasm id R388 was used. R388 i s  p a r t i c u l a r l y  u se fu l  fo r  t h i s  purpose 
s in c e  i t  con ta in s  no known t ra n sp o sa b le  e lem ents and i t s  r e l a t i v e l y
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T ab le  3.1 : S a l i e n t  f e a t u r e s  o f  p l a s mid s  p o s s e s s in g  d i f f e r e n t  
combinations of transposon ends.

Transposon:
Plasmid. Size(kb.). Resistance. Ends. Genotype ( a l l  tnpR~).

PACYC184. 4 .0 . Cm. Tc. -

pAA32. 8.1 . Cm. Tc. LH + RH. Tn1. tnpA* res+

pAA35. 9 .2. Cm. Tc. LH + LH. Tn1. tnpA* res+

pAA36. 6.4. Cm. RH + RH. Tn1. tnpA" res+

PAA361. 6 .4 . Cm. RH + RH.* Tn1. tnpA" res+

pUC8. 2.67. Ap. RH. Tn3. tnpA" res"

pUC9. 2.67. Ap. RH. ‘ ' Tn3. tnpA" res"

pKS400. 5.4. Ap. RH + RH. Tn1/3. tnpA~ res”

pKS401. 5.4. Ap. RH + RH.* Tn1/3. tnpA” res"



Table 3.1 legend:

(i). -  transposon ends in d irec t  repeat.

( i i ) .  i t  should be noted th a t  preliminary re s t r ic t io n  analysis data now 
i n d i c a t e  t h a t  th e  p la s m id  pAA33 (used  in  the  c o n s t ru c t io n  of 
pAA32, pAA35, pAA36 and pAA36D a p p e a rs  to  be pACYCI 84: :Tn1 
r a th e r  than pACYCl84::Tn3 as p rev iou s ly  rep o r ted  (S h e r r a t t  e t  a l ,  
1981; Arthur e t  a l ,  1984). I t  th e re fo re  seems l i k e l y  t h a t  a l l  the  
pACYCl84-derived re p l ic o n s  l i s t e d  here  co n ta in  only Tn1 ends and 
th a t  only the transposon  ends p re sen t  in  pUC8 and pUC9 ( and the  
corresponding ones in pKS400 and pKS401) are Tn3 ends.



sm all s iz e  pe rm its  ready a n a ly s is  of t r a n s p o s i t io n  products . Such 
conjugal t r a n s f e r  can only occur i f  the  sm all p lasm id  has formed a 
transposition cointegrate with R388, in  a non-essential part of the R388 
molecule. Hence, a measure of the frequency of transposition  in to  non- 
e s s e n t ia l  R388 sequences can be obtained  by m ating a donor s t r a i n  
con ta in ing  both th ese  p lasm ids (and a trrpA+ complementing plasmid i f  
necessary) with a su itab le  rec ip ien t s t ra in  and calcu lating  the frac tion  
of the  r e c ip ie n t s  th a t  re c e iv e  R388(Tpr ) t h a t  a lso  rece iv e  the  sm all 
plasmid marker, and transposon marker i f  present. This system is  c learly  
only u se fu l  in  a trvpR” background and, even then,; has c e r t a in  
l i m i t a t i o n s  -  e.g. t r a n s p o s i t io n  even ts  in to  essen tia l  R388 sequences 
(eg. t r a n s f e r  gene reg ion , Tpr  gene) a re  not d e te c ted ;  c o in te g ra te  
m olecules w i l l  use the  o r ig in  of r e p l i c a t io n  of t h e i r  sm all p lasm id 
component and th e re fo re  have a much h ig her  copy number than  R388 and 
tend to ou t-rep lica te  R388 and displace i t  by incom patibility . However, 
i t  s t i l l  a llow s v a l id  comparisons between d i f f e r e n t  m olecules to  be 
made. Donor s tra in s  were always freshly constructed, care being taken 
to  ensure th a t  each d i f f e r e n t  type of m olecule (e.g. t r a n s p o s i t io n  
t a r g e t ;  tnpA+ molecule) was in troduced  a t  the same s tag e  in  the  
constructions of d iffe ren t  s tra in s  to allow valid  comparisons between 
them, c.40 colonies were used to grow up a l iqu id  cu ltu re  of each donor 
s t ra in  to get a representative mean figure for transposition  frequency. 
The presence of cointegrates in exconjugant c e l ls  was checked by single  
colony gel analysis (co in tegra tes being r e a d i ly  reco g n isab le  by t h e i r  
increased  s iz e  and high copy number ) and by t h e i r  r e s o lu t io n  in  th e  
presence of a tn p R+ plasmid. The t r a n s p o s i t io n  assay  da ta  p resen ted  
throughout t h i s  work are  the  mean va lues ob ta ined  from a t  l e a s t  two 
se p a ra te  experim ents. The t r a n s p o s i t io n  f req u e n c ie s ,  except where 
otherwise stated, are those obtained from c e l ls  tha t have undergone 20- 
30 generations of growth. That these figures were maximal was shown by 
allowing some transposition pro fic ien t donor c e l ls  to  grow for many more 
g en e ra t io n s  before  mating w ith  the  r e c ip ie n t  s t r a i n .  No s i g n i f i c a n t

60

3



differences in transposition  frequencies in such c e l ls  were seen.
All the  m olecules l i s t e d  in  Table 3.1 were thus assayed fo r  t h e i r  

p r o f ic ie n c ie s  to  a c t  as t r a n s p o s i t io n  s u b s t r a te s ,  and the  r e s u l t s  o f 
th e se  assays a re  p resen ted  in  Table 3.2. A photograph of ty p ic a l  
cointegrates iso lated  from these systems i s  also shown in Fig 3.2. That 
these molecules shown were true cointegrates was demonstrated by th e i r  
resolution in the presence of a tnpR+ plasmid (pDS4153) to  the orig inal 
donor rep l ico n  p lus an R388 d e r iv a t iv e  con ta in ing  a copy o f  th e  
transposing sequence. (Data not shown).

I t  can be seen from these data tha t the presence of both a t  l e a s t  one 
inverted repeat sequence in c is  and of transposase protein in c is  or in 
trans i s  absolutely required fo r any transposition  to  occur. Also the 
combination of ends used made no s i g n i f i c a n t  d i f f e r e n c e  to  the  
transposition frequency of these Tn1/3 derivatives, as long as they were 
in v e r te d  w ith  re sp ec t  to  one another. Also, the  r i g h t  and l e f t  ends 
appeared to be equally good substra tes for transposition. Therefore, as 
there i s  no s ign if ican t homology between the righ t and l e f t  ends of Tn3 
o th e r  than the  38bp. p e r f e c t  in v e r te d  re p e a ts ,  i t  appears t h a t  only 
th ese  in v e r ted  re p e a ts  a re  e s s e n t i a l  fo r  the  f i r s t  s te p  of Tn1/3 
transposition .

I t  i s  a lso  i n te r e s t i n g  to  note the  high degree of s p e c i f i c i t y  
confe rred  by these  in v e r ted  re p e a ts  : they a re  recognised  only by Tn3 
(or Tn1) transposase. Not even the transposase protein from the c losely 
re la ted  element Tn1000, whose inverted repeats d i f fe r  a t  only seven non­
contiguous positions from those of Tn3, w il l  recognise and act a t  them 
(Heffron, 1983; K itts  e t  a l, 1982b).

I t  can a lso  be seen from the  above r e s u l t s  t h a t  some app aren t 
t r a n s p o s i t io n  was d e te c ted  a t  30°C in  those  systems where only one 
transposon  end (the  Tn3 r ig h t  end) or two r i g h t  ends in  d i r e c t  r e p e a t  
(one from Tn1, one from Tn3) were p re sen t .  These even ts occurred  a t  - 
very low frequency, even a t  30°C, and th e  i n a b i l i t y  to  d e te c t  them a t  
37°C was probably a consequence of the  g e n e ra l ly  low er t r a n s p o s i t i o n
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Table R.2: Transposition assay data obtained using plasmids possessing
d if fe ren t  combinations of transposon ends.

Plasm id.
T ran sp o s itio n  frequency a t  a tem p e ra tu re  of: 

30°C. 37°C. Ends. I

pUC8.

pUC9.

pKS400.

pKS401.

pAA32.

PAA35.

pM36.

pM361.

1.4x10“7.

PACYC184. NT.

NT.

NT.

NT.

NT.

<10-8

3.6x10”7. <10-8

1.83x10~6. <10“8.

NT.

NT.

NT.

<10“8.

< 10"8.

< 10"8 .

<10”8.

1.03x10“3.

4.0x10’ 3.

4.7x10-3.

<10“8 .

<10-8

<10-8

8.32x10- "1. <10”8. 4.4x10-3. <10”8.

<10”8 .

< 10"8 .

<10-8

<10-8

RH.

RH.

RH'_+ RH. 

RH + RH*,

LH + RH,

LH + LH. 

RH + RH.

RH + RH*.



Table 32 . legend:

( i ) .  NT -  not te s te d .

( i i ) .  the  ’+r and *-f columns in d ic a te  assays c a r r ie d  out in  the  
presence or absence of transposase respectively.

( i i i ) .  the only molecules used above tha t  were also tnpA+ were pAA32 and 
pAA35. In a l l  o th e r  cases , tnpA* m olecules were used as fo l lo w s  
to provide transposase in t ra n s : :

in the pUC8, pUC9, pKS400 and pKS401 systems -  pPAKIOO. 
in the pACYCl84, pAA36 and pAA36l systems -  pAA15.

( iv ) .  in  the  pACYCl84, pAA32, pAA35, pAA36 and pAA36l system s, 
transposition frequencies were determined by c a lc u la t in g  the  r a t i o  o f- 
S t r rTpr Cmr : S t r r Tpr  exconjugants a f te r  mating with DS902. In the pUC8, 
pUC9, pKS400 and pKS401 system s, t r a n s p o s i t io n  f req u e n c ie s  were 
determined .by calculating the ra t io  of S tr rTprApr  : S t r r Tpr  exconjugants 
a f te r  mating with DS902.

(v). f requen c ies  given as <10” n in d ic a te  th a t  no t r a n s p o s i t io n  was 
d e te c ted  in  the exam ination of a t  l e a s t  5x10n exconjugants. At 
l e a s t  150 co lon ies ,  a l l  co n ta in in g  c o in te g ra te s ,  were examined to  
calculate  positive transposition frequencies.

The t r a n s p o s i t i o n  f r e q u e n c i e s  g iven  throughout t h i s  work were  
| c a l c u l a t e d  as d e sc r ib e d  in the  t e x t  (p .60)  and are thus an 

i n d i c a t i o n  o f  the number o f  t r a n s p o s i t i o n  e v e n t s  o f  the t r a n sp o s in g  
| sequence  under i n v e s t i g a t i o n  in to  n o n - e s s e n t i a l  par t s  o f  the  

R388 plasmid molecule  over  a per iod  o f  c . 2 5  ~ 30 g e n e r a t i o n s .

| ( v i i ) .  * ” transposon ends in d i r e c t  repeat .  ,



R388::pAA32
c o in te g ra te s

Fig.3.2. Cointegrates formed between pAA32 and R388.

0.8* agarose gel showing the  l a r g e r  s iz e  and higher  copy number of 
cointegrates.

1,2: DS916, R388.

3-5: DS902, R388/pAA32 cointegrate.

R388
c h ro m o so m e



frequency of Tn1/3 a t  t h i s  tem pera tu re  (Kretschmer & Cohen, 1979). 
Similar findings have also been observed in the apparent transposition 
of pPAK100 (which c o n ta in s  only the  l e f t  end of Tn1) and pBR322 (which 
co n ta in s  only the  r i g h t  end o f  Tn3: B o liv a r  e t  a l ,  1977) and s in g le  
colony gel analysis of exconjugants for such systems showed th a t  they 
contained high copy number plasmids s l ig h tly  la rg e r  than R388. However, 
subsequent r e s t r i c t i o n  a n a ly s is  and DNA sequence determination showed 
tha t these plasmids were not true transposition  cointegrates. Rather, 
they appeared to  be an in s e r t io n  of the  donor r e p l ic o n  ( ie .  t h a t  
carrying the transposon end) in to  the rec ip ien t with some small variable 
d u p l ic a t io n  of the  in v e r ted  rep e a t  sequence. The reg ion  of in s e r te d  
donor DNA began e x ac tly  a t  the  o u ts id e  end of the  in v e r te d  rep e a t ,  
extended com plete ly  through the e n t i r e  donor r e p l ic o n  and ended w ith  
t h i s  sm all and v a r ia b le  d u p l ic a t io n  (14 -  32 bp.) o f in v e r te d  re p e a t  
sequence. There was a lso  a d u p l ic a t io n  (3 or 5bp.) o f  host DNA 
immediately flanking the insertion  s i t e  and insertions occured a t  many 
s i t e s  in the ta rge t replicon, ju s t  as in the transposition  of wild-type 
Tn1/3 (A rthur e t  a l ,  1984; A.Arthur & E.Nimmo, pers . comms.). Thus, 
t h i s  type of event shares  th re e  s t r u c tu r a l  f e a tu r e s  ex ac tly  w ith  the  
transposition  of wild-type Tn1/3 : the small duplication of host DNA in 
the ta rge t replicon immediately flanking the transposon insertion , the 
i n s e r t i o n  of transposon  DNA beginning p re c is e ly  a t  th e  o u ts id e  end of 
the  in v e r ted  rep e a t  sequence and th e  d i s t r i b u t i o n  of d i f f e r e n t  
in s e r t i o n s  over many s i t e s  in  the  t a r g e t  r e p l ic o n .  Also, such events 
a re  dependent on both tran sp o sase  p ro te in  ( in  c i s  or in t r a n s ) and the  
presence of of an in v e r ted  re p e a t  sequence in  c i s  (Arthur e t  a l T1984). 
All these  f e a tu re s  s tro n g ly  suggest t h a t  th ese  even ts  a re  a form of 
transposition event rather than some other form of recombination, and 
the  sm all d u p l ic a t io n  of in v e r ted  r e p e a t  sequences seen suggests  too 
tha t th is  i s  a rep lica tive  process, as i s  the transposition  of wild-type 
Tn1/3 (Heffron, 1983).

This type of event is  known as one-ended transposition  but, as i t  i s
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not one of the a reas  of in v e s t ig a t io n  o f  t h i s  work, i t  w i l l  not be 
. discussed in great d e ta il  here.

In summary, i t  seems probable t h a t  t h i s  form of t r a n s p o s i t io n  
proceeds by a mechanism s im ila r  to  the postulated asymmetric mechanism 
of t r a n s p o s i t io n  (Grindley & S h e r r a t t ,  1979; Galas & Chandler, 1981; 
Harshey & Bukhari, 1981), as the  t ran sp o sase  p ro te in  has only one 
in v e r ted  rep ea t  sequence upon which to  a c t .  I f  t h i s  i s  so, then i t  
seems th a t  the in v e r te d  re p e a t  sequence, on being r e p l ic a te d  and 
therefore encountered a second time by the rep lica tion  fork, acts  as a 
t e r m i n a t o r  o f  r e p l i c a t i o n ,  a s  i s  p ro p o sed  in  th e  a sy m m e tr ic  
t r a n s p o s i t io n  model. This i s  suggested  by the  obse rva tio n  th a t  a l l  
known d u p l ic a t io n s  of donor DNA in  th ese  events  invo lv ing  Tn1/3 
derivatives duplicate only a small, and variab le  portion of the inverted 
repeat. This varia tion  in the precise extent of the duplication could 
poss ib ly  be due to  the  r e p l i c a t io n  fo rk , perhaps w ith  t ran sp o sase  
protein complexed to i t ,  encountering  the  n e w ly -re p l ic a te d  in v e r te d  
repeat in the inverse orien tation  compared to the wild-type situa tion . 
This could conceivably  r e s u l t  in  an im pairm ent o f s p e c i f i c i t y  o f  
recognition of the inverted repeat by transposase p ro te in . '

I f  th is  i s  the mechanism of one-ended transposition , i t  suggests th a t  
transposition of wild-type Tn1/3 (or any derivative  consisting of a DNA 
segment flanked by two Tn1/3 ends in  inverted repeat) could also proceed 
by th is  mechanism. However, i t  does not preclude such events occurring 
by the postulated symmetric mechanism of transposition , e ith e r  in a l l ,  
or only a proportion, of cases (Arthur & Sherratt, 1979; Shapiro, 1979). 
And, indeed, th e re  i s  good evidence from s tu d ie s  on both i n t e r -  and 
in t r a - r e p l i c o n  Tn1/3 t r a n s p o s i t io n  th a t  wild-type Tn1/3 transposition  
does proceed by a mechanism closely akin to th a t  of the symmetric model 
(Kitts, 1982; K itts  e t  al,1982a; Bishop, 1983; Bishop & S h e rra t t ,1984).

I t  has been recently suggested (Grindley & Reed,1985) tha t one-ended 
t r a n s p o s i t io n  may proceed v ia  a symmetric mechanism. However, t h i s  
requires the invocation of a secondary s i t e  on the donor molecule which

63



the group o f  tran sposons  c o l l e c t i v e l y  known as TnA does not include  

Tn21, Tn172l and o th e r  elements  o f  t h e i r  su b - g r o u p . .



the  tran sp o sase  can bind to  and use in  transpositional recombination, 
a lb e i t  a t  a reduced frequency. While such an event has been described 
fo r  IS102 (Machida Y. e t  a l ,  1982a), no evidence from e i t h e r  DNA
sequence analysis or experimental observations has ever been produced in
th is  laboratory to support the existence of such a sequence in the cases 
of one-ended transposition studied here.

Lastly, extremely s im ila r  events and s truc tu res  have been observed in
th e  t r a n s p o s i t i o n  o f  one -end ed  d e r i v a t i v e s  o f  o th e r  c l a s s  I I
transposable elements -  eg. TnA (Heritage & Bennett, 1985. TnA was the 
general designation given to several independently iso la ted  and closely 
r e l a te d  tran sp o sab le  elem ents encoding a TEM-type B-lactamase. These 
elem ents included  Tn1 and Tn3 (G i l l  e t  a l ,  1978)); Tn21. and Tn1721 
(Avila e t  a l ,  1984; Motsch & Schm itt ,  1984; Motsch e t  a l ,  1985) -  so i t  
seems tha t th is  i s  not a phenomenon peculiar to Tn1/3.

3.2.2 Analysis of transposition products from PKS400 system.
Since transposing sequences are  d u p l ic a te d  in  the  t r a n s p o s i t io n  of 

Tn1/3 (Heffron, 1983), the  c o in te g ra te s  genera ted  between pKS400 and 
R388 allowed an investigation to be carried  out to determine ju s t  which 
sequences were being transposed. ( See-Fig 3.3.)# Was i t  the segment of 
DNA bounded by the  in s id e  ends of the  two in v e r te d  re p e a ts  ( ie .  t h a t  
including the origin of rep lica tion  -(a)in  Fig 3.3) or another segment -  
t h a t  bounded by the  o u ts id e  ends of the  in v e r te d  re p e a ts  ( (b )in  Fig 

3 .3 .)?
pKS400 was co n s tru c ted  by i n s e r t i n g  a 2.7kb. P s t I  fragm ent from 

pDS1118 (ColE1::Tn1) in to  the PstI s i t e  of the m ultiple cloning s i t e  of 
pUC8 in such an orientation  tha t the two transposon ends were inverted 
w ith  re sp e c t  to  one another. This fragm ent included the  r ig h t-m o s t  
466bp. of Tn1 (Arthur e t  a l , 1 984). T herefore , the  unique H in d l l l  s i t e  
in  pKS400 i s  lo ca te d  o u ts id e . th e  segment bounded e x te rn a l ly  by the  
inside ends of the inverted repeats, but inside  th a t  bounded externally
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Hind III 
PstI

A bla
bla

PKS400
5-4kb.

ori PstI
*y

^  -  right inverted repeat of Tn1 or Tn3 
o r i -o r ig in  of replication

F ig .3 -3 . P la sm id  pKS400.

The diagram depicts the plasmid pKS400, indicating the PstI fragment 
cloned from pDS1118 and the inverted o rien ta tion  of the two transposon 
ends.

The reg ions a and b were two sequences t h a t  i t  was thought might be 
the  tran sp o s in g  sequences in  the  t r a n s p o s i t io n  even ts  seen w ith  t h i s  
plasmid.

See tex t for fu rther de ta ils .



by t h e i r  o u ts id e  ends. (See Fig 3.3.), R388 c o n ta in s  one H in d l l l  s i t e  
and therefore, i f  the former segment had transposed, Hindlll r e s t r ic t io n  
of the cointegrates produced would y ie ld  simply two novel fragments. I f  
the  l a t t e r  segment had tran spo sed , however, w ith  a concom itant 
d u p l ic a t io n  of the  Hindl l l  s i t e  of pKS400, Hindl l l  r e s t r i c t i o n  of the  
cointegrates would yield  unit length l in e a r  pKS400 fragments as well as 
two novel fragm ents. (See Fig 3.4.). DNA from ten  c o in te g ra te s  was 
r e s t r i c t e d  w ith  Hindl l l  and, in  a l l  c ases ,  u n i t  le n g th  l i n e a r  pKS400 
fragm ents were generated , as w e ll  as two novel fragm ents . (See Fig 
3.5.)4 This r e s u l t  suggests  t h a t  tn p A m ediated t r a n s p o s i t io n  norm ally 
a c ts  to  r e p l i c a t e  those  DNA sequences corresponding to  those  in  the  
p o s i t io n  of the  transposon, and t h a t  th e  in s id e  ends of the  in v e r te d  
re p e a t  sequences a re  h ighly  d is favo u red  as s i t e s  of a c t io n  fo r  
transposase.

3.3 Effect of the presence of large  numbers of transposon ends in trans 
on transposition  frequency.

Much evidence has been accumulated th a t  the 38bp. terminal inverted 
repeats of Tn1/3 are the s i te s  a t  which the transposase protein binds to 
and a c ts  upon the DNA. The work desc r ib ed  above p o in ts  to  t h i s  
conclusion, as do the findings of Heffron e t  a l, 1977; McCormick e t  a l, 
1981 and W ishart e t  a l,1985. Heffron and co-w orkers showed t h a t  
deletion of the whole inverted repeat sequence abolishes transposition  
under a l l  c ircum stances , and Mc Cormick e t  a l ,  dem onstra ted t h a t  a 
mutation which removes a l l  but the outermost 14bp. of the r igh t inverted 
repeat decreases transposition to a leve l which i s  0.1$ of the wild-type 
l e v e l .  W ishart and co-w orkers showed t h a t  Tn3 tran sp o sase  b inds 
s p e c i f i c a l l y  to  l i n e a r  double s tranded  DNA fragm ents  c o n ta in in g  Tn3 
in v e r te d  rep ea t  sequences in  an ATP-dependent manner. Data ob ta ined  
using other transposable elements also suggest the ends of such elements 
a re  the  s i t e s  a t  which tran sp o sase  p ro te in s  bind to  and a c t  upon DNA.
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Fig.3.4.

i).
Abla ori

pKS400

bla*- ori

R388

ii).
-»bla T Abla

pKS400 R388

A b ja1 b la -

i-H ind  III site
ori -  origin of replication
4 -  right inverted repeat of Tn1 or Tn3

F ig .3 .4 . The c o i n t e g r a t e  m o le c u le s  t h a t  w ould  be g e n e r a te d  by th e
(i).&  t r a n s p o s i t io n  o f  th e  segm ents a o r  b r e s p e c tiv e ly  o f

( i i ) .  pKS400 shown in  F ig .3 .3 -

Thus, i t  can be seen th a t  Hindl l l  r e s t r i c t i o n  of the  c o in te g ra te s  
produced i f  segment a transposed would y ie ld  two novel fragments, w hils t  
Hindl l l  r e s t r ic t io n  of the cointegrates produced i f  segment b transposed 
would y ie ld  two novel fragm ents and a lso  u n i t  le n g th  l i n e a r  pKS400 
fragments.



Fig.3.5.

3 4

higher form s-

s /c  dimer 

o /c  m onom er

linear m onom er 

s / c  m onom er

5-4kb.

F ig .3 .5 .  Hindl l l  r e s t r i c t i o n  a n a l y s i s  o f  c o in te g r a te s  i s o la t e d  
from DS916, R388, pKS400 , pPAK100 ce lls .

0.8% a g a ro se  ge l  showing t h a t  Hindl l l  r e s t r i c t i o n  o f  t h e s e  
cointegrates yields unit length l inear  pKS400 fragments (and two other, 
novel fragments). This indicates that  i t  is  that  part of pKS400 bounded 
e x te rn a l ly  by the ou ts ide  ends of the  in v e r ted  re p e a t s  (segment b in 
Fig.3.3) th a t  i s  r e p l i c a t e d  in the tnpA-mediated t ransposition of th is  
plasmid.

1: pKS400.
2: pKS400, Hindl l l .

3: cointegrate DNA, Hindl l l .  ( p a r t i a l  d i g e s t ) .

4: cointegrate DNA.



eg. C ra ig ie  e t  a l ,  1984 have shown th a t  the  Mu A p ro te in  (which i s  
thought to be the Mu transposase) recognises and binds sp ec if ica lly  to 
the ends of the Mu genome. However, d irec t  evidence for the binding of 
Tn1/3 transposase to Tn1/3 inverted repeats has yet to be obtained.

Further ind irec t evidence for th is  binding was obtained during th is  
work by assay ing  the  e f f e c t  o f  th e  presence of high copy number 
re p l ic o n s  co n ta in ing  in v e r te d  re p e a t  sequences (but no tn p A or tn p R 
sequences) on the transposition  of a transposition-pro fic ien t transposon 
(Tn103) on a low copy number plasmid in  the same ce ll.  The assay system 
used was the  t r a n s p o s i t io n  of Tn103 from R388::Tn103 in to  pACYCl84 in  
DS916. Parallel assays were performed a t  30°C and 37°C.

