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CHAPTER 1 .

GENERAL INTRODUCTION.

1.1 A f a m i l y  o f  sm all, stap h ylococca l a n t ib io t ic  r e s is ta n c e  plasm ids w ith a

common r e p lic a tio n  mechanism.

1.1.1 Plasmid pT181 -  a 4.4kb te tra c y c l in e  r e s is ta n c e  plasmid.

Plasmid pT181 is a 4.4kb plasmid which confers  te tracy c l in e

re s is ta n c e .  I t  has been sequenced (Khan & Novick, 1983) and was found to have

th ree  open reading frames (ORF) (Figure 1.1). ORF (a) is  the inducible 

te tracy c l in e  r e s is ta n c e  gene, t e t  (lordanescu, 1979). ORF (b) sp e c if ie s  PRE 

(Gennaro e t  aJ, 1987), a 45kDa p ro te in  which appears to be requ ired  for s i t e -  

sp ec if ic  recombination a t  recombination s i t e  RS*, a 75bp s i t e  which is 5 ’ to the 

pre coding sequence (Novick e t  al, 1984a). Recombination a t  th is  s i t e  can lead 

to the formation of c o in te g ra te s  between pT181 and o ther  plasmids containing 

th is  s i t e ,  eg pE194.

ORF (c) encodes REP, a 38kDa p ro te in  which appears to be requ ired  

for the re p l ic a t io n  of pT181. This is ca lled  REP C, as  pT18i is in 

staphylococcal incom patib ili ty  group 3 (Inc3). T em pera tu re -sensitive  mutations 

a f fe c t in g  plasmid re p l ic a t io n  of pT181 have been mapped within th is  gene 

(Novick e t  al, 1982). Cell f ree  e x t r a c t s  of Staphylococcus aureus  w ill  only

support the re p l ic a t io n  of pT181 in v i tro  when the e x t ra c ts  a re  prepared from

a s t r a in  containing pT181 (Khan e t  al, 1981). This suggested  the requirement 

of a plasmid encoded product, presumably REP C.



REP C has been pu r if ied  by cloning of the repC gene into a 

therm osensitive high copy number vector to  enable overproduction of the 

p ro te in  in Escherichia co li  (Koepsel e t  al, 1985a). Addition of p u r if ied  REP C 

to e x t ra c ts  prepared from plasm id-free  S. aureus  allows the rep l ica t io n  of 

pT181 in these e x t ra c ts  showing th a t  REP C is requ ired  fo r  pT181 rep l ica t io n  

in vi tro.

The s i t e  of ac tion  of REP C, the pT181 o r ig in  of re p l ic a t io n  (oriC) 

has been found to lie  within the repC coding sequence i t s e l f  (Khan ef  al, 

1982). REP C has been shown to have Mg^*-dependent, sequence-spec if ic  

endonuclease and "topoisom erase-like" a c t iv i t i e s  a t  oriC (Koepsel e t  al, 1985b). 

The pT181 copy con tro l region (cop), which is responsib le  for the reg u la t io n  of 

pT181 rep lica t io n ,  has been found to lie  immediately 5 ' to the repC coding 

sequence (Novick e t  al, 1984; Car le ton e t  al, 1984). Another fe a tu re  of the 

pT181 genome is a 150bp palindromic sequence ca lled  palA. which is a lso  

thought to be requ ired  for pT181 rep l ica t io n  (Gruss e t  al, 1987).

1.1.2 :- Small s taphylococcal plasmids re la te d  to pT181.

Plasmid pT181 is the prototype of a family of small staphylococcal 

plasmids which have a common re p l ic a t io n  mechanism. They a l l  have a copy 

number of between 20 and 40 per chromosome equ ivalen t and have very s im ilar  

s iz e  and genomic o rgan isa t ion . The 4.6kb staphylococcal chloramphenicol 

r e s is ta n c e  plasmid pC221 ( Inc4) belongs to th is  family of plasmids. I t  has been 

sequenced (Brenner & Shaw, 1984) and was found to have four open reading 

frames (Figure 1.2). ORF (a) encodes chloramphenicol ace ty l  t r a n s fe ra s e  (CAT), a 

215 amino acid p ro te in  which confers  r e s is ta n c e  to chloramphenicol (Shaw, 1983; 

Shaw e t  al, 1985). ORF (b) and ORF (c) overlap and are  thought to be involved 

in the formation of re lax a tio n  complexes, which may be requ ired  for the



mobilization of pC221 by conjugative plasmids (Archer & Projan, in preparation). 

ORF (d) was found to have approximately 80% homology with the pT181 repC 

gene, both a t  the level of the nucleo tide  sequence and of the amino acid 

sequence. This gene was th e re fo re  called  repD.

Of o the r  small, s taphylococcal plasmids sequenced, pS194 ( Inc5). 

pUB112 ( Inc9) and pC223 ( InclO) (Projan & Novick, in p ress)  have very s im ilar  

genomic o rgan isa t ion  to plasmids pT181 and pC221. All th ree  have a n t ib io t ic  

r e s is ta n c e  determ inants  (streptomycin in pS194 and chloramphenicol in pUB112 

and pC223). They a lso  have open reading frames responsib le  fo r  e i th e r  s i t e -  

sp ec if ic  recombination (pUB112) or re la x a t io n  complex formation (pS194 and 

pC223) and open reading frames homologous to pT181 repC. The overa ll  

o rgan isa t ion  of a l l  f ive  plasmid genomes is  very s im ila r .  Very l i t t l e  of each 

of the plasmid genomes is  non-functional and, in some cases ,  the open reading 

frames overlap. All of the open reading frames are  co -d ire c t io n a l .

Heteroduplex mapping between some small s taphylococcal plasmids has 

been ca rr ied  out (Skinner, 1984). Heteroduplex mapping between pC221 and the 

chloramphenicol r e s is ta n c e  plasmid pCW7 (incom patib ili ty  group unknown) showed 

homology between them, not only over the region containing the ca t  gene, as 

expected, but a lso  over the region conta in ing  the repD gene of pC221. This

plasmid is of s im ila r  s ize  and copy number to pT181 and r e la te d  plasmids.

Therefore i t  seemed likely th a t  pCW7 belongs to th is  family of plasmids.

Experiments have been ca rr ied  out in which the o r ig in  reg ions of 

pT181, pC221, pS194, pUB112 and pC223 were cloned into pRNSlOl, a tem perature- 

s e n s i t iv e  d e r iv a t iv e  of the staphylococcal plasmid pE194 (Projan & Novick, in 

p ress) .  This plasmid is compatible with a l l  members of the pT181 family

(lordanescu e t  al, 1978). Only the plasmid from which the cloned o r ig in  was 

derived would support r e p l ic a t io n  of the cloned o r ig in  In trans  a t  the non-



permissive tem perature and there  was no c ro s s - re a c t io n  with any o ther  plasmid 

o r ig in  in the family. Therefore, the cloned o r ig in s  a re  recognised uniquely by 

a tran s-ac tin g  product encoded by the paren t plasmid, presumably the REP 

p ro te in .  A p a r t ic u la r  REP pro te in  appears to be abso lu te ly  sp ec if ic  for i t s  

cognate o rig in  in vivo.

Not a l l  staphylococcal plasmids belong to the pT181 "family". Table 

(1.1) shows a l i s t  of known staphylococcal plasmid incom patib ili ty  groups with 

an example of each. Some are  much la rger  than the pT181 family, have m ultip le  

r e s is ta n c e  determ inants  and have d i f f e r e n t  methods of rep l ica t io n .



1.2 The r ep l ica t ion  of pT181 and r e l a t e d  plasmids.

1.2.1 ;-The pT181 o r ig in  of rep lica t io n  and the ac tion  of REP C in v i tr o .

The o r ig in  of re p l ic a t io n  of pT181 (oriC) has been shown to l ie

within a 168bp region which forms p a r t  of the repC coding sequence i t s e l f

(Figure 1.3) (Khan e t  al, 1982). Inverted complementary re p e a t  sequences (ICR 

I, II and III) within the o r ig in  give r i s e  to the p o s s ib i l i ty  of secondary 

s t r u c tu re  in the form of ha irp ins  or clover leaf s t r u c tu re s .

REP 0 has been found to have a sequence -spec if ic  nicking /c losing  

a c t iv i ty  a t  oriC in v i tro  (Koepsel e t  al, 1985Cbl). A c fs -ac t in g  plasmid locus, 

ca lled  cmp has been iden tif ied  which increases  the in te rac t io n  between the 

rep l ica t io n  o r ig in  and the in i t i a to r  p ro te in  (Gennaro & Novick, 1986). Mutations 

within th is  region appear to reduce the su p erh e lica l  dens ity  of the plasmid

DNA, suggesting  th a t  superco iling  of the DNA promotes the in te rac t io n  between 

REP C and the o rig in .

The p ro te in  introduces a s in g le -s t ra n d e d  nick a t  a fixed position  

within the loop reg ion  of the p u ta t iv e  hairp in  a t  ICR II, becoming covalently  

a t tached  to the 5 ' phosphate group genera ted  a t  the nick s i t e .  Much of the 

energy from the o r ig in a l  phosphodle s t e r  bond is s to red  w ithin th i s  DNA-protein 

linkage and may, th e re fo re ,  presumably be used in the re  l iga tion  reac tion .

REP C th e re fo re  has a sequence-spec if ic  " topoisom erase-like" a c t iv i ty  

which can re lax  supercoiled , c i rc u la r  DNA containing the pT181 orig in  sequence. 

A topoisomerase is an enzyme which m odifies the topological s t a t e  of a DNA 

molecule by t r a n s ie n t  breakage of one s t ran d  (type I topoisomerase) or both



s tran d s  (type II topoisomerase), passage of one or both s t ran d s  through the 

break and re l ig a t io n  of the s trands .  (Reviewed by G elle r t ,  1981; Wang, 1985).

1.2.2 The rep l ica t io n  mechanism of pT181 and re la te d  plasmids.

REP C has been shown to have a sequence-spec if ic  nicking /c lo s ing  

a c t iv i ty  a t  the pT181 orig in  (Koepsel e t  al, 1985). Another well cha rac te r ised  

in i t ia t io n  p ro te in  which ac ts  in th i s  manner is the gene A p ro te in  of 

bacteriophage 0X174 (Ikeda e t  al, 1976, Eisenberg & Kornberg, 1979). This 

p ro te in  is involved in the in i t ia t io n  of double-s tranded  phage re p l ic a t iv e  form 

(RF) DNA re p l ic a t io n  via a ro l l in g  c i rc le  mechanism which produces s in g le 

s tranded  (ss) phage DNA (Mok e t  al, 1987).

The gene A p ro te in  in troduces a s ing l e - stranded  nick a t  the o r ig in  

of the double -s tranded  RF form of the DNA, a spec if ic  s i t e  within the gene A 

c is t ro n  i t s e l f .  The p ro te in  becomes covalently  a t tached  to the 5* phosphate 

group genera ted  a t  the nick s i t e  via a tyrosy 1-dAMP phosphod le s te r  bond 

(Eisenberg e t  al, 1980; Sanhueza e t  al, 1984) and complexes with the hos t 

he 1 lease enzyme, which moves around the phage RF DNA, unwinding the double 

helix . This allows elongation  a t  the f ree  3* hydroxyl group a t  the nick s i t e  by 

the hos t DNA polymerase. Cleavage and r e l ig a t io n  of the newly formed s tran d  by 

gene A p ro te in  g ives  r i s e  to sing l e - s tranded  covalently  closed c i rc le s  which 

may be used to produce more RF DNA or packaged into phage p a r t ic le s  (Figure 

1.4). Complementary s tran d  sy n th es is  occurs via a sep a ra te  mechanism, requ ir ing  

the sy n th es is  of RNA primers by the hos t primosome complex (Eisenberg e t  al, 

1976).

By analogy with phage 0X174, i t  is thought th a t  pT181 may a lso  

re p l ic a te  via a ro l l in g  c i rc le  mechanism, with the f re e  3' hydroxyl group



generated  by cleavage of the o r ig in  by REP C ac ting  as  a primer for the 

rep lica t io n  of one s trand .  Cleavage and r e l ig a t io n  of the newly syn thes ised

s trand  by REP C a f t e r  one round of r e p l ic a t io n  leads to the formation of 

sing l e - s tranded  c i rc u la r  pT181, the presence of which has been noted in vivo  

(Te Reile e t  al, 1986). A large palindromic sequence, r e fe r r e d  to as palA. has 

been iden tif ied  as  the s i t e  of in i t i a t io n  of second s tran d  re p l ic a t io n  (Gruss 

e t  al, 1987). Mutations within th is  sequence lead to a build up of s in g le 

s tranded  pT181 in vivo. By analogy with 0X174 re p l ica t io n ,  the in i t ia t io n  of 

second s tran d  sy n th es is  may req u ire  RNA primer syn thes is .

Therefore, i t  would appear th a t  the re p l ic a t io n  of pT181 is more 

likely  to be c losely  r e la te d  to the re p l ic a t io n  of c i rc u la r  DNA of some 

bacteriophages than to o the r  w e ll -s tu d ied  mechanisms of plasmid rep lica t io n ,  

such as Col El, which req u ire  the sy n th e s is  of an RNA primer for in i t ia t io n  of 

th e ir  re p l ic a t io n  (Figure 1.5). The proposed mechanism for pC221 and re la te d  

plasmids is  shown in f ig u re  (1.6) (Thomas, 1988).

1.2.3 !-Sequence comparison of f ive  rep  genes.

Comparison of the sequences of f ive  rep genes (pT181 repC. pC221 

repD. pS194 repE. pUB112 repL  and pC223 re p J ) shows a very high degree of 

homology (approximately 75-85%) between them (Figure 1,7) (Projan & Novick, in 

p ress) .  However, the major d if fe re n ces  between them appear to be c lu s te red  

into two major reg ions ,  one a t  the 3' end of the coding sequence, corresponding 

to p a r t  of the o r ig in  region, and the o the r  towards to 5 ' end of the coding 

sequence.

The major d if fe re n c e s  between the f ive  o r ig in  sequences appear to 

occur within ICR III, with a few d if fe re n ces  within ICR I. ICR II is almost



p e rfec t ly  conserved in the five  plasmids, with j u s t  one base change in pS194 

and pUB112. All f ive  plasmids have two Hpa II s i t e s  on e i th e r  s ide  of ICR II.

DNA foo tp r in ting  experiments with REP C on the oriC sequence show

th a t  REP C binds mainly a t  ICR III, along with the 3 ’ s ide  of ICR II (Koepsel e t

al, 1986a). Therefore i t  would appear th a t  the d ivergen t region, ICR III, may 

be responsib le  fo r  s p e c if ic i ty  determ ination a t  the o rig in .

The second region of divergence, towards the 5 ' end of the gene may,

the re fo re ,  encode the region of the REP p ro te in  which is responsib le  fo r

sequence-spec if ic  recognition  a t  the o rig in . Evidence for th i s  comes from work 

carr ied  out on recombinants between pT181 and pC221 (lordanescu, 1979) (Figure 

1.8). In vivo  recombinants in which the c rossover had occurred within the

conserved region in the middle of the rep gene were iso la ted  and found to be 

defec tive  fo r  re p l ic a t io n .  They requ ired  the presence of the p a ren ta l  plasmid 

from which the o r ig in  was derived in order to provide a REP p ro te in  which

would support r e p l ic a t io n  in vivo. They are  a lso  able  to complement

re p l ic a t io n -d e fe c t iv e  mutants of the o ther  p a ren ta l  plasmid. This sugges ts  

th a t  the recognition  s p e c if ic i ty  of the hybrid p ro te in  is s i tu a te d  a t  the C- 

term inal end, whereas the spec if ic  recognition  s i t e  fo r  the p ro te in  corresponds 

to the d ivergen t region within the o rig in .  Presumably, the ac t iv e  s i t e  of the 

p ro te in  is  encoded by the conserved reg ions of the gene.

1.2.4 :- The con tro l of re p l ic a t io n  of pT181 and re la te d  plasmids.

REP is  r a te - l im i t in g  fo r  the re p l ic a t io n  of these  plasmids in vivo  

(Manch-Citron e t  al, 1986), and reg u la tio n  of re p l ic a t io n  is  mediated via the 

reg u la t io n  of expression  of the rep gene (Kumar e t  al, 1985). Control of the 

rep gene appears to be a t  the level of t ra n s la t io n ,  via an RNA
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c o u n te r tra n sc r ip t  mechanism which is s im ila r  to some E. co li  plasmid 

rep lica t io n  reg u la t io n  mechanisms, such as plasmids ColEl and R1 (reviewed by 

Scott ,  1984).

The reg ions  of pT181, pC221 and pS194 responsib le  fo r  re p l ic a t io n  

contro l have been localised  to a 300bp region immediately 5' to the rep  coding 

sequence (Car le ton e t  al, 1984; Projan e t  al, 1985). For pT181, a Taq I -Rsa I 

r e s t r i c t io n  fragment which contains th is  reg ion , cloned into another plasmid, 

d isp lays  an incom patib ility  towards pT181 known as Inc3A (Novick e t  al, 1984b). 

This is due to two small, overlapping RNA molecules which a re  encoded in th i s  

region (Kumar e t  al, 1985). These l ie  w ithin the region which encodes the rep  

mRNA leader sequence and are  transcribed  in the opposite  d ire c t io n  to the rep  

mRNA. These two small an t isen se  RNAs (or RNA counter t r a n s c r ip ts ) ,  ca lled  RNA I 

and RNA II, serve  jo in t ly  as negative  r e g u la to r s  of re p l ic a t io n  by con tro lling  

the t ra n s la t io n  of rep mRNA (Figure 1.9).

The con tro l of rep lica t io n  of pT181 is mediated via the binding of 

an t isen se  RNA to  the rep mRNA leader sequence. This favours the formation of 

a hairp in  s t r u c tu r e  a t  an inverted complementary re p e a t  sequence, which 

s eq u es te rs  the rep ribosome binding s i t e .  The in te rac t io n  between the RNA 

c o u n te r t ra n sc r ip ts  and the rep  mRNA leader sequence is probably not continuous 

(Kumar e t  al, 1985). Computer ana ly s is  of the repC mRNA leader sequence and 

an t isen se  RNA I has shown the p o s s ib i l i ty  of secondary s t r u c tu r e  with a la rge  

c e n tra l  loop (Figure 1.10), As many of the copy number mutants sequenced have 

base changes within th is  loop i t  seems likely  th a t  the i n i t i a l  in te rac t io n s  

between RNA I and the repC mRNA involves base p a ir ing  between the 

corresponding loops of the complementary t r a n s c r ip ts ,  in much the same way as  

has been found in ColEl (Tomizawa e t  al, 1982; Lacatena e t  al, 1981) and the 

Inc FII plasmids (Nordsrom e t  al, 1984; Brady e t  al, 1983).
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The copy con tro l reg ions  of pT181, pC221, pS194, pC223 and pUB112 

have been compared (Projan & Novick, in p ress).  Each has e i th e r  one or two RNA 

c o u n te r tra n sc r ip ts  and the p o s s ib i l i ty  of forming the secondary s t r u c tu r e s  

required  for regu la t ion  of copy number. However, s l ig h t  changes in the 

sequence of th is  region lead to a change in the plasmid incom patib ility  group, 

as the RNA counter t r a n sc r ip t  from one of these  plasmids can only ac t in a 

regu la to ry  manner on the rep mRNA derived from the same plasmid or plasmids 

of the same incom patib ility  group. Changes within inverted repea t sequences 

tend to be such th a t  there  is a complementary change on both s ides  of the 

inverted repea t  in order to maintain the same p o te n t ia l  for RNA-RNA base 

pairing. As the rep mRNA leader sequence and the RNA c o u n te r t ra n sc r ip ts  are  

encoded in the same region but on opposite  s t ra n d s ,  any changes within the RNA 

counter tran sc r  ip t w ill be au tom atica lly  r e f le c te d  within the rep  mRNA leader 

sequence.

There a re  two very important m utations within the copy con tro l 

regions of pT181 and pC221 (Khan e t  al, 1982; Projan e t  al, 1985). These are 

called  pT181 cop608 and pC221 cop903 re sp ec t iv e ly .  These mutations involve 

de le tions  within the copy con tro l region, over the sequence encoding the RNA 

c o u n te r t ra n sc r ip ts ,  which r e s u l t s  in increased expression of the rep gene. 

This leads to an enlarged copy number of between 800 and 1000 per chromosome 

equ ivalen t.  These mutants were used to prepare  large amounts of pT181 and 

pC221 for in v i tro  work during th i s  p ro jec t.

As well as  con tro l of expression  of the pT181 repC gene a t  the 

t r a n s la t io n a l  level by the coun te r  t ran sc r  ip t  mechanism, there  is a lso  some 

evidence for con tro l a t  the t ra n s c r ip t io n a l  level by an a t ten u a t io n  mechanism 

(Khan e t  al, 1983). The G-C rich  stem loop s t r u c tu r e  which may form a t  the
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ribosome binding s i t e ,  followed by a s t r e t c h  of U re s id u es ,  resembles rho- 

dependent mRNA term ination s t r u c tu r e s  found in E. co l i  (Rosenberg e t  al, 1979).
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1.3 The study o f  pC221 r e p lica tio n .

1.3.1 :-The rep l ica t io n  of pC221 and REP D.

The sequencing of pC221 (Brenner & Shaw, 1984) led to the discovery 

of the pC221 repD gene, homologous with the pT181 repC gene. The repD gene 

has been cloned into a therm osensitive, d u a l-o r ig in ,  inducible, high copy number 

vector, pHD (Figure 1.11) (Thomas, 1988). This allows over-express ion  of repD 

in E, coli. P u r if ied  REP D has a sequence -spec if ic  nicking /c lo s ing  a c t iv i ty  a t  

the pC221 o r ig in  (o r iD) with cleavage occurring a t  the same pos ition  as  with

REP C a t  the pT181 orig in . REP D can, th e re fo re ,  re lax  supercoiled  DNA

containing o r iD by sequence-spec if ic  cleavage followed by r e l ig a t io n  to give 

the relaxed, covalently  closed c i rc u la r  form. Energy from the t r a n s ie n t  DNA- 

pro te in  linkage and probably a lso  from the negative  superco iling  of the DNA is 

used in th is  r e l ig a t io n  reac tion . REP D appears to a c t  s to ich iom etrica  1 ly , i.e. 

i t  appears to become inac tiva ted  by some means a f t e r  one nicking and 

r e l ig a t io n  event. At higher r a t io s  of REP D to DNA the relaxed, covalently  

closed c i rc u la r  DNA is cleaved again by another molecule of REP D, but is not

re  l igated . This is presumably because the re  is no energy con tribu tion  from DNA

superco iling  for the re l ig a t io n  reac tio n .  In the presence of Ba+* or Ca++\ 

ins tead  of Mg**, nicking and re l ig a t io n  a re  separa ted ,  giving nicked, open 

c i rc u la r  plasmid DNA as the f in a l  product.

Use of sy n th e t ic  o ligonucleo tides  based on the oriD sequence has 

enabled the amino acid via which REP D becomes covalently  a t tached  to the DNA 

to be id e n tif ied  (Thomas, 1988). The o ligonucleo tide , labelled  a t  the nick s i t e  

with ®̂ P, was t re a te d  with REP D to give cleavage and covalent attachm ent. 

Complete acid hydro lysis  of the labelled  p ro te in  showed th a t  a ty ros ine  res idue  

was labelled . In o ther,  s im ila r  topo isom erase-like  enzymes, such as 0X174 gene
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A p ro te in  (Eisenberg, 1980; Sanhueza e t  al, 1984), the FLP recorabinase of the 

Saccharomyces cerev is iae  2pm plasmid (Gronostajski e t  al, 1985), the Ustilago  

maydis topoisomerase (Brougham e t  al, 1986) and the Micrococcus lu teu s  

topoisomerase and gyrase  (Tse e t  al, 1980), the amino acid responsib le  for

covalent a ttachm ent to the DNA was ty ros ine , except for the reso lvase  enzyme

of transposon y6, where there  is some evidence fo r  an in te rac t io n  between a 

se r in e  res idue  and the re so lv ase  s i t e  (Hatfull e t  al, 1986). Covalent 

a ttachm ent presumably occurs by the formation of a phosphod le s te r  bond

between the f ree  5 ' phosphate group of the DNA and the term inal oxygen of

ty ros ine  or se r ine .

P ro teo ly tic  cleavage of REP D labelled with the o ligonucleotide, 

followed by amino acid sequencing of the labelled  polypeptide showed tha t the 

labelled  amino acid res idue  was ty ro s ine  188, which is conserved in a l l  known 

rep sequences. S i te -d i re c te d  mutagenesis of REP D in o rder  to change th is  

ty ros ine  res idue  to phenylalanine y ie ld s  a mutant REP D (Y188F) which can bind 

to oriD. as shown by i t s  r e ta rd a t io n  of DNA fragments containing oriD on 

agarose ge ls ,  but which can no longer cleave it .
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1.3.2 The aims of th is  p ro lec t.  

The aims of th is  p ro jec t were:

(i) to in v e s t ig a te  the rep lica t io n  of pC221 in vitro,  with p a r t ic u la r

emphasis on the s p e c if ic i ty  of REP D for pC221 and o the r  plasmid 

or ig ins.

(i i )  to in v e s t ig a te  the binding of REP D to the pC221 o r ig in  using DNA

"foo tprin ting"  techniques, and to  compare the r e s u l t s  with published 

data  on REP C and pT181.

( i i i )  in the l igh t of the r e s u l t s  of experiments ca rr ied  out on pC221

rep lica t io n  in v itro ,  in v es t ig a t io n  of the importance of hairp in  

formation a t  ICR II of o r iD in recognition  and /or nicking a t  the 

pC221 orig in .

(iv) to sequence the pCW7 repN gene to  enable fu r th e r  comparison

between i t  and o the r  known rep genes of the pT181 family.

In summary, the o r ig in a l  goal of the p ro jec t was to  gain  a more 

p rec ise  view of the in te ra c t io n s  of REP p ro te in s  with th e ir  re sp ec t iv e  o r i  

t a rg e ts ,  a necessary  f i r s t  s te p  in understanding the biochemical apec ts  of the 

re p l ic a t io n  in i t i a t io n  event.



Table 1.1: P roper t ies  of some S. aureus  drug res is tance  plasmids.

The tab le  shows the known incompatibility groups of S. aureus  plasmi.ds 

with an example of each group. Many of the smaller plasmids have a commion 

rep lica t io n  mechanism involving in i t ia t io n  of rep lica t ion  by the rep g erne 

product. The rep genes of these  plasmids are named according to t h e i r  

incom patibility  groups, e.g. pT181 is  in incompatibility group 3 and i t s  rep gene 

is known as repC.