PACYC184 plasmid DNA alone or together with pKS400 or pKS401 plasmid 
DNA was transformed in to  DS916, se lec tion  for transformants being on L 
agar con ta in ing  r i fa m p ic in  and chloram phenicol or L agar c o n ta in in g  
rifampicin, chloramphenicol and am pic illin  respectively. Each of these 
s t ra in s  was then used as a rec ip ien t in  a mating with DS903, R388::Tn103 
and e x c o n ju g a n ts  w ere  s e l e c t e d  as  f o l l o w s : -  DS916, pACYCl84, 
R388::Tn103 c e l l s  on I s o s e n s i t e s t  a g a r  c o n ta in i n g  r i f a m p i c i n ,  
chloram phenicol, and tr im eth op rim ; DS916, pACYCl84, pKS400 or pKS401, 
R388::Tn103 c e l l s  on I s o s e n s i t e s t  a g a r  c o n ta in i n g  r i f a m p i c i n ,  
chloram phenicol, a m p ic i l l in  and tr im e th ro p r im . By p u t t in g  in  the  
transposition p rofic ien t molecule l a s t ,  any e ffec t  of pKS400 and pKS401 
on t r a n s p o s i t io n  frequency was ex e rted  r i g h t  from the  s t a r t  of the  
period during which transposition could occur. Transposition of Tn103 
i n t o  pACYCl84 y i e l d s  an R388::Tn103::pACYCl84::Tn103 c o in te g ra te  
(Tpr CmrTcr ) and the frequency of th is  event in each of the above systems 
was therefore determined by calcu lating  the ra t io  of S tr rTpr Cmr :S trr Tpr  
exconjugants a f te r  mating with DS902. The re su l ts  of these assays are 
shown in  Table 3.3.

I t  can be seen from these re su l ts  th a t  the presence of large numbers 
of in v e r ted  rep ea t  sequences on pKS400 or pKS401 in  t r a n s  causes a 
decrease  of approxim ately 100 fo ld  in  the  t r a n s p o s i t io n  frequency of
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Table 3.3: The e f f e c t  o f  th e  p resence of pKS400 or PKS401 on the  
transposition  frequency of Tn103.

Cross.
T ran sp o s itio n  frequency o f  Tn103 in to  pACYCl84 a t:  

30°C. 37°C.

DS916, pACYCl84, 
R388::Tn103 x 

DS902.
4.39x10-2 3.62x1 O'4 .

DS916, pACYCl84, 
R388::Tn103, pKS400 

x DS902.
1.14x10”4. 1.77x10“6.

DS916, PACYC184, 
R388::Tn103, pKS401 

x DS902.
1.13x10"\ 3.05x10~6,

Table 3.3 legend:

(i) . a t  le a s t  150 colonies, a l l  containing cointegrates were examined in 
each case to estab lish  these transposition  frequencies.



Tn103 from R388::Tn103 into pACYCl84 a t  both 30°C and 37°C. This e ffec t  
i s  seen regardless of the o rien ta tion  of these sequences with respect 
to  one another and r e g a rd le s s  of the  f a c t  th a t  pKS401, u n lik e  pKS400, 
does not con ta in  a t ra n sp o sa b le  segment t h a t  could t ran spo se  in to  
PACYC184 and block the  t r a n s p o s i t io n  of Tn103 in to  the  r e s u l t i n g  
cointegrate  by transposition  immunity. This i s  in terpreted  to  mean th a t  
these inverted repeat sequences act to  t i t r a t e  out some of the available 
transposase protein. I t  is ,  of course, possible tha t other sequences in 
the pKS400 and pKS401 plasmids somehow affected the transposition 
of Tn103, but an experiment to  assay the e ffec t  of a plasmid containing
no Tn3 sequences (pACYCl84) on th e  t r a n s p o s i t io n  of Tn103 from
R388::Tn103 to  pCB101 showed no d e te c ta b le  e f f e c t .  (Data p resen ted  in  
Table 5.1). I t  i s  not useful to perform the obvious control experiment 
of assaying the e ffec t of pUC8 and pUC9 (the parental plasmids of pKS400 
and pKS401 respectively) on the transposition  of Tn103, since they each 
contain the righ t inverted repeat of Tn3.

I t  th e re fo re  seems reasonab le  to  conclude th a t  the  decreased
transposition  frequency of Tn103 in the presence of pKS400 or pKS401 i s  
a r e s u l t  of a c t i v i t y  of the  in v e r ted  re p e a t  sequences, most probably 
by th e i r  t i t r a t i n g  out transposase protein. Similar observations have 
been made w ith  TnA by H eritage  and B ennett (1984) and they have put 
forward a s im ila r  explanation.

3.4 Discussion.
By assaying .the a b i l i ty  of sequences flanked by two copies of e ith e r  

end of Tn1/3 to  transpo se , and comparing th ese  to  the  w i ld - ty p e  
s itua tion , i t  has been shown tha t the transposition  frequencies of Tn1/3 
d e r iv a t iv e s  do not appear to  d i f f e r  s i g n i f i c a n t l y ,  no m a t te r  what 
com bination of transposon ends they possess, as long as th ese  a re  
in v e r te d  w ith  re sp ec t  to  one ano ther . Thus, the  r i g h t  and l e f t  ends of 
Tn1/3 appear to be equally good subs tra tes  for transposition. A s im ila r
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s i tu a tio n  i s  observed with some insertion  sequences (eg. IS10 in Tn10 -  
Foster e t  a l,  1981), while others show a marked varia tion  in the a b i l i ty  
of th e i r  two ends to  act as substra tes in transposition  (eg. IS50 in Tn5 
-  Sasakawa and Berg, 1982; IS1 in  Tn9 -  Ishizaki and Ohtsubo,1984; Gamas 
e t  a l,1985). In the  t r a n s p o s i t io n  of bac te riophage  Mu a lso ,  only DNA 
sequences flanked by one l e f t  and one r ig h t  Mu end have been observed to 
t ran sp o se . Though e le c tro n -m ic ro sc o p ic  a n a ly s is  has rev ea led  the  
existence of DNA segments flanked by two l e f t  or two r ig h t  Mu ends, such 
seg m en ts  have nev e r  been o b se rv ed  to  t r a n s p o s e  (T oussa in t and 
Faelen,1973; R esibo is e t  a l , 1 981; T oussa in t and R e s ib o is ,1983). I t  i s  
also in te res ting  to  note th a t  only sequences flanked by one l e f t  and one 
r i g h t  Mu end in  one p a r t i c u l a r  o r i e n ta t io n  have been observed to  
tran spose . T ran sp o s itio n  of sequences f lanked  by the  same two ends in  
the  op posite  o r i e n ta t io n  has not been seen. This i s  the  case  both in 
vivo and in v i tro  (Toussaint and Resibois, 1983; Mizuuchi,1983 ).

As th e re  i s  no s i g n i f i c a n t  homology between the  two ends of Tn1/3 
o ther  than the  38bp. p e r f e c t  in v e r te d  re p e a ts ,  th ese  r e s u l t s  suggest 
th a t  only th ese  in v e r te d  rep e a t  sequences a re  e s s e n t i a l  fo r  th e  f i r s t  
s te p  of Tn1/3 t r a n s p o s i t io n .  Also, i t  would seem th a t  th e re  i s  no 
specialised ro le  for the sequences immediately in te rnal to the inverted 
repeats in transposition.

A d d it io n a lly ,  i t  has been shown t h a t  tnpA m ediated t r a n s p o s i t io n  
normally acts  to rep lica te  those DNA sequences bounded externally  by the 
o u ts id e  ends of the  in v e r te d  re p e a ts  and th a t  the  in s id e  ends of the  
inverted repeats are highly disfavoured as s i t e s  for the in i t i a t io n  of 
transposition .

These data also confirm the findings of other workers ( Heffron e t  a l, 
1977, 1979; G i l l  e t  a l ,  1978; K i t t s  e t  a l ,  1982a.) t h a t  the  f i r s t  s te p  
of Tn1/3 t r a n s p o s i t io n  ab so lu te ly  re q u i re s  the  presence  in  c i s  o f the  
38bp. te rm in a l  in v e r te d  rep e a t  sequence, as w e ll  as the  t ra n sp o sa se  
p ro te in ,  i n  c i s  or in  t r a n s T of Tn1/3. Even one copy a lone of t h i s  
sequence i s  su ff ic ien t  to  mediate a novel type of recombination event
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between a rep l ico n  ca rry in g  the  sequence and a s u i t a b le  t a r g e t .  This 
appears to  be a form of t r a n s p o s i t io n  ( ’one-ended1 t r a n s p o s i t io n  ) in  
which the whole donor replicon i s  inserted  in to  the ta rge t  with a small 
and variable  duplication of the inverted repeat sequence. This type of 
event occurs a t  a f a r  lower frequency -  c.1000 tim es  l e s s  -  than the  
transposition  of sequences flanked by two transposon ends in  in v e r te d  
repeat.

The findings on the apparent equivalence of the two ends of Tn1/3 are 
a t  v a r ian ce  w ith  the data  o f H eritage  e t  a l  (1984 -  h i t h e r to  only 
rep o r te d  as re fe ren c e  65 in  G rindley & Reed, 1985) ob tained  using  
derivatives of the transposon Tn802. Tn802 appears to be equivalent to  
Tn1 ( W allace e t  a l ,  1980 ) and in  p lasm ids co n ta in in g  d i f f e r e n t  
combinations of three inverted repeat sequences of Tn802, i t  was found 
th a t  there was a hierarchy of usage of these sequences which was almost 
independent of th e ir  order on the DNA. In summary, sequences flanked by 
one l e f t  end and one r ig h t  end in  in v e r te d  rep e a t  transposed  c .7 - fo ld  
le s s  frequently than those flanked by two l e f t  ends in inverted repeat 
but more than 100-fold more frequently than those flanked by two r igh t  
ends in inverted repeat. These d i f fe re n t ia l  frequences were seen even in 
cases where the th ird  end on the plasmid lay between the two ends th a t  
were active  in transposition and defined a shorter transposable segment. 
These r e s u l t s  s u g g e s t  t h a t  th e  Tn802 t r a n s p o s a s e  i n t e r a c t s  
p re fe ren tia lly  with the l e f t  end of the transposon, implying a spec if ic  
ro le  in transposition for those sequences immediately within the l e f t  
inverted repea t.

The experim ents performed in  t h i s  la b o ra to ry  c lo se ly  resem ble  the  
wild-type s itua tion  -  i.e. each of the plasmids used contained a maximum 
of two transposon ends -  and i t  could be tha t  the data of Heritage e t  a l 
a re  a consequence of some p e c u l i a r i ty  of p lasm ids c o n ta in in g  th r e e  
transposon  ends. Also, they could be a s p e c i f i c  f e a tu r e  o f Tn802 
transposition .

Experiments analogous to  t h e i r s  w ith  plasm ids c o n s tru c ted  in  t h i s

69



la b o ra to ry  have y e t  to  be performed, but the  r e s u l t s  of these  w i l l  
c learly  throw more l ig h t  on the p re fe ren tia l  or non- p refe ren tia l  use of 
the two ends of Tn1/3 in transposition.

70



y

Chapter 4.

A ttem pted o v e r-ex p ress io n , 

and re g u la tio n  o f  th e  tnpA gene o f  Tn1.
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4.1. Introduction.

A v a lu a b le  a id  in  the  e lu c id a t io n  of the  p re c ise  mechanism of Tn1/3 
t r a n s p o s i t i o n  would be th e  dev e lo p m en t o f  an in  v i t r o  Tn1/3 
transposition  system. Such systems have recently been developed for the 
t r a n s p o s i n g  b a c te r io p h a g e  Mu and have l e d  to  a much c l e a r e r  
understanding of the mechanism of Mu transposition. The available data 
support the theory tha t  Mu transposition  proceeds by a mechanism closely 
akin  to  the  symmetric model of t r a n s p o s i t io n  proposed by Shapiro 
(Shapiro, 1979; Mizuuchi, 1983,1984; Craigie and Mizuuchi, 1985; Higgins 
e t  a l, 1983; Higgins and Olivera, 1984).

For such a system, i t  i s  c le a r ly  necessary  to  have a source of 
purified  Tn1/3 transposase protein. However, i n i t i a l  studies indicated 
tha t the c e l lu la r  leve ls  of th is  protein  were ra ther low. For example, 
se v e ra l  workers s tudying  exp ress ion  of Tn1/3 encoded p o lypep tides  in  
E.coli K-12 m inicells did report v isualising , e ith e r  by autoradiography 
of 35S -methionine labelled  m aterial or Coomassie brilliant blue sta in ing 
of SDS-polya.cryl amide gels, a band corresponding to a polypeptide of a 
s iz e  a p p ro p r ia te  fo r  tran sp o sase  as determ ined by a n a ly s is  of the  
nucleotide sequence of Tn3 (c.111 Kd). However, th is  band was only seen 
in  a derepressed  background (trvpR“ ) ' and, even then i t  was f a r  l e s s  
in te n se  than the  bands of the  o th e r  p ro te in s  from the  transposon  : 
re so lv ase  and B -lactam ase. (Chou e t  a l ,  1979a and b; G i l l  e t  a l , 1979; 
W ishart e t  a l ,  1985). Dougan e t  a l  (1979) rep o rted  being unable to  
d e te c t  any express ion  from the  t ran sp o sase  gene reg ion  of Tn1/3 in  
E.coli K-12 m inicells, but re-examination of th e i r  gel data revealed a 
fa in t  band of a polypeptide of the an ticipated  size for transposase, but 
again only in  a tn p R~ background. Experiments undertaken during t h i s  
work to  study the  express ion  of po lyp ep tides  from the  plasm id 
pMB9::Tn103 in  E .coli K-12 m in ic e l l s  f a i l e d  to  show any band of a s iz e  
appropriate for transposase.

The f in a l  c e l l u l a r  le v e l  of a p ro te in  i s  determ ined by se v e ra l
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factors, including the level of transcrip tion  of the gene encoding the 
protein, the s ta b i l i ty  of the mRNA, the efficiency of the trans la tion  of 
the mRNA and the s ta b i l i ty  of the protein i t s e l f .  Experiments to study 
the strength of the transposase gene promoter and tran s la tion  in i t ia t io n  
s ig n a ls  in  Tn3 have shown th a t ,  w hile  the  promoter i s  of a reasonable  
s tren g th :-  c.55% the strength  of the derepressed wild-type lac promoter 
of E.coliT the t ran s la tio n  in i t ia t io n  signals are ra ther weak:-only 3% 
the strength of the corresponding lac signals (see below and Chou e t  a l, 
1979b.) Thus, while the gene may be transcribed a t  qu ite  a high level, 
the  e f f ic ie n c y  of t r a n s l a t i o n  of the  mRNA seems l i k e l y ' t o  be low, and 
th is  could obviously contribute to the low c e l lu la r  level seen for th is  
protein .

In the l ig h t  of these observations on the c e l lu la r  level of the Tn1/3 
transposase protein and the data on the gene’s promoter and trans la tion  
in i t ia t io n  signals, i t  seemed wise tha t any method for iso la ting  usable 
q u a n t i t i e s  of t h i s  p ro te in  should take  as i t s  s t a r t i n g  po in t a system 
for i t s  over-production e.g. an appropriately modified Tn1/3 derivative.

Shortly  befo re  the  s t a r t  o f t h i s  work, Fennewald e t  a l  (1981) 
reported a purif ica tion  method for Tn3 transposase using a mutant Tn3 
th a t  was both a tn p R~ (due to  the  g en e ra tio n  of a UAG -  amber -  
te rm in a t io n  codon a t  the  p o s i t io n  of the  130th. amino ac id  re s id u e  of 
re so lvase )  and had a m utation  in  the  Shine/D algarno sequence (Shine & 
Dalgarno, 1975) of the  tnpA gene th a t  r e s u l te d  in  an increased  
efficiency of tran s la tion  of tnpA mRNA (Chou e t  a l, 1979a; Casadaban e t  
a l ,  1980). Very re c e n t ly ,  and near the  end of t h i s  work, W ishart e t  a l  
(1985) reported a simpler purif ica tion  method for th is  protein using a 
Tn3 d e r iv a t iv e  th a t  was mutant only in being tnpR". This m utation  
involved d e le t io n  of the  12bp. between 3243 and 3254 in  the  Tn3 
sequence. (Heffron e t  a l, 1979).

I t  th e re fo re  seemed q u i te  f e a s ib l e  to  be ab le  to  develop a s im i la r  
system fo r  the over-exp ress ion  of the  Tn1 tran sp o sase  p ro te in ,  as a 
f i r s t  step in developing a protocol for i t s  purif ica tion .
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I t  was decided to use Tn1 in th is  work because re s t r ic t io n  analysis 
data had shown the presence of an additional HincI I  s i t e  in  Tn1 compared 
to  Tn3. This e x tra  s i t e  was found to  be in  the  v i c i n i ty  of the  
i n i t i a t i o n  codon of the  tran sp o sase  gene (P. K i t t s  and D. S h e r r a t t ,  
pers . comm.). I t  was thought th e re fo re  t h a t  c u t t in g  th e  DNA a t  t h i s  
s i t e  would s e p a ra te  a l l  or most o f the  tn oA gene coding reg ion  from 
e ith e r  ju s t  the promoter or both the promoter and trans la tio n  in i t ia t io n  
s ig n a ls  o f the gene. This would allow the coding reg ion  to  be placed 
under th e  c o n t r o l  o f  o th e r  known s t r o n g  t r a n s c r i p t i o n a l  and 
trans la tiona l  control signals.

Neither the exact s i t e  nor the exact nature of the mutation th a t  gave 
r i s e  to  t h i s  e x t r a  HincI I  s i t e  in  Tn1 was known. Examination of the  
n u c le o tid e  sequence of Tn3 (Heffron e t  a i ,  1979) revea led  four 6bp. 
sequences around the  trvpA gene i n i t i a t i o n  codon t h a t  could each, by a 
single base pair subs titu tion  mutation, give r ise  to a HincI I  s i te .  See 
Fig 4.1. However, i t  was quite  possible th a t  the extra  s i t e  could a r ise  
by some o ther  m u ta tiona l  event (e.g. s in g le  base p a i r  i n s e r t io n ;  
mutations affecting more than one base pair). To determine the nature 
of the m utation  th a t  genera ted  t h i s  a d d i t io n a l  HincI I  s i t e  and, 
especially, to  precisely lo ca lise  th is  s i te ,  i t  was decided to carry out 
DNA sequence determination on th is  region of Tn1.

4.2. DNA sequence determination of part of Tn1.

Since th e re  i s  a HincI I  s i t e  in  Tn1 (as in  Tn3) a t  p o s i t io n  1385, 
i s o l a t i o n  of the  i n t a c t  tnpA gene on a HincI I  fragm ent from Tn1 
necessita tes a p a r t ia l  r e s t r ic t io n  digest. I t  was therefore decided to 
f i r s t ly  clone such a HincI I  fragment in to  the m ultiple  cloning s i t e  of a 
s u i t a b le  high copy number v ec to r ,  as t h i s  would provide a p l e n t i f u l  
source of the fragment for other manipulations. Additionally, the tnpA 
gene sequence would then be flanked  by s i t e s  fo r  v a rio u s  o th e r

74



Fig.4.1.
I

Hinc II site : -GTPy PuAC-

i). CTCAAC  ►GTCAAC -  transversion
3013 3018

ii). GTCAAA  ►GTCAAC — transversion
3029 3034

iii). ATCAAC  ►GTCAAC -  transition
3037 3042

iv). TTTAAC  ►GTTAAC -  tran sv e rs io n
3074 3079

F ig .4 .1 .  F o u r  6 b p . s e q u e n c e s  n e a r  t h e  t r a n s l a t i o n  i n i t i a t i o n  

codon o f  Tn3 t h a t ,  w i th  a one bp. s u b s t i t u t i o n  m u ta t io n ,  
could g iv e  r i s e  to  a  H incII  s i t e .

The figures indicate  the co-ordinates of these sequences in Tn3.



re s t r ic t io n  enzymes tha t  did not have s i te s  w ithin the tnpA gene i t s e l f ,  
thus f a c i l i t a t in g  these manipulations.

I t  was a p p rec ia ted  t h a t  the  sequence d e te rm in a tio n  of a c o n s t ru c t  
obtained in th is  way would not identify  the mutation responsible for the 
presence of the  a d d i t io n a l  HincI I  s i t e  in  Tn1 i f  t h i s  lay  3T to  the  
c leavage s i t e .  However the  exac t n a tu re  of t h i s  m uta tion  was not o f 
prime importance -  most s ig n if ican t  was the location  of the s i te .  Also, 
i t  was considered  th a t  i t  may be d i f f i c u l t  to  e x ac tly  l o c a l i s e  the  
region of Tn1 being analysed. However, as i t  was known tha t  the extra 
s i t e  lay  in  the  reg ion  of the  trrpA gene i n i t i a t i o n  codon and th a t  Tn1 
and Tn3 d i f f e r  by only a few base changes (Heffron, 1983), i t  was 
presumed tha t the position of the region of Tn1 under examination could 
be determined by comparing i t  w ith  the  Tn3 n u c le o t id e  sequence and 
f in d in g  the  area  th a t  gave g r e a t e s t  homology be tw een  th e  two. 
Therefore, th is  approach was pursued, the chosen vector being pUC8 and 
the source of the Tn1 tnpA gene-containing fragment being pPAKIOO.

pUC8 has only one HincI I  s i t e  ( in  i t s  m u lt ip le  c loning  s i t e )  but 
pPAKIOO has th re e  : two in  the  Tnl p a r t  of the  m olecule and one in the  
PACYC184 p a r t .  See Fig 4.2.

Three 2ug a l iq u o ts  of pPAKIOO plasm id DNA were p a r t i a l l y  d ig e s te d  
with HincI I  as described in Section 2.-17 and the products of digestion 
separa ted  on a 1% low m elting  po in t  agarose ge l.  The gel s l i c e s  
con ta in ing  the  fragm ent o f i n t e r e s t  were cu t out and pooled. The DNA 
was purified from the agarose and used in l ig a t io n  with pUC8 plasmid DNA 
th a t  had been l i n e a r i s e d  w ith  HincI I  and phosphatased. This l i g a t i o n  
mix was used to transform AM15 c e l ls  to Apr , and the se lec tive  p la tes  
a lso  conta ined  X-gal. Of 456 tran s fo rm a n t  c o lo n ie s  ob ta ined , 34 had a 
blue phenotype and were found to contain monomeric pUC8 plasmid. The 
remaining 422 c o lo n ies  a l l  had a w hite  phenotype, su gges ting  they 
conta ined  recombinant p lasm ids. S ing le  colony gel analysis, however, 
revealed tha t a l l  but three of them contained plasmids of approximately 
the same size  as pUC8. Most probably these plasmids were small dele tion
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tnpA 

HincII restric tion  fragment sizes (kb.):
i). partial: ii).com plete:

4 -050  1-665
4-736 2-385
5-456  3-071

F ig .4 .2 . P la sm id  pPAKIOO.

The diagram shows the HincI I  r e s t r i c t i o n  s i t e s  in  the  p lasm id . The 
sm all f ig u re s  in d ic a te  the  c o -o rd in a te s  o f the  HincI I  s i t e s  in  the  
part of Tn1 tha t i s  retained in pPAKIOO.

Also shown i s  a l i s t  of a l l  the  p o ss ib le  r e s t r i c t i o n  fragm ents  t h a t  
can be generated  by HincI I  r e s t r i c t i o n  of the  plasm id, com plete  or 
p a r t i a l .  I t  i s  the  c.4.05kb. p a r t i a l  fragm ent th a t  co n ta in s  th e  trvpA 
gene. Notice t h a t  t h i s  fragm ent a lso  in c lu d es  c.1kb. o f  pACYCl84 
sequences beyond the l e f t  inverted repeat of Tn1.



derivatives of pUC8 in which the reading frame of the la c Z gene fragment 
downstream of the HincI I  s i t e  had been changed, preventing in tragenic- 
complementation between the plasmid and chromosomal la c Z gene fragments 
occurring. The remaining three white colonies, however, each contained 
a plasmid of the expected s ize  of the desired recombinant. See Fig 4.3. 
Restric tion analysis of plasmid DNA prepared by the alkaline/SDS method 
from each of these  c lones using HincI I  complete d ig e s t io n ,  C lal 
digestion and Clal / BamHI c o -d ig e s t io n  showed t h a t  a l l  th ese  p lasm ids 
contained the fragment from pPAKIOO, one of them having i t  inserted  in 
one orien tation  and the remaining two having i t  inserted  in the other. 
These plasm ids were designa ted  pSN015 and pSN016, depending on the  
orien tation  of the inserted  fragment. See Figs 4.4 and 4.5..

I t  can be seen tha t  pSN015 contains the pPAKIOO fragment orientated 
in  such a way th a t  t r a n s c r ip t io n  i n i t i a t e d  by the  la c  promoter and 
t r a n s la t i o n  of the  r e s u l t a n t  mRNA would be expected to  g enera te  a 
functional transposase protein. This would be the case as long as the 
p ro te in  product were w ild - ty p e  tran sp o sase  (though the  lack  of a 
t r a n s l a t i o n a l  s top  codon in  the  B -g a la c to s id a se  sequence makes t h i s  
unlikely) or a B-galactosidase/transposase in-frame fusion protein th a t  
had not lo s t  some crucial part of the transposase protein and th a t  was 
not, for some reason, inactive. pSN016, on the other hand, contains the 
pPAKIOO fragment inserted in the opposite o rien ta tion  and hence would 
not have been expected to produce functional transposase protein by the 
same mechanism. T ran spo s itio n  assays  were c a r r ie d  out to  a s se s s  the  
a b i l i ty  of each of these plasmids to supply transposase protein in trans 
and the re su l ts  of these are given l a t e r  in th is  chapter.

The immediate use of these plasmids, however, was to determine the 
exact position of the extra HincI I  s i t e  in Tn1. The method used fo r DNA 
sequencing in th is  work was the chain-terminator method of Sanger e t  al 
(1977). I t  was therefore necessary to  clone a suitable fragment in to  an 
M13 bacteriophage vector before i t s  sequence could be determined. The 
vector chosen was M13mpl8.
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Fig-4.3.

1 2 3 1415

c. 6-7 kb.

RMllli*2*67 kb.

6 -6 4 6  kb.

F i g .4.3. S in g le  co lony  g e l  a n a l y s i s  o f  p o s s i b l e  r e c o m b in a n t  
clones obtained in  the construction of pSN015 and pSN0l6.

0.8% agarose gel showing plasmid DNAs presen t  in t h i r t e e n  white  
transformant colonies. Of these, twelve (3-14 incl.) are very probably 
small d e le t io n  d e r iv a t iv e s  of p(JC8, but one (2) i s  of  the a n t i c i p a t e d  
size of the desired recombinant.

Note the very high copy number of the plasmid in (2).

1: pUC8 plasmid DMA.

2-14: plasmids in white transformant colonies.

15: ColE1 plasmid DNA.



Fig.4.4. 1385 2000 c.3050
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bla bla

PSN015 
6-7 kb.

PSN016
6*7kb:

ori ori

lac lac

^ - in v e r te d  repeat of Tn1 or Tn3 
ori -  origin of replication 
Pac“  lac prom oter 
| -  H indi site  
+  -C la  I site  
O -  Bam HI site



Fig.4A  The construction o f pSN015 and pSN016.

Ligation of the cA05kb. HincI I  fragment from pPAK100 to 
H i n d i  l in e a r i s e d  pUC8 genera ted  two products , d i f f e r i n g  in  the 
orien tation  of the inserted  fragment. These were designated pSN015 and 
PSN016.
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Fig.4.5.a). R estric tion  analysis of pSN015 plasmid DNA.

0.8% agarose gel showing that  HincII  digestion of pSN015 yielded the 
2.39kb. and 1.67kb. HincI I  fragments derived from pPAK100 (and a u n i t  
l e n g th  l i n e a r  pUC8 fragment).  Also, Clal / BamHI c o -d ig e s t io n  y ie lded  
c. 1.04 and 5.6kb. fragments, showing that  the fragment from pPAK100 was 
i n s e r t e d  in such a way th a t  t r a n s c r i p t i o n  from the  lac  promoter 
proceeded through i t  in the correct direction to generate a functional 
transposase pro te in .
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Fig.4.5.b). Restric tion analysis of pSN0l6 plasmid DNA.

0 .8% agarose gel showing tha t  HincI I  digestion of pSN0l6 yielded the 
2.39kb. and 1.67kb. HincI I  fragments  derived from pPAK100 (and a u n i t  
len g th  l i n e a r  pUC8 fragment).  Also, Clal/BamHI c o -d ig e s t io n  y ie ld ed  
c.3.0 and 3.7kb. fragments, showing that  the fragment from pPAK100 was 
in s e r t e d  in such a way t h a t  t r a n s c r i p t i o n  from the  lac  promoter 
proceeded through i t  in the incorrect  direction to generate a functional 
transposase protein .



The lane  a l lo c a t io n s  fo r  F ig s .4.5.a). & b). a re  as f o l lo w s : -

1: ColE1 DNA. 71 pUC8 DNA, wi th many h ig h e r  forms.

2: pSN015 or pSN016 DNA. 8: pSN015 or pSN0l6, BamHI.

3: pSN015 or pSN0l6, HincII .  9: pSN015 or pSN016, Clal.

4: pPAK100, HincII .  10: pSN015 or pSM016, Clal/BamHI.

5: pPAK100 DNA. 11: Lambda DNA, Hindlll/EcoRI.

6: pUC8, HincII .  .12: Lambda DNA, Hindlll.
(partial d ig e s t) .

The sizes (kb.) of the lambda DNA fragments are as fo llow s:-

i ) .  lambda DNA, Hindlll.EcoRI:

21.2, 5.15, 4.97, 4.28, 3-53, 2.03, 1.91, 1.58, 1.33, 0.98, 0.83.

i i ) .  lambda DNA, Hindl l l :

23.1, 9.42, 6.68, 4.36, 2.32, 2.03.



PSN016 plasm id DNA was chosen as the  source of the  fragm ent to  be 
sequenced. This was because l i g a t i o n  of th e  Hindlll-BamHI fragm ent 
con ta in in g  the  Tn1 tnpA sequences from t h i s  plasmid to  the  l a r g e s t  
Hindl l l -BamHI fragment of M13mpl8 rep lica tiv e  form (RF) DNA would mean 
th a t  the region immediately downstream of the primer annealing s i t e  in 
the  r e s u l t a n t  recom binant would be th a t  p a r t  of th e  Tn1 sequence 
adjacent to the additional HincI I  s i t e  th a t  i s  retained in pSN016 (and 
pSN015). See Fig 4.6.

PSN016 plasmid DNA and M13mpl8 RF DNA were each c o -d ig e s ted  w ith  
Hindl l l  and BamHI and the  r e s u l t a n t  fragm ents  mixed and l ig a t e d  
together. Five recombinant ’phages were iso la ted  by M13 transformation 
of JM101 c e l l s ,  sc reen ing  the  t ra n s fo rm a n ts  using  X-gal and IPTG. 
S ing le  plaque gel and r e s t r i c t i o n  a n a ly s is  o f RF DNA from th ese  f iv e  
recombinants (data not shown) showed tha t  they a l l  were of the desired 
structure . This recombinant was designated M13mpSN07.

Template DNA from each of these five independently iso la ted  clones 
was prepared and used for sequencing reactions as described in Section 
2.23. Sequencing was c a r r ie d  out th re e  t im es. On each occasion , the  
g e ls  could be read c le a r ly  and unequivocally  and the  sequence 
determined from each of the five clones was iden tica l.

Comparing the sequence data obtained from Tn1 with the known sequence 
of Tn3 (Heffron e t  a i ,  1979) using the  computer programme ZSEQFIT (C. 
Boyd, pers. comm.) revealed an area in the Tn3 sequence where there was 
97/114 bp.(=85.1%) homology between the  two sequences. This reg ion  
extended from c o -o rd in a te s  2926-3040 in  the  Tn3 sequence and th e  Tn1 
sequence included, a t  a position equivalent to 3037 in the Tn3 sequence, 
a T to C t ran s it io n  mutation. This i s  one mutation th a t  would generate 
a HincI I  s i t e  in Tn1 th a t  extended over those base pairs  equivalent to  
base p a i r s  3037-3042 in  Tn3 as shown in Fig 4.1.( i i i ) .  At such a s i t e ,  
cleavage by the enzyme would occur between base pairs 3039 and 3040, and 
the sequence data showed th is  to be the s i t e  of cleavage. I t  therefore  
was concluded tha t i t  was th is  mutation tha t generated the extra  HincI I
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Fig.4.6.

Bam HI

_ H in d  IIIbja
t j ,  pSN016 

6-7kb. M13mp18 
7-23kb. Hind III

Bam HI

Hind Ill/Bam HI

M13mpSN07
11-3kb.

tnpA

Plac
inverted repeat of Tn1 or Tn3 

^ac"l§9 promoter 
• -  primer binding site

F ig .4 .6 .  The c o n s tru c tio n  o f  M13mpSN07.

L ig a tio n  of the  c.4.1kb. Hind III/Bam HI fragm ent from pSN0l6 to  the  
la rgest Hindl l l / BamHI fragment of M13mpl8 generated M13mpSM07. In th is  
M13 d e r iv a t iv e ,  th e  tnp A gene sequences o f  Tn1 were im m edia te ly  
downstream of the binding s i t e  for the M13 universal primer.



* See also the photograph of the sequencing gels from which the j  
. ..DNA sequence was determined inside the back cover. .

7



s i t e  in  Tn1 and th a t  t h i s  s i t e  extended over the  above reg ion  in  Tn1. 
The reg ion  of Tn1 sequence t h a t  was determ ined i s  shown and compared 
w ith  the  corresponding reg ion  of Tn3 in  Fig 4.7. Also shown a re  the  
predicted trans la tion  products of the two reg io ns .*

I t  can be seen th a t  those nucleotide d ifferences tha t ex is t  between 
Tn1 and Tn3 in  t h i s  a r e a  i n c lu d e  e le v e n  t r a n s i t i o n  and t h r e e  
transversion mutations. These are arranged to  include eleven th ird  base 
pair changes, a l l  of which are synonymous (rsame-sensef) mutations, one 
separate f i r s t  base pair change, which is  also a synonymous mutation and 
two ad jacen t  m uta tions t h a t  change the  f i r s t  and second base p a i r s  of 
one codon and cause a m is-sense  m uta tion  a t  t h i s  po in t.  (A v a l in e  
re s id u e  in  Tn3 i s  rep laced  by a th reo n in e  re s id u e  in  Tn1). Thus, over 
the  region sequenced, only one amino ac id  re s id u e  in  t h i r t y - e i g h t  i s  
a ltered  between Tn1 and Tn3 (=97.4$ homology), and hence the predictions 
of c lo se  homology between Tn1 and Tn3 a t  the  DNA, and th e r e f o re  the  
amino acid, level are borne out in th is  area.

4.3. G alac tok inase  assays to  de te rm ine  the  r e l a t i v e  s t r e n g th s  o f  the  
transposase. resolvase and lac promoters.

A previous worker in th is  laboratory had constructed derivatives of 
the promoter probe v e c to r  pKO-1 (McKenney e t  a l , 1981) where th e  
galactokinase gene of the plasmid was under the control of the tnpA or 
tnp R gene promoter. These p lasm ids were desig na ted  pJKA and pJKR 
respectively (Kelly,1983). Galactokinase assays of these plasmids were 
undertaken in  comparison w ith  pKL500 where the  g a la c to k in a se  gene i s  
under the c o n tro l  of the  la c  promoter (A. Lamond, pers . comm.). The 
re su l ts  of these assays are shown in Table 4.1.
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F ig .4 .7 . C om parison  o f  th e  n u c le o t id e  s e q u e n c e s  o f  Tn1 and Tn3 

between th e  c o -o rd in a te s  3040 & 2926 o f  Tn3.

Also shown i s  the  amino ac id  t r a n s l a t i o n  product o f the  Tn3 reg ion . 
The corresponding Tn1 amino acid sequence i s  id en tica l,  except fo r  one 
change as indicated.

N ucleotide  sequence homology between Tn1 and Tn3 over t h i s  reg ion  =
97/ 11i(. (85.U ) .

Amino acid  sequence homology between Tn1 and Tn3 over t h i s  reg ion  =
37/ 38. (97M ) .



Table 4.1: 

Plasmid. 

PKL500.

pJKA.

pJKR.

Galactokinase assay data on plasmids 

Description. Units of

lac promoter driving 
galK gene.

tnpA gene promoter 
driving galK gene.

tnpR gene promoter 
driving galK gene.

PKL500. p-JKA and pJKR. 

galactokinase a c t iv i ty .

247.2.

140.3.

54.4.



I t  can be seen tha t both the tnpA and tnpR gene promoters are weaker 
than the lac promoters as follows: 
tnpA promoter : lac  promoter= 0.567 : 1 
tnpR promoter : lac promoter= 0.22 : 1

Also, i t  can be seen tha t  the tnpA gene promoter i s  c.2.58x stronger 
than the tnpR gene promoter.

4 .4 . Transposition assays using PSN015 and pSN016.

With th is  sequence information the precise s truc tu re  of the predicted 
protein product from pSN015 can be deduced. This i s  shown in Fig 4.8.

The region encoding the protein begins a t  the t ran s la tion  in i t i a t io n  
codon of B-galactosidase, includes the f i r s t  eleven amino acid residues 
o f t h i s  p ro te in  and then i s  fused , in  frame, to  t h a t  p a r t  of th e  tnpA 
coding sequence downstream of the  HincI I  c leavage  s i t e  a t  3039/3040. 
Therefore, the protein produced from pSN015 would be expected to consist 
of the en tire  Tn1 transposase protein with i t s  three N-terminal amino 
ac id  re s id u es  removed and the  f i r s t  e leven N -term inal amino ac id  
re s id u es  of B -g a lac to s id ase  in s e r te d  in  t h e i r  p lace. In  f a c t ,  the  
eleventh amino acid residue of B-galactosidase i s  the same as the th ird  
residue of transposase (both valine residues) and hence i t  i s  leg it im ate  
to  say th a t  t h i s  fu s ion  p ro te in  e f f e c t iv e ly  c o n s i s t s  of th e  e n t i r e  
transposase protein with i t s  two N-terminal amino-acid residues removed 
and rep laced  by the  f i r s t  ten  N -term inal re s id u e s  o f  B -g a la c to s id a se .  
This proposed chim aeric  p ro te in  would have a m olecular w eight of 
c.111kd. and both i t s  transcrip tiona l and tran s la tio n a l  in i t i a t io n  would 
be expected to  be d i re c te d  by la c  c o n tro l  s ig n a ls .  This would be 
advantageous since i t  has been shown that both the transposase promoter 
and tran s la tio n  in i t ia t io n  signals are weaker than the corresponding lac  
s ig n a ls .  (4.3 above and Chou e t  a l ,  1979b.). I t  would th e re fo re  be
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Fig.4.8.

N -term inus C -te rm inus

U_—:----------------------------------------------------------------------- 1
\ ! \  : B-galactosidase transposase

residues residues

fmet thr met ile thr asn ser arg gly ser val asp phe leu thr
5-ATGACCATGATTACGAATTCCCGGGGATCCGTCGACTTTCTGACC-3

■ - -  tnpA coding region

F ig .4 .8 .  The b e t a - g a l a c t o s i d a s e / t r a n s p o s a s e  f u s i o n  p r o t e i n  
encoded by pSN015.

This consists of the en tire  Tn1 transposase protein with i t s  three N- 
terminal amino acid residues removed and replaced by the f i r s t  eleven 
N -term inal amino acid  re s id u es  of b e ta -g a la c to s id a s e .  I t s  p re d ic te d  
molecular weight i s  c.111kd.

The nucleotide sequence of the N-terminus i s  also shown, and i t  can 
be seen from th is  that tran s la tion  in i t ia te d  a t  the beta-galactosidase 
t r a n s l a t i o n  i n i t i a t i o n  codon e n te r s  the  tnpA coding reg ion  in  the 
correct reading frame for transposase.



anticipated  tha t  th is  protein would be expressed a t  a higher level than 
n a tiv e  t ran sp o sase  p ro te in  produced from i t s  own t r a n s c r ip t io n a l  and 
tran s la tio n a l  control signals in a derepressed background. And hence, 
i f  i t  r e t a in s  f u l l  t ran sp o sase  a c t i v i t y ,  i t  would be a n t ic ip a te d  th a t  
one copy of a pSN015 plasmid molecule would promote transposition a t  a 
higher level than one copy of a molecule containing a derepressed wild- 
type tnpA gene. A d d it io n a l ly ,  as the  copy number of pSN015 i s  high 
(c .87 per genome e q u iv a le n t :  C. Jones, pers . comm. See a lso  Fig 4.3 
above), and higher than the copy numbers of previously assayed plasmids 
ca rry in g  Tn1/3 or a d e r iv a t iv e  (e.g. pMB9::Tn103 -  c .20.-25 per genome 
eq u iv a le n t ,  Twigg and S h e r r a t t ,  1980; C. Jones, pers . comm.) the  l e v e l  
of t r a n s p o s i t io n  in  a c e l l  con ta in ing  pSN015 would be expected to  be 
very high indeed. I t  was i n t e r e s t i n g  to  n o t ic e ,  however, t h a t  c e l l s  
containing pSN015 grew quite  normally, since Heffron (1983) has stated 
th a t  overproduction of transposase had a dele terious e ffec t on the ce ll .

To t e s t  t h i s  hypo thes is , t r a n s p o s i t io n  assays  were undertaken to  
determ ine  the  a b i l i t y  of both pSM015 and pSN0l6 to  promote the  
t r a n s p o s i t io n  of Tn3651 (on pPAK200) in to  R388. P a r a l l e l  a ssays  were 
performed a t  30°C and 37°C, and a system assaying the same transposition  
event mediated by pMB9::Tn103 was used as a positive  control. To ensure 
the events detected were transposon sequence specific , negative control 
systems using a molecule devoid of transposon  sequences (pACYCl84) 
instead of pPAK200 were also se t up.

DS916 c e l l s  con ta in in g  R388 were transfo rm ed  to  Apr w ith  e i t h e r  
pSN015 or pSN0l6, t ran s fo rm a n ts  being s e le c te d  on I s o s e n s i t e s t  agar 
containing rifampicin, trimethoprim and am picillin . I t  was important to 
transfo rm  th ese  DMAs in  before  pPAK200, s in ce  t h i s  plasm id c a r r i e s  
determinants for both am picillin  and chloramphenicol resistance. Hence, 
i f  i t  were transform ed in  f i r s t ,  th e re  would be no sim ple  s e le c t io n  
available for subsequent introduction of pSN015 or pSN016.

C e lls  of each of these  s t r a i n s  were then transfo rm ed  to  Cmr  w ith  
pPAK200 or pACYCl84, transformants being selected on Iso sen s ite s t  agar
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co n ta in in g  .r ifam pic in , tr im ethop rim , a m p ic il l in  and chloramphenicol. 
Whilst DS916 c e l ls  containing only R388 and pPAK200 could grow on th is  
medium, i t  was presumed t h a t  the  high copy numbers of both pSN015 and 
PSN016 would ensure t h e i r  s t a b le  m aintenance, and s in g le  colony gel 
analysis did indeed confirm th e i r  presence in the transformant s tra in s  
(data not shown).

To c o n s tru c t  the  pMB9::Tn103 co n ta in ing  s t r a in s ,  DS916 c e l l s  
containing R388 were f i r s t  transformed to Tcr  with pMB9::Tn103 and then 
th is  s t ra in  transformed to Cmr  with pPAK200 or PACYC184.

T ran sp o s itio n  of Tn3651 in to  R388 y ie ld s  a pACYCl84::Tn3651:: 
R388::Tn3651 cointegrate  (Tpr Cmr Apr ) and therefore the frequency of th is  
t r a n s p o s i t io n  event in  a l l  th e  above systems could be determ ined by 
c a lc u la t in g  the  r a t i o  of S t r r Tpr Cmr :S trr Tpr  exconjugants a f te r  mating 
with DS902.

The re su l ts  of these assays are shown in Table 4.2.
I t  can be seen from th ese  da ta  t h a t  pSN015 did indeed promote the  

transposition  of Tn3651 a t  high frequency : 1.02 x 10”"* a t  30°C and 4.43 
x 10"^ a t  37°C. In the  pSN0l6-containing s t r a in s ,  however, no
transposition of Tn3651 was detectable a t  frequencies greater than 10"? 
(30°C) and 10“*® (37°C). N e i th e r  pSN015 nor pSN016 p rom oted
t r a n s p o s i t io n  of pACYCl84 a t  freq u en c ie s  g re a te r  than 10"^ (30°C) and 
10~8 (37°C).

In the pMB9::Tn103 s tra in s ,  some apparent transposition  of pACYCl84 
was de tec ted , though a t  much low er f req u en c ie s :  3.92 x 10”** (30°C) and 
2.6 x 10"? (37°c). Such data  have been obtained  befo re  and have been 
shown to  be the  r e s u l t  of double t r a n s p o s i t io n  events , causing  the  
fo rm ation  of a pMB9::Tn103::pACYCl84::Tn103:: R388::Tn103 coin tegra te  
(A. Arthur, pers. comm.) These w ere  n o t  i n v e s t i g a t e d  f u r t h e r .  
Analogous events  were not d e te c ted  in  th e  pSN015 s t r a in s ,  presumably 
because pSN015 contains no sequences flanked by two transposon ends in

inverted repeat, nor in the pSNO.16 s tra in s ,  presumably because pSN0l6 
does not produce a functional transposase protein.
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Table 4.2: Transposition assay data on plasmids pMBQ::Tn1CR. pSN01 B and 
PSN016.

T ran sp o s itio n  frequency a t :  
Complementing p lasm id . S u b s tra te  p lasm id . 30°C. 37°C.

pHB9::Tn103 pACYC184 3.92x1CT4 2.60x1CT7

pHB9::Tn103 pPAK200 1.92x10-1 8.73x10-4

PSN015 pACYCl84 <10“7 CIO-8

PSN015 pPAK200 1.02x10"1 4.43x10"4

PSN016 PACYC184 <10"7 <10-8

pSM016 PPAK200 <10"7 <10-8



Table 4.2 legend:

(1). f req u en c ie s  given as <10“ n in d ic a te  th a t  no t r a n s p o s i t io n  was 
detected in the examination of a t  l e a s t  5x10n exconjugants. At le a s t  100 
co lo n ies ,  a l l  con ta in in g  c o in te g ra te s ,  were examined to  c a lc u la te  
positive  transposition  frequencies.

( i i ) .  n o t ic e  th a t  pMB9::Tn103, pSN015 and pSM016 each co n ta in  two 
transposon  ends. Hence, any e f f e c t  due to  the  presence of transposon  
ends on these molecules w ill  be the same for each.

( i i i ) .  a ssays c a r r ie d  out in  the  presence or absence o f  IPTG showed no 
s i g n i f i c a n t  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 r e q u e n c ie s .  This i s  
presumably because the  copy number of pSN015 i s  so high th a t  a l l  
the  la c  re p re ss o r  produced from the wt. chromosomal l a c l  gene of 
DS916 i s  t i t r a t e d  out by a sm all p ro p o r t io n  of the  plasmid m olecules, 
leaving the majority of the plasmids de-repressed.

(iv). Isosens ite s t  agar contains 0.2% glucose, but assays were not also 
c a r r ie d  out on a g lu c o s e - f re e  medium, s in ce  the  decrease  in  gene 
e x p r e s s io n  caused  by c a t a b o l i t e  r e p r e s s i o n  i s  o n ly  c.50% 
(Magasnik, 1970), and such a d i f f e re n c e  i s  l e s s  than the  experim enta l 
varia tion  observed in assaying Tn1/3 transposition  in the same system 
from day to day.



In the  t r a n s p o s i t io n  of Tn3651 mediated by pMB9::Tn103, the  
f req u en c ie s  of t r a n s p o s i t io n  observed were a ls o  high : 1.92 x 10“̂  
(30°C) and 8.73 x 10"^ (37°C). These f ig u r e s  a re  very s im i la r  to  those 
obtained using pSN015.

Photographs of c o in te g ra te s  ob ta ined  from theDS916, R388, pSN015, 
pPAK200 and DS916, R388, pMB9::Tn103, pPAK200 s t r a i n s  and t h e i r
re s o lu t io n  to  pPAK200 and R388::Tn3651 in  the  presence of the  tn p R* 
plasmid pDS4153 are shown in Fig. 4.9 and 4.10.

Thus, d e sp i te  the  h igher  copy number of pSN015, and the  s t ro n g e r  
t r a n s c r ip t io n a l  and t r a n s l a t i o n a l  c o n tro l  s ig n a ls  of th e .h y b rid  gene 
producing the B-galactosidase/transposase fusion protein encoded on i t ,  
th e re  i s  no s i g n i f i c a n t  d i f f e r e n c e  in  the  t r a n s p o s i t io n  frequency o f  
Tn3651 in  a c e l l  c o n ta in i n g  pSN015 and in  a c e l l  c o n t a in i n g  a 
derepressed transposon producing native transposase expressed from i t s  
own n a tu ra l  t r a n s c r ip t i o n a l  and t r a n s la t io n a l  control signals. I t  i s  
in te res tin g  to notice tha t  the temperature v a r ia b i l i ty  of transposition  
i s  m ain tained  in  pSM015. This v a r i a b i l i t y  was not simply due to  the  
ra te  of transposition being slower a t  37°C : transposition  assays using 
donor s t r a i n s  grown fo r  1 - 4 '  days a t  37°C showed no s i g n i f i c a n t  
varia tions in transposition  frequency.

4 .5 . Is  the protein produced bv PSN015 a fusion protein?

Whilst the DNA sequence of pSN015 suggested tha t  the protein produced 
as a r e s u l t  of the  in s e r t io n  of the  pPAK100 fragm ent in to  pUC8 was a 
fusion protein between B-galactosidase and transposase, i t  was possible 
tha t transposase ac tiv ity  expressed by th is  plasmid arose by some other 
mechanism, e.g. by t r a n s la t i o n  i n i t i a t i o n  a t  an in -fram e  t r a n s l a t i o n  
s t a r t  lying w ithin the tnpA sequences in pSN015 and therefore downstream 
of the normal t r a n s l a t i o n  s t a r t .  (Even though th e  Tn1 sequence da ta  
ob tained  in  t h i s  work showed no codon w i th in  i t  a t  which t h i s  would
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d imer i c R388
cointegrates
chromosome

mono meric  R388

pPAK200

F i g .4.9- S in g le  co lon y  g e l  a n a l y s i s  o f  R388::Tn3651 ::pACYCl84: 
Tn3651 cointegrates iso la ted  from pSN015 and pMB9:: Tn103 
transposition  assay systems.

0.8% agarose  gel showing h igher  copy number and l a r g e r  s ize
of cointegrates compared to R388.

1: DS916, R388.

2-4: DS902, cointegrates from pSN015 -  30°C assay systems.

5-7 : DS902, cointegrates from pSN015 -  3 7 °C assay systems.

8-10: DS902, c o in t e g r a t e s  from pMB9::Tn103 -  30°C assay
systems.

11-13: DS902, c o in t e g r a t e s  from pMB9::Tn103 -  37°C assay
systems.

14: DS903, pPAK200.



200
R388::pPAK
coin tegrates
chromosome

pDS
4153

pPAK
200

Fig .4.10. S ing le  colony ge l to  show r e s o lu t io n  o f  c o in te g r a te s  
shown in Fig.4.9. to  pPAK200 and R388::Tn3651 in  the 
presence of pDS4153.

0.8% agarose gel showing generation of pPAK200 (and R388::Tn3651) from 
the cointegrates seen in Fig.4.9.

Note t h a t  a s i g n i f i c a n t  p r o p o r t i o n  of  c o i n t e g r a t e s  remained 
unresolved. (This was a f te r  c.20-25 generations of growth).