GROUP EXAMPLE SIZE
(kb)

RESISTANCE REPLICATION 
PHENOTYPE

REFERENCE

1 pI258 28.7 Pc Asa Asi Sb Hg 
Om Cd Bl Pb Em Unknown Ruby & Novick (1975)

2 pII147 32.5 Pc Asa Asi Hg Om 
Cd Pb Unknown Ruby & Novick (1975)

3 pTlSl 4.4 Tc REP C lordanescu e t  a l  (1978)

4 pC221 4.6 Cm REP D Ruby & Novick (1975)

5 pS194 4.6 Sm REP E lordanescu e t  al (1978)

6 pK545 22.5 Km Nm Unknown Ruby & Novick (1975)

7 pUBlOl 21.2 Pc Hg Cd Fu Unknown Lyon & Skurray (1987)

8 pC194 2.8 Cm Non-REP lordanescu e t  al  (1978)

9 PÜB112 4.6 Cm REP I lordanescu e t  al (1978)

10 pC223 4.6 Cm REP J lordanescu e t  a l  (1978)

11 pE194 3.5 Em Non-REP lordanescu
& Surdeanu (1979)

12 pT48 2.8 Em Non-REP Catchpole e t  a l  (1988)

13 pUBllO 4.6 Nm Tm Km Non-REP lordanescu e t  a l  (1980)

14? pCW7 4.6 Cm REP N Skinner (1984)

Asa: A rsenate 
Asi: Arsen i te  
Bi: Bismuth 
Cd: Cadmium 
Cm: Chloramphenicol 
Em: Erythromycin 
Fu: Fusidic  acid 
Hg: Mercury 
Km: Kanamycin

Nm: Neomycin
Om: Organomercur ia ls
Pb: Lead
Pc: P en ic i l l in
Sb: Antimony
Sm: Streptomycin
Tc: T e tracyc l ine
Tm: Tobramycin



Figure 1.1: Schematic diagram of the pT161 genome.

The loci a re  described In more d e ta i l  In the tex t.

RSa S i te  of Interplasm Id co In teg ra te  formation.

pre Gene encoding a s i t e - s p e c i f ic  recombInase.

palA Palindromic sequence which Is the orig in  of lagging s trand  rep l ica t io n  

In S. aureus. 

cop Copy con tro l region.

repC Gene encoding REP C, a frans-ac tive  rep lica t ion  In i t ia to r  pro te in .

or 10 pT181 o r ig in  of rep lica t io n .

te t  T etracycline  r e s is ta n c e  gene.
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Figure 1.2: Schematic diagram of the pC221 genome.

The loci a re  described In more d e ta i l  In the text.

mob Region containing two overlapping genes which encode p ro te in s  required  

for re lax a tio n  complex formation; may be Involved In pC221 m obilisation 

by conjugatlve plasmids.

cop Copy con tro l region.

repD Gene encoding REP D, a trans-ac tive  rep lication  In i t i a to r  p r o te in -

or ID pC221 o r ig in  of rep lica t ion .

ca t  Gene encoding CAT, an enzyme which confers  re s is ta n c e  to

chloramphenIco1.
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Figure 1.3; The rep and o r l  sequences of pT181.

The diagram shows the position  of the pT181 orig in  region (oriC) within 

the repC gene. Inverted complementary repeat sequences (ICR I, II and III) give 

r i s e  to the p o s s ib i l i ty  of secondary s tru c tu re  within oriC . in the form of a 

clover leaf ,  as  shown.
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Figure 1.4: Diagrammatic rep re sen ta t ion  of proposed ro l l ing  c i rc le  mechanism 

for bac teriophage 0X174.

The diagram shows the proposed ro l l ing  c i rc le  mechanism for rep l i ca t ion  

of bacteriophage 0X174 r e p l i c a t iv e  form (RF) DNA. The phage-encoded gene A 

prote in  int roduces  a s ing l e - s tranded nick into the <-) s t rand  a t  a spec if ic  s i t e  

within the A gene i t s e l f .  The gene A protein becomes covalently at tached  to 

the 5' phosphate a t  the nick s i t e  and complexes with the hos t  he 1 lease enzyme. 

This complex moves around the DNA, unwinding the double hel ix.  The hos t  

s ing le - s t randed  binding pro te in  (ssb) is also  required.  The free 3' hydroxyl 

group genera ted a t  the nick s i t e  is u t i l i s e d  as a primer by the E. coli  DNA 

polymerase III enzyme. Afte r  one round of syn thes is ,  the endonuclease and 

l igase a c t i v i t i e s  of the gene A protein  are required  for  termination and 

production of c i rcu la r ,  s ing le - s t r anded  molecules which are  requi red for 

packaging into phage p a r t i c l e s .  The gene A prote in  is t r a n s fe r re d  to the 5' end 

of the newly synthes ised  s t rand ,  allowing r e - i n i t i â t  ion of v i ra l  s tr and  

synthes is .

As well as  s in g le - s t r an d ed  DNA, th is  mechanism can al so  give r i s e  to 

double-st randed RF DNA by in i t i a t i o n  of second s t rand  syn thes is .  This requ i re s  

the syn thes is  of  an RNA primer by the hos t  primosorae complex.
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Figure 1.5: The proposed rep l i ca t ion  mechanism of E. col i  plasmid Col El.

A diagrammatic r ep resen ta t ion  of the proposed rep li ca t ion  mechanism of 

plasmid Col El Is shown.

For Col El rep l ica t ion ,  Rlfamplc ln-sensl t lve RNA syn thes is  Is required  In 

order to produce a primer. Primer t r ansc r ip t ion  I n i t i a t e s  a t  a point 

approximately 555bp upstream of the origin.  The preprimer RNA Is processed to 

give the mature primer by cu t t ing  a t  the o r ig in  by RNase H. Primer formation Is 

Inhibi ted by a regu la to ry  RNA co u n te r t r an s c r ip t  (RNA 1) which prevents  the 

hybr id isa t ion of the DNA and the primer RNA by hybr id isa t ion  with the primer 

RNA In the form of a clover l e a f , as shown.
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Figure 1.6: The proposed r ep l ica t ion  mechanism of S. aureus plasmid pC221.

A diagrammatic r ep re sen ta t ion  of the proposed rep l ica t ion  mechanism of 

pC221 is  shown.

Recognlton of i t s  cognate or ig in  sequence by the REP protein  is followed 

by cleavage of  the (+) s t rand  and covalent  linkage of REF to the 5' phosphate 

group genera ted .  By analogy with bacteriophage 0X174 rep l ica t ion ,  hos t  

r ep l i ca t ion  f a c to r s  then extend the new (+) s trand  from the f ree  3' hydroxyl 

group genera ted .  Sing l e - s tranded binding prote ins may p ro tec t  the displaced (-> 

s trand.  REP may a s so c ia te  with the host  replisome so as to be presen t  a t  the 

or ig in  a f t e r  a whole round of  rep li ca t ion .  Cleavage of the new s tr and  from the 

old by REP, followed by re  l iga t ion  of new and old s tr ands  would give r i s e  to one 

daughter  plasmid and a s ing le - s t randed  <+) s trand  DNA c i rc le .  Second s tr and  

syn thes is  then proceeds from a large palindromic sequence, palA. probably 

involving RNA primer syn thes is .
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Figure 1.7; Comparison of the DNA sequences of five known rep genes.

The DNA sequences of the pT181 repC, pC221 repD. pS194 repE. pUB112 r e p i

and pC223 repJ genes a re  presen ted (Frojan e t  al, In press) .  Where th ree  or

more of  the f ive bases a re  Identical ,  cap i ta l  l e t t e r s  a re  used.



! i :  J 1  31 41 S I 61 11 81
p T lS l  ATCtaTAlv/.AAc/J^TCATqCAAATCATTCAAATCAtttggiW,ATcAcCATTt.ACACAATTTTTCTAAAACCCCCTACTCTAATAr.CCCC
pC22 1 A TCA CTA cA qA A A A TCA TtCA A A Tl A c T tA c A j AATAAqf.ATTt ACACAATTTTTCTAAAACCCCCTACTCTAATAr.CCCO
pC 7? 3 ATCAGTlvAAAA.l AATtATjCAAA7CATTCAAATCAcilaqAAAATcAcCATTcACACAATTTTTCTAAAACCCCCTACTCTAATAC.CCCG 
p S l  54 AT0AGTAAA/vAACcaqAaqaAAt.TCAqqCAAAaCAaaqcttqgAaAAqCAaiactCjAATTTTTCTAAAACCCCaTACTC7AATAr.CCCG 
pU B l 1 1 ATCAG7AA2tAAAGAaCAacqt.AlcttTTCAAATCAaaqcac A qqaA qaCA iiattcaA ATTTTqlTAAA ACCCCiTACTCTA ATACCCCr,

91 101 111 121 131 141 ' I S !  161 111
p T l 8 1 T7nqArCcACATAeTqTCTCCAti7CTqAtCCAAAAT7AAG7TTTCATGCiATGACqATCCTTCGaAATCTcAACc**AqACAACCCTcAA 
pC 22 ! T 7 A A q tG G taA 7 t.T 7 t.7 t acCACccC7cAACCAqAA77AAC7777CA7CC7A7CACAA7CC77CGGAA7t7qAACAAAAcTAACGC7AAA
pC2 2 3 77A qA rG cA CA Tt7cqTC7CCA Ct7C7aA tCCqA A A 77qA Cc777G A cG C7A TCA CqA 7aC7cG G aA A cC7tA A t AAAAACAqCCC7A/vA
p S 1 9 4  7TAAACcCACA7AT7i7G7aCACccCcgAACCAAAA77AC4c777CATCC7A7CACAA7tC7TCGCAATCTtAAtAAqAACAAtCC7cAc 
p U a l 12 7 7AAqcCCtCAaAc7l7CqCaA*a7C7cAACCcAAA77AAG7777CA7CCqA7CACAA7CG77GCCAA7t7qAACAAAAc7AAtGC7AAA

1 (11 191 201  21 1 221 231 24 1 7S1 261
p T lO l qccC7l7C7aAa777A7GAG7q7ACACCCcCAAA7AAGAC777CCCA7A7lC77CAAACAAACT7TAAACC7AAACCAC77CAAr.AAAAA 
pC 221 AAGC7A7C7GA7777A7GAG7acAGACCCACAAA7AACqC777GGCA7A7At7aCAAACAAAC777AAAGC7AAACCAC77CAAGAAAAc 
pC 22 3 AAGC7A7CcGA7777A7GAG7t7ACAtCCACAAA7lAGAC777CGGATA7AC7TCAAACAAAi777AAAGC7AAAGCAC7.>CAAGAAW.A 
p S 1 9 4  AAaCTqTC7CAj777A7GAC7a7tCcCCCACAAA7tAGAC777CCCA7ATAt7iCAAACcAAi777AAAGC7AAqCCtC7aCAAGAAAAA 
p U O l12 AACt7A7C7CA7777A7CAG7g7ACAtCCACAAA7AcCAC777CGGATA7ACT7CAAACAAAG777AAAGC7AAAGCAC77CAACAAAAA

211 281 291 301 311 321 331 341 3S1
pT 181 C77TA7A7tGAA7A7CACAAAG7gAAAGCAGA7Aq77CCGA7ACACG7AA7A7GCC7a77CAAT77AA7CCaAAcAAAC77ACACqaGAt 
pC 221 G777ATATCGAA7A7GACAAAG7AAAACCAGA7Aq77GGGA7AGACC7AA7A7GCG7C77GAA777AA7CCaAA7AAAC7cACACA7CAA 
pG22 3 C777A7A7CGAA7A7GACAAAC7AAAAGCAGA7AC77CGGA7ACACG7AAcA7GaGaC77GAq777AA7CCcAAcAAAC77ACACA7r.At 
p r . l9 4  G777AcA7CGAA7A7GAtAAAG7AAAAGCAGA7gCg7GGCA7AGACG7AA7A7GCC7C77GAA777AA7CClAA7AAAC77ACqCA7GAA 
p U U l12 G777ATA7CCAA7ATGACAAqG7AAAAGCAGA7AC77GCGA7AGACG7AA7A7CCGTG77GAAT77AA7CCcAA7AAAC7cACAaq7GAA

361 311 381 391 401 411 421 431 441
p 7 i e i  GAAA7Gd7T7GG77AAAACAAAA7A7aA7aaqCTACA7GGAAGA7CACGGT77TACAAGA77AGA777AGCc777CAT777GAAGAaGA7 
pC221 GlwAA7GC7T7GG77AAAACAAAA7A7lA7cGAC7ACA7GCA/.GA7GACCC7777ACqAGq77AGAT77ACC7777GA7777GAACA7GA7 
pC2 2 3 GAaA7Cl7a7GG7TAAAACAtAA7A7cA7tCAl7AtA7GGAAGA7GAtGG7777ACAACA77ACA777AGC7777CA7777GAAGA7GA7
p 5 1 94 GAAA7GC777GGT7AAAACA.AAAtA7cA7lCACTACA7GGAACA7GAtGGT777ACAACA7TAGATT7gGC7T77CA7777GAAGAcGA7 
p u a l  12 GAAA7GC777CG77AAAACAAAA7A7tA7cCAC7ACA7GGAAGA7GACGG77TTACAAGA7TAGA7T7AGC7777GA7777GAAGA7GA7

4 S I 461 411  481 491 501 511 521 531
F 7 1 e I  77GAGtGAc7AC7A7GCAA7G7C7GA7AAAGCAG77AACAAAAC7A777777A7GG7CC7AA7GG7AAGCCAGAAACAAAA7A777TGCC
pC2 21 T7GAGtGA77AC7AcCCAA7GAC7GA7AA/.GCAG77/tAGAAAAC7A77T777A7CG7CC7AA7GG7AACCCACAAACAAAA7A7777GGl
pC22 3 T7aACCCA77At7A7CCAc7GtCaCAaAAAGCtt7aAA CcqAAC7q7a7777tcG GaaCaAc7GG 7AAGqCAGA AACA.\AA7A7777G GG
p S l 94 77GAGCGA77AtTA7CCgATGAC7CA7AAAtCAGT7AAGAA/vACTA77T77TA7GC7CGTAAcGGTAAaCCAGAAACAAAATA7T77GGt
pL '3112 77GAGCGATTACTA7CCAA7CAC7GA7AAAGCAG7TAACAAAAC7gT7TT77ATCGTCC7AATGGcAAGCCAGAAACAAAA7A777TGGC