1: CJ100, pDS4153.

2: DS903, pPAK200.

3 -5 :  CJ100, pDS4153, c o i n t e g r a t e s  from pSN015 -  30°C a s sa y  
systems.

6 -8 :  CJ100, pDS4153, c o i n t e g r a t e s  from pSN015 -  37°C a s sa y  
systems.

9-11 :  CJ100, pDS4153, c o i n t e g r a t e s  from pMB9::Tn103 -  30°C 
assay systems.

12-14: CJ100, pDS4153, c o i n t e g r a t e s  from pMB9::Tn103 -  37°C 
assay systems.



c u rre n t ly  be thought p o ss ib le  to  occur, i t  was s t i l l  conce ivab le  th a t  
such a codon could l i e  downstream of the  sequenced reg ion  and t h a t  
t r a n s l a t i o n  i n i t i a t i o n  a t  t h i s  p o s i t io n  could generate a protein th a t  
retained a l l  or some of i t s  biological ac t iv ity ) .

Other plasmids were therefore constructed using the same tnpA gene 
sequences as in pSN015, to  investigate  th is .

These were :
( i )  PSN070 : t h i s  was c o n s tru c ted  by c lon ing  the  trvpA gene sequence- 
co n ta in ing , BamHI-Hindl l l  fragm ent from pSN015 in to  pUCl8. pUCl8 
d i f f e r s  from pUC8 only in  the  number and a rran gem en t.of r e s t r i c t i o n  
s i t e s  in  i t s  m u l t ip le  c lon ing  s i t e ,  but th ese  d i f f e re n c e s  mean th a t  
trans la tion  in i t ia te d  a t  the B-galactosidase in i t i a t io n  codon in pSM070 
enters the tnpA coding region out of frame and i s  terminated 7bp. in to  
the  tnpA sequence by a UGA (opal)codon. UGA i s  one of the  two major in 
vivo stop  codons, and th e re fo re  te rm in a t io n  a t  t h i s  s i t e  would be 
expected to be e f f ic ie n t  in a non-suppressor s t ra in  (Glass, 1982). See 
Fig 4.11. Thus, th e re  i s  no p o s s ib i l ty  th a t  a fu s ion  p ro te in  dould be 
produced from th is  construct without fram eshift suppression occurring. 
Hence any p ro te in  a c t iv e  in  promoting t r a n s p o s i t io n  th a t  i s  produced 
must be the  r e s u l t  of in  frame t r a n s l a t i o n  i n i t i a t i o n  w i th in  th e  tn p A 
coding sequence or of the  n a tu ra l  f r a m e s h i f t  suppress ion  causing  the  
tnp A sequence to  be t r a n s la te d  in  th e  c o r r e c t  frame a f t e r  t r a n s l a t i o n  
in i t ia t io n  had occurred a t  the B-galactosidase in i t i a t io n  codon. This 
would lead  to  the production of ano ther B -g a la c to s id a s e / t r a n s p o s a s e  
fusion protein, d iffe ren t  from the one generated by pSN015.
( i i )  PSN021 : t h i s  was co n s tru c ted  by c lon ing  the  tnpA gene sequence- 
containing EcoRI-Hindl l l  fragment from pSN015 in to  the vector pKK223-3 
where i t  was under the control of the very strong hybrid t rp - la c  (t a d ) 
promoter. This vector contains no t ran s la tio n  in i t i a t io n  codons between 
the  promoter and the  m u lt ip le  c lon ing  s i t e  (de Boer e t  a l ,  1983; 
Pharmacia PL B iochem icals, 1984). See F ig .4.12. Any ex p re ss io n  o f  a 
p ro te in  a c t iv e  in  promoting t r a n s p o s i t io n  from t h i s  c o n s t ru c t  would
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Fig. 4.11.
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Fig.4.11. The co n stru c tio n  o f pSN070.

L iga tio n  of the c.4.1kb. Hindlll/BamHI fragm ent from pSN015 to  the 
la rg e s t  Hindl l l / BamHI fragment from pUC!8 generated pSMOTO.

Also shown is  the N-terminal nucleotide sequence of the polypeptide 
whose t ran s la tion  in i t i a t io n  occurs a t the t ran s la t io n  in i t i a t io n  codon 
of beta-galactosidase. I t  can be seen from th is  tha t  the reading frame 
of t h i s  po lypeptide  e n te rs  the  tnoA coding reg ion  out of the  c o r r e c t  
read ing  frame fo r  t ran sposase  and i s  te rm in a ted  seven bases in to  the  
tnpA sequence by a TGA (opal) codon.



EcoRI
Hindlll/ 
EcoRI

ori

pSN021
8-6kb.

largest Hind III/EcoRI 
fragment of pKK223-3

tnRA
tael

inverted repeat of Tn1 orTn3 
PtaC|- t a c l  promoter o n -o r ig in  of replication

F ig .4 .1 2 . The c o n s tr u c t io n  o f  pSNQ21.

Ligation of the c.4.1kb. Hindl l l / EcoRI fragment from pSN015 to  the 
la rges t  Hindl l l / EcoRI fragment of pKK223-3 generated pSN021.

There a re  no recognised p ro k a ry o tic  t r a n s l a t i o n  i n i t i a t i o n  s ig n a ls  
between the t a d  promoter and the  m u l t ip le  c lon ing  s i t e  in  pKK223-3. 
Hence, any expression of polypeptide(s) from a pKK223-3 deriva tive  w il l  
only occur i f  the inserted fragment contains a functional t ran s la t io n a l  
in i t i a t io n  region.



therefore have to a rise  from in frame trans la tion  in i t i a t io n  within the 
tnpA sequences.

Both th ese  plasmids were c o n s tru c ted  as descr ibed  and t h e i r  
s t r u c tu r e s  confirmed by r e s t r i c t i o n  a n a ly s is .  (Data not shown). They 
were then assayed for th e ir  a b i l i ty  to provide transposase in trans by 
de te rm in ing  the  t r a n s p o s i t io n  frequency of Tn3651 in to  R388 in  the  
presence of each plasmid. Again, a s im ila r  system using pMB9::Tn103 as 
a tnpA+ plasmid was used as a positive  control system. The donor s t ra in  
for these assays was again DS916 in which i t  would be expected th a t  both 
pSN021 and pSN070 would be d erep ressed , even in the  absence o f  IPTG. 
However, p a ra l le l  assays in the presence or absence of IPTG were carried  
out a t  both 30°C and 37°C. Donor s t r a i n  c o n s t ru c t io n s  in  th e se  assays  
were ex ac tly  as described  in  S ec tio n  4.4 fo r  the  pSN015 and PSN016 
assays, except th a t  pSN070 and pSN021 were used in s te a d  of pSN015 and 
PSN016. After th e ir  constructions, donor s tra in s  were mated with DS902 
and the transposition frequency of Tn3651 determined by calcu lating  the 
ra t io  of S tr rTpr Cmr : S tr r Tpr  exconjugants. The re su l ts  of these assays 
a re  shown in  t a b le  4.3.

I t  can be seen  t h a t  bo th  pSN021 and pSN070 do p rom ote  th e  
t r a n s p o s i t io n  of Tn3651, but a t  a much low er frequency than n a t iv e  
transposase produced from Tn103. Because the transposition  frequencies 
m ediated by pSN021 and pSN070 a re  very s im i la r ,  i t  seems most l i k e l y  
th a t  the mechanism of expression of the transposition-promoting protein  
they produce i s  the  same. Therefore , i t  seems probable t h a t  t h i s  
mechanism is  in frame trans la tion  in i t i a t io n  a t  a s i t e  w ithin the tnpA 
coding region. I t  i s  not possible to say whether or not the low leve l of 
t r a n s p o s i t io n  promoted by both pSN021 and pSN070 i s  due to  very low 
level expression of a fu lly  active  protein or to higher level expression 
of a l e s s  a c t iv e  p ro te in .  N either plasmid produced a v i s i b l e  p ro te in  
band of a s iz e  a p p ro p r ia te  fo r  tran sp o sase  ( or a s l i g h t l y  sm a l le r  
protein ) in E.coli m inicells. ( Data not shown.)

These data c learly  show th a t  the lev e ls  of transposition mediated by
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Table 4.3: Transposition assay data on plasmids pMB9::Tn103. PSN021 and 
PSM070.

Complementing S u b s tra te  + /-
p lasm id . p lasm id. IPTG.

pMB9::Tn103 PACYC184 +

pMB9::Tn103 PACYC184

pMB9::Tn103 pPAK200 +

pMB9::Tn103 pPAK200

PSN021 

pSN021 

PSN021 

pSN021 

PSN070 

PSM070 

pSN070

pACYC184

PACYC184

PPAK200

pPAK200

pACYC184

pACYCI84

PPAK200

T ran sp o s itio n  frequency a t: 

30°C. 37°C.

1.44x10"^ 4.38x10“6

2.49x10 7 . 8 6 x 10“6

9.61x10“2

4.07x10”3

< 10“7

< 10"7

9.49x10-6

5.48x10“5

< 10“7

<10“7

4.15x10-5

9.43x10-5

<10-8

< 10~8

1.59x10“6

2 . 17x10“6 

.-8< 10‘

<10-8

5 .98x10*“5 1.57x10“6

PSM070 pPAK200 2.86x10-5 2.13x10-6



Table 4.3 legend:

( i ) .  f req u en c ie s  given as <10“n in d ic a te  t h a t  no t r a n s p o s i t io n  was 
d e te c ted  d e sp i te  examining a t  l e a s t  5x10n exconjugants. At l e a s t  
100 colonies, a l l  containing cointegrates, were examined to ca lcu late  
positive  transposition frequencies.

( i i ) .  the  presence of c o in te g ra te s  in  S t r r Tpr Cmr exconjugants was 
confirmed by s in g le  colony gel a n a ly s is  and by t h e i r  r e s o lu t io n  
in  th e  p re s e n c e  o f  a t n p R* p la s m id  (pDS4153) t o  pPAK200 and 
R388::Tn103. (Data not shown).



pSN021 and pSM070 are  much lower than those promoted by pSM015. This 
s tro n g ly  suggests  th a t  the  m a jo r i ty  of tran sp o sase  a c t i v i t y  produced 
from pSN015 is  the above-described B-galactosidase/transposase fusion 
protein and that th is  i s  active  in  mediating transposition. I t  i s  also 
possible that a small amount of a protein whose t ran s la tio n  i s  in i t ia te d  
in  frame a t  an undefined s i t e  w i th in  the  tnoA coding reg ion  of Tn1 
downstream of the position in Tn1 equivalent to  co-ordinate 2926 in Tn3 
i s  produced from th is  plasmid.

4.6. Minicell analysis of proteins produced from pSN015.

The proteins produced from pSN015 were analysed using the m inicell 
producing s tra in  DS910 as described in section 2.22. They were compared 
with the proteins produced from the parental plasmid pUC8. The re su l ts  
of th is  analysis are shown in Fig.4.13.

I t  can be seen from these data tha t there i s  a protein of c.111Kd. in 
s iz e  produced s p e c i f i c a l ly  by pSN015 a t  both 30°C and 37°C. This was 
taken to be the B-galactosidase/transposase fusion protein. I t  can also 
be seen th a t  i t s  le v e l  i s  considerab ly  lower (more than 5x low er by 
comparing the two d i f f e r e n t  lo ad in g s  on the  gel and c.7x low er by 
m icrodensitom etry) a t  37°C than a t  30°C. See F ig .4.14. Thus, i t  seems 
l ik e ly  th a t  a t  l e a s t  p a r t  of the  reason fo r  the  v a r i a t io n  in  the  l e v e l  
of transposition mediated by pSN015 a t  30°C and 37°C i s  a varia tion  in 
the  amount of the  fu s io n  p ro te in  expressed a t  these  tem p era tu re s .  The 
p o s s ib i l i ty  s t i l l  rem ains open, however, t h a t  the  a c t i v i t y  o f the  
protein varies with temperature as well.
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Fig.4.13.
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i-markers 
(Kd.)

Fig.4.13. Autoradiograph of 35s_meth io n in e  la b e l le d  p ro te in s  
encoded by pUC8 and pSN015 in  E .co li m in ic e l l s  a t  
30°C and 37°C.

4.5% /  12.5% s tack ing  polyacrylamide gel showing a band of a
p o l y p e p t i d e  of  th e  a n t i c i p a t e d  s i z e  (c .111kd.)  o f  the  b e t a -  
g a l a c t o s i d a s e /  t ransposase  fus ion  p ro te in  produced s p e c i f i c a l l y  by 
pSN015. This polypept ide  i s  a t  l e a s t  5x more p l e n t i f u l  a t  30°C than a t  
37°C.

The th ree  bands around c.30kd. in s i z e  in both the  pUC8 and pSN015 
lanes are probably three d ifferent  forms of the beta-lactamase protein: 
precursor, act ive form and breakdown product from largest  to smallest 
(Dougan e t  al,  1979). The putative precursor band can be seen to be much 
f a in te r  in the pSM015 than in the pUC8 lanes. The reason for th is  i s  not 
known.

fusion
protein



1: DS910 minicells, pSN015 - 37°C: 20ul. of sample.

2: DS910 minicells , pSN015 -  30°C: 20ul. of sample.

3: DS910 m inicells , pUC8 -  37°C: 20ul. of sample.

4: DS910 m inicells, pUC8 -  30°C: 20ul. of sample.

5: ^C -labe lled  size standards. (See below).

6: DS910 m inicells , pSN015 -  37°C: 4ul. of sample. ■

7*. DS910 m inicells , pSN015 -  30°C: 4ul. of sample.

8: DS910 minicells , pUC8 -  37°C: 4ul. of sample.

9: DS910 minicells, pUC8 -  30°C: 4ul. of sample.

10: DS910 whole c e l l l s ,  plasmid-free.

The sizes of the ^C -labe lled  s ize  standards are as fo llow s:- 

200kd. -  myosin heavy chain.. 46kd. -  ovalbumin.

92.5kd. -  phosphorylase b. 30kd. -  carbonic anhydrase.

63kd. -  bovine serum albumin. 14.5kd. -  lysozyme.
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F ig .4.14. M icrodensitom eter t r a c in g s  o f  th e  pSN015 tr a c k s  in  th e  

au to rad iog raph  shown in  F ig .4 .1 3 .

The tracks used for th is  were the DS910 m inicells, pSN015 -  20ul. of 
samples a t  30°C and 37°C.

From these  t r a c in g s ,  i t  was c a lc u la te d  tha t  the beta-galac tosidase/ 
transposase fusion protein was c.7x .more abundant a t  30°C than a t  37°C.



4.7. Discussion.

The exact location of the Hinc I I  re s t r ic t io n  s i t e  present in Tn1 but 
absent in TnB was determined by DM sequence analysis. I t  was found to  
extend over a region in Tn1 equivalent to  base-pairs 3037-3042 in Tn3, 
w ith  the  cleavage occu rring  between b a se -p a i rs  3039 and 3040. This 
additional s i t e  has been generated by an A to G ( transit io n )  mutation a t  
b a se -p a i r  3037 in  Tn3. Examination of the  Tn1 sequence da ta  ob tained  
revealed  97/114 ( = 85.155 ) homology a t  th e  n u c le o tid e  le v e l  and 37/38 
(= 97.4% ) homology a t  the amino acid level with Tn3.

A HincI I  fragment extending leftwards from th is  additional s i t e  in 
Tn1 to  a HincI I  s i t e  ou tw ith  th e  tnpA gene was cloned in to  pUC8 to  
produce pSM015. This plasmid encoded a fusion protein consisting of the 
Tn1 transposase protein with i t s  three N-terminal amino acid residues 
removed and replaced by the f i r s t  eleven N-terminal amino acid residues 
o f  B -g a lac to s id ase . The i n i t i a t i o n  of both th e  t r a n s c r i p t i o n  and 
trans la tio n  of the hybrid gene encoding th is  protein would be expected 
to  be under the  co n tro l  o f  la c  re g u la to ry  elem ents. This p ro te in  was 
found to  be a c t iv e  in  prom oting-the t r a n s p o s i t io n  of Tn3651 in  t r a n s . 
and the le v e l  of t r a n s p o s i t io n  in  a c e l l  co n ta in in g  pSN015 was very 
s im ila r to tha t in a ce ll  containing pMB9::Tn103 a t  both 30°C and 37°C. 
( In Tn103, wild-type transposase protein was produced under the control 
of the tnpA gene transcrip tiona l and tran s la tion a l  regulatory signals). 
A nalysis of the p ro te in s  produced by pSN015 in  E .coli K-12 m in ic e l l s  
showed a band of s ize  appropriate for th is  fusion protein, and th is  was 
more than 5x more abundant a t  30°C than a t  37°C.

Thus, the  i n i t i a l  aim of g e n e ra t in g  a b a c t e r i a l  s t r a i n  capable  of 
over-producing Tn1 transposase su ff ic ie n tly  fo r i t  to  be a source from 
which to i s o l a t e  q u a n t i t i e s  of the  p ro te in  necessary  to  s e t  up an in  
v i tro  transposition system was not achieved. However, in attempting to  
do th i s ,  data  were produced th a t  shed some l i g h t  on the  r e g u la t io n  o f  
tnpA gene express ion  and on the  p o ss ib le  source of th e  v a r i a t i o n  of
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Tn1/3 transposition frequency seen with temperature ( th i s  work: Tn1; 
Kretschmer and Cohen (1979): Tn3 ).

I t  was an unexpected observation th a t  the transposition  frequency of 
Tn3651 was much the same in the presence of pSN015 or pMB9::Tn103. For, 
in  pSM015 , the  tnpA coding sequences were expected to  be under the  
co n tro l  o f  la c  t r a n s c r ip t io n a l  and t r a n s l a t i o n a l  i n i t i a t i o n  s ig n a ls ,  
both of which were stronger than the corresponding tnpA signals ( Table 
4.1 above and Chou e t  a l ,  1979b ). The copy number of pSM015 was a lso  
considerably higher -  probably c.4x so -  than tha t of pMB9::Tn103.

The most obvious ex p lana tio n  fo r  th ese  f in d in g s  i s  t h a t  th e  fu s io n  
p ro te in  from p.SN015 i s  l e s s  a c t iv e  than the  w ild - ty p e  tran sp o sase  
protein. This i s  quite  feasib le . However, i t  i s  also coincidental th a t  
the degree of reduction in a c t iv i ty  of the fusion protein i s  such th a t  
i t  almost exactly balances out the increased expression antic ipated  due 
to  the  la c  reg u la to ry  e lem ents p resen t  on, and th e  h igher  copy number 
of, pSN015. An a lte rna tive  explanation could be tha t  there i s  a h ith e r to  
unknown mechanism(s) of regulation of tnpA gene expression th a t  ac ts  a t  
a stage other than the in i t i a t io n  of transcrip tion  or tran s la tion .

I t  i s  a lso  in t e r e s t i n g  to  note th a t  the  v a r i a t io n  in  t r a n s p o s i t io n  
frequency with temperature p e rs is ts  in c e l ls  containing pSN015, and th is  
observa tion  provides some c lues  as ' to  the  source of t h i s  e f f e c t .  
Possible explanations for both these findings are given below, but i t  i s  
f i r s t ly  valuable to consider other features of Tn1/3 transposition  and 
expression of the tnpA gene not d irec tly  addressed by th is  work:

( i ) .  the  presence of an a c t iv e  tn p R gene in  a c e l l  d ecreases  the  
t r a n s p o s i t io n  frequency of a Tn1/3 d e r iv a t iv e  ( in  which tnpA gene 
transcrip tion  i s  directed by the tnpA promoter) by c.5-100fold (Heffron 
e t a l . 1979; Casadaban e t  a l,  1982; Heffron, 1983). This observation i s  
explained by the repressive e ffec t of resolvase protein on the a c t iv i ty  
of the tnpA gene promoter: in the absence of resolvase, the a c t iv i ty  of 
t h i s  promoter i s  c.3.5x more than in  i t s  presence, as measured by 
galactokinase assays (Kelly, 1983; Dyson, 1984).
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( i i ) .  very l i t t l e  i s  known about the s ta b i l i ty  or secondary s truc tu re  
of the  tnpA gene mRNA. However, computer a n a ly s is  of the  n u c le o t id e  
sequence of the 5’ end of t h i s  message revea l no obvious a re as  of 
s i g n i f i c a n t  and s t a b l e  se co n d a ry  s t r u c t u r e ,  s u g g e s t i n g  t h a t  
m o d if ica t io n s  of any such s t r u c tu r e  by o ther  f a c to r s  a re  not very 
important in regulating tnpA gene expression.

( i i i ) .  the  tran sp o sase  p ro te in s  of Tn1 and Tn3 show no c i s  
p re fe rence  (G. R ussell ,  pers . comm.) and a re  thus d i f f e r e n t  from the  
transposase proteins of ’phage Mu, and many IS elements, which do show a 
c i s  p refe rence  in  t h e i r  a c t io n s  e.g. Mu -  Pato and Reich, 1982; IS1 -  
Machida, Y. e t  a l ,  1982b.; IS10 -  Mori s a t  o e t  a i ,  1983; IS50 -  Isb e rg  
and Syvanen, 1981; IS903 -  Grindley and Joyce, 1981. .

With regard  to  the  v a r i a t io n  of t r a n s p o s i t io n  frequency w ith  
tem pera tu re , the o b se rv a tion  th a t  t h i s  p e r s i s t s  in  c e l l s  co n ta in in g  
pSM015 indicates th a t  the cause of th is  variation cannot reside in the 
tnpA gene e lem ents re sp o n s ib le  fo r  re g u la t in g  t r a n s c r i p t i o n a l  and 
trans la tiona l in i t ia t io n ,  unless the corresponding lac  elements show an 
iden tica l pattern of v a r i a t io n . • No d irec t  data i s  currently  availab le  
on any v a r ia t io n  in  the  a c t i v i t y  of these  l a t t e r  e lem ents w ith  
tem pera tu re . However, t h e o r e t i c a l  -analyses suggest t h a t  prom oter 
ac tiv ity  w ill  increase with increasing temperature (due to displacement 
of the equ il ib riu m  between open and closed  t r a n s c r i p t i o n  i n i t i a t i o n  
complexes towards the  open form) and s tu d ie s  on the  i n t e r a c t i o n  of 
E.coli RNA polymerase holoenzyme with ’phage T7 promoters showed there  
i s  l i t t l e  change in the s ta b i l i ty  of the open in i t i a t io n  complex between 
20°C and 37°C (von Hippel e t  a l ,  1984; Chamberlin, 1974). Hence, i t  
seems unlikely tha t the lac  promoter w il l  decrease in a c t iv i ty  between 
30°C and 37°C and i t  seems most probable tha t the sequences responsible 
for the varia tion  in transposition  frequency seen with temperature l i e  
in  th a t  p a r t  o f the  Tn1 tnpA gene p resen t  in  pSN015. S im i la r ly ,  i t  
seems most probable th a t  the  v a r i a t io n  in  p ro te in  l e v e l s  seen w ith
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temperature in ce l ls  containing pSN015 i s  due to some feature  of those 
tnpA sequences re ta in e d  in  t h i s  plasmid. The mechanism of t h i s  
varia tion remains unclear. However, i t  seems like ly  to be due to some 
fe a tu r e s  of the  tnpA mRNA or p ro te in  -  e.g. d i f f e r e n t  s t a b i l i t i e s  of 
e i th e r ,  or both, a t  d i f f e r e n t  tem p era tu re s ;  an a t t e n u a t io n  system of 
transcrip tion  showing d if fe ren t  a c t iv i ty  a t  d iffe ren t  temperatures.

Other data have been obtained in th is  laboratory tha t have a bearing 
on the  e f f e c t  of tem pera tu re  on tn oA gene express ion . A plasm id 
encoding a transposase/B-galactosidase fusion protein was constructed by 
in s e r t in g  an a c t iv e  lacZ gene fragm ent in  frame in to  the  tno A coding 
region  a t  the  P s t I s i t e  a t  1642-in Tn3. Hence, th e  t r a n s c r i p t i o n  and 
t r a n s la t i o n  of t h i s  p ro te in  a re  under the  c o n tro l  of tnpA gene 
regulatory elements. B-galactosidase assays on th is  plasmid showed th a t  
the level of expression of th is  protein varies with temperature, being 
c.3-4x g re a te r  a t  30°C than a t  37°C. (M. Burke, pers . comm.). This 
suggests  th a t  the seq u en ces  r e s p o n s i b l e  f o r  t h e s e  t e m p e r a t u r e  
d i f fe re n c e s  l i e  to  the  r i g h t  of t h i s  P s t I  s i t e  -  i .e .  towards the  N- 
term inus of the  tnpA gene. Also, in  the  pMB9::Tn103 molecule used in  
th e s e  e x p e r im e n ts ,  Tn103 i s  i n s e r t e d  between the  promoter and 
t r a n s la t i o n  i n i t i a t i o n  codon of the  Tcr  gene. Thus, t h i s  gene 's 
transcrip tion  i s  d irected by the tnoA 'gene promoter by tran sc r ip tion a l  
readthrough causing the production  of a d i c i s t r o n i c  mRNA (See Fig. 
4.15). I t  i s  found th a t  the  r e s i s t a n c e  to  t e t r a c y c l in e  con fe rred  on a 
c e l l  by t h i s  plasmid v a r ie s  w ith  tem pera tu re  in  a s im i l a r  way to  th e  
frequency of t r a n s p o s i t io n  of Tn3651 mediated in trans by pMB9::Tn103 
e.g. lev e l  of t e t r a c y c l in e  r e s i s t a n c e  a t  30°C = c.30 ug/ml; l e v e l  o f  
r e s i s ta n c e  a t  37°C = c.12 ug/ml (A. Arthur, pers.comm.). Since, in  t h i s  
plasmid, transla tion  of the mRNA for the te tracyc line  res istance  gene 
product i s  under the  co n tro l  of t e t r a c y c l i n e  r e s i s t a n c e  gene c o n tro l  
e lem ents, i t  seems most l i k e l y  th a t  the  source of t h i s  tem p era tu re  
varia tion i s  e ither  the tnpA gene promoter or some feature of the mRNA. 
(The te t r a c y c l in e  r e s i s t a n c e  l e v e l  co n fe rred  by pMB9 i t s e l f  does not
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Fig.4.15.
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F i g . 4 .1 5 . Map o f  t h e  p la s m id  pM B 9::Tn103 u s e d  t h r o u g h o u t  t h i s  
work.