541 551 561 511 581 591 601 611 621
p7  1 8 ' G7qaCaCATAC7aATAGATT7AT7AGAA777ATAA7AAAAACCAACAACG7AAAGA7AA7GCAGA7Cc7GAAGT7A7G7C7GAACAT77A 
pC 221 GT7CG7GAcAG7GATAGA777A77AGAArTTATAA7AAAAAACAAGAACG7AAAGA7AAcGCcGA7C77GAAG7TA7G7CTGAACA777A 
pC22 3 tcaCG7GA7AG7aA7AGA777A77AGAA777A7AA7AAqAAAdAAGAACG7AAAGAaAA7GCAGA7G77GAtG7aAqCqC7GAACATc7A 
p S 1 9 4  GT7CG7GAcAG7GA7AGA777AT7AGAA777A7AA7AAAAAACAAGAACG7AAqCA7AA7GCAGAcaT7GAAC7TA7C7C7GAACAc77A 
pU3 1 1 2 C77CG7GA7AG7GA7AGA777A77ACAA7T7A7AA7AAAAAACAAGAACG7AAAGA7AAcCCACA7C77GAAGT7ATG7C7GAACATc7A

631 641 651 661 611 681 691 101 111
p 7 1 8 1  7GGCC7G7AGAAA7cGAAc7tAAAAGAGA7A7GG7qGA77AC7GCAA7GA7TCc777AG7GA777ACAtA7c7TGcAACCaGA77CCAaa 
pC 221 7CGCC7G7AGAAATTCAATTqAAAACAGA7A7GGTTCA77AC7GGAA7GA77Gc777qA7GA777ACACA7777GAAACCcCA77GGACa 
pC2 23 7CCCG7G7tGAAA77GAAc7tAAAcGAGA7A7GG7aGA77At7GGAA7aA7TG77TTAA7GAc7TACACA7T77CAAACCtGca7GCqC7 
p S 194  7GGCGTG7AGAAA77GAA77aAAAAGACATA7GG77CAT7At7GGAAcGA77G77TTAA7GA777ACAtA7777CAAACCaCA77GCtC7 
p U 3 1 12 7GGCGTG7AGAAA7aCAA77aAAAAGAaqTA7GG77GAT7ACTGGAA7GATTGT77TAA7GAT77ACACAT77TCAAACCtCAq7GCAC7

121 131 141 151 161 771 781 791 801
p T i e i  A C T a7ccA A cgcactqcqC A tagA G C A A 7aG 77Tc7A TG 77A t7G ag7C A 7G A A gadgaA 7CG CG A A A qC 7tcA cA G A A A 7tC7A qA A ca 
pC221 ACaccACA/vAAAqTAAAAGAaCAACCAATGC7T7A7t7GT7Ac7GaA7CAACAAgGcAcq7GGGCAAAAC7cqAaAGAcA7qCTAAAta7 
p C 223 AC777gGA/iAqt7TAAAAGAaCAAGCAATGGT7TA7t7aT7Ac7tCATGAAGAAAGcAaA7CGGCAqAAt7AcAtACAAA7tC7cgtcqc 
p S 1 9 4  AgTTTACAAAAAg7AAAAGAcCAAGCAA7GaT77A7ATGcTAaTtCATCAAGAAAGtAcATCGGCtAAAt7AqAaAGAcq7aCaAAAAa7 
pUB112 ACTTTACAAAAAaTtAAtGAgCAAGCtATCCTTTATActTTgtTGCATGAAGAAAGtAtgTGGGGAAAgCTAagtAAqAATaCTAAgAcT

8 11  821 831 841 851 861 871 881 891
p T lB l  AAA7A7AAqAAtt7CATAAAAGAAA7t7CqCCAq7cCA777AACGGAc7TAA7GAAA7CGAC777AAAAGcGAACCAAAAACAAT7CCAA 
pC221 AAA7AcAAqCAAt7GATtAAAGAAATA7C7CCAA77CA777AACGGAa77AA7GAAA7CCACT77AAAAGAGAAtCAAAAqCAA77GCAA 
pC 22 3 AAATA7AAACAAA7aATAcAAGAAA7A7CTtCAA77GA7T7AACtGAt77AA7GAAA7CtAC777qAcqCAtAACCAqAAAaqT77CCAA 
p S 1 9 4  AAATAcAqACAAA7CtTAA/vAaqtATt7CagaAA77GAT77AACGCAc7TAATGAAATtCAC7TTAAAACACAAtCAAAAACAA77CCAA 
pUBl 12 AA7.TtTAAAAAAA7GA7LAqAGAAA7A7C7CCAA7TCA777AACGGAaT7AATGAAA7CCAC7T7AAAACAGAACCAAAAACAATTCCAA

931 911 921 931 941
p T i e i  A,\ACAaATcGA77T77CGCAACa7GAA7TTAaA7777GGAAa 
pC221 AAACAGAT7CA77777GGCAACC7CAA7T7AGA7T7TGGAAG 
p C 223 AAqCAGATTaATTTTTGGCAACCaaAATTTqaATTTTGCAAG 
p S l 94 AAgCAGATTCAaI7T7GGCAgCC7GAATT7AGA77T7CGqAG 
p G B l l?  AAACAGA7TCA7TT77GGCAACC7GAAT77AGgTTT7GCAAG



Figure 1.8; In vivo  recombinants between pC221 and pT181.

In vivo recombinants between pC221 and pTlSl were Isolated which were 

defec t ive In r ep l ica t ion  ( lordanescu,  1979). These were found to be hybrid 

plasmids In which the crossover event  had occured within the conserved region 

In the middle of the rep genes.  Therefore,  these plasmids had the o r l  region and 

5' end of the rep gene derived from one plasmid and the 3' end of the rep gene 

derived from the o ther  plasmid. The recombinant plasmids were found to requ i re  

the presence of the paren ta l  plasmid from which the o r l  sequence was derived In 

order to provide REP in trans  for  In i t ia t ion  of r ep li ca t ion  in vivo. They were 

also able to complement rep l i ca t ion -de fec t ive  mutants of the other  paren ta l  

plasmid in trans.

These r e s u l t s  sugges ted  th a t  the domain of the pro te in  responsib le  for  

sequence-spec if ic  recognit ion  a t  the origin Is s i tu a te d  towards the C-terminal  

end of the pro te in ,  whereas the spec if ic  recognit ion s i t e  for the protein  

corresponds to the d ivergent  region within the origin.  Presumably, the highly 

conserved reg ions  of  the gene encode the ac t ive s i t e  of the pro te in ,  responsib le  

for  the nicking and re  l iga t ion  r eac t ions  a t  the origin.
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Figure 1.9: The pT181 copy cont rol  region (cop).

Diagram (a) shows the pos i t ion  of the repC s t a r t  s i t e ,  the ribosome 

binding s i t e  <SD), the an t i  — SD sequence, the preemptor sequence and the 

an t i sense  RNA (RNA I). Diagram <b) shows the pu ta t ive  secondary s t r u c t u r e  

within the repC mRNA leader sequence. Formation of a hairpin between ^  and 

antl-SD sequences seques te r s  the ribosome binding s i t e  of the mRNA, prevent ing  

I ts  t r a n s la t io n .  However, formation of a hairpin a t  the preemptor sequence, 

which overlaps with the antl-SD sequence,  prevents  formation of  the ha i rp in  a t  

the ribosome binding s i t e ,  al lowing t r ans la t ion  of the mRNA to occur. Binding 

of the an t i s ense  RNA to I t s  complementary sequence on the rep mRNA leader 

sequence preven ts  formation of a ha irp in  a t  the preemptor sequence, al lowing 

the ha i rp in  a t  the ribosome binding s i t e  to form. This prevents  t r a n s l a t io n  of 

the rep mRNA. Therefore,  the an t i s ense  RNA appears to have an Inhibi tory e f f e c t  

on rep expression  a t  the level  of t r ans la t ion .

The G-C rich  ha irp in  which may form a t  the ribosome binding s i t e  

resembles rho-dependant  termination s t r u c t u r e s  seen In E. coll. Therefore,  th is  

may a lso  be Involved In an a t t en u a t io n  regu la t ion  mechanism a t  the level  of  rep 

gene t r ansc r ip t ion .
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Figure 1.10; Predicted secondary s t r u c t u r e s  of  the pT181 repC mRNA leader 

sequence and an t i sense  RNA I.

The diagram shows the computer predicted secondary s t r u c t u r e s  of RNA 

I, the repC mRNA leader sequence and the complex between the two. The l a t t e r  

s t r u c t u r e  was obtained by omitt ing the f i r s t  90 bases of the rep mRNA from the 

computer ana lys i s .  The ribosome binding s i t e  (SD) Is shown boxed. Formation of 

a complex between the two RNAs appears to favour the seques te r ing  of the SD 

sequence within a double -s t randed  hai rpin s t r u c t u r e ,  preventing repC mRNA 

t ran s la t io n .  The In te rac t ion  between the repC mRNA leader sequence and the 

second an t i s e n s e  RNA (RNA II) has been shown to be the same.
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Figure 1.11; Schematic diagram of pHD. a thermosens I t lve.  high copy number 

vector (Thomas. 1988).

Plasmid pHD Is a dua l -o r  Ig In, thermosens I t lve,  high copy number vector  

for  use In E. coli, Copy number Is con tro l led  by two or ig ins,  one with a low 

copy number from plasmid pSClOl and one temperature -sens  I t lve orig in  with a 

high copy number cons is t ing  of the ColEl or ig in  under the cont rol  of the \  

r ightward promoter, XPr, and the associa ted  te m pera tu re - sens i t ive  rep res so r ,  

cI857. At higher temperatures,  cI857 Is Inact ive,  XPp becomes ac t ive  and copy 

number Increases as large amounts of the ColEl primer RNA are produced. At 

high copy number, the tryptophan promoter, t r p PO. escapes repress ion due to the 

hos t  t rp  rep reso r  encoded by the E. coll  chromosome, leading to enhanced 

t ranscr ip t ion  through In se r t s  bounded by the unique Cla I or  Eco RI s i t e s .  The 

ample111 In re s i s t a n c e  gene, Ap^, gives  a s e lec tab le  drug r e s i s t a n c e  marker.
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CHAPTER 2 .

MATERIALS AND METHODS.

2.1; -  M aterials.

2.1.1; -  Chemicals and enzymes.

Most chemicals were purchased from FIsons Ltd. and, un less  otherwise 

s t a t e d ,  were of ana ly t ica l  grade pur i ty.  Agarose was purchased from Miles 

labora to r ies.  Trls  (Trizma) base,  DTT, lysozyme, lysostaph In, nucleic acids,  

nucleotides ,  ammonium persu lphate ,  bromophenol blue, BSA, ethldium bromide, 8-  

hydroxy qulnolone, IPTG, PEG 6000, RNase (pancreat ic ,  type I-AS) and 

topoisomerase (type I, from ca l f  thymus) were from Sigma. Deoxy and 

dldeoxyribonucleotlde tr iphosphates ,  Klenow fragment of DNA polymerase I (FPLC 

pure),  DNase I and Sephadex G-25 and G-50 (DNA grade) were from Pharmacia. 

Bacto tryptone,  Bacto yeas t  e x t r a c t ,  Bacto agar,  Bacto tryp tose  blood agar base 

and penassay broth were from Dlfco. a[^®Sl dATP ( t r i e  thy 1 ammonium s a l t ,  

400Cl/mMol, lOmCl/ml), aL^^Pl dATP ( t r l e th y l  ammonium s a l t ,  3000Cl/mMol, 

lOmCl/ml), ^['^^Pl dATP ( t r l e th y l  ammonium s a l t ,  3000 Cl/mMol, lOmCl/ml) and 

[methyl-^H] dTTP ( t r l e th y l  ammonium s a l t ,  40-60Cl/mMol, ImCl/ml) were from 

Amersham. Res t r ic t ion  enzymes, Klenow fragment of DNA polymerase I, T  ̂ DNA 

ligase and T^ polynucleotide kinase were from Bethesda Research Laboratories 

(BRL) /Glbco. Alkaline phosphatase was from BoehrInger Mannheim. Pronase was 

from Calblochem Behring. Amberll te MBl res in ,  dlchloromethyl s i  lane solut ion (In
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1.1.1 . t r lch loroe thane) and xylene cyanol (FF) were from BDH. X-gal was from 

Anglian biotechnology.  3mm f i l t e r  paper and GF/C g la ss  f ib re  d iscs  (25mm) were 

from Whatman. Acrylamlde and bis  aery lamIde were from Serva.



2 . 1 . 2 :  -  B a c t e r i a l  s t r a i n s ,
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STRAIN NOTES REFERENCE 
OR SOURCE

E. c o l i  JMIOI. d la cp ro ,  supE, 
t h i l , F ' , t r a  
D36, proAB, l a c l ^ ,  
ZdM15.
Routine h o s t  f o r  
b a c t e r io p h a g e  M13 
based recombinan ts .

Messing, 1983.

E. c o l i  RZ1032. dut ,  ung. d e f i c i e n t  
in thymidine b i o 
s y n t h e s i s .  Used f o r  
m i s i n c o r p o r a t i o n  of  
deox y u rac i l  i n t o  DNA 
fo r  in v i t r o  
mutagenes is .

Obta ined  from 
I. Murray, 
U n iv e r s i t y  of 
L e i c e s t e r .

S. aureus  WS2001.
(RN450).

Cured of prophages . Novick, 1976.

S. aureus  RN1786. RN450, n u c l e a s e  f r e e . Koepsel e t  a l ,  
1985a.
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2 .1 .3 :  -  Plasmids  and v e c to r s .

Plasmid or  
vec to r

Source Size S e l e c t i o n  
I  marker

Notes Ref e rence

Phage M13 
(mpl8&19)

E. c o l i . 7.2kb. lacZ Cloning  of 
DNA f ragments  
to  a l low  
p r e p a r a t i o n  
of s i n g l e 
s t r a n d e d  DNA 
fo r  in v i t r o  
mutagenes is  
and DNA 
sequenc ing.

Messing;
1983.

pHD. E. c o l i . 7.6kb.  Ampf Temperature 
s e n s i t i v e  
dual  o r i g i n  
v e c t o r  fo r  
o v e r 
e x p re s s io n  
of  c loned  
genes.

Thomas,
1988.

pC221 S. aureus.  4 .6kb.  i Cm'"" Inc4.
R e p l i c a t i o n  
v ia  REP D. 
Copy number 
,-20 per  

chromosome.

Ruby &
Novick,
1975.

pC221 / 
cop903.

S. aureus. 4 . Gkb. I Cm̂ , lnc4.
R e p l i c a t i o n  
v ia  REP D. 
D e le t io n  
muta t ion  
w i th in  cop 
c o u n t e r 
t r a n s c r i p t  
r e g io n ,  
(A80G-1192), 
Copy number 
=800 per  
chromosome.

Pro jan  e t  a l ,  
1985.
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Plasmid or 
v ec to r

Source S ize S e l e c t i o n
marker

Notes Reference

pT181 S. aureus 4. 4kb Tet" Inc 3.
R e p l i c a t i o n  
v ia  REP C. 
Copy number 
=20 per 
chromosome.

Novick,
1976.

pT181 / 
cop 608.

S. aureus. 4 . 4kb. Tet*. Inc3.
R e p l i c a t i o n  
v ia  REP C. 
D e le t io n  
w i th in  çpp 
c o u n t e r 
t r a n s c r i p t  
r eg ion ,  
(A183-326). 
Copy number 
=800 per  
chromosome.

Khan e t  
a l ,  1982.

pCW7 S, aureus. 4. 4kb Cm". Inc 14.
R e p l i c a t io n  
v ia  REP N. 
Copy number 
=20 per 
chromosome.

Wilson & 
Baldwin, 
1980.

Wilson e t  
al,  1981.

pC194. S. aureus .  |

!

2 . 8kb. Cm". Inc8.  No 
sequences 
homologous 
with  pT181.

lo rdanescu ,
1975.
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2 . 1 .4 :  -  B u f f e r s  and s tock  s o l u t i o n s .

T r l s  /EDTA b u f f e r  (TE) XIOQ : -  IM Tr l s .HC l  (pH8),

0 . IM EDTA.

S t e r i l i s e d  by a u t o c l a v i n g  (15 rains, 

15ps i) .

S o lu t i o n s  r e q u i r e d  fo r  p r e p a r a t i o n  of  plasmid DNA : -

Lysos taph in  s to ck  s o l u t i o n  : -  Lysos taph in  was d i s s o l v e d  in TE to  10

mg/ml and s t o r e d  in small  a l i q u o t s  a t  

- 2 0 ' c .

Lysozyme s tock  s o l u t i o n  : -  Lysozyme was d i s s o l v e d  in TE to  50mg/ral and

s t o r e d  in small  a l i q u o t s  a t  - 2 0 ' c .

Lys is  b u f f e r  : -  50mM Sucrose ,  

lOmM EDTA,

25mM Tris .HCl (pH8).

A lka l ine  SDS : -  0.2M NaOH,

1% SDS.

Potass ium a c e t a t e  (pH 4 .8 )  : -  3M P o tass ium  a c e t a t e ,

11.5% g l a c i a l  a c e t i c  ac id .

Ethidium bromide s tock  s o l u t i o n  : -  E thidium bromide was d i s s o l v e d  in

water  to  5mg/ml and s t o r e d  in the  

dark a t  4 ' c ,

Isopropanol  ( s a t u r a t e d  with  CsCl) : -  Equal volumes of i sop ropano l  and

s a t u r a t e d  CsCl s o l u t i o n  were 

e q u i l i b r a t e d  and the  l a y e r s  

a l lowed  to  s e p a r a t e .
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P re b o i l e d  RNase P a n c r e a t i c  RNase was d i s s o l v e d  to  lOmg/ml in lOmM

Tris.HCl <pH7.5) and h e a t e d  to  lOO'c f o r  15 mins.

I t  was al lowed to  cool  s lowly ,  then s t o r e d  in small  

a l i q u o t s  a t  - 2 0 ’c.

S e l f - d i g e s t e d  p ronase  : -  Pronase was d i s s o l v e d  to  2mg/ml in O.OIM

Tris .HCl (pH7.8), i ncuba ted  a t  37*c f o r  

2 hours  and s t o r e d  in smal l  a l i q u o t s  a t  

- 2 0 ' c .

S o l u t i o n s  r e q u i r e d  fo r  r o u t i n e  DNA m a n ip u la t io n s  : -

S t e r i l e  wate r  : -  All  water  used f o r  DNA m a n ip u la t i o n s  was d e io n i s e d ,  

d i s t i l l e d ,  f i l t e r e d  th rough  m i l l i p o r e  f i l t r a t i o n  

a p p a ra tu s  and s t e r i l i s e d  by a u t o c l a v i n g  (15 mins, 

15psi ).

Tri s/Borate/EDTA (TBE) e l e c t r o p h o r e s i s  b u f f e r  XIO : -  109g T r i s  base,

55g Bor ic  ac id ,  

9 .3g  EDTA.

The s o l u t i o n  was made to 11 with d i s t i l l e d  water .  

T r i s /ace ta te /ED TA  (TAE) e l e c t r o p h o r e s i s  b u f f e r  XIO : -  242g T r i s  base,

5 7 . Ig G la c i a l

a c e t i c  ac id ,  

100ml 0.5M EDTA.

The s o l u t i o n  was made to  11 with  d i s t i l l e d  water .  

Agarose ge l  load ing  b u f f e r  ; -  0.25% Bromophenol b lue ,

0.25% Xylene cyano l ,

15% F i c o l l  ( type  400).
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Phenol/Chlo roform/Isoamyl a l co h o l  s tock  s o l u t i o n  : -  F r e s h ly  d i s t i l l e d  

phenol (with 0.1% 8-Hydroxy q u in o l in e )  was e q u i l i b r a t e d  

with  an equal  volume IM Tri s .HCl (pH7.5) 2-3 t imes,  

u n t i l  the  pH was app rox im ate ly  n e u t r a l .  The upper 

aqueous l a y e r  was d ic a rd e d  and an equal  volume of 24:1 

Chloroform /Isoam yl a l co h o l  was added.  The mix tu re  was 

aga in  e q u i l i b r a t e d  with  an equal  volume of IM Tris .HCl 

(pH7.5) 2-3 t imes .  Most of the  upper aqueous laye r  was 

d i s c a r d e d  le av in g  a t h i n  la y e r  to  p r o t e c t  the  phenol 

a g a i n s t  o x id a t io n .  The m ix tu re  was s t o r e d  in the  dark 

a t  4 ' c .

3M Sodium a c e t a t e  : -  Sodium a c e t a t e  ( 4 0 8 . Ig) was d i s s o l v e d  in 800ml of

d i s t i l l e d  wate r .  The pH was a d j u s t e d  to  5.2 with 

g l a c i a l  a c e t i c  ac id .  The s o l u t i o n  was made to  11 

with d i s t i l l e d  water  and s t e r i l i s e d  by 

a u t o c l a v i n g  (15 mins, 15ps i ) .

Sephadex G-25 or G-50 r e s i n  : -  Sephadex G-25 or G-50 r e s i n  (30g) was

added to  TE (XI) (250ml) and s t e r i l i z e d  

by a u t o c l a v i n g  (15 mins, 15ps i ) .

R e s t r i c t i o n  enzvme r e a c t i o n  b u f f e r s ( o b t a i n e d  from BRL) : -

Core b u f f e r  XIO : -  500mM Tris .HCl (pH8),

lOOmM MgC12 ,

500mM NaCl.

React 1 b u f f e r  : -  50mM Tris .HCl (pH8),

lOmM MgClz,
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React 2 b u f f e r  : -  50mM Tr is .HCl <pH8),

lOmM MgCla,

50raM NaCl.

React 3 b u f f e r  : -  50roM Tr is .HCl (pH8),

10mm MgCla, 

lOOmM NaCl.

S o l u t i o n s  r e q u i r e d  fo r  i s o l a t i o n  of f ragments  by e l e c t r o e l u t i o n  from gel  

s i  i c e s  ; -

E l e c t r o e l u t i o n  tank b u f f e r  XIO : -  lOOmM Tris .HCl (pH8),

lOmM EDTA,

5mM NaCl.

High s a l t  b u f f e r  : -  3M Sodium a c e t a t e  <pH7.9),

Bromophenol b lue  ( to  c o l o u r ) .

S o lu t i o n s  r e q u i r e d  fo r  DNA c lo n in g  : -

Calf  i n t e s t i n a l  phospha tase  s t o r a g e  b u f f e r  30mM Tr ie thano lam ine ,

3M NaCl,

ImM MgCla,

ImM ZnCls.

(pH7.6).

The b u f f e r  was s t e r i l i s e d  by a u t o c l a v i n g  

(15 mins, I S p s i ) .



26

Calf  i n t e s t i n a l  phospha tase  r e a c t i o n  b u f f e r  500mM Tris .HCl (pH7.5),

lOmM M g C la ,

ImM ZnCljE.

The b u f f e r  was s t e r i l i s e d  by a u t o c l a v i n g  

(15 mins, 15ps i ) .

L igase  r e a c t i o n  b u f f e r  XIO 500mM Tr i s .HC l  (pH7.5),

lOOmM MgCla,

100mm DTT,

0.1% BSA.

The b u f f e r  was f i l t e r  s t e r i l i s e d  and 

s t o r e d  in smal l  a l i q u o t s  a t  - 2 0 ' c .

M13 phage b u f f e r  ; -  3g KH^POa,

7g Na^HPOa,

5g NaCl.

The b u f f e r  was made to 11 with  d i s t i l l e d  water  and 

s t e r i l i s e d  by a u t o c l a v i n g  (15 mins, 15ps i ) .

The fo l lo w in g  were made and a u t o c la v e d  s e p a r a t e l y ,

(a) IM MgSO^,

(b) 0 . IM CaCla,

(c) 1% (w/v) G e la t i n .

Irai each of  (a ) ,  (b) and (c) were added to  11 of

phosphate b u f f e r  mix, making s u re  t h a t  a l l  

s o l u t i o n s  were co ld  to p rev en t  p r e c i p i t a t i o n  of 

Ca3 (P04>2 and Mg3 (P04)s;.
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S o l u t i o n s  r e q u i r e d  fo r  dldeoxy sequenc ing  : -  

PEG /NaCl : -  2.5M NaCl,

10% PEG 8000.

The b u f f e r  was s t e r i l i s e d  by a u t o c l a v i n g  

(15 mins, 15ps i ) .

TM b u f f e r  lOOmM Tris .HCl (pH8.5),

50mM MgC1%.

The b u f f e r  was s t e r i l i s e d  by a u t o c l a v i n g  

(15 mins, 1 5 p s i ).

Dideoxy sequenc ing  mixes : -

T C G /

0. 5mM dTTP 6 . 25|il 125pl 125pl 125pl

0. 5inM dCTP 125pl 6 . 25pl 125pl 125pl

0. 5mM dGTP 125pl 125pl 6 . 25pl 125pl

4mM ddTTP 3 1 . 18pl - - -

4mM ddCTP - 5pl - -

4mM ddGTP - - lOpl -

4raM ddATP - - - 0 .75p l

TE b u f f e r ( x l ) 2 3 1 .3pl 247pl 244pl 125pl

The mixes were s t o r e d  in smal 1 a l i q u o t s  a t - 2 0 ' c .

Chase mix : -  0.25mM dNTPs in TE b u f f e r  (XI).

Ribo & D eoxyr ibonuc le ic  ac id  s to ck  s o l u t i o n s  : -  These were d i s s o lv e d  

in water  to  lOmM and the  pH a d j u s t e d  to  7 u s in g  a 0.005M 

s o l u t i o n  of  T r i s  base.  The s to ck  s o l u t i o n s  were f i l t e r  

s t e r i l i s e d  and s t o r e d  in smal l  a l i q u o t s  a t  -20*c.
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40% acry la rn ide s tock  s o l u t i o n  : -  83g Acrylamide,

2g Bis Acrylamide.

The s o l u t i o n  was made to  100ml with  w ate r ,  d e i o n i s e d  u s ing  

Amber l i te  ion exchange r e s i n  and s t o r e d  in the  dark a t  4 ' c .

20% Acrylamide /Urea  ge l  mix ( fo r  o l i g o n u c l e o t i d e  p u r i f i c a t i o n )  : -

lOOg Urea,

20ml XIO TBE,

100ml 40% Acrylamide.

The mix was made to 200ml with  d i s t i l l e d  w ate r  and s t o r e d  in the  

dark a t  4 ' c .

6% Acrylamide /Urea  g r a d i e n t  ge l  mixes (For sequenc ing  g e l s ) : -

0.5X MIX 430g Urea,

50ml XIO TBE,

150ml 40% Acrylamide,

The mix was made to  11 with  water  and s t o r e d  in the  dark a t  4 ' c .

2.5X MIX : -  430g Urea,

250ml XIO TBE,

150ml 40% Acrylamide,

50g Sucrose,

50rag Bromophenol blue .

The mix was made to  11 with  water  and s t o r e d  in the  dark a t  4 ' c .

O l ig o n u c le o t i d e  ge l  load ing  b u f f e r  : -8ml Formamide ( d e io n i s e d ) ,

lOOpl 0.5ml EDTA (pH7),

2mg Bromophenol b lue ,

5mg Xylene cyanol .

The m ix ture  was made to  10ml with  d i s t i l l e d  water .



29

Ml3 sequenc ing  ge l  load ing  b u f f e r  X5 : -  100ml Formamide ( d e io n i s e d ) ,

0 . Ig Bromophenol blue ,

0 . Ig Xylene cyanol 

The mix tu re  was made to  10ml with  d i s t i l l e d  water .

S o l u t i o n s  r e q u i r e d  fo r  S. aureus  t r a n s f o r m a t i o n s  : -

Hypertonic b u f f e r e d  medium (HBM) : -  0.7M Sucrose,

0 . 02M Maleate,

0.02M MgCU.

The b u f f e r  was a d j u s t e d  to  6 .2  with  NaOH and penassay  

b ro th  added ( 4 3 g / l ) .  The sed iment was f i l t e r e d  away and 

the b ro th  s t e r i l i s e d  by a u t o c l a v i n g  (15 mins, 15ps i) .  