Tn103 i s  in s e r te d  betwen the  t e t r a c y c l in e  r e s i s t a n c e  gene coding 
reg ion  and i t s  promoter. Therefore, the t r a n s c r i p t i o n  of t h i s  gene i s  
under the  co n tro l  of the tnoA gene promoter by t r a n s c r i p t i o n a l  
readthrough, involving the production of the d ic is tro n ic  mRNA th a t  i s  
also shown.

The t r a n s la t i o n  of the t e t r a c y c l in e  r e s i s t a n c e  gene p a r t  o f t h i s  
mRNA, how ever, re m a in s  under th e  c o n t r o l  o f  t h a t  g e n e ’s own 
trans la tiona l  control signals.



vary with temperature and unpublished data from th is  laboratory shows 
the copy number of pMB9::Tn103 does not d i f fe r  s ign if ican tly  a t  30°C and 
37°C.) As mentioned above, i t  seems u n lik e ly  th a t  the  tnpA gene 
prom oter 's  a c t i v i t y  v a r ie s  w ith  tem pera tu re . Hence, i t  seems most 
probable th a t  the  reason fo r  t h i s  v a r i a t io n  i s  some fe a tu re  of, or 
action upon, the mRNA.

As th e re  i s  a v a r i a t io n  w ith  tem pera tu re  of both t r a n s p o s i t io n  
frequency mediated by, and amount of fusion protein produced by pSN015, 
i t  seems h ighly  probable  th a t  a t  l e a s t  p a r t  of th e  reason fo r  t h i s  
v a r i a t io n  in  t r a n s p o s i t io n  frequency i s  a d i f f e r e n c e  in  the  amount of 
protein present in the the ce ll  a t d if fe ren t  temperatures.

Other workers too have made the  o b se rv a tio n  w ith  Tn3 th a t  the  
presence of more transposase in the ce ll  i s  associated with an increase 
in transposition frequency, e.g. in  the comparison of a tnpR* c e l ls  with 
tnpR" ones -  Heffron e t  a l, 1977, 1978; Casadaban e t  a l, 1982. For Tn10 
also, i t  has been shown tha t an increase in the amount of transposase i s  
associated with an increase in the level of transposition  (Morisato e t  
a l ,  1983).

The r e l a t io n s h ip  between th e  amount of p ro te in  and t r a n s p o s i t io n  
frequency fo r  Tn1 i s ,  however, c le a r ly  n o n - l in e a r ,  and i t  could be, 
th e re fo re ,  th a t  ano ther e f f e c t ( s )  c p n tr ib u te s  to  the  v a r i a t io n  of 
transposition frequency with temperature -  e.g. a ltered  a c t iv i ty  of the 
protein.

Taking a l l  these  data  in to  account, i t  seems most l i k e ly  th a t  the  
difference in transposition frequency seen with temperature i s  caused, 
a t  l e a s t  p a r t ly ,  by a d i f fe re n c e  in  the  amount of tran sp o sase  p ro te in  
p resen t in  the c e l l  and th a t  the sequences re sp o n s ib le  fo r  th e se  
v a r ia t io n s  l i e  between the  c o -o rd in a te s  ~*642^and 3040 in  Tn1/3. The 
possible mechanism(s) of action of these sequences i s  not yet c lea r  -  i t  
could be th a t  a po lypeptide  i s  encoded w ith in  t h i s  reg ion  th a t  has 
d i f f e r e n t  e f f e c t s  a t  30°C and 37°C. Or, i t  co u ld  be t h a t  th e  
t ran sposase  p ro te in  i s  l e s s  s t a b le  a t  37°C than a t  30°C, due to  some
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f e a tu re  of t h i s  reg ion . Or i t  could be th a t  th e re  i s  some f e a tu r e  of 
the tnpA mRNA secondary s truc tu re  present in the region tha t  renders the 
mRNA le s s  s t a b le  a t  37°C than a t  30°C e.g. by rendering  i t  more 
accessible to enzyme degredation. Or, perhaps some secondary s truc tu re  
i s  necessary for higher level expression of transposase (eg. between two 
parts  of one RNA molecule, between two separate RNA molecules or between 
an RNA and a DNA molecule) and t h i s  s t r u c tu r e  i s  more s t a b le  a t  30°C 
than a t  37°C. Or, perhaps t h i s  i s  the  reg ion  where a mechanism of 
a t te n u a t io n  of t r a n s c r ip t io n  occurs, a c t iv e  to  d i f f e r e n t  degrees a t  
d iffe ren t  temperatures. Overall, however, the  a v a i la b le  da ta  sugg es t  
tha t  i t  i s  some feature(s) of the tnpA mRNA between these co-ordinates 
th a t  i s  responsible for these varia tions.

Several a d d i t io n a l  p ieces  of da ta  support the  hy po thes is  t h a t  the  
lack of s ign if ican t  varia tion  in the transposition  frequency of Tn3651 
mediated by pSN015 or pMB9::Tn103 i s  not so le ly  due to  an a p p ro p r ia te  
decrease  in a c t iv i t y  of the  fu s io n  p ro te in  encoded by pSM015 in  
comparison to wild-type transposase. For instance, m inicell analysis of 
proteins encoded by Tn1/3 showed th a t  35s-.rnethionine labe lled  resolvase 
protein i s  much more abundant than transposase protein labe lled  in the 
same way (Chou .et a l ,  1979a and b; G i l l  e t  a l ,  1979). Yet when th e  
re le v a n t  f a c to r s  a re  taken in to  account, i t  would be a n t i c ip a te d  t h a t  
the two bands would be of approximately equal in tensity . See Table 4.4.

Also, minicell analysis of proteins encoded by pMB9::Tn103 and pSN015 
consistently fa i led  to show a band corresponding to  a polypeptide of a 
s ize  appropriate for wild-type transposase from pMB9::Tn103, w h ils t  i t  
did show a band corresponding to a polypeptide of the size  predicted fo r  
the fusion protein encoded by pSN015. And, single colony gel analysis  of 
donor s t r a in s  used in  t r a n s p o s i t io n  assays showed th a t ,  in  both 
pMB9::Tn103 and pSN015 containing ce l ls ,  transposition  did not occur up 
to  a level where a l l  the po tential donor replicons had been involved in
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Table 4.4: Factors affec ting  the in te n s i t ie s  of transposase and
resolvase 35_g methionine labelled  protein bands seen in 
E.coli K-12 m inicells.

Factor. Ratio. Source.

tnpA gene promoter: 
tnpR gene promoter.

2.58:
1.

This work.

tnpA gene tran s la tio n  
in i t ia t io n  signals: 
tnpR gene trans la tio n  
i n i t i a t i o n  signals.

0.136:
1.

M.Burke, 
pers. comm.

No. of in te rnal methionine 
residues in transposase: 
no. of in te rnal methionine 
residues in resolvase.

4:
1.

Heffron e t  
a l,  1979.

Overall r a t io . 1.4:1,

Table 4.4 legend:

(i). no data are currently available concerning the re la t iv e  s t a b i l i t i e s  
of the  tnpA and tnp R mRNAs and p ro te in s ,  both of which a re  a lso  
relevant to th is  matter.



a t r a n s p o s i t io n  event. See, fo r  example, F ig .4.16. Also, p re l im in a ry  
data  has in d ic a te d  t h a t  t r a n s p o s i t i o n  o f  Tn3651 m e d ia te d  by a 
chromosomally lo ca ted  tn p R~ Tn3 d e r iv a t iv e  reproduc ib ly  occurs a t  a 
c .10 -fo ld  low er frequency than when m ediated by the  same transposon  
c a r r ie d  on the  plasmid pRSB31 (copy number = 30-40 per genome 
equivalent) or by pSN015 (G.Russell and R.Slatter, pers.comms.). Lastly, 
transposition assay data obtained using R388::Tn103 (copy number = 3-4 
per  genome e q u iv a le n t )  as th e  donor r e p l i c o n  showed t h a t  t h e  
transposition frequency of Tn103 in such a system was lower
in  systems using pMB9::Tn103 as the  tnpA+ re p l ic o n .  On average, the  
t r a n s p o s i t io n  frequency of Tn103 from R388::Tn103 was 0.33x and 0.62x 
th a t  of Tn3651 mediated in  t r a n s  by pMB9::Tn103 a t  30°C and 37°C 
r e s p e c t iv e ly .  (See Tables 3.3, 4.2, 4.3 and 5.1). C lea rly , comparisons 
of these two systems can only be made with caution as there are cer ta in  
d i f fe re n c e s  between them. For in s ta n c e ,  the  immediate sequence 
environment of the  transposon in  the  two donor re p l ic o n s  i s  not the  
same, the  sequences of the  two t a r g e t  re p l ic o n s  a re  d i f f e r e n t  and 
PACYC184 probably has a g rea ter p ro p o r tio n  of e s s e n t i a l  DNA sequences 
per plasmid than R388. (But, i t  a ls o  has a copy number th a t  i s  c.10x 
h igher than R388 and hence the  amount of n o n -e s se n t ia l  DNA in  a c e l l  
containing pACYCl84 or R388 i s  probably much the same). However, despite  
these differences, the observed v a ria tion  may be s ign if ican t.

Hence, th e re  i s  some evidence to  suggest th a t ,  a t  low gene dosage 
(between one and twenty genes per c e l l ) ,  th e re  i s  an in c re a s e  in  
transposition frequency with increasing gene dosage. However, a t  higher 
gene dosage (g re a te r  than twenty genes per c e l l ) ,  th e re  i s  no f u r t h e r  
s ig n i f i c a n t  in c rease  in  t r a n s p o s i t io n  frequency with increasing gene 
dosage. See Fig. 4.17.

In turn, th is  suggests tha t  there i s  a ce iling  imposed on the level of 
transposition in a cell so tha t there i s  no increase in th is  level above 
a certa in  gene dosage 03 /4 ; <20). This could be due to some transposon 
encoded product(s), or to a host factor(s).
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dimeric pACYC184
pMB9::Tn103

cointegrates
chromosome

pPAK200

F ig .4.16. S ing le  colony gel a n a ly s is  o f  donor s t r a i n s  in  pMB9::

0.8% agarose gel showing that cointegrates were spec if ica lly  generated 
in  c e l l s  con ta in ing  R388, pMB9::Tn103 and pPAK200, but th a t  not a l l  
po tentia l donor replicons were involved in a transposition event.

Very s im i la r  f in d in g s  were observed in  donor s t r a in s  in pSN015 
transposition  assay systems.

1 : pMB9::Tn103 DMA.

2: dimeric pACYCl84 DNA.

3-5: DS916, R388, pMB9::Tn103, PACYC184 -  30°C.

6-8: DS916, R388, pMB9::Tn103, PACYC184 -  37°C.

9: pPAK200 DNA.

10-12: DS916, R388, pMB9::Tn103, pPAK200 -  30°C.

Tn103 transposition  assay systems.

13-15: DS916, R388, pMB9::Tn103, pPAK200 -  37°C.
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FigA .17. Graph showing th e  v a r ia t io n  in  t r a n s p o s i t io n  frequency 
o f  Tn1 d e r iv a t iv e s  w ith  tnpA gene dosage a t  30°C and 

37°C.

With a tnpA gene dosage of 1 - C . 2 0  copies , t r a n s p o s i t io n  frequency 
in c re a s e s  as gene dosage in c re a se s .  Above a tnoA gene dosage of c . 2 0  

copies, however, no f u r th e r  s i g n i f i c a n t  in c re a se  in  t r a n s p o s i t io n  
frequency i s  seen as gene dosage rises .



For example, each transposon could produce a product in h ib i to ry  to  
transposition a t  a higher ra te  than transposase. Thus, an increase in 
the  number of transposons in  a c e l l  would in c re a se  the  d i f fe re n c e  in  
to ta l  amounts of these two molecules. Hence, as the copy number of the 
transposon r ise s ,  the transposition ra te  per element would f a l l ,  u n ti l  
i t  was negligible, when any fu r th e r  increase in transposon copy number 
would cause no f u r th e r  in c re a se  in  t r a n s p o s i t io n  frequency. Such a 
system, where the inhibitory  molecule i s  an antisense RNA species th a t  
in h ib i ts  tran s la tion  of the transposase mRNA, has been shown to ex is t  in 
T n10- Simons e t  a l ,  1983; Simons and Kleckner, 1983. Also, in  Tn5, a 
reg u la to ry  system involv ing  a second po lypep tide  has been shown to  
ex is t.  This protein acts  by some mechanism other than repression of the 
sy n th e s is  of Tn5 p ro te in s  ( Isb e rg  e t  a l ,  1982; Johnson e t  a l ,  1982). 
Any such m olecules would c le a r ly  have to  be encoded by th a t  p a r t  o f  
Tn1/3 ly in g  between c o -o rd in a te s  1 and 3040. The obse rva tio n  t h a t  
pSN015 appears to produce more t r a n s p o s i t io n  -  promoting p ro te in  than 
pMB9::Tn103, yet the transposition frequencies mediated by the two are 
very s im ila r suggests that such a molecule may act e ithe r  on the protein 
i t s e l f ,  on the protein’s s i t e  of action or on a host factor (or factors) 
also needed for the transposition process.

A l te rn a t iv e ly ,  some host f a c to r ( s )  needed fo r  t r a n s p o s i t io n  could 
become l im i t i n g  a t  high transposon  copy number. I t  i s  known t h a t  an 
unknown number of host p ro te in s  a re  needed fo r  Mu t r a n s p o s i t io n  
(Mizuuchi, 1983; C ra ig ie  and Mizuuchi, 1985) and th a t  both DNA 
polymerase I  and DNA gyrase are needed for Tn5 transposition (Sasakawa 
e t  a l ,  1981; Isb e rg  and Syvanen, 1982), t h a t  one or more h o s t  f a c to r s  
are involved in Tn9 transposition (Ilyina e t  a l, 1981) and in tegra tion  
h o s t  f a c to r  has been suggested as being involved in  IS1 t r a n s p o s i t io n  
(Gamas e t a l, 1985), so th is  i s  qu ite  conceivable. I t  could, of course, 
simply be th a t  some factor necessary for transcrip tion  or t ran s la t io n  
becomes l im itin g  a t  moderate/high copy number. However, th is  would seem 
unlikely since very high expression of proteins i s  possible in cer ta in
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s p e c ia l ly  co n s tru c ted  vectors (e.g. pKK223- 3).
This proposed ce iling  e ffec t  seems to  be separate from the e ffec t  of 

tem pera tu re  on t r a n s p o s i t io n  frequency : th e  maximum t r a n s p o s i t io n  
fre q u e n c y  seen  a t  30°C i s  h ig h e r  th an  a t  37°C. T h is  co u ld  be 
in te r p r e te d  to  mean th a t  the  express ion  of th e  f a c to r  re sp o n s ib le  fo r  
t h i s  c e i l i n g  v a r i e s  w ith  tem pera tu re  in  a s im i l a r  way to  t h a t  of 
transposase i t s e l f .

Overall then, i t  seems like ly  th a t  several fac to rs  contribute to  keep 
down the t r a n s p o s i t io n  frequency of Tn1/3, many by r e g u la t in g  the  
c e l l u l a r  le v e l  of the  tran sp o sase  p ro te in .  The e f f e c t s  o f re so lv a se  
p ro te in ,  t r a n s p o s i t io n  immunity, low frequency t r a n s p o s i t io n  to  the  
chromosome and tem pera tu re  a re  w e ll  documented, and evidence i s  
p resen ted  here  fo r  an a d d i t io n a l  form of re g u la t io n  t h a t  appears  to  
cause the imposition of a maximum transposition  frequency in any given 
system.
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Chapter 5.

Does a n tis e n s e  RNA c o n tr ib u te  
to  th e  re g u la t io n  o f  tnpA gene exp ress io n ?
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• * See also the computer print-out of the-sequence of Tn3 frcm 
co-ordinates 1 - 3200 .̂ (inside the back cover?) - .» ;

' ..Note that no search for features characteristic of ribosome 
binding sites was carried out on the Tn3 sequence.



5.1. Introduction.

As described in Chapter 1, there have now been several well-documented 
examples of p o s t - t r a n s c r i p t i o n a l  r e g u la t io n  of gene express ion  by 
antisense RNA. Most in te res ting  in re la tion  to  th is  work was the system 
employed in  IS 1 0 -r ig h t  of Tn10, by which the  l e v e l  of t ran sp o sase  
p ro te in  ( and hence the  t r a n s p o s i t io n  r a te  per e lem ent ) i s  c a r e f u l ly  
controlled. This mechanism also means tha t an increase in the number of 
IS10 e le m e n ts  in  th e  c e l l  l e a d s  to  a d e c r e a s e  in  th e  r a t e  o f 
transposition per element, a phenomenon known as 'multicopy in h ib i t io n ’ 
( Simons & Kleckner, 1983 ).

In view of data  ob tained  from Tn10 ( Simons e t  a l ,  1983, Simons and 
Kleckner, 1983 ), a hypothesis was formed tha t a s im ila r  mechanism might 
opera te  in  the  r e g u la t io n  of the  t ran spo sase  gene of Tn1/3. From the  
data obtained in experiments with a B-galactosidase/transposase fusion 
protein construct ( pSN015 ) described in Chapter 4, i t  seemed p lausib le  
that some form of regulation of transposase gene expression, apart from 
the  e f f e c t  of tem pera tu re  and a t  a le v e l  o ther  than  th e  i n i t i a t i o n  of 
transcrip tion  or transla tion , was' occurring in Tn1.

A nalysis of the n u c le o tid e  sequence of Tn3 ( Heffron e t  a l ,  1979 ) 
using both computer programmes and visual examination revealed a number 
of sequences, in addition to those controlling the three known genes of 
Tn3, w ith  co n s id e rab le  homology to  the  op tim al p ro k a ry o tic  consensus 
promoter sequence ( Dahl, 1983; de Boer e t  a l ,  1983; Hawley and 
Mc.Clure, 1983 ). Also revealed were a number of po ten tia lly  s ig n if ican t  
open reading  fram es, some of which were in  a c o r r e c t  s t r u c t u r a l  
re la tionship  to promoter-like sequences. ( The computer programmes used 
were:- ZPROM : to  search  fo r  p ro k a ry o tic  p ro m o te r - l ik e  sequences ; C. 
Boyd pers. comm. ; and DSPLAY : to  search  fo r  open read ing  fram es 
beginning w ith  an AUG or GUG codon ; P. Taylor pers . comm. ).

In pa rticu la r, an area of potentia l t ran sc r ip tio na l  and tra n s la t io n a l  
a c t i v i t y  was lo c a te d  on the  a n t is e n se  s t ra n d  of the  tnpA s t r u c t u r a l

96



gene around the amino-terminus of the gene. See Fig. 5.1.
Transcription of th is  region would generate a 131 base RNA species and 

trans la tion  of th is  would y ie ld  a 36 amino acid polypeptide. Such an RNA 
t r a n s c r i p t  would be of a s im i l a r  s iz e  to  o th e r ,  known, a n t i s e n s e  RNA 
molecules ( e.g. RNA1 of plasmid ColE1 : 108 bases -  Tomizawa and Itoh, 
1981 ; pOUT t r a n s c r i p t  o f IS 1 0 - r ig h t  o f Tn10 : 101 bases -  Simons and 
Kleckner, 1983 ) and, e s p e c ia l ly ,  i t  would be complementary to  the  
transposase mRNA over an area including both the ribosome binding and 
trans la tio n  in i t ia t io n  s i te s .  I t  was also speculated tha t the possible 
tran s la tio n  product from th is  region could act in a s im ila r  way to  the 
Rom p ro te in  of ColE1 ( Tomizawa and Som, 1984 ). Comparison of t h i s  
possible trans la tion  product with the Rom protein, however, showed no

n ' W r
s ign if ican t amino acid homology other than a V 5 residue area of^perfect 
homology. See Fig. 5.1. The existence of a po ten tia l open reading frame 
on the ’a n t i s e n s e '  s t ra n d  of t h i s  reg ion  of Tn3 was not, however, he ld  
to be of great significance since the presence of an open reading frame 
on one s tra n d  of a p iece of DNA always c o n s t ra in s  the  arrangem ent of 
n u c le o tid e s  on the  o ther  s tra n d  in  such a way th a t  the g e n e ra t io n  of 
sequences with the s truc tu ra l c h a rac te r is t ic s  of open reading frames i s  
favoured. This i s  because the  p re fe r re d  codon usage in  E .coli i s  fo r  
codons of the general s truc ture  RNY (where R = a purine nucleotide, N = 
any nucleotide and Y = a pyrimidine nucleotide).J (M. Rogers, p e r s .  comm.),

I t  i s  worth n o t ic in g  t h a t  any a n t ise n se  RNA re g u la t io n  of tnpA gene 
e x p re s s io n  would p e r s i s t ,  a t  l e a s t  q u a l i t a t i v e l y ,  in  th e  B- 
galactosidase/transposase fusion protein produced by pSN015. For, even 
though the sequence of the  mRNA fo r  t h i s  fu s io n  p ro te in  d i f f e r s  from 
th a t  of w ild - ty p e  Tn1 a t  i t s  5' end, any a n t is e n se  RNA t r a n s c r i p t  w i l l  
also d if fe r  in a complementary way, and a l l  the elements within the tnpA 
coding region postulated to be important in generating th is  t ran sc r ip t  
a re  r e ta in e d  in  pSN015. The only r e a l  d i f f e r e n c e  between pSN015 and 
wild-type Tn1 would be th a t . th e  postulated antisense tran s la tion  product 
would be of a l t e r e d  com position beyond amino ac id  re s id u e  28 and
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Fig. 5.1.

2900 _  3000 Tm rr ,3100
^i| -3 5  -10 Q ATG -*>_____ I____________TGA__ |_____

\ ^ - - GTA G|Jf0 Ifif
Taql tOP A Taql

s ta r t

N -
term inus

Rom val th r lys gin glu lys th r ala leu asn  m et ala arg phe ile arg s e r  gin th r leu th r leu leu glu lys le u -

Possible\ 0 0 0 0
Tn3 . . (  met lys ile thr arg gin leu lys phe ile gly phe ala se r glu pro ala ile th r leu asn leu leu se r  g ly g ln -
p ep tid e ) 

C -te rm in u s
Rom - a s n  glu leu asp ala asp  glu gin ala asp  i l e --► leu STOP

Possible)
Tn3 . .  '( " ly s  ile asn gly his ile gly leu pro ala STOP
p e p tid e ) 

0 ”  homologous residues

F ig .5 .1 . The re g io n  o f  Tn3 ly in g  b e tw ee n  c o - o r d in a t e s  2900 and 

3130.

The a reas  of known and p u ta t iv e  t r a n s c r ip t i o n a l  and t r a n s l a t i o n a l  
significance are indicated.

Also shown is  a comparison between the Rom protein of plasmid ColE1 
and the p o ss ib le  36 amino ac id  re s id u e  po lypep tide  encoded on th e
antisense strand of Tn3 in th is  region. There i s  no s ig n if ican t  homology 
betwee 
shown.

1.
between these two other than a residue region o f .p erfec t  homology as

A.



extended a t  i t s  C term inus by 15 amino ac id  r e s id u e s  in  pSN015 due to  
the above sequence differences.

However, i t  i s  commonly found t h a t  i d e n t i f i c a t i o n  of poss ib ly  
s ign if ican t  fea tures during analysis of sequence data i s  by no means a 
re l iab le  indication of in vivo ac t iv i ty  for such features. A number of 
experiments were therefore designed to see i f  any in vivo evidence could 
be produced to  support t h i s  a n t is e n se  RNA model. These were of two 
kinds

( i)  c lon ing  of a region co n ta in in g  the  i n t a c t  p u ta t iv e  a n t ise n se  RNA 
producing region in to  a new, transposon-sequence free , high copy number 
v ec to r  and assay ing  t h i s  new c o n s t ru c t  fo r  i t s  e f f e c t  in  t r a n s  on the  
frquency of transposition  of a derepressed Tn1 derivative.

( i i )  c lon ing  of fragm ents t h a t  would be expected to  co n ta in  the  
promoter sequences needed fo r  the  production  o f  an a n t is e n se  RNA in to  
promoter probe v e c to rs  (Me.Kenney e t  a l ,  1981) and assay ing  th e s e

r
constucts for promoter ac tiv ity .

A.

5.2. Cloning and assaying of putative RNA producing region.

5.2.1. Cloning of putative antisense RNA producing region.
In choosing a cloning vector for th is  construction i t  was important 

to  s e l e c t  a m olecule devoid of any known Tn3 sequences, p a r t i c u l a r l y  
te rm in a l  sequences, fo r  i t  has been shown t h a t  such a d d i t io n a l  
sequences, in  high copy number, can cause a drop in  the  t r a n s p o s i t io n  
frequency of the transposon being analysed, presumably by t i t r a t i n g  out 
a c t iv e  tran sp o sase  p ro te in  ( t h i s  work -  Chapter Three; H eritage  and 
Bennett, 1984). Also, i t  was im portan t to  use a v ec to r  th a t  did not 
have any areas of homology to  the putative antisense RNA transcr ip t,  so 
tha t  i t s  only possible target would be the transposase mRNA 5’ region. 
The v ec to r  chosen was pACYCl84, which f u l f i l s  both the  above c r i t e r i a  
w ith  the  prov iso  th a t  i t  has been shown, by Southern h y d r id is a t io n
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techniques, to contain some IS1 sequences th a t  show homology with the 
r i g h t  in v e r te d  rep ea t  o f Tn3 (E. Nimmo, pe rs .  comm.). However, the  
p o ss ib il i ty  tha t  these sequences would in te r fe re  with the experiment as 
planned was examined and allowed fo r  by the  design  of an a p p ro p r ia te  
c o n tro l  experiment (see below). pACYCl84 c o n ta in s  two Ahal l l  s i t e s ,  
lo c a te d  339bp. a p a r t  in  the  chloram phenicol a c e ty l  t r a n s fe r a s e  (CAT) 
gene (Alton & Vapnek, 1979). Ahal l l  d ig e s ts  DMA to  y ie ld  f lush-ended  
fragments.
. An exam ination of* the  sequence of Tn3 shows t h a t  th e re  i s  a 192 bp. 

Tag I  fragment, extending from 2902 -  3094, th a t  would, neatly enclose 
the  whole reg ion  thought to  be re sp o n s ib le  fo r  the  gen era tio n  of the  
a n t i s e n s e  RNA. See Fig 5.1.

RSF1050 was chosen as the  source of t h i s  192bp. Tael  fragm ent: 
plasm id DNA was d iges ted  to  com pletion w i th  TagI  and the  r e s u l t a n t  
fragments separated on a 5% polyacrylamide gel. The 192bp. band was cut . 
from the  ge l,  the  DNA e l e c t r o e l u t e d ,  e th a n o l  p r e c i p i t a t e d  and 
resuspended in TE buffer. The ’s ticky ' ends generated by Taql d igestion 
were f i l l e d  in  using T4 DNA polymerase, th e  r e a c t io n  m ixture  phenol 
e x t r a c t e d  once, c h lo r o f o r m • e x t r a c t e d  tw ic e  and th e  DNA a g a in  
p r e c ip i t a te d  w ith  e thanol. I t  was then used in  l i g a t io n  w ith  the  
la rges t  (366lbp.) Ahal l l  fragment of pACYCl84, previously iso la ted  from 
a low m elt in g  po in t agarose ge l.  AM15 c e l l s  were transform ed to  Tcr  
w ith  t h i s  l i g a t io n  mix and 37 t ra n s fo rm a n ts  were obtained. S ing le  
colony gel analysis revealed tha t a l l  these clones contained a plasmid 
of the required size  -  3*,85kb. See Fig 5.2.

I t  can be seen that l iga tion  of an Ahal l l  fragment to  a f i l l e d  in 
Taql fragment regenerates only the Tag I s i te .  Therefore, digestion of 
the d e s ired  c o n s tru c t  w ith  Taql  w i l l  y ie ld  th e  192bp. fragm ent. The 
o r i e n ta t io n  of the in s e r te d  fragm ent can be determ ined by PvuII 
d ig e s t io n .  See Fig 5.2. Plasmid DNA from 5 c lones  was prepared by the  
a lkaline/SD S method and r e s t r i c t e d  w ith  Taql or PvuI I .  All the  f iv e  
c lones analysed y ie lded  the  192bp. Tag I  fragm ent and two of them
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Fig. 5.2.
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F i g . 5 . 2 .  T h e  c o n s t r u c t i o n  o f  p S N 0 3 3  a n d  p S N 0 3 4 . • *

The 192bp. Tag I fragment from Tn3 (2902-3094) was i s o la t e d ,  i t s  
’s t i c k y ’ ends f i l l e d  in  and the  r e s u l t in g  p iece  of DNA l ig a t e d  to  the 
la rg e s t  Ahal l l  fragment of pACYCl84. Insertion  of the fragment in e i th e r  
o r i e n ta t io n  was p o ss ib le  and both types of recom binant m olecule were 
recovered. These were designated pSN033 and pSM034.

Also shown are the f i l l e d - in  Tag1/ Ahal l l  junction sequences, showing 
that these sequences are ta rge ts  fo r Tag I but not fo r  Ahal l l .

Note th a t  the 192bp. Taol  fragm ent does not carry  the  tnoA gene 
promoter.



conta ined  the  fragment in s e r te d  in  one o r i e n ta t io n ,  w h i l s t  the  o th e r  
three contained i t  in the opposite o rien ta tion  See Fig 5.3.

These plasm ids were d es igna ted  pSN033 and pSN034 according to  the  
orien ta tion  of the inserted fragment.

I t  would be postulated tha t the promoter of an an ti sense RNA species 
would be q u i te  s trong , as i s  the  case in  known a n t i s e n s e  RNA c o n tro l  
systems -eg . pOUT in  ISIO - r i g h t  of Tn10 : 1/3rd . as s trong  as induced 
placUVS (Simons e t  al , 1983). And i t  i s  worth considering that, since 
the  Taql fragm ent i s  in s e r te d  in to  the  m iddle of the  CAT gene of 
PACYC184, th e re  may be an e f f e c t  o f CAT gene t r a n s c r i p t i o n  on the  
expression of sequences in the fragment. See Fig 5.4.

As th e  CAT promoter i s  q u i te  s tron g  (S tueber & Bujard, 1981), and 
assuming no secondary struc tures  ex is t  in the CAT-promoter generated RNA 
tran sc r ip ts  from pSN033 and pSN034, as seems l ik e ly  from examination of 
t h e i r  sequences, then in  pSN033, t r a n s c r i p t i o n  from the  CAT promoter 
would g en era te  a la rg e  amount of a t r a n s c r i p t  t h a t  would in c lu de  the  
antisense region from Tn3, presumably terminating a t  the t ranscrip tion  
te rm in a to r  of t h i s  reg ion . In pSN034, a corresponding  amount of a 
t r a n s c r i p t  co n ta in in g  the  complementary sequence to the antisense RNA 
region would be produced and i t  would be postulated tha t th is  would tend 
to  t i t r a t e  out any a n t ise n se  RNA t r a n s c r i p t  genera ted  from, i t s  own 
promoter.

5 .2 .2 . Assay o f  th e  e f f e c t  o f  pSN033 and PSN034 on th e  
transposition frequency of Tn103.

In the  assay, c o n s tru c ts  p u ta t iv e ly  producing an a n t i s e n s e  RNA 
species from Tn3 were assayed for th e ir  e ffe c t  on the transposition  of 
Tn103, a Tn1 derivative, into pCB101. Though Tn1 and Tn3 do d i f f e r  in 
th e ir  nucleotide sequences, the Tn1 sequence data obtained in th is  work 
shows th a t  th e re  i s  (=86.3%) homology between Tn1 and Tn3 a t  the
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Fig.5.3. Restriction analysis of plasmids pSN033 and pSN034.

5% polyacrylamide gel showing the Taql  and PvuII  r e s t r ic t io n  p ro f i le s  
of pSM033 and pSN034, the Taql  r e s t r i c t i o n  p r o f i l e  of RSF1050 and the  
PvuI I  r e s t r ic t io n  p ro file  of pACYCl84.

I t  can be seen that T ad  re s t r ic t io n  of pSN033 and pSN034 yielded the 
192bp. fragment derived  from RSF1050 (and many o th e r ,  pACYCI84- 
specific , fragments). Also, PvuI I  r e s t r ic t io n  yielded a 91 bp. fragment 
from pSM033 and a 141 bp. fragm ent from pSN034, in d ic a t in g  th ese  
molecules were of the struc tures shown in Fig.5.2. (PvuI I  r e s t r ic t io n  of 
each of these  m olecules a lso  genera ted  c.445 and 32l6bp. pACYCl84- 
sp e c i f ic  fragments).

1: PACYC184, PvuII. 5: pSN034, PvuII.

2: pSN033, T a d . 6: RSF1050, T a d .

3: pSN033, PvuII. 7: pUC9, Hoall.

4: pSN034, TagI. 8: pUC9, Haelll.



c)

Fig.5.4.

i).pSN033

5'----- ▼-----------------------------------------------------  3*

ii).pSN034

>
- P e a t

-Peat*

^  -  filled in’ Taq I/Aha III junction f*at-  CAT gene promoter
-  — _ tnpA transcription — ► putative an tisense RNA
 -C m r gene remnants transcription

F ig .5 .4 . The e f f e c t s  o f  t r a n s c r i p t i o n  from  th e  CAT g en e  p ro m o te r  
on th e  in s e r te d  DNA fragm ent in  pSN033 and pSN034.

In pSM033, t r a n s c r ip t io n  i n i t i a t e d  a t  the  CAT gene prom oter w i l l  
gen e ra te  a la rg e  amount of a t r a n s c r i p t  t h a t  w i l l  in c lu de  the  whole 
putative antisense region of Tn3.

In pSN034, transcrip tion  in i t ia te d  a t th is  promoter w il l  generate a 
l a r g e  amount of a t r a n s c r i p t  t h a t  w ilT  co n ta in  th e  complementary 
sequence to the putative antisense region of Tn3.



nucleotide level in the region of the putative RNA tran sc r ip t  from 2945- 
3039. Thus, an antisense RNA tran sc r ip t  from Tn1 would be expected to  
s ta b ly  h y b r id ise  to  DNA, or an mRNA from the  corresponding region, o f 
Tn3, and any e f f e c t  on t r a n s p o s i t io n  frequency due to  th e  a c t io n  o f  
antisense RNA would be detected in  th is  assay system.

Para lle l  assays were performed a t  30°C and 37°C to assess the e f fe c t  
of temperature on any e ffec t due to pSN033 or pSN034.

CJ100 was transformed to Cmr with pCB101 and th is  s t ra in  then used to  
construct four fu rther s tra in s  as fo llow s:-

( i )  c o n tro l  systems : a). R388::Tn103 was in troduced  from DS903, 
R388::Tn103 by conjugal t r a n s f e r ,  exconjugants being s e le c te d  on 
Iso sen s ite s t  agar containing chloramphenicol and trimethoprim.

b). pACYCl84 was used to. tran sfo rm  CJ100, 
pCB101 to Tcr  and then R388::Tn103 was introduced as above, exconjugants 
being s e le c te d  on I s o s e n s i t e s t  agar co n ta in in g  chloram phenico l, 
te tracycline  and trimethoprim.

( i i )  t e s t  systems : pSN033 or pSN034 was used to  t ran sfo rm  CJ100, 
pCB101 to Tcr. and then R388::Tn103 was introduced as above, exconjugants 
again being se le c te d  on I s o s e n s i t e s t  agar containing chloramphenicol, 
te tracycline  and trimethoprim. (pSN033 or pSN034 were introduced before 
R388::Tn103 so tha t  any e ffec t  they caused would be operative throughout 
the whole period the transposition  p ro fic ien t molecule was in the ce ll) .

T r a n s p o s i t i o n  o f  Tn103 i n t o  pCB101 w o u ld  y i e l d  an 
R388::Tn103::pCB101::Tn103 cointegrate  (Tpr Cmr ). The frequency of t h i s  
t r a n s p o s i t io n  event in  each o f  the  above system s was th e r e f o r e  
determined by calculating the ra t io  of S tr r Tpr Cmr : S t r r Tpr  exconjugants 
a f te r  mating of each of the s t ra in s  with DS902.

The r e s u l t s  o f  t h e s e  a s s a y s  a r e  shown in  T ab le  5.1 and t h e  
conclusions tha t  can be drawn from them are as fo llow s:-

( i ) .  the  remnant of IS1 in  PACYC184 appears to  have no e f f e c t  on th e  
transposition frequency of Tn103 in to  pCB101 - ie .  the IS1 sequence does 
not seem to  t i t r a t e  out t ran sp o sase  to  any s i g n i f i c a n t  e x te n t .  This
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Table 5.1: The e f f e c t  o f the  presence of pSN033 or PSNCR4 on the  
transposition  frequency of Tn103.

Transposition frequency of Tn103 in to  pCB101 a t:  
Cross. 30°C. 37°C.

CJ TOO, pCB101,
R388::Tn103 x 2.58x10""2. 1.21x10“4.

DS902.

CJ100, pCB101,
R388::Tn103, 2.55x10”2. 2.43x10“n.
PACYC184 x DS902.

CJ100, pCB101,
R3 88: :Tn103, 2.45x10"2. 2.23x10“4.
pSN033 x DS902.

CJ100, pCB101, 
R3 88 ::Tn103, 
PSM034 x DS902.

2.61x10“2. 2.67x10“n.



Table 5.1 legend:

( i ) .  in  each case, a t  l e a s t  100 c o lo n ie s ,  a l l  co n ta in in g  c o in te g ra te s ,  
were examined to es tab lish  the transposition  frequencies shown.

( i i ) .  the  presence of c o in te g r a te s  in S t r r Tpr Cmr  exconjugants was 
confirmed by s in g le  colony gel a n a ly s is  and by t h e i r  r e s o lu t io n  in  
the  presence of a tn p R* plasm id (pDS4153) to  pCB101 ::Tn103 and 
R388::Tn103. (Data not shown).

( i i i ) .  in  the CJ100, pCB101, R388::Tn103, pACYCl84 system, selection  for 
S t r rTpr Cmr exconjugants detected both R388::Tn103::pCB101 ::Tn103 and 
R388::Tn103::pACYCl84::Tn103 c o in te g ra te s .  (Also d e te c ted  were any 
’double’ co in teg ra tes : eg.R388: :Tn103: :pACYC184: :Tn103: :pCB101: :Tn103). 
To determ ine s p e c i f i c a l l y  the  number of R388::Tn103::pCB101::Tn103 
c o in te g ra te s ,  a l iq u o ts  of the  mating mixes were a lso  p la ted  out on 
Isosens ites t  agar containing streptomycin, trimethoprim, chloramphenicol 
and t e t r a c y c l in e .  This supported only the  growth of c e l l s  co n ta in in g  
R388::Tn103::pACYCl84::Tn103 c o in te g r a te s  (and any c e l l s  con ta in in g  
’d o u b le ' c o i n t e g r a t e s ,  b u t  d o u b le  e v e n ts  a re  so r a r e  as  to  be 
s t a t i s t i c a l l y  i n s i g n i f i c a n t : -  c'. V  ^ q q -  V   ̂qqqx the  frequency of 
's in g le '  events. See Tables 4.2 and 4.3). Therefore , by s u b t r a c t in g  the  
number of co lo n ies  on the  S tr ,  Tp, Cm, T c-con ta in ing  p la te s  from the 
number on the Str, Tp, Cm-containing plates, the transposition  frequency 
of Tn103 into pCB101 in th is  system was spec if ica lly  determined.



f in d in g  i s  in  keeping w ith  o th e r  data  ob ta ined  during  t h i s  work where 
t h i s  IS1 sequence was never found to  a c t  as a s u b s t r a t e  fo r  the  a c t io n  
of t ran sp o sase  in  a one-ended t r a n s p o s i t io n  event (See t r a n s p o s i t io n  
assay da ta  in  Tables 4.2 & 4.3).

( i i ) .  the  cloned Taql  fragm ent of Tn3 appears not to  produce any 
m olecule(s) th a t  decreases  the  t r a n s p o s i t io n  frequency of Tn103 in to  
pCB101 when acting in t ran s . As the CAT promoter i s  strong, the re su l ts  
in  the pSH034 system are inconclusive, since i t  would be argued th a t  any 
antisense tran sc r ip t  produced from th is  plasmid might be t i t r a t e d  out by 
the t r a n s c r i p t  generated  from the  CAT promoter. The r e s u l t  from the  
pSN033 system, however, provides evidence against the ac tiv ity  of the 
above a n t is e n se  RNA sp e c ie s  fo r ,  even when the  reg ion  he ld  to  be 
re sp o n s ib le  fo r  i t s  production  i s  under the  c o n tro l  of a s tro n g  
promoter, no decrease  in  the  t r a n s p o s i t io n  frequency of Tn103 i s  
observed. This suggests tha t there i s  no stage in the production of the 
t ran sposase  p ro te in  a t  which t h i s  a n t i s e n s e  RNA molecule could a c t .  
This could be because the  tnpA mRNA i s  very rap id ly  occupied by 
ribosomes once i t s  transcrip tion  has begun or, i f  th is  does not occur, 
i t  i s  rapidly degraded from i t s  5* end.

( i i i ) .  the  area of homology to  the  in v e r ted  rep e a t  sequence of Tn3 
th a t  l i e s  ju s t  within the amino terminus of the transposase gene and i s  
c a r r ie d  on the cloned fragm ent (suggested  to  be poss ib ly  the  i n t e r n a l  
r e s o lu t io n  s i t e  by Heffron e t  a l , 1979; see Fig. 5.5) does not a c t  to  
bind and therefore t i t r a t e  out transposase. In turn, i t  seems log ica l 
to  conclude th a t  t h i s  sequence w i l l  not a c t  as a s u b s t r a te  fo r  the  
action of transposase, and that th is  protein needs more than th is  amount 
of sequence information to recognise and act on i t s  ta rge t  sequence.

These resu lts ,  however, s t i l l  leave open several p o s s ib i l i t i e s  about 
any p o ss ib le  a n t i  sense RNA re g u la t io n  of transposase gene expression. 
For example, i t  could be tha t an antisense RNA molecule i s  transcribed 
from a s t a r t  s i t e  5T to  the  cloned reg ion ; or, the  cloned reg ion  does 
not include a l l  the regulatory elements necessary for production of the
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Fig. 5.5.

3021 A 3043*
GCTCAGTG G TC A A A A A ATC ACG 

S'GGGGTCTGACGCtCAGTGdACGAAAACTCACGTTAAG-S' 
1 A 38

i -  homologous nucleotides

Fig.5.5. The a re a  o f  p a r t i a l  homology n e a r th e  N -term inus o f  th e  

tn p A gene t o  t h e  38bp. p e r f e c t  t e r m in a l  i n v e r t e d  
re p e a t o f  Tn3.

After Heffron e t  a l, 1979.

There are ^^23 perfect matches between these two regions over an area 
extending from base pairs 11-33 w ithin the inverted repeat.



a n tise n se  RNA ( th e re  have re c e n t ly  been sev e ra l  r e p o r ts  of sequences 
upstream of the  -35 promoter reg ion  being needed fo r  op tim al gene 
express ion  -eg. in  E .co li t y r T promoter -  Lamond and T ravers , 1983; 
Lamond and T ra v e rs ,1985); or, any m olecule produced by the  a n t i s e n s e  
reg ion  i s  only a c t iv e  in c i s : or such a m olecule a c t iv e ly  a c ts  to  
in c re a se  the t r a n s p o s i t io n  frequency of Tn103 but t h i s  e f f e c t  i s  not 
seen because of some o ther , o v e ra l l ,  c e i l i n g  t h a t  i s  imposed on 
transposition frequency.

To investigate  fu rther these p o s s ib i l i t ie s  and to see i f  any in vivo 
evidence of a c tiv ity  of a promoter th a t  could generate an; antisense RNA 
t r a n s c r i p t  could be produced, experim ents were undertaken to  clone 
appropriate fragments of Tn3 in to  promoter probe vectors.

5.3. Promoter probe vector experiments.

5.3.1. Background in fo rm a tio n .
These experiments were undertaken using two vectors th a t  rely on the 

same p r in c ip le  fo r  the d e te c t io n  of in  vivo p ro k ary o tic  promoter 
ac tiv ity . Both contain the galactokinase (galK) gene cloned separately 
from i t s  own promoter, ly in g  downstream of a number o f unique 
r e s t r ic t io n  s i te s .  Cells of a galactokinase-deficient s t ra in  containing 
e i t h e r  v e c to r  alone produce w h ite  c o lo n ie s  on Mac.Conkey's agar 
containing galactose (Mac.gal agar) for the galactokinase gene cannot be 
expressed in these vectors and therefore no metabolism of galactose can 
occur. In contrast, i f  a fragment of DNA possessing promoter a c tiv ity  
i s  in s e r te d  in to  one of the  unique r e s t r i c t i o n  s i t e s  in  the  c o r r e c t  
o r ie n ta t io n ,  then t r a n s c r ip t io n  and t r a n s l a t i o n  of the  g a la c to k in a se  
gene can occur, even in a chromosomally galactokinase-defic ient s t ra in ,  
and the  metabolism of g a la c to se  proceeds (assuming the  s t r a i n  a lso  
possesses g a lac to se -ep im erase  (g a lE) and g a la c to - t r a n s f e r a s e  (g a lT) 
a c t i v i t i e s )  to  y ie ld  a c id ic  p roducts , w ith  the  r e s u l t  t h a t  c e l l s
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co n ta in in g  such plasmids produce b r ig h t  pink c o lo n ie s  on th e  above 
medium (Mc.Kenney e t a i, 1981).

Plasmid pK0500 i s  a derivative of pKO-1 (Mc.Kenney et a l, 1981) which 
co n ta in s  th e  m u lt ip le  c loning  s i t e  from th e  Tphage v e c to r  MI3mp11 
(Messing and V ie ira ,  1982) in s e r te d  upstream of the  p ro m o te r - le ss  
galactokinase gene (A. Lamond, pers. comm). See Fig.5.6.

Plasmid pKM-1 (Lamond and Travers, 1983) i s  s im ila r  to pKO-1, but as 
well as having unique Aval, EcoRI and Hindlll r e s t r ic t io n  s i te s  upstream 
of the  p ro m ote rless  g a la c to k in ase  gene, i t  co n ta in s  a fragm ent of DNA 
from phage lambda carrying the lambda tR1 term inator inserted between 
th e  H indl l l  s i t e  and th e  g a l a c t o k i n a s e  gene. T h is  v e c t o r  was 
c o n s tru c ted  as i t  had been found th a t  the  c lon ing  of some very s tro ng  
prom oters in to  vec to rs  such as pKO-1 produced e i t h e r  n on-v iab le  
p lasm ids, or p lasm ids w ith  g re a t ly  reduced copy numbers,- presumably 
because the  high le v e l  of. t r a n s c r i p t i o n  --- d is ru p ted ^  plasm id 
rep lica tion  processes. Such constructs, i f  viable, often produce white 
colonies in c e l ls  of a galactokinase-deficient s t ra in  on Mac.gal medium, 
(eg. E .co li t v r T promoter : Lamond and T ravers , 1983; E .coli l e u T 
promoter : Duester e t ' a l ,  (1982); Adams and Hatfield, 1979;'Stueber and 
B ujard , 1982). The lambda tR1 te rm in a to r  i s  rho-dependent and N- 
su p p re s s ib le  but i s  only c.50$ e f f i c i e n t ,  even in the  absence of N 
p ro te in  (Friedman and Gottesman, 1983). Therefore , c.50% of any 
t r a n s c r i p t s  emanating from a cloned fragm ent w i l l  pass through t h i s  
terminator and on through the galactokinase gene. This arrangement has 
been e m p ir ic a l ly  found to  allow the  c lon ing  and d e te c t io n  of s t ro n g  
prom oters in  t h i s  s o r t  of prom oter-probe system, f o r  i t  reduces 
t r a n s c r i p t i o n  through the g a la c to k in a se  gene to  a le v e l  th a t  s t i l l  
allows id en tif ic a t io n  of ce l ls  containing plasmids with strong promoters 
by the above chromogenic screen w h ils t  also allowing plasmid rep lica tio n  
to proceed sa t is fac to r i ly .  See Fig. 5.6.

For each fragment being tested  fo r promoter a c t iv i ty ,  therefore, the
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Fig.5 -find III 
Pstl 

/  .Xbal 
/ / B a m H I  
V < S s t l  
'IpEcoRI

Sal I- 
Smal

pK0500 
4-1 kb.

pKM-1 
4-4 kb.

Hindlll
^Aval
^-XtR1

galK

^  -  right inverted repeat of Tn3 

o rj-o rig in  of replication

Fig.5.6. The plasmids pK0500 and pKM-1.

R e fs . :  A. Lamond, p e r s .  comm, and Lamond and T r a v e r s ,  1983, 
respectively .

Both plasmids contain a promoterless galactokinase gene to allow them 
to be used to detect prokaryotic promoter sequences.

In pK0500, the  m u lt ip le  c lon ing  s i t e  from the ’phage v e c to r  M13mp11 
(Messing and Vieira, 1982) l i e s  upstream of the galactokinase gene.

In pKM-1, there are three unique cloning s i te s  (Hindl l l ,  EcoRI, Aval) 
upstream of the g a la c to k in ase  gene, but se p a ra ted  from i t  by the  t R-| 
terminator of ’phage lambda.



fragment was cloned in to  both pK0500 and pKM-1 to check out thoroughly 
whether or not i t  possessed any promoter a c t i v i t y .  Following the  
construction of each d iffe ren t  te s t  plasmid, galactokinase assays were 
carried out to  quan tita te  the level of promoter a c t iv ity .

5.3.2. C onstruction  of plasmids.

I t  was decided to clone two d iffe ren t  fragments from Tn3 in to  pK0500 
and pKM-1. These were;

( i )  a 285bp. H a e ll l-P v u II  fragm ent from 2688-2973 in  the  Tn3 
sequence. This would contain the in ta c t  promoter region (including any 
im portan t sequences upstream of the  -35 region) fo r  the  p o ss ib le  
antisense RNA tran sc r ip t  described above.

( i i )  an 837bp. Sau3A fragm ent from 2073-2910 in  th e  Tn3 sequence. 
This would not contain the whole promoter for the possible antisense RNA 
s p e c i e s  d e s c r ib e d  above bu t would in c lu d e  any o th e r  prom oters 
responsible for generating tran sc r ip ts  from th is  region.

5.3.2(i) . construction of plasmid's' using 285bp. Haelll-PvuII fragment of 
I n i .

See Fig 5.7. RSF1050 plasmid DNA was d ig e s te d  to  com pletion w ith
both H a e ll l  and PvuI I .  the  r e s u l t a n t  fragm ents  sep a ra ted  on a 5% 
polyacrylamide gel, the 285bp. fragment-containing s l ic e  cut out from 
the gel, the DNA electro-elu ted , e thanol-precip ita ted  and resuspended in 
TE buffer. pK0500 plasmid DNA was l inearised  with Smal ,  phosphatased, 
ethanol prec ip ita ted  and resuspended in TE buffer. The two fragments 
were liga ted  together and the l ig a t io n  mixture used to  transform DS903 
c e l ls  to Apr . Cells were plated on Mac.gal agar containing am picillin  
and streptomycin to screen for promoter ac t iv i ty  in the transformants.