Chloramphenicol  s tock  s o l u t i o n  Chloramphenicol  was made to 35mg/ml

in a b s o l u t e  e t h a n o l ,  f i l t e r  

s t e r i l i s e d  and s t o r e d  in small  

a l i q u o t s  a t  - 2 0 ' c .

S o l u t i o n s  r e q u i r e d  f o r  the S. aureus In v i t r o  r e p l i c a t i o n  system ; -  

S. aureus  c e l l  f r e e  e x t r a c t  b u f f e r  : -  25mM HEPES (pH8),

lOOmM KCl,

ImM DTT.

The b u f f e r  was f i l t e r  s t e r i l i s e d  

and s t o r e d  a t  - 2 0 ' c .
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S. aureus in v i t r o  r e p l i c a t i o n  mixes

(a) dNTP mix IM HEPES (pH8) 200pl ,

IM Magnesium a c e t a t e  lOOpl, 

lOmM dATP 12 .5p l ,

lOmM dCTP 12.5 | i l ,

lOmM dGTP 12.5 | i l ,

lOmM dTTP 12 .5p l ,

lOmM NAD 25pl,

lOmM cAMP 300pl.

<b) Energy mix : -  0 , IM dATP 200pl,

0.5M C r e a t i n e  phosphate  300pl,

lOmg/ml C r e a t i n e  k in a s e  lOOpl.

(c) rNTP mix : -  40mM rCTP 30pl ,

40mM rGTP 30pl ,

40mM rUTP 30pl ,

D i s t i l l e d  water  210pl .

100% TCA s o l u t i o n  : -  227ml of d i s t i l l e d  water  was added to  500g TCA.

Topoisomerase I r e a c t i o n  b u f f e r  XIO : -  SOOmM Tris .HCl <pH7.5),

500mM KCl,

100mm MgCla.

5mM DTT,

ImM EDTA,

300pg/ml BSA.

The b u f f e r  was f i l t e r  s t e r i l i s e d  and 

s t o r e d  in small  a l i q u o t s  a t  - 2 0 ' c .
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Novobiocin s tock  s o l u t i o n  : -  Novobiocin was d i s s o l v e d  to  lOmg/ml in

d i s t i l l e d  wate r ,  f i l t e r  s t e r i l i s e d  and 

s t o r e d  in small  a l i q u o t s  in the  dark a t  

- 2 0 ' c .

S o l u t i o n s  r e q u i r e d  f o r  DNase I f o o t p r i n t i n g  ; -

Klenow s t o r a g e  b u f f e r  : -  0 .5  M Tris .HCl (pH7.5),

IM Ammonium s u lp h a t e ,

0 . IM 2 - M e rc a p to e th a n o l ,

lOmg/ml BSA.

The b u f f e r  was f i l t e r  s t e r i l i s e d  and s t o r e d  

in small  a l i q u o t s  a t  - 2 0 ' c .

Klenow r e a c t i o n  b u f f e r  XIO : -  0.5M Tris.HCl <pH7.2).

0 . IM MgSOa,

ImM DTT.

The b u f f e r  was f i l t e r  s t e r i l i s e d  and 

s t o r e d  a t  in small  a l i q u o t s  a t  - 2 0 ' c .

Ta k in a se  r e a c t i o n  b u f f e r  XIO : -  IM Tr is .HCl <pH8.3),

0 . IM MgCla.

The b u f f e r  was s t e r i l i s e d  by 

a u t o c l a v i n g  (15 mins, 15ps i ) .

DXase I s t o r a g e  b u f f e r  : -  lOmM Tris .HCl (pH7.5),

lOmM CaCla,

ImM DTT,

500pg/ml BSA.

The b u f f e r  was f i l t e r  s t e r i l i s e d  and s t o r e d  

in small  a l i q u o t s  a t  - 2 0 ' c .
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DNase I r e a c t i o n  b u f f e r  XIO 400mM Tris .HCl (pH7.5),

60mM MgCla.

The b u f f e r  was s t e r i l i s e d  by 

a u t o c l a v i n g  (15 mins, 1 5 p s i ) .

S o l u t i o n s  r e q u i r e d  fo r  in  v i t r o  m u tagenes is  : -

T e t r a c y c l i n e  s to ck  s o l u t i o n  : -  T e t r a c y c l i n e  was made to  12.5mg/ml in

50% e t h a n o l ,  f i l t e r  s t e r i l i s e d  and 

s t o r e d  in smal l  a l i q u o t s  in th e  dark 

a t  - 2 0 ' c .

DTT s tock  s o l u t i o n  : -  DTT was d i s s o l v e d  to  IM in d i s t i l l e d  water ,

f i l t e r  s t e r i l i s e d  and s t o r e d  in smal l  a l i q u o t s  

a t  - 2 0 ' c .

Mutagenesis  b u f f e r  A XIO : -  0.2M Tr is .HCl (pH7.5),

0. IM MgCla,

0.5M NaCl.

The b u f f e r  was s t e r i l i s e d  by a u t o c l a v i n g  

(15 mins, 15ps i)  and mixed 9:1  with  IM DTT 

b e fo re  use.

Mutagenesis  b u f f e r  B XIO : -  0.2M Tr is .HCl (pH7.5),

0 . IM MgCla.

The b u f f e r  was s t e r i l i s e d  by a u t o c l a v i n g  

(15 mins, 15psi)  and mixed 9:1 with  IM DTT 

be fo re  use.
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REP D in  v i t r o  n i c k i n g  / c l o s i n g  r e a c t i o n  b u f f e r  : -  lOOmM Tris .HCl

(pH8),

0. IM MgCla,

IM KCl, 

lOmM EDTA.

The b u f f e r  was s t e r i l i s e d  by a u t o c l a v i n g  

(15 mins, 15ps i ) .

S o l u t i o n s  r e q u i r e d  f o r  s t u d i e s  on the  REP D /o r iD  i n t e r a c t i o n  u s in g  

s y n t h e t i c  o l i g o n u c l e o t i d e s  : -

REP D o l i g o n u c l e o t i d e  n ic k in g  b u f f e r  : -  40mM Tr is .HCl (pH8),

40mM MgCla.

The b u f f e r  was s t e r i l i s e d  by a u t o c l a v i n g  

(15 mins,  1 5 p s i ).
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2 . 1 .5 :  -  M ic ro b i o lo g ic a l  growth media.

L.B. b ro th  : -  lOg Bacto t ry p to n e ,

5g Bacto y e a s t  e x t r a c t ,  

lOg NaCl.

The b ro th  was made to  11 with  d i s t i l l e d  wate r  and 

s t e r i l i s e d  by a u t o c l a v i n g  (15 mins, 15ps i ) ,

2YT b ro th  16g Bacto t r y p to n e ,

lOg Bacto y e a s t  e x t r a c t ,

5g NaCl.

The b ro th  was made to  11 with  d i s t i l l e d  wate r  and 

s t e r i l i s e d  by a u t o c l a v i n g  (15 rains, 15ps i ) .

M9 minimal medium 6g NagHPOa,

3g KHaPOa,

0 .5g  NaCl,

Ig NHUCl.

The b ro th  was made to 11 with  d i s t i l l e d  water ,  

a d j u s t e d  to  pH7.4 and s t e r i l i s e d  by a u t o c l a v i n g  

(15 mins, IS p s i ) .  The fo l l o w in g  were added : -

(a) 2ml 2M MgSO^,

(b) 10ml 20% Glucose,

(c) 0 . 1ml IM CaCl^.

These were s t e r i l i s e d  s e p a r a t e l y  by f i l t r a t i o n  

(g lucose)  or  a u t o c l a v i n g .  (15 minutes ,  15ps i) .  

Agar media : -  Media were made up as normal and 15g ( fo r  p l a t e s )  or 

7g ( f o r  s o f t  aga r )  of Bacto agar  was added. The media 

were made to 11 with  d i s t i l l e d  wate r  and s t e r i l i s e d  by 

a u t o c l a v i n g  (15 mins, 15psi) .
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DNase t e s t  agar  : -  33g Difco t r y p t o s e  blood agar base,

2g Salmon t e s t e s  DNA,

0.8g  CaCla.

The b ro th  was made to  11 with  d i s t i l l e d  water  and 

s t e r i l i s e d  by a u t o c l a v i n g  <15 mins, I S p s i ) .

DM3 wall  r e g e n e r a t i n g  medium ( fo r  S, aureus  t r a n s f o m a t io n s )  : -

200ml 4% agar  (2% f o r  s o f t  a g a r ) ,

500ml Sodium s u c c i n a t e ,

125ml d i s t i l l e d  water .

The b ro th  was s t e r i l i s e d  by a u t o c l a v i n g  (15 mins, 

15psi)  and the  fo l l o w in g  was a d d ed : -

(a) 25ml 20% Difco y e a s t  e x t r a c t ,

(b) 50ml 10% Difco  casamino a c i d s ,

(c) 50ml 7% KaHPO*,

(d) 25ml 20% Glucose,

(e) 20ml IM MgCl^,

(f> 5ml 2% BSA.

These were made and s t e r i l i i s e d  (by f i l t r a t i o n  or 

au to c la v in g )  s e p a r a t e l y .
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OLIGONUCLEOTIDE SIZE
(bases )

APPLICATION SEQUENCE 
5 ' ----------------------------------------- 3"

DFB - 1 17 repN
sequence

GGGTGAGCGACTTCTTA

DFB — 2 17 TAAGAAGTCGCTCACCC

DFB - 3 17 TATGAGTGTCGAGCCAC

DFB - 4 17 GTGGCTCGACACTCATA

DFB - 5 17 GGAGGAATAATCCTCTG

DFB - 6 17 CGCATGAAGAAATGCTT

DFB - 7 17 AAGC ATTTC TTC ATGC G

DFB - 8 20 GGTGTTCGTGACAGTGATAG

DFB - 9 20 CTATCACTGTCACGAACACC

DFB - 10 20 CATCGTTCCAATAATCAACC

DFB - 11 20 ATCGACTTTAAAAGCGAACG

DFB - 12 20 CGTTCGTTTTAAAGTCGTA

DFB - 13 20 AATGATGAAGAAGAATGGGG

DFB - 14 20 GACCTGATCTAATTTAGACC

DFB - 15 20 GGTC TAAATTAGATC AGGTG

DFB - 16 20 CCCGTACCGACATTTTAATT

DFB - 17 21 or ID
m utagenes is

C TC TAATAGC GGGTTAAGTGG

DFB — 18 21 " TTCTAAAACCCGCTACTCTAA

: DFB - 19 24

i

REP D
s p e c i f  i c i t y  
s t u d i e s .

AACCGGCTACTCTAATAGCCGGTT

• DFB - 20 " AACCGGCTACTCTGATAGCCGGTT
i
i DFB - 21 24 " AACCGGCTACTCTCATAGCCGGTT

DFB - 22 24 AACCGGCTACTCTTATAGCCGGTT

DFB - 23 24
J

" AACCGGCTACTCCAATAGCCGGTT



OLIGONUCLEOTIDE SIZE
(bases)

APPLICATION SEQUENCE 
5 ' ----------------------------------------- 3'

DFB - 24 24 REP D
s p e c i f  i c i t y  
s t u d i e s ,

AACCGGCTACTCAAATAGCCGGTT

DFB - 25 24 " AACCGGCTACTCCAATAGCCGGTT

DFB - 26 24 " ACTGCAGACCTCTAATAGCCGGTT

DFB - 27 24 " AACCGGCTACTCTAAGTCTGCAGT

DFB - 28 24 " AC TGC AGAC C TC TAAGTCTGCAGT
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2 . 3 ;  -  M e t h o d s .

2.3.1; -  Storage of  ba c t e r ia l  s t r a i n s .

For sho r t  term s to rage ,  s t r a i n s  were s treaked  out  on agar p la tes ,  

with appropr ia te  s e lec t ion  if necessary,  grown up overnight  and s to red  a t  4 'c  

wrapped in parafi lm. Single colonies were picked for  growth and p la te s  were r e 

s treaked  every few weeks,

For long terra s to rage ,  s t r a i n s  were s to red  in liquid medium 

containing 15% glycerol  a t  -70 'c .  A few c e l l s  were scraped from the sur face  of 

the glycero l  s tock,  grown overnight  in l iquid medium and s tr eaked  on agar p la te s  

to give s ingle  colonies before use.

2.3,2; -  Preparat ion of  plasmid DNA.

Isolat ion of plasmid DNA from E, co li  (Birnboim & Doly. 1979).

Cultures were grown overnight  with shaking a t  the appropr ia te  

temperature.  Cells  were harves ted  by cen t r i fuga t ion  <8,000rpm, 10 minutes) and 

resuspended in cold lys is  buf fer .  Cells  were lysed by incubation with lysozyme 

(Img/ml) on ice for  5 minutes,  followed by trea tment with 2 volumes of alkal ine 

SDS and 0,5 volumes of potassium ac e ta t e  (pH 4.8) on ice. Cell lysa tes  were 

cleared by cen t r i fuga t ion  (15,000rpm, 10 minutes) and the supernatant  f i l t e r e d
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through g la ss  wool. DNA was p rec ip i ta ted  from the superna tan t  with isopropanol 

and pe l le ted  by cen t r i fuga t ion  (19,000rpm, 30 minutes).  The DNA p e l l e t  was 

r insed  with cold 70% ethanol ,  dr ied  under vacuum and resuspended in TE buffe r  

(XI).

Iso lat ion  of plasmid DNA from S. aureus.

Plasmid DNA was iso la ted from S. aureus  e s s e n t i a l l y  via the method of 

Birnboim & Doly, exept  tha t ,  before lysis ,  c e l l s  were washed with cold lOmM EDTA 

and resuspended in the same. The c e l l s  were then t r e a te d  with 2 volumes of  cold 

1:1 acetone /e thanol  on ice. Cells  were pe l le ted  by cen t r i fuga t ion  (8,000rpm, 10 

minutes), resuspended in lysis  buf fe r  and incubated with lysostaphin (50mg/ml) 

a t  37 'c  for  30 minutes.  The c e l l s  were then lysed, a s  before,  by trea tment with 

alkal ine SDS and potassium a c e ta te  (pH 4.8) on ice. Cell ly sa te s  were cleared  by 

cen t r i fuga t ion  (15,000rpm, 10 minutes) and DNA was p r e c ip i ta ted  from the

supernatant  with isopropanol. The DNA was pe l le ted  by cen t r i fuga t ion  (19,000rpm, 

30 minutes), r in sed  with cold 70% ethanol ,  dried under vacuum and resuspended in 

TE buffer  (XI).

Small sca le  plasmid iso la t ion  from E. co li  (Plasmid minipreps).

Cultures (5ml) were grown overnight  a t  the appropr ia te  temperature 

and 1.5ml were t r an s fe r red  to an Eppendorf tube. Cells  were pe l le ted  by 

cen t r ifugat ion ,  resuspended in lOOpl of lys is  b u f fe r  containing lysozyme 

(4mg/ml) and incubated on ice for 5 minutes.  Cells were lysed by trea tment with 

alkal ine SDS and potassium a c e ta te  (pH 4.8) and ce l l  ly sa tes  were cleared  by
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cen t r i fuga t ion .  The superna tan t  was e x t ra c ted  with phenol and the DNA 

p rec ip i ta ted  with ethanol  (see sect ion 2.3.3.). The DNA was pe l le ted  by 

cen t r i fuga t ion ,  r in sed  with cold 70% ethanol ,  dr ied  under vacuum and resuspended 

in TE buffer  (XI) containing RNase (50pg/ml).

I sola t ion  of supercoiled plasmid DNA by CsCl /Ethidium bromide dens i tv  grad ient  

cen t r i fuga t ion .

Plasmid DNA iso la ted  from E. co l i  or S. aureus  was t r ea ted  with 

preboiled RNase, then s e l f - d ig e s t e d  pronase (both a t  50pg/ml) for  1 hour a t  37'c 

to remove RNA and pro te in  ( th i s  was p a r t i c u la r ly  important for  mater ia l  

prepared from S. aureus, as  th i s  tends to have a very high RNA and prote in  

content) .  The DNA was then p r e c ip i ta ted  with ethanol ,  pe l le ted  by cen t r i fuga t ion ,  

washed with cold 70% ethanol and resuspended in TE buf fe r  (XI). To each ml of 

DNA solu t ion ,  Ig of so l id  CsCl and ÔOpl of lOrag/ml ethidium bromide were added 

and the r e f r a c t i v e  index of the so lu t ion  was ad justed  to 1.3860 (Maniatis e t  al, 

1982). The so lu t ion  was cen t r ifuged  a t  4 8 ,000rpm for 18 hours in a Beckman 

v e r t i c a l  ro to r  (VT150 or VTi65) with the brake of f .  Supercoiled plasmid DNA 

(lower band) was separated  from relaxed plasmid DNA and chromosomal DNA (upper 

band). The bands were v isua l i sed  under UV l igh t  and the lower band was drawn 

out  of the tube using a needle and syringe .  Ethidium bromide was removed by 

ex t rac t ion  with isopropanol s a tu r a t e d  with CsCl (2 volumes) 2-3 times.  CsCl was 

removed by d ia ly s i s  aga ins t  TE buf fe r  (XI), followed by ethanol  p rec ip i ta t ion  of 

the DNA. It was usually necessary  to car ry  out  two CsCl /Ethidium bromide 

densi ty  g rad ie n t  spins  in order to obta in mostly the supercoi led form of the 

DNA.
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2.3.3: -  DNA manipulat ions.

The removal of pro te in  from DNA samples by phenol ex t rac t ion .

The DNA samples were vortexed with an equal volume of Phenol /  

Chloroform /Isoamyl alcohol to give an emulsion. Organic and aqueous layers were 

separa ted  by cen t r i fuga t ion  in a microfuge for  10 minutes and the upper, 

aqueous layer was t r a n s fe r re d  to another tube using a p ipe t te ,  with care taken 

not  to d i s tu rb  the denatured prote in  a t  the in te r face .  The organic layer and the 

denatured pro te in  were discarded.  An equal volume of 24:1 chloroform /isoamyl 

alcohol was added to the aqueous phase and the above repea ted .  The DNA was 

then recovered by ethanol  p rec ip i ta t ion .

Ethanol p rec ip i ta t ion  of DNA.

DNA was p rec ip i ta ted  from aqueous so lu t ion  by addit ion of 1/10

volumes of 3M Sodium ace ta t e  and 2.5 volumes of  ethanol ,  followed by cooling (-

70 ’c for  30 minutes).  DNA was pe l le ted  by cen t r i fu g a t io n  (19,000 rpm, 30

minutes,  4 'c)  and the p e l l e t  was washed with cold 70% ethanol ,  dried under

vacuum and resuspended in TE buffer  (IX).
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Determination of DNA concent ra t ion In aqueous solut ion .

The concent ra t ion of DNA in aqueous so lu t ion  was determined by 

measuring the absorbance a t  260nm.

1 A26.0 un it  = 50pg of  double-s tranded DNA.

For s ing le - s t randed  DNA

1 A^eo un it  = 31}ig of  s ing le - s t r anded  DNA.

For smal ler  amounts of DNA, which could not  be measured by 

absorbance determination,  the concent ra t ion was es t imated  by v i s u a l i s a t i o n  of a 

small sample on an agarose ge l  and comparison with known amounts of  s tandard 

DNA.

Agarose gel e lec t rophores is  of DNA.

Agarose was added to TBE or TAE e lec t rophores i s  buf fe r  (XI) to a 

concentrat ion of 0.8-1% and heated gent ly  u n t i l  boil ing  to d is so lve  the agarose.  

The so lu t ion  was allowed to cool for a sho r t  while and ethidium bromide was 

added to O.lpg/ml ( if  required).  The ge l  was poured onto a p la te  with the comb 

in pos i t ion and allowed to s e t .  The comb was removed and the ge l  was placed 

into an e lec t rophores is  tank containing e lec t ropho res i s  bu f fe r  (XI) with, if 

required,  ethidium bromide (O.lpg/ml). Agarose gel  loading bu f fe r  (X6, 1/6

volume) was added to the DNA samples, which were then applied to the wells.  The 

gel was run a t  lOOV u n t i l  the bromophenol blue dye was approximately 2/3 of
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the way along the gel .  If necessary ,  the ge l  was s ta ined  for  30 minutes in 

O.lfig/ml ethidium bromide and the DNA bands were v isua l i sed  under UV light .

S i lanis ing of glassware for  DNA work.

All glassware for  use with DNA, g la ss  p la t e s  for acrylamide gel  

e l ec t ro p h re s i s  and g la ss  wool were cleaned thorougly and s l l a n i s e d  by treatment 

with dimethyl dichloro s i  lane so lu t ion  <2% in CC L  ). This was al lowed to dry on 

the g la ss  (68'c) and any excess,  along with HCl produced by the s i lan i s ing  

reac t ion ,  was r insed  o f f  with d i s t i l l e d  water  , then ethanol .  The glassware  and 

g la ss  wool was then allowed to dry and s t e r i l i s e d  by autoclaving (15 minutes , 

15psi) before use.

Restr ict ion  d iges t ion  of  DNA.

DNA (typical ly  0.01 -  Ipg) was incubated with up to 5 u n i t s  of the 

appropr ia te  r e s t r i c t i o n  endonuclease in a t o t a l  volume of lOpl of the 

appropr ia te  r eac t  buffer .  (React 1 buf fer  was used for Accl. Alul and Hpall. 

React 2 buffe r  was used for  BstEII. Hind III, Hinf I and TaqI and React 3 buffer  

was used for  BamHI. BgTII and EcoRI). The samples were incubated for  4-12 hours 

a t  the appropr ia te  temperature.
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Isolat ion  of DNA Fragments from agarose  ge ls  by the "f reeze-squeeze" method 

(Tautz & Renz. 1983).

The required  DNA fragment was excised from an agarose gel  and the 

ge l  s l i c e  was equ i l ib ra ted  with 0.3M Sodium a c e ta t e  (pH7) /ImM EDTA in the dark 

for  30 minutes. The bottom of a small Eppendorf tube was pierced and plugged 

with s i lan ised  g la ss  wool. The ge l  s l i c e  was placed inside and the tube was 

immersed in liquid n i t rogen to freeze the gel .  The tube was then inserted  into a 

large, capless  Eppendorf tube and cen t r ifuged  for  10 minutes in a microfuge. DNA 

was p rec ip i ta ted  from the so lu t ion  co l lected  in the large tube with ethanol  and 

the DNA p e l l e t  was washed with cold 70% ethanol ,  dried under vacuum and 

resuspended in TE buf fe r  (XI).

Isolat ion  of  DNA fragments from agarose gel s  by e lec t roe lu t ion .

The requi red  DNA fragment was excised from an agarose  gel  and the 

gel  s l i c e  placed into a well of an e l e c t ro e lu t io n  tank. The tank was f i l l ed  with 

e l ec t roe lu t ion  tank buf fer  (XI) u n t i l  the wells and V-shaped channels were j u s t  

fu l l .  High s a l t  buf fe r  (lOOpl) was placed in the bottom of the V-shaped channel 

and the tank connected to a power pack run a t  150V for 45 minutes. The tank 

was disconnected from the power pack and the DNA (300pl) was collec ted  from the 

bottom of the V-shaped channel using a drawn-out cap i l la ry  tube. The DNA was 

recovered from the high s a l t  buffer  by passage through a G-25 spun column 

followed by ethanol p rec ip i ta t ion .
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P ur i f ica t ion  of DNA samples using Sephadex spun columns.

A s t e r i l e  1ml p la s t i c  syringe was plugged with s i l an i sed  g la ss  wool 

and placed inside a s t e r i l e  t e s t  tube. S t e r i l e  Sephadex G-25 or G-50 res in  in TE 

buffer  (1ml) was added to the syringe  and the tube was spun in a bench 

cen t r i fuge  u n t i l  the speed reached 3,000rpm and the cen t r i fuge  was then 

switched of f .  More Sephadex was applied to the syringe and the tube cen tr ifuged  

again,  as  before,  u n t i l  the syringe was almost  fu l l .  S t e r i l e  water or TE buffer  

(XI) (lOOpl) was applied to the column and the tube cent r ifuged ,  as before,  to 

r in se  the column. This was repeated  2-3 t imes.  The syringe was then placed into 

a new s t e r i l e  t e s t  tube, and the DNA so lu t ion  (lOOpl) was applied to the top of 

the column. The tube was cen tr ifuged ,  as before,  and the desa l ted  DNA solut ion 

was co llected  from the t e s t  tube with a p ipe t te .  The so lu t ion  was then 

cen t r ifuged  to remove any tr aces  of Sephadex.

2.3.4; -  DNA cloning and sequencing.

Preparat ion of  vector  DNA (Ml3).

Vector DNA (2pg) was cu t  with the appropr ia te  r e s t r i c t i o n  

endonuclease (1 un it )  in a t o t a l  volume of 20pl. 5'  phosphate groups were 

removed from the cu t  vector  to prevent  i t ' s  r e - c i r c u l a r i s a t i o n  by trea tment with 

cal f  i n t e s t in a l  phosphatase (CIP). The cut  vec tor  was made to a volume of 45pl 

with s t e r i l e  water .  Phosphatase buf fer  (XIO, 5pl)  and CIP (0.01 un i t s  per  pmol 5* 

ends) were added and the so lu t ion incubated a t  3 7 *c for  30 minutes. A fu ther  

a l iquot  of CIP was added, followed by fu r th e r  incubation a t  37 'c  for  30 minutes.
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The vector  DNA was then phenol ex t rac ted  twice, ethanol  p rec ip i ta ted  and 

resuspended in TE buffer  (XI).

Preparat ion  of  in s e r t  DNA.

DNA (Ipg) was cut  with the appropr ia te  r e s t r i c t i o n  endonuclease and, 

i f  necessary ,  the required  DNA fragment was i so la ted  from an agarose gel ,  

passed through a Sephadex G-25 spun column, phenol ex t rac ted ,  ethanol 

p rec ip i ta ted  and resuspended in TE buf fe r  (XI).

Ligation reac t ions .

Approximately lOng of vector  DNA were used per l iga t ion  reac t ion  and 

between 10:1 and 50:1 molar r a t i o s  of in s e r t  to vector .  Llgase buffer  (XIO, Ipl),  

ATP (O.IM, Ipl)  and T^ DNA ligase (200 un i t s )  were added. The l iga t ion  mixtures 

were made to a t o t a l  volume of lOpl with s t e r i l e  water  and incubated a t  15*c 

overn ight.

Transformation of E. co li  JMlOl with M13.

Overnight E. co li  JMlOl c u l tu re s  (0.1ml) were used to innoculate 

lOmls of  2YT broth.  This was incubated a t  37 'c  with shaking u n t i l  growth was a t  

mid-exponential  phase (ODeoo approximately 0.77). Cells were harvested  by 

cen t r i fuga t ion  and resupended in cold 50mM CaCl^ (5ml). Cells were incubated on 

ice for 30 minutes and then pe l le ted  by cen t r i fuga t ion .  Cells were resuspended
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in 1ml of 50mM CaCl^. These competent ce l l s  were divided into 200pl al iquots .  

Each a l iquo t  was incubated on ice for  30 minutes with 5pls  of l igat ion mix. The 

ce l l s  were hea t  shocked a t  42 'c for  2 minutes and then put  on ice. Transformed 

c e l l s  were added to 3mls of molten 2YT top agar (42'c) with 40pl of lOOmM IPTG 

and 40pl of 24% X-gal (in Dimethyl formamide) and poured onto dried 2YT agar 

p la tes .  The p la te s  were allowed to se t ,  inverted and incubated a t  37 'c overnight.

Picking of M13 plaques.

M13 grow to form plaques within a lawn of E. co li  a f t e r  

t ransformation.  Wild type M13 give r i s e  to blue plaques due to breakdown of the 

added X-gal by the M13 encoded 3 ga lac tos idase  to produce a blue dye. M13 

containing in s e r t s  give r i s e  to white plaques due to inac t iva t ion  of the Ml3 

lacZ gene by the inser t ion.

White plaques were picked by plunging a s t e r i l e  toothpick into the 

plaque and t r an s fe r r in g  the phage into 1ml of s t e r i l e  M13 phage buffer .  In th i s  

way, phage could be s to red  a t  4 'c  for severa l  months.

Preparat ion of  phage M13 s ing le - s t randed  DNA.

Overnight E. co li  JMlOl cu l tu re s  (1.5pl) were used to innoculate 

1.5mls of 2YT broth.  Phage stock (0.1ml) was added and c e l l s  were grown 

overnight  with shaking a t  37 'c.  Cultures were t r an s fe r red  to Eppendorf tubes 

and the ce l l s  were pe l le ted  by cen t r i fuga t ion .  The supernatant  (1ml) was 

collec ted using a p ipe t te ,  avoiding d is turbance  of the ce l l  pe l le t .  Phage was
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p re c ip i t a t e d  by adding 1/3 volumes of s t e r i l e  2.5M NaCl /10% PEG 8000 and 

pel letted by cen t r i fu g a t io n  in a microfuge for 10 minutes. The superna tan t  was 

removed using a drawn out  Pasteur p ipe t te .  The p e l l e t  was resuspended in 

s t e r i l e  water  and an equal volume of Phenol /Chloroform /Isoamyl alcohol  was 

added. The mixture was vortexed to give an emulsion and incubated a t  room 

tempera ture for  15 minutes.  The mixture was vortexed again , cen t r i fuged  for  5 

minutes and 3/4 of the superna tant  was co l lected  with care taken not  to d i s tu rb  

the denatured prote in  a t  the in ter face .  The superna tan t  was then ex t ra c ted  

again with 24:1 Chloroform /Isoamyl alcohol to remove t races  of phenol and the 

DNA was p rec ip i ta ted  with ethanol.  The DNA was pe l le ted  by cenr i fuga t ion  and the 

DNA p e l l e t  was r insed  with cold 70% ethanol ,  dr ied under vacuum and resuspended 

in 25|fil of s t e r i l e  water .

Polyacrylamide gel  pu r i f i ca t ion  of ol igonucleot ides.

Oligonucleotides,  syn thes ised  manually using phospho t r ie s te r  chemistry 

with paper d iscs  as a suppor t  (Brenner & Shaw, 1985), or by automated syn thes is  

using an Applied Biosystems 380B DNA syn thes ise r ,  were ethanol  p re c ip i t a t e d  and 

the concentra t ion determined by measurement of the absorbance of  the so lu t ion  

a t  260nm. The o l igonuc leot ides  (2-4pg) in a volume of 2 -4pl  were taken and 2pl 

of  ol igonucleotide gel  loading buf fer  was added.

20% Aery lam Ide /50% Urea gel  mix was put  into a s ide arm f la sk  and a 

1/150^*' volume of 10% Ammonium persu lphate  was added. The so lu t ion  was 

degassed under vacuum and a 1/1500^^ volume of TEMED was added. The mixture 

was swirled and quickly poured between s i l an i sed  g la ss  p la t e s  which had been 

taped together with 0.4mm spacers ,  with care  being taken not  to introduce a i r
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bubbles into the gel .  A sharks- too th  comb was inser ted  and the gel  was clamped 

and allowed to s e t .  The tape was then removed from the bottom of the gel ,  the

comb inverted and the ge l  clamped to a v e r t i c a l  ge l  tank containing TBE

e lec t rophores is  buffer  (XI). The ol igonucleotide  samples containing dye were 

boiled for  1 minute and loaded into the wells.  The gel  was run a t  1400V, 30mA

and 30W for 2-3 hours.  The p la te s  were pr ised  ap a r t  and the gel  covered with

cl ing film on both s ides .  The ol igonuc leotides  were v isua l i sed  by UV shadowing 

onto a s i l i c a  TLC p la te  and the i r  pos i t ions  marked.

The ol igonuc leot ides  were cut  from the gel  and e lu ted  into lOOpl of 

s t e r i l e  water  overnight .  The ol igonuc leotides  were desa l t ed  by passage through a 

Sephadex G-25 spun column and the concentrat ion was determined by measuring 

the absorbance a t  260nm.

Priming of M13 s ing le - s t randed  templates.

The following were mixed in a 1.5ml Eppendorf tube :-

Primer o l igonucleot ide  (5ng/ral) Ipl

TM buffer  Ipl

Template DNA (O.lpg/ml) 5pl

S te r i l e  water  3pl

The above mixture was heated in a boil ing water  bath for 5 minutes.

The water  bath was then switched of f  and the priming mixture allowed to cool in

the water  bath for  10 minutes. The tube was removed from the water  bath and

allowed to cool a t  room temperature for a fu r th e r  10 minutes. Any condensate on
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the side  of the tube was spun to the bottom by c en t r i fu g a t io n  for  a few 

seconds.

Dideoxy sequencing reac t ions .

For each primed template,  four capless Eppendorf tubes were labelled 

A,C,G and T respec t ive ly .  The following was added to each tube

TUBE A C G T

PRIMED TEMPLATE 2pl 2pl 2pl 2pl

A MIX 2pl -

C MIX 2pl

G MIX -  -  2|il -

T MIX -  2)il

KLENOW/asSdATP 2pl 2pl 2pl 2pl

(Klenow/C'^^SI dATP co n s i s t s  of 1:1:10 Klenow fragment (4unit s/p l) ,  aC=̂ ®S] dATP 

(400ci/mM, lOmCi/ral) and s t e r i l e  water).

The r eac t ions  were incubated a t  room temperature for  20 minutes. 

Chase mix <2pl) was added and the r eac t ions  incubated for  a f u r th e r  30 minutes 

a t  room temperature.  The r eac t ions  were then s to red  a t  - 2 0 *c u n t i l  use.

Acrvlamide /Urea g rad ien t  ge ls  for  DNA sequencing.(Biggin e t  ah  1963).

2.5X TBE /Aery lam ide /Urea mix (15ml) and 0.5X TBE /Aery lam ide /Urea

mix (60ml) were put  into sepa ra te  s ide arm f lasks .  10% Ammonium persu lpha te  (90

and 360pl re spect ive ly )  was added and the so lu t ions  degassed under vacuum.
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TEMED (5 and 15|il r espec t ive ly )  was added, the f la sks  swirled and, using a 20ml 

graduated p ipe t te ,  8ml of 0.5X mix, followed by 12ml of 2.5X mix were taken up. 

Approximately four a i r  bubbles were introduced into the p ip e t te  to mix the 

so lu t ions ,  which were then care fu l ly  poured between two s i lan i sed  g la ss  p la te s

(30cm X 40cm) which had been taped toge ther  with 0.4ram spacers.  The remaining

0.5X mix was then care fu l ly  poured between the p la te s  to give a grad ien t ,  with 

care being taken not  to introduce a i r  bubbles into the gel .

Sharks-tooth combs were inser ted  and the gel  was clamped and allowed 

to se t .  The tape was then removed from the bottom of the ge l  and the combs

inverted.  The gel  was clamped to a v e r t i c a l  e l ec t rophores is  tank containing XI

TBE buffer  in the bottom tank and X% TBE buffe r  in the top tank. The gel  was 

pre-run  a t  1600V, 30mA and 45W for 30 minutes before loading.

Immediately before loading, M13 sequencing gel  loading buf fer  (2pl) 

was added to the sequencing samples, which were then boiled for 3 minutes and 

loaded d i rec t ly  onto the gel .  The ge l  was run for approximately 2 hours,  u n t i l  

the Bromophenol blue dye was Jus t  running of f  the end of the gel .  The p la te s  

were prised apa r t  and the ge l  f ixed in 10% Methanol /10% Acetic acid for  20 

minutes, b lo t ted  onto Whatman 3MM paper, dr ied  on a Bio-rad gel  d r ie r  a t  8 0 *c 

and exposed to Fuji RX X-ray film overnight .
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2.3.5: -  S. aureus in v i t ro  rep l ica t ion  system.

Test  for nuclease de f ic ien t  S, aureus.

S. aureus  s t r a i n  RN1786 was t e s t e d  for nuclease def ic iency by 

s tr eak ing  onto DNase t e s t  agar and incubation a t  37 'c  overnight .  The t e s t  agar 

conta ins CaCl^ and DNA and if flooded with IM HCl, the DNA p r e c i p i t a t e s  and the 

agar becomes cloudy. When "wild type" S, aureus  was grown on the t e s t  agar, 

there  was a c lear  region around the bac te r ia  on flooding with IM HCl due to 

degradation of the DNA by Staphylococcal nucleases .  S tr a in  RN1786, which is 

nuclease def ic ien t ,  showed no such clear  region on the pla te .

Transformation of S. aureus  by the p ro top las t  method (Lindberg. 1981).

S.aureus  t r ansformation was ca r r ied  out  by the p ro top las t  method of 

Lindberg (1981), S.aureus  RN1786 was grown overn ight  with shaking a t  37 ’c in 

2YT broth (50ml). Cells were harves ted  by cen t r i fuga t ion  and resuspended in 

hypertonic buf fered  medium (HBM) (10ml). Lysostaphin was added to 20pg/ml and 

the ce l l s  were incubated a t  37 'c  for  3 hours with gen t le  shaking. The c e l l s  were 

cen t r i fuged  a t  6,000rpm for 15 minutes to remove ce l l  debris .  The superna tan t  

was then cen t r ifuged  a t  19,000rpm for 15 minutes to p e l l e t  the protop las  ted 

ce l ls .  The p ro to p la s t s  were resuspended in HBM (1.6ml) and divided into 0.2ml 

a l iquo ts .  DNA (lOng in TE buffer )  was added to the a l iquo ts  for  t ransformation 

with gen t le  shaking. 40% PEG 6000 (1.8ml) was added, followed by more HBM

(10ml) a f t e r  2 minutes.  The p ro top la s t s  were pe l le ted  by cen t r i fu g a t io n  a t  

19,000rpm for 30 minutes and resuspended in HBM (1ml). Dilut ions were p la ted
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out on DM3 wall r egenera t ing  medium agar p la te s  and incubated a t  37 ’c for  3 

hours.  Select ive top agar (3ml) was then poured over the p la te  and allowed to 

s e t .  The p la te s  were inverted and incubated overnight  a t  3 7 ’c. For 

t ransformation with pC221, top agar containing chloramphenicol a t  30pg/ml was 

used. Chloramphenicol r e s i s t a n t  colonies were picked and s t reaked  out  on 

n u t r i e n t  (2YT) agar p la te s ,  containing chloramphenicol a t  lOpg/ml, to give s ing le  

colonies.

Preparat ion  of S. aureus  ce l l  f ree  ex t ra c t s .

Ext rac ts  were prepared from a s t r a i n  of S. aureus  d e f ic ien t  in 

nuclease (RN1786). 2YT broth (11 in two 2.51 f lasks)  was inoculated with Irai of 

an overnight  cu l tu re  of S. aureus  RN1786. The c u l tu r e s  were grown a t  37 ’c, with 

gen t le  shaking, u n t i l  mid-exponential  phase was reached.  The ce l l s  were 

harves ted by cen t r i fuga t ion  and washed with cold buf fe r  A (25mM HEPES (pH8) 

/lOOmMKCl /ImMDTT).

The ce l l s  were weighed and resuspended in an equal volume of bu f fe r  

A. The ce l l s  were quickly frozen in liquid n i t rogen  and thawed. Lysostaphin was 

added to 200pg/ml and the ce l l s  were incubated on ice for  1-2 hours. The c e l l s

were then quickly frozen again in liquid n i t rogen  and thawed to lyse. The

lysates  were cleared  by cen t r i fuga t ion  (45,000rpm, 1 hour, 4 ’c) and the

supernatant  decanted.  Ammonium su lphate was added to the superna tan t  to 70% 

sa tu ra t io n  (0.472g/ml) and the so lu t ion  was cooled on ice for 30 minutes with 

s t i r r i n g .  The ammonium su lphate p re c ip i t a t e  was pe l le ted  by cen t r i fu g a t io n
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(19,000rpm, 30 minutes, 4 'c )  and the p e l l e t  washed with s a tu ra t e d  ammonium 

sulphate.

The p e l l e t  from 5g o r ig ina l  ce l l  weight was resuspended in 1ml of  

buf fe r  A (+ 10% ethylene glycol)  the e x t r a c t  was dialysed aga in s t  500ml of  the 

same for  1^ hours (with two changes of buffer) .  Small a l iquo ts  were quickly 

frozen in liquid n i t rogen  and s to red  a t  - 7 0 'c.

In v i tro  r ep l ica t ion  of  pC221 and r e l a t e d  plasmids using S. aureus  c e l l  f ree  

ex t ra c t s .

The S. aureus  c e l l  f r ee  e x t r a c t s  were assayed by the i r  a b i l i t y  to 

incorporate rad ioac t ive ly  labelled deoxyr ibonuceo t ide tr iphospha tes  into acid 

p rec ip i tab le  mater ia l  in the presence of  added plasmid DNA and pur i f i ed  REP D 

protein.  Typical assay mixtures contained the following

S. aureus  c e l l  f ree  e x t r a c t  5pl 

Plasmid DNA 0.5 pg

REP D pro te in  10-50ng

Replicat ion cockta i l  5pl

PEG 4000 (25% w/v) 2.5pl

Replicat ion cocktai l  (per 5pl)

dNTP mix 1.75pl

energy mix 1.5pl

rNTP mix 0.75pl

[Me-3H] dTTP l.Opl (IpCi)
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The mixture was made to a t o t a l  volume of 25pl with buf fe r  A and 

incubated for , typical ly ,  1 hour