160 transformant colonies were obtained, and a l l  of them were white 
in  co lour. S ing le  colony gel a n a ly s is  revea led  t h a t  16 of th ese
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Fig. 5.7.

Haeill Pvu II
2688 n _ 2973
I---------------------------X ---------------------------------------------------  * l j

2796

+  Sm al cu t 
pK0500

bla
pSN043

4-3kb.
pSN 047 

4*3 kb.

gajK oriori

o -H a e lll/S m a l,P v u ll/S m a l junctions 
A -B a m H ls ite  A -E coR lsite  9 -A val site  
o r j -  origin of replication

righ t inverted repeat of Tn3 
direction of any an tisense  transcription

♦-H ind lll s ite



Fig.5.7. The construction of plasmids pSN043 and pSN047.

Ligation of the 285bp. Hael l l / PvuI I  fragment from Tn3 (2688- 2973) to 
Smal- l in e a r ise d  pK0500 generated two classes of recombinant molecules. 
In the  f i r s t  (pSN043), any t r a n s c r ip t io n  from the  a n t i s e n s e  s t ra n d  of 
th is  region of Tn3 would be directed towards the galactokinase gene. In 
the second (pSN047), any such transcrip tion  would be directed away from 
t h i s  gene.



conta ined  a plasmid of the  s iz e  of the  d e s i r e d .c o n s t r u c t  (data  not 
shown) and DNA was prepared from each of these^for r e s t r ic t io n  analysis*

I t  can be seen (Fig. 5.8) t h a t  hybrid  Hael l l / Smal  and Smal / PvuI I  
s i t e s  a re  t a r g e t s  fo r  none of th ese  enzymes. Hence, the  s iz e  of any 
in s e r te d  fragm ent had to  be checked by d ig e s t in g  the  DNA w ith  
re s t r ic t io n  enzymes having s i t e s  immediately adjacent to the Smal  s i t e  
of pK0500: BamHI and EcoRI were the enzymes chosen. The orien ta tion  of 
the inserted  fragment was determined by Aval  and BamHI co-digestion. 14 
of the 16 plasmid DNAs tes ted  yielded a c.307bp. fragment: on BamHI/EcoRI 
co-digestion, as anticipated  for the desired construct, yet only one of 
th ese  14 conta ined  the  fragm ent o r ie n ta te d  in  such a way so th a t  any 
promoter on i t s  a n t is e n se  s t ra n d  would d r iv e  t r a n s c r i p t i o n  of the  
galactokinase gene. This plasmid was designated pSN043, w hilst one of 
the other th ir teen  -  with the in se r t  in the opposite o rien tation  -  was 
chosen and designa ted  pSN047. See Fig. 5.9. This led  to  sp e cu la tio n  
th a t  th e re  may be some p h y s io lo g ica l  b ia s  a g a in s t  i n s e r t io n  in the  
former orientation, possibly as a re su l t  of promoter ac t iv i ty  within the 
fragment. All 14 of the plasmids produced a white colony phenotype in 
DS903 c e l l s .  This was as expected fo r  pSN047, w h i l s t  fo r  pSN043, t h i s  
finding could be in terpreted  to mean that there was e ith e r  no promoter 
ac tiv i ty  in th is  d irection  on the cloned fragment or that the promoter 
there was a strong one.

To clone th is  same region into pKM-1, pSN047 plasmid DNA was digested 
to completion with Hindl l l  and EcoRI, the re su l tan t  fragments separated 
on a 5% polyacrylamide gel, the desired 340bp. fragment containing s l ic e  
cut out from the gel, the DNA electro-elu ted , ethanol p rec ip ita ted  and 
resuspended in TE buffer. I t  was then used in l ig a t io n  with the 4088bp. 
Hindl l l -EcoRI fragment of pKM-1, previously iso la ted  from a low melting 
po in t agarose ge l.  DS903 c e l l s  were transfo rm ed  to  Apr  w ith  t h i s  
l iga tion .m ix tu re  and the c e l ls  plated out on a Mac.gal agar containing 
a m p ic i l l in  and s trep tom ycin . 197 transformant colonies were obtained

106



Fig.5-8.

J1  J2
5'“ C G C C C — Tn3 sequences — CAGGGG-3'

51-  CC-C CTG —Tn 3 seq u en ces— GGGGG-3*
J2  J1

J1 -H a e lll/S m a I junctions 
J2 -P v u ll/S m a l junctions

Hae III site: GGCC 
Pvu II site:CAGCTG 
Sm al site:CCCGGG

Fig.5.8. Hael l l / Smal  and PvuI I / SmaT junction sequences found in  
pSN043 and pSN047 (top and bottom respec tive ly ).

I t  can be seen tha t none of these sequences are ta rg e ts  for any of the 
three enzymes.



Fig. 5.9a.

307 bp. 
282

113

2 3 4 5

458 489 434

Fig.5.9. R estric tion  analysis of plasmids pSN043 and pSN047.

a). pSN043: polyacrylamide gel showing BamHI/EcoRI and BamHI/Aval
re s t r i c t io n  prof i les  of pSN043.

I t  can be seen that  BamHI/EcoRI co-digestion of th is  plasmid generated 
a 307bp. fragment (and a c.4.03kb. one) and tha t  BamHI/Aval  co-digestion 
genera ted  a 113bp. fragment (and a c.4.23kb. one). This showed th a t  
pSN043 contained the 285bp. Haelll/PvuII fragment from Tn3 inserted in 
such a way that  any transcription emanating from the antisense strand of 
th is  region of Tn3 would be directed towards the galactokinase gene.

1: pJKR, EcoRI.

2: pSN043, BamHI/EcoRI.

3: pSN043, BamHI/Aval.

4: pUC8, H ae l l l .

5: pUC8, Hpall.



Fig.5.9b&c.

186 bp.

b. c.

b). & c). pSN047: 5% polyacrylamide g e l s  showing the  BamHI/EcoRI 
and BamHI/Aval  re s t r i c t io n  prof i les  of pSM047 respectively.

I t  can be seen th a t  BamHI/EcoRI c o -d ig e s t io n  of pSN047 genera ted  a 
307bp. fragment (and a c.4.03kb. one) and BamH I/Aval  c o -d ig e s t io n  
genera ted  a I86bp. fragment (and a c.4.l6kb. one). This in d ic a te d  t h a t  
pSN047 contained the 285bp. Hael l l / PvuI I  fragment from Tn3 inserted in 
the  opposi te  o r i e n t a t i o n  to pSN043, so t h a t  any t r a n s c r i p t i o n  
emanating from the a n t i se n se  s t rand  of t h i s  region of Tn3 would be 
directed away from the galactokinase gene.

b). c).

1: pUC9, Haelll .  1: pUC9, Haelll .

2: pJKR, EcoRI. 2: pUC9, Hpall.

3: pSN047, BamHI/EcoRI. 3: pSN047, BamHI/Aval.



and a l l  were w hite  in  co lour. 42 of th ese  were examined by s in g le  
colony gel analysis and a l l  but one contained a plasmid of the desired 
s ize  (data not shown). Hindl l l /EcoRI co-digestion and Aval  digestion on 
DNA prepared by the alkaline/SDS method from five  of these clones showed 
th a t  they a l l  conta ined  the  d e s ire d  fragm ent in s e r te d  in  the  d e s ired  
o r i e n ta t io n .  This plasmid was designa ted  pSN048. See F ig s:5 V '1 0 y ilJ t  

therefore  seemed most probable tha t  th is  fragment of Tn3 contained no 
promoter ac t iv i ty  in the antisense direction.

5.3.2(i i ) .  construction of plasmids using 837bp. Sau3A fragment of Tn3.

This fragment had previously been cloned from Tn3 in to  both BamH1- 
digested pUC8 and M 13mpl8 RF DNA, in both possible orien tations in each 
case, by ano ther  worker in  t h i s  l a b o ra to ry  and i t  was two of th ese  
c o n s t ru c ts  t h a t  were used as the  source  of t h i s  fragment, .for th ese  
constructions (G. Russell, pers. comm.). This was done to , allow the Tn3 
i n s e r t  to  be i s o la t e d  on a r e s t r i c t i o n  fragm ent w ith  two d i f f e r e n t  
"sticky ends" which, in turn, would allow the orien tation  of in se rtion  
in to  pK0500 and pKM-1 to  be p re-de te rm ined  by an a p p ro p r ia te  c lon ing  
s t r a te g y .  See Fig. 5.12.

M13mpGR041 RF DNA, pGR06, pK0500 and pKM-1 plasm id DNAs were each 
r e s t r i c t e d  to  completion w ith  Hindl l l  and EcoRI and the  r e s u l t a n t  
fragm ents sep ara ted  on a 1% low m elt ing  p o in t  agarose ge l. The 880bp 
fragm ent from M13mpGR041, the  859bp fragm ent from pGR06, the  4088bp 
fragm ent from pKM-1 and the  l a r g e s t  fragm ent from pK0500 were a l l  
p u r i f ie d  from low m elting  p o in t  agarose , e thanol p r e c ip i t a te d ,  
resuspended in TE and used in the following l ig a t io n s :  

pGR06 and pK0500 fragments.
M13mpGR041 and pKM-1 fragments.

These l i g a t i o n  m ixtures were used to  t ran s fo rm  DS903 c e l l s  to  Apr , 
the c e l ls  again being plated out on Mac.gal. agar containing am picillin  
and streptomycin.
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Fig .5 .10 . The construction of pSN048.

The 340bp. Hindl l l / EcoRI fragment from pSN047 (which included a l l  the 
Tn3 sequences cloned in to  pSN047 in i t s  construction) was l ig a ted  to  the 
la rg es t  (4.1 kb.) Hindlll/EcoRI. fragment of pKM-1 to generate pSN048.

In t h i s  plasmid, any t r a n s c r ip t io n  emanating from the  a n t i s e n s e  
strand of th is  region of Tn3 would be directed towards the galactokinase 
gene, but would have to pass through the t ^  term inator of ’phage lambda 
before reaching th is  gene.
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Fig.5.11. R e s t r ic t io n  analysis of pSN048.

5% polyacrylamide gel showing the Hindlll/EcoRI r e s t r i c t i o n  prof i les  
of pSN047 and pSN048 and the Aval  r e s t r i c t io n  prof i le  of pSN048.

I t  can be seen that  Hindlll/EcoRI co-digestion of pSN048 generated the 
340bp. fragment derived from pSN047 and that  Aval  r e s t r i c t i o n  generated 
a 295bp. fragment (and a c.4.13kb. one). This i n d ic a te d  t h a t  the 
f r a g m e n t  from pSN047 was o r i e n t a t e d  in  such a way t h a t  any 
t ranscr ip tion emanating from the antisense strand of the region of Tn3 
included in i t  would be directed towards the galactokinase gene.

1: pSN047, Hindlll/EcoRI. 

2: pSN048, Hindlll/EcoRI. 

3: pSN048, Aval.

4: pUC8, Hoall.

5: pUC8, Hael l l .
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Fig-5.12. The construction of pSN052 and pSN053.

a). pSN052: the  859bp. Hindl l l / EcoRI fragm ent from pGR06 (which 
includes those Tn3 sequences between co-ordinates 2073 and 2910) was 
l iga ted  to  the la rg es t  Hindlll/EcoRI fragm ent of pK0500 to  g enera te  
PSN052.

In th is  plasmid, any transcrip tion  emanating from the antisense strand 
of th is  region of Tn3 would be directed towards the galactokinase gene.

b). pSN053: the 880bp. Hindlll/EcoRI fragment from M13mpGR041 (which 
includes the same Tn3 sequences as are present in pGR06, but inserted  in 
the  opposite  o r ie n ta t io n )  was l ig a t e d  to  the  l a r g e s t  H ind lll /E coR I 
fragment of pKM-1 to generate pSN053.

In t h i s  plasmid, any t r a n s c r ip t i o n  emanating from the  a n t is e n se  
strand of th is  region of Tn3 would be d irected  towards the galactokinase 
gene, but would have to pass through the t ^  term inator of ’phage lambda 
before reaching th is  gene. .



361 t ran s fo rm an t  c o lo n ie s  were obtained  w ith  the  pGR06/pK0500 
l i g a t io n  mix; a l l  were w h ite  in  co lour. 19 out o f  22 of th e se  checked 
by single colony gel analysis contained a plasmid of the expected s ize  
of the desired construct and r e s t r ic t io n  analysis of plasmid DNA, made 
by the  a lkaline/SD S method, from s ix  of th ese  c lones by EcoR I/Hindl l l  
co-digestion and Sail  digestion showed tha t  a l l  of them contained the 
required in se r t  in the correct orientation. This plasmid was designated 
pSN052. See Fig. 5.13.

Only 12 transformant colonies were obtained with the M13 mpGR041/pKM- 
1 l ig a t io n  mix, and again a l l  were white in colour. A l l :were found, by 
single colony gel analysis, to contain a plasmid of the s ize  expected of 
the  d es ired  c o n s t ru c t ,  and r e s t r i c t i o n  a n a ly s is  by EcoR I/Hindl l l  co­
d i g e s t i o n  and Aval  d i g e s t i o n  o f  p la sm id  DMAs p re p a re d  by th e  
alkaline/SDS method from six of these clones showed th a t  a l l  contained 
the  d e s ired  i n s e r t  in  the  c o r r e c t  o r ie n ta t io n .  This plasm id was 
designated pSN053. See Fig. 5.14.

I t  th e re fo re  seemed most probable  th a t  t h i s  fragm ent of Tn3 a lso  
possessed no.promoter ac t iv i ty  in the antisense direction.

5.3.3. Galactokinase assays of constructed plasmids.

S t ra in s  co n ta in in g  each of the  above p lasm ids, and a p p ro p r ia te  
co n tro l  s t r a in s ,w e re  co n s tru c ted  by transfo rm ation  and galactokinase 
assays c a r r ie d  out on each of them, as d escribed  in  S ec tion  2.21. The 
re su l ts  of these assays are presented in Table 5.2.

The main conclusion  to  be drawn from th ese  da ta  i s  t h a t  th e re  i s  no 
s ig n i f i c a n t  in  vivo promoter a c t i v i t y  in  th e  ’a n t i s e n s e ’ d i r e c t io n  of 
the tnpA coding region of Tn3 between the co-ordinates of 2073 and 2973. 
Nor i s  there any such ac tiv ity  in the ’sense* d irec tion  between the co­
o rd in a te s  o f 2688 and 2973. Thus, no ’a n t i s e n s e ’ t r a n s c r i p t i o n  or 
trans la tio n  products are produced from th is  region and, in p a rt icu la r ,
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Fig.5.13. R estric tion  analysis of plasmid pSN052.

a). 0.8® agarose gel showing the Hindlll/EcoRI r e s t r i c t io n  profi le  of

b). 5X polyacry lamide  gel showing the S a i l  r e s t r i c t i o n  p r o f i l e  of 
pSN052.

I t  can be seen tha t  Hindlll/EcoRI co-digesticn of pSN052 generated the 
859bp. fragment derived from pGR06 and the c.4.0kb. fragment  derived 
from pK0500. Also, S a i l  r e s t r i c t i o n  of pSN052 genera ted  a 313bp. 
fragment (and a c.4.55kb. one). This indicated that  the fragment from 
pGR06 was orientated in such a way that  any t ranscr ip tion emanating from 
the  a n t i s e n s e  s t rand  of the region of Tn3 included on t h i s  fragment 
would be directed towards the galactokinase gene.

I t  was appreciated that  the Sail  s i t e  on the inserted fragment lay in 
the  pUC8 m u l t ip le  cloning s i t e  and not in the  Tn3 sequences. However, 
the o r i e n t a t i o n  of the  i n s e r t  in pGR06 had prev ious ly  been c le a r ly  
e s t a b l i s h e d  ( d a t a  not  shown) and hence  Sai l  r e s t r i c t i o n  was a 
sa t i s fac to ry  means by which to establ ish  the orientat ion of the inserted 
fragment in pSN052.

pSN052.
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a). b

1: pK0500. 1:

2: pK0500, Hindlll/EcoRI. 2 :

3: pSN052. 3:

4: pSN052, Hindlll/EcoRI.

5: pGR06, Hindlll/EcoRI.

6: pGR06.

313bp.

pUC8, Hoall. 

pUC8, Haelll. 

PSN052, Sail.
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Fig.5.14. Restric tion analysis of plasmid pSN053.

a). 0.8% agarose gel showing the Hindl l l / EcoRI r e s t r i c t io n  prof i le  of 
PSN053.

b). 5% polyacrylamide  gel showing the Aval  r e s t r i c t i o n  p r o f i l e  of 

PSN053.

I t  can be seen that  Hindlll/EcoRI co-digestion of pSN053 generated the 
880bp. fragment derived from M13mpGR041 and the c.4.1kb. fragment 
derived from pKM-1. Also, Aval  re s t r i c t io n  of pSM053 generated 232 and 
724bp. f ragments (and a c.4.0kb. one).

This in d ic a te d  t h a t  pSN053 contained the  fragment from M13mpGR041 
o r i e n t a t e d  in such a way th a t  any t r a n s c r i p t i o n  emanating from the 
antisense strand of the region of Tn3 included in th is  fragment would be 
directed towards the galactokinase gene, but would have to pass through 
the t ^  terminator of Tphage lambda before reaching th is  gene.

a ) .

1: M13mpGR041. 4: pSM053, Hindlll/EcoRI.

2: M13mpGR041, Hindlll/EcoRI. 5: pKM-1, Hindlll/EcoRI.

3: pSN053. 6: pKM-1.
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Table 5.2: Galactokinase assay data on plasmids pSN04^. PSN047. dSM048. 
pSN052 and pSN055.

S tra in  under t e s t .  U n its  o f  g a la c to k in a se  a c t iv i ty .

DS903. 0.

DS903 + pKO-1. 5.82.

DS903 + pK0500. 7.95.

DS903 + PKL500. 237.82.

DS903 + pKM-1. 1.19.

DS903 + pSN043. ' 3.48.

DS903. + PSN047. 5.74.

DS903 + PSN048. 1.72.

DS903 + pSN052. 1.67.

DS903 + pSN053- 0.725.

Table 5-2 legend:

( i) . pKL500 i s  a plasmid iden tica l to pK0500 except th a t  i t  has the lac  
promoter upstream of the  m u lt ip le  c loning  s i t e  and g a la c to k in a s e  
gene. I t  can th e re fo re  be used as a te rm in a to r  probe v e c to r ,  but 
i t s  use in these assays was as a positive control system.



n e i th e r  the  p u ta t iv e  a n t is e n se  RNA t r a n s c r i p t ,  nor i t s  p o ss ib le  
trans la tion  product, described above are produced in vivo. These data 
are en tire ly  consistent with the re su l ts  obtained previously in assaying 
the e ffec ts  of pSN033 and pSN034 in trans on the transposition  frequency 
of Tn103.

5.4. D iscuss ion .

Overall, then, the experiments described here rev ea l- th a t  the 192bp 
Taal fragment, extending from 2902 -  3094 in Tn3, has no e ffec t  in trans 
on the  t r a n s p o s i t io n  frequency of Tn103; t h a t  th e re  Is no in  vivo 
promoter a c t iv i ty  in the antisense d irec tion  of the tnpA coding region 
between co-ordinates 2073 and 2973 and tha t  therefore the above model of 
a n t is e n se  r e g u la t io n  o f  tnpA gene exp ress ion  i s  in c o r r e c t .  F u r th e r  
confirm atory  da ta  from t h i s  conclusion  has come from p re l im in a ry  
analysis of to ta l  RNA samples prepared from c e l ls  containing Tn3 using 
Northern b lo tting  techniques and strand specific  probes. No antisense 
RNA transcr ip ts  from the region ‘of the amino-terminus of the tnpA gene 
were detectable in such experiments (G. Russell, pers. comm.)

I t  th e re fo re  seems most probable th a t  some o th e r  mechanism must 
op e ra te  to  re g u la te  the  express ion  of the  tnpA gene. P la u s ib le  
p o s s ib i l i t ie s  tha t  remain to be explored include premature termination 
of the tng mRNA transcr ip t,  with or without an a ttenuation system (eg. 
as seen in many m etabo lic  operons : Lee and Yanofsky, 1977; K e l le r  and 
Calvo, 1979), and /or s p e c i f i c  or n o n -sp e c if ic  p rocess in g  of t h i s  
message. Any mechanism must c le a r ly  inc lude  an e x p lan a tio n  of the  
v a r ia t io n  in  t h i s  e f f e c t  seen w ith  tem pera tu re . In an a t t e n u a t io n  
system, th is  could be explained by invoking temperature v a r ia b i l i ty  in  a 
mechanism for overcoming the attenuating element(s), w hilst a mechanism 
invo lv ing  RNA process ing  could inc lud e  a p rocess ing  enzyme w ith  
d iffe ren t leve ls  of ac tiv ity  a t  30°C and 37°C.
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Examination of the sequence of the tnoA mRNA produced data of great 
complexity w ith  no r e a l ly  obvious a reas  o f p o te n t ia l  secondary 
structure . A region of dyad symmetry tha t could possibly give r is e  to  a 
h a irp in  loop s t r u c tu r e  cen tered  on base p a i r  2875 was lo c a te d ,  and i t  
was fo llow ed by a sh o r t  ’T - r ic h 1 n u c leo tid e  reg ion . This led  to  
speculation tha t th is  region could act as a terminator of transcrip tion . 
However, experim ents using transposase-B galactosidase fusion protein 
c o n s t ru c ts  have provided no evidence a t  a l l  f o r  in  vivo te rm in a to r  
a c t iv i t y  in  t h i s  region (M.Burke,pers.comm.).

Thus, the  a d d i t io n a l  mechanism(s) of re g u la t io n  :o f tnpA gene 
express ion  remains obscure and open to  f u r th e r  in v e s t ig a t io n ,  and i t  
could be th a t  a h o s t  f a c to r  (or f a c to r s )  th a t  may be invo lved  in  
transposition are involved in th is  regulation.
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C h ap te r  6. 

Concluding rem arks.
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In s tu d ie s  to  in v e s t i g a t e  the  re g u la t io n  of the  tnpA gene of Tn1/3 
and the  a c t io n  of i t s  product -  the  tran sp o sase  p ro te in  -  i t  has been 
shown th a t  the  only sequences e s s e n t i a l  fo r  the  f i r s t  s te p  of Tn1/3 
transposition  a t  the ends of the element are the 38bp. perfect inverted 
re p e a ts  and th a t  both of th ese  a re  equally  good s u b s t r a t e s  fo r  
t r a n s p o s i t io n .  As mentioned in  the  d isc u ss io n  of Chapter 3, th e se  
r e s u l t s  are  a t  v a riance  w ith  those  of H eritage  e t  a l ,  (1984), ob ta ined  
using plasmids containing three ends of Tn802. Analogous experiments to 
t h e i r s  w ith  Tn1/3 d e r iv a t iv e s  a re  soon to  be c a r r ie d  out in  t h i s  
la b o ra to ry  and should produce more in fo rm a tion  on the  r e l a t i v e  
importance of the two ends of Tn1/3 in transposition. Additionally i t  
was shown th a t  Tn1/3 transposition  normally acts  to  rep lica te  the DNA 
sequences corresponding to  those  in  the  p o s i t io n  o f  the  transposon . 
F u rth e r  i n d i r e c t  evidence fo r  the  b inding of Tn1 t ran sp o sase  to  Tn1/3 
terminal inverted repeat sequences was also obtained.

Data ob tained  using a new plasm id th a t  produced a B -g a la c to s id a se /  
t r a n s p o s a s e  f u s io n  p r o t e i n ,  t o g e t h e r  w i th  data  ob ta ined  using 
pMB9::Tn103 and R388::Tn103 and o th e r  ob se rv a tio n s  made in  t h i s  
la b o ra to ry  over a period  o f  tim e led  to  the  fo rm u la tio n  of two 
hypotheses concerning the  re g u la t io n  of Tn1/3 t r a n s p o s i t io n .  One of 
th ese  concerned the  mechanism of the  v a r i a t io n  in  th e  t r a n s p o s i t io n  
frequency of th ese  e lem ents w ith  tem p era tu re  and the  o th e r  a new 
p o s tu la te d  process t h a t  seemed to  keep t r a n s p o s i t io n  frequency a t  a 
maximum level, despite  fu rther  increases in the number of copies of the 
tno A gene. Some p o ss ib le  mechanisms fo r  t h i s  l a t t e r  p rocess were 
considered and one of these -  involving antisense RNA regulation o f  tnpA 
gene expression -  was investigated in d e ta il .  However, no evidence for 
th is  model could be produced.

The average t r a n s p o s i t io n  frequency o f  the  de rep ressed  transposon
Tn3651 mediated in  t r a n s  by t ran sp o sase  p ro te in  from pMB9::Tn103
obtained  in  t h i s  work was ^.SxlO” 2" a t  30°C and 3^5x1  O'"*’ a t  37°C*

The average transposition  frequency of Tn103 (also
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a derep ressed  transposon) from R388::Tn103 was 4*.o;-x10~^ a t  30°C and 
Z*5x10”^ a t  37°C per ce l l  per generation. The presence of a functional 
tn p R gene in  a c e l l  i s  known to  cause a decrease  in  t r a n s p o s i t io n  
frequency by a f a c to r  o f c .5-100 (see , fo r  example, Heffron, 1983; 
Heffron e t  a l ,  1977, 1978). Bearing in  mind t h a t  the  w ild - ty p e  
s i t u a t i o n  o f  Tn1/3 i s  in  a t n p R* c e l l  m ost o f t e n  a t  37°C i t s  
transposition  frequency in the wild would be expected to be c.10"^/10”^. 
Thus i t  would seem l ik e ly  tha t  the transposition  of these elements makes 
a s ign if ican t  contribution to the level of spontaneous mutation seen in 
bac teria l  ce lls .  Also i t  seems p lausib le  th a t  the various mechanisms 
th a t  a c t  to  r e g u la te  the  t r a n s p o s i t io n  frequency of Tn1/3 (e.g. the  
re p re s s io n  of tnpA gene t r a n s c r i p t i o n  by re so lv a se ;  t r a n s p o s i t io n  
im m un ity ;  th e  te m p e ra tu re -d e p e n d e n t  v a r i a t io n  in t r a n s p o s i t io n  
frequency; low frequency o f  t r a n s p o s i t io n  to  the  chromosome) have 
evolved to keep th is  frequency a t  such a level th a t  the host ce l l  i s  not. 
se lec tive ly  disadvantaged by the accumulation of many mutations caused 
by transposon in s e r t io n  or by recombination events between transposon 
copies following m ultiple insertions.

Following on from th is  work, * i t  seems most appropriate to investigate  
f u r th e r  the  new p o s tu la te d  mechanism of re g u la t io n  o f  t r a n s p o s i t io n  
frequency. I n i t i a l ly  in th is  r e s p e c t , - i t  would be valuable to determine 
t r a n s p o s i t io n  frequ en c ies  ob ta ined  w ith  a tnpA* tn p R~ transposon  
(preferably the same one in the same sequence environment in  a l l  cases) 
on a v a r ie ty  of o th e r  r e p l ic o n s  of d i f f e r e n t  copy numbers to  provide 
more data  to  s u b s ta n t ia te  the  hy p o th es is .  Also, th e  p o ss ib le  in vivo 
s ig n i f ic a n c e  o f  any a d d i t io n a l  p o te n t i a l  open read ing  fram es or RNA 
t r a n s c r i p t s  from the tnpA gene a rea  of Tn1/3 could be in v e s t ig a te d  to  
see i f  they were involved in th is  process. I t  should also be possible to  
determ ine  in more d e t a i l  the  mechanism of v a r i a t i o n  of t r a n s p o s i t io n  
frequency of Tn1/3 with temperature. In th is  respect, studies could be 
p a rticu la rly  directed towards the s truc tu re  and properties of the 5’ end 
of the tnpA mRNA and any in te rac tions  i t  may have with other molecules
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in the ce l l  (eg. nucleic acid and/or protein).
Also, i t  i s  obviously  im po rtan t  to  con tinue  to  t ry  and develop a 

system to overproduce Tn1 or Tn3 transposase to  f a c i l i t a t e  the se t t in g ­
up of a Tn1/3 in  v i t r o  t r a n s p o s i t io n  system. An experim ent t h a t  may 
w ell  be va luab le  in  t h i s  area  would be to  produce a t r a n s c r ip t io n a l  
fu s ion  of the  tnpA gene under the  c o n tro l  of a known s trong  prom oter 
(e.g. lambda P^; Pfcac). However, as the tnpA gene promoter seems to be 
quite  strong, other steps too should be taken to  th is  end. For example, 
m o d if ica tio n  of the  Shine/D algarno sequence (eg. using  s y n th e t ic  
oligonucleotides) could be carried  out to try  and improve the effic iency  
of the t ran s la tion  in i t ia t io n  process. This has, in  fac t, been reported 
fo r  Tn3, with dramatic e ffec ts  on tnpA gene expression (Casadaban e t  a!, 
1980, 1982; Fennew ald  e t  a l ,  1981). C le a r ly  to o ,  a means o f  
circumventing the proposed additional regulatory mechanism of the tnpA 
gene w i l l  have to  be found i f  i t s  exp ress ion  i s  to  be maximised, and 
o th e r  f a c to r s  a ls o  may prove to  be im portan t  (eg. h o s t  f a c to r s ) .  Once 
such a system has been established, more deta iled  investigations in to  
the mechanism and requirements of the Tn1/3 transposition  process could 
be carried out and the a v a i la b i l i ty  of usable quan ti t ie s  of transposase 
protein would also allow analyses of i t s  possible a b i l i t i e s  to  bind to  
and nick DNA a t  the Tn1/3 inverted repeat sequences to be undertaken.

Ultimately, i t  i s  conceivable tha t an in h ib i to r  of the f i r s t  step  of 
Tn1/3 transposition could be developed tha t  could be of value c l in ic a l ly  
in reducing the spread of drug resistance  by transposition.
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Vn3' s e q u e n c e  b e t w e e n  c o - o r d i n a t e s  1 & 3 2 0 0 .

10  2 0  3 0  4 0  5 0  6 0
GGGGTCTfcAC GCTCAGTGGA ACGAAAACTC ACGTTAAGCA ACGTTTTCTG CCTCTGACGC
CCCCAGACTG CGAGTCACCT TGCTTTTGAG TGCAATTCGT TGCAAAAGAC GGAGACTGCG

7 0  SO 9 0  1 0 0  1 1 0  1 2 0
CTCTTTTAAT GGTCTCAGAT GACCTTTGGT CACCAGTTCT GCCAGCGTGA AGGAATAATG
GAGAAAATTA CCAGAGTCTA CTGGAAACCA GTGGTCAAGA CGGTCGCACT TCCTTATTAC

1 3 0  1 4 0  1 5 0   ̂ 1 6 0  1 7 0  ISO
GCCGAGCATA TTGATATGTC CGTGGCAAAG CGGGGAGAGG CGTGCGATAT CTTCATCATT
CGGCTCGTAT AACTATACAG GCACCGTTTC GCCCCTCTCC GCACGCTATA GAAGTAGTAA

1 9 0  2 0 0  2 1 0  2 2 0  2 3 0  2 4 0
CAGTGTTTCA CCCTGGGCCC GGAGATGATC CAGAGCTGCC TGCATATAAA TAGTGTTCCA
GTCACAAAGT GGGACCCGGG CCTCTAC-TAG GTCTCGACGG ACGTATATTT ATCACAAGGT

2 5 0  2 6 0  2 7 0  2 S 0  2 9 0  3 0 0
TAACACGACG GCGTTAGTGA CCAGCCCCAG. AGCTCCCAAC TGATCTTCCT GACCGTCGGT 
ATTGTGCTGC CGCAATCACT GGTCGGGGTC TCGAGGGTTG ACTAGAAGGA CTGGCAGCCA

%

3 1 0  3 2 0  3 3 0  3 4 0  3 5 0  3 6 0
AT AT CGTTTT CTTATCTCAC CTTTTT GACC GTGACAGATG GCTCTGGCAA CTGCATGACG
TATAGCAAAA GAATAGAGTG GAAAAACTGG CACTGTCTAC CGAGACCGTT GACGTACTGC

3 7 0  3 8 0  3 9 0  4 0 0  4 1 0  4 2 0
GCTTT CT CGC CGATTAA'GCT GGGT CAG A AT GCGCCGGCGG TAATCTTCAT CATCAATATA
CGAAAGAGGG GCTAATTCGA CCCAGTCTTA CGCGGCCGCC ATTAGAAGTA GTAGTTATAT

4 3 0  4 4 0  4 5 0  4 6 0  4 7 0  4 8 0
ATTAAGCAGA TAGAGCGTTT TGTTGATGCG CCCCACTTCA ATGATTGCCT GAGTCAGTCC
TAATTCGTCT AT GT CGCAAA ACAACTACGC GGGGTGAAGT TACTAACGGA CTCAGTCAGG



4 9 0  5 0 0  5 1 0  5 2 0  5 3 0  5 4 0
GGAGGGACGT TCACTTTTCA GCAATGAACG GACCAGCACT GAGGCCTGTA CTTTGCCCfiG
CCTCCCTGCA AGTGAAAAGT CGTTACTTGC CTGGTCGTGA CTCCGGACAT GAAACGGGTC

5 5 0  5 6 0  5 7 0  5 8 0  5 9 0  6 0 0
CTTCAGGGAG CCTGCGGTCC GGATCATTTC GTCCCACTGA AGGACTATTT TTCGGGGATC 
GAAGTCCCTC GGACGCCAGG CCTAGTAAAG CAGGGTGACT .TCCTGATAAA AAGCCCCTAG

6 1 0  6 2 0  6 3 0  6 4 0  6 5 0  6 6 0
TGATTGCCCT CTGGCAATAT CATTCAGCAC GCCATAGTCG GCATCATGGT CCATTCGCCA
ACTAACGGGA GACCGTTATA GTAAGTCGTG CGGTATCAGC CGTAGTACCA GGT AAGCGGT

6 7 0  6 8 0
GAAAACCGAA GCACCGGCAT 
CTTTTGGCTT CGTGGCCGTA

7 3 0  7 4 0
A A GGCCAAAG ACAAGATCGC 
TTCCGGTTTC TGTTCTAGCG

7 9 0  8 0 0
CCCGGTCTCC TGT7CCAGAA 
GGGCCAGAGG A CA A G GT C 7 7

8 5 0  8 6 0
TATAACGATG CCATGAAAGC 
ATATTGCTAC GGTACTTTCG

6 9 0  7 0 0
CAGCCAGGCG TGGAGAAAAC 
GTCGGTCCGC ACCTCTTTTG

7 5 0  7 6 0
TGGCACCTGC CGTATCGGTC 
ACCG7GGACG GCATAGCCAG

8 1 0  8 2 0  
GGCCTTCCAG CACAAAGATA
CCGGAAGGTC GT GTTT CT AT

8 7 0  8 8 0
CATGAAAGCC GGAATACTGA 
GTACTTTCGG CCTTATGACT

7 1 0  7 2 0
TGGTATCCCA GCAGCCAGAA 
ACCATAGGGT CGTCGGTCTT

7 7 0  7 8 0
AT A ATTT CGG TTG'GATTCAG 
TATTAAAGCC AACCTAAGTC

8 3 0  8 4 0
GAGTCCCTCA GCGTCCCCGG 
CTCAGGGAGT CGCAGGGGCC

8 9 0  9 0 0
TCGGACACAA AGTTGTACCA 
AGCCTGTGTT TCAACATGGT

9 1 0  9 2 0  9 3 0  9 4 0  9 5 0  9 6 0
GGT GAT CCCT CTGTTATTAC CAAAGTATTT GCGGTTCGGT CCGGCATTGA TTGTTCTGAC
CCACTAGGGA GACAATAATG GTTTCATAAA CGCCAAGCCA GGCCGTAACT AACAAGACTG



9 7 0  9 8 0  9 9 0  1 0 0 0  1 0 1 0  1 0 2 0
TGGCGTAACA AAGCGCATTC CATCTGCAGA TGCCACTTCT CCTCCACCCC ATATCTGTGC
ACCGCATTGT TTCGCG7AAG GTAGACGTCT ACGGTGAAGA GGAGGTGGGG TATAGACACG

—- '  . ■ / ; '' ■

' —  0-^6 -     . . .  -  ...........................

-35 1 0 3 0  1 0 4 0  - \ 6  1 0 5 0  1 0 6 0  • 1 0 7 0  1 0 8 0  .
CAGTGGCAGC GTTGCCTGAA AATCAACCAG TCJGGCATTA GCGCTGGTGA TAGTTTCAGC 
GTCACCGTCG CAACGGACTT TTAGTTGGTC AGACCGTAAT CGCGACCACT ATCAAAGTCG

1 0 9 0  1 1 0 0  1 1 1 0  1 1 2 0  1 1 3 0  1 1 4 0
CCGCAGATAG TTCGCTTTTG TCCAGTTCAG CCGGTGTCGG GTCAGTGCAG GAACATTTGA
GGCGTCTATC AAGCGAAAAC AGGTCAAGTC GGCCACAGCC CAGTCACGTC CTTGTAAACT

1 1 5 0  1 1 6 0  1 1 7 0  1 1 8 0  1 1 9 0  1 2 0 0
TCTGATCAGT GGTTCCAGAC CGAT ATT GCA GGCTTCAGCC ATCAGCACGG CGCTGATGCT
AGACTAGTCA CCAAGGTCTG GCTATAACGT CCGAAGTCGG TAGTCGTGCC GCGACTACGA

1 2 1 0  1 2 2 0  1 2 3 0  1 2 4 0  1 2 5 0  1 2 6 0
GACGGGCAGA TCATCAACTC TGGCACTGGC TTCACTGGCA TGGAAAAACT CATCAGCAAA
CTGCCCGTCT AGTAGTTGAG ACCGTGACCG AAGTGACCGT ACC7TTTTGA GTAGTCGTTT

1 2 7 0  1 2 8 0  1 2 9 0  1 3 0 0  1 3 1 0  1 3 2 0
TCCGGTATGG GCGTTAATTT CGAGCAGCAA CTCCGTTAAA TCCACCGGAG GGAGCAGATC
AGGCCATACC CGCAATTAAA GCTCGTCGTT GAGGCAATTT AGGTGGCCTC CCTCGTCTAG

1 3 3 0  1 3 4 0  1 3 5 0  1 3 6 0  1 3 7 0  1 3 8 0
ACTGATCATT TTGCTCAGTC GTTTCAGACT GTCCGGCTCA TCAAGACTGG CGAGGGGAGA
TGACTAGTAA AACGAGTCAG CAAAGTCTGA CAGGCCGAGT AGTTCTGACC GCTCCCCTCT

1 3 9 0  1 4 0 0  1 4 1 0  1 4 2 0  1 4 3 0  ’ 1 4 4 0
AATTGTCAAC CGGGGCTTCG GGCCAGAAAC ATCGAGTTCG ACAGCCTCAT TTTCGCCAAG
TTAACAGTTG GCCCCGAAGC CCGGTCTTTG TAGCTCAAGC TGTCGGAGTA AAAGCGGTTC



1 4 5 0  1 4 6 0  1 4 7 0  1 4 8 0  1 4 9 0  1 5 0 0
ACGTGCA6CA ACCTG7CTGT AACGACTATC AAGCTGATGG CCCAGAGATT TTATTGCTTC
TGCACGTCGT TGGACAGACA TTGCTGATAG TTCGACTACC GGGTCTCTAA AATAACGAAG

1 5 1 0  1 5 2 0  ^ 5 3 0  1 5 5 0  “ 3 5  1 5 6 0
CTGCGGGTCT GTCGGGTGCC CCAAAGAACG ATAAACCTTA ATCCGATTTG CCTGCCAGTC 
GACGCCCAGA CAGCCCACGG GGTTTCTTGC T ATTT GG A AT TAGGCTAAAC GGACGGTCAG

O ^r
1 5 7 0  — IO 1 5 8 0  1 5 9 0  1 6 0 0  1 6 1 0  1 6 2 0 -

AGCACCCTGT AGTAATCTTG CACGAGGATC TCCCCACCGG TTACTGCCGG TAACGTAGAC 
TCGTGGGACA TCATTAGAAC GTGCTCCTAG AGGGGTGGCC AATGACGGCC ATTGCATCTG

Q'&\ ' ■■ V  ;

1 6 3 0  1 6 4 0  "'O 1 6 5 0  1 6 6 0  1 6 7 0  1 6 8 0
AJCCCTCCGT CTCAGACTAT CCTGCAGTTT ACTGAGAAAG CAGAGCGTGT ATCCCCTTCG
TAGGGAGGCA GAGTCTGATA GGACGTCAAA TGACTCTTTC GTCTCGCACA TAGGGGAAGC

1 6 9 0  1 7 0 0  1 7 1 0  1 7 2 0  . 1 7 3 0  1 7 4 0
GGTGATATGT TTTTCCTTGT TAATCACCAG CCGTTTCCAT GACTGACTGA TGATTTCCGT 
CCACTATACA AAAAGGAACA ATTAGTGGTC GGCAAAGGTA CTGACTGACT. ACTAAAGGCA

1 7 5 0  1 7 6 0  1 7 7 0  1 7 8 0  1 7 9 0  1 8 0 0
TGGTGCGTCG TCAAAAAACT GCCGCCGTGA GCTGAACTCC CGGCTGAGGT AGTCACAGGC
ACCACGCAGC AGTTTTTTGA CGGCGGCACT CGACTTGAGG GCCGACTCCA TCAGTGTCCG

1C 2 2 1
1 8 1 0  ”3b 1 8 2 0  1 8 3 0  1 8 4 0  1 8 5 0  1 8 6 0

ATTCAGAGTG GTAACCCCGG CAGGTGCGGA TGAAAATTTA ACGGTATTCA GCAGATGGGG
TAAGTCTCAC CATTGGGGCC GTCCACGCCT ACTTTTAAAT TGCCATAAGT CGTCTACCCC

1 8 7 0  1 8 8 0  1 8 9 0  1 9 0 0  1 9 1 0  . 1 9 2 0
CAGGAAACGA CGAACGCGCC CGT ACT GCT C CACCATTTCG T CAT GAAAAT TATCGTCTGA
GTCCTTTGCT GCTTGCGCGG GCATGACGAG GTGGTAAAGC AGTACTTTTA ATAGCAGACT



1 9 3 0  1 9 4 0  1 9 5 0  1 9 6 0  1 9 7 0  1 9 8 0
GGGCCGGGCA A77TCACGGA CAAGCGTGAT GATTTCAGCC AGCTTTTGCC TAGGGATGTA
CCCGGCCCGT TAAAGTGCCT GTTCGCACTA CTAAAGTCGG TCGAAAACGG ATCCCTACAT

1 9 9 0  2 0 0 0  . 2 0 1 0 2 0 2 0  2 0 3 0  2 0 4 0
GCTGAACACC TCAGCACGAA TCGATTCGTC CGGTGTTTCT TCTTTCAGCA AGTACGAACA
CGACTTGTGG AGT CGT GCTT AGCTAAGCAG GCCACAAAGA AGAAAGTCGT T CAT GCTT GT

2 0 5 0  2 0 6 0  2 0 7 0  2 0 8 0  ; 2 0 9 0  2 1 0 0
TGCGCTGGCG AGCGCCAATG CAGATTTATC CAGATCCTTC AGCGAGCGGA GCCGTTTTTT
ACGCGACCGC TCGCGGTTAC GT CT AAAT AG GTCTAGGAAG TCGCTCGCCT CGGCAAAAAA

2 1 1 0  2 1 2 0  2 1 3 0  2 1 4 0  2 1 5 0  2 1 6 0
CTGCQCAATC TTTCTGGCGT CACGGATGAT AACGGCCAGC ATGGCGTCCA GAACGTCCAG
GACGGGTTAG A A A G A CCGCA GTGCCTACTA TTGCCGGTCG TACCGCAGGT CTTGCAGGTC

2 1 7 0  2 1 8 0  2 1 9 0  2 2 0 0  2 2 1 0  2 2 2 0
TGCATCATCC AGCGCCAGCG TTTCCCATGC AAGGACAAAG GCAACCAGAA CCGCCATCCT
ACGTAGTAGG TCGCGGTCGC AAAGGGTACG TTCCTGTTTC CGTTGGTCTT GGCGGTAGGA

0 -3-2.

2 2 3 0  2 2 4 0  2 2 5 0 - 3 5  2 2 6 0  2 2 7 0  - 1 0  2 2 8 0
TTTCTGCGGT GACATCCTGG CAATATTGAA CACCGAAGTC ATACCAGCAT AACGTGCGAG 
AAAGACGCCA CTGTAGGACC GTTATAACTT G7GGCT7CAG TATGGTCGTA TTGCACGCTC

2 2 9 0  2 3 0 0  2 3 1 0  2 3 2 0  2 3 3 0  2 3 4 0
A777TTCAGG CGCACAGCCG GGAGTGTACT CAGGT7T7CA GCATGCAGGC CAAAATCGTT
TAAAAAGTCC GCGTGTCGGC CCTCACATGA GTCCAAAAGT CGTACGTCCG GTTTTAGCAA

2 3 5 0  2 3 6 0  2 3 7 0  2 3 8 0  2 3 9 0  2 4 0 0
CAGAGTTTTC CAGCGTTCAA 7TGCTTCATT AAACGCCGGA CCACTGATGG TCACAGGGCC
GT CT CAAAAG GTCGCAAGTT AACGAAGTAA TTTGCGGCCT GGTGACTACC AGTGTCCCGG



2 4 1 0  2 4 2 0  2 4 3 0  2 4 4 0  2 4 5 0  2 4 6 0
TTTTTTCAGT GATTCCAGTA AAGACAGGCG GCTGCAA7CA GTTGGCCCCA GCAGCATCTC
AAAAAAGTCA CTAAGGTCAT TTCTGTCCGC CGACGTTAGT CAACCGGGGT CGTCGTAGAG

....... 2 4 7 0  2 4 8 0  2 4 9 0
CAGCT GT GAA CGC7GT7CGG CTGACGGTAT 
GTCGACACTT GCGACAAGCC GACTGCCATA

2 5 3 0  2 5 4 0  2 5 5 0
CGCCTTTTCC CTTACCTCTG AAATCAACCG 
GCGGAAAAGG GAATGGAGAC TTTAGTTGGC

2 5 9 0  2 6 0 0  2 6 1 0
ACGATGTTGC ATAAGCCACC CTGTCGCCAG 
TGCTACAACG TATTCGGTGG GACAGCGGTC

2 6 5 0  2 6 6 0  2 6 7 0
T AT CCAGCTC CGGGTATATA AAAGACGGGT 
ATAGGTCGAG GCCCATATAT T7TCTGCCCA

2 7 1 0  2 7 2 0  2 7 3 0
ACGATACTGA TAGTGCTGAC GT AT CAGCGC 
T GCT ATGACT ATCACGACTG CATAGTCGCG

2 5 0 0    2 5 1 0  . y 2 5 2 0
CAGTGCCAGT TTGTTCCACA GGCGCAACGT 
GTCACGGTCA AACAAGGTGT CCGCGTTGCA

2 5 6 0  2 5 7 0  2 5 8 0
GGTCAGCGTG GTGGCTCCGG GGAGAATAAT 
CCAGTCGCAC CACCGAGGCC CCTCTTATTA

»•
2 6 2 0  2 6 3 0  2 6 4 p

GTCGAAAAGC AGCCCAGGAC GTTCGTTGCT 
CAGCTTTTCG TCGGGTCCTG CAAGCAACGA

2 6 8 0  2 6 9 0  2 7 0 0
AAGGCGAAAT GTCCAGGGCC AGGCAAATTC 
TTCCGCTTTA CAGGTCCCGG TCCGTTTAAG

2 7 4 0  2 7 5 0  2 7 6 0
TGCATGCTCA CGGCGGGTAT TTTCCCTCTG 
ACGTACGAGT GCCGCCCATA AAAGGGAGAC

2 7 7 0  2 7 8 0  2 7 9 0  ^  2 8 0 0  2 8 1 0  2 8 2 0
ACCGTATTCT GCAAGAACGG TGATATCACG AATCCCGAGC TGTCTGGCGG TAAAATGCCG
T GGC AT A AG A CGTTCTTGCC ACT AT AGT GC TT AGGGCT CG ACAGACCGCC ATTTT ACGG.C

2 8 3 0  2 8 4 0  2 8 5 0  2 8 6 0  2 8 7 0  2 8 8 0
GACGCCGGAA GGAATATGAT TCATGTCAGT AAGAAAAGTG CCCAGAAAAC GCACACACCC
CT GCGGCCTT CCTT AT ACT A AGTACAGT CA TTCTTTTCAC GGGTCTTTTG CGTGTGTGGG



O.-fB
2 8 9 0  2 9 0 0  2 9 1 0 -2 &  2 9 2 0  2 9 3 0  - 'O 2 9 4 0  - 3

GATTTGCAGG GCAATACCAA GTCGATTGTG ATCACCCCGG C7TTTCCCGA TAAATTCTTT 
CTAAACGTCC CGTTATGGT7 CAGC7AACAC TAG7GGGGCC GAAAAGGGCT ATTTAAGAAA

2 9 5 0  2 9 6 0  -MO 2 9 7 0  2 9 8 0  . 2 9 9 0  3 0 0 0
A7CCGG77CA 7 CAAGATGAA AA7AACGCGC CAGCTGAAG7 7CATCGGGT7 CGCCAGTGAA 
TAGGCGAAGT AG77CTACTT TTATTGCGCG GTCGACTTCA AGTAGCCCAA GGGGTCACTT

3 0 1 0  3 0 2 0  3 0 3 0  3 0 4 0  3 0 5 0  3 0 6 0
CCTGCCATAA CTCTCAACCT GCTCAGTGGT CAAAAAATCA ACGGGCATAT CGGCCTCCCT
GGACGGTATT GAGAGTTGGA CGAGTCACCA GTTTTTTAGT TGCCCGTATA GCCGGAGGGA

0-85 0-W
3 0 7 0  - S S 3 0 3 0  -----------  3 0 9 0  3 1 0 0  -VO 3 1 1 0  3 1 2 0

GCCTGACGGC TTTTTTAACA CAACTGCAAC CGTTCGAAAT ATTATAAATT ATCAGACATA
CGGACTGCCG AAAAAATTGT GTTGACGTTG GCAAGCTTTA TAATATTTAA TAGTCTGTAT

"VO 0-3A A
^COnv.O ^T '

" \ 0  3 1 3 0  3 1 4 0  -3)5 3 1 5 0  3 1 6 0  “ '0  3 1 7 0  3 1 8 0
GTAAAACGGC TTCGTTTGAG TGTCCATTAA ATCGTCATTT TGGCATAATA GACACATCGT 
CATTTTGCCG AAGCAAACTC ACAGGTAATT TAGCAGTAAA ACCGTATTAT CTGTGTAGCA

-T>5

3 1 9 0  ~ 3 2 0 0        —
GTCTGATATT CGATTTAAGG 
CAGACTATAA GCTAAATTCC

Possible promoters (-35 and -10 regions) on the 'antisense1 
(non-coding) strand of this part of the transposon are shown.
Also indigated is the tn p A gene promoter, on the coding 
strand.
Underlined figures represent the strength of each promoter 
as compared to a 'consensus1 promoter, of which the strength 
is taken to be 1.00.
This 'consensus' prompter is shown below and is compared with the’ ' 
putative promoter for the possible antisense RNA species” 
described in the text.
Consensus -7,5 - \0
promoter:
Putative 
antisense

- TGTTGACA*-T-15bp - '.TATAAT -• . t i *t . . .  1 |
' ' 1 1
; * 1 |

RNA - GATTGTGa!-C- 17bp - ’TAAAIT -



DNA sequencing gels  of part  
of Tn1.
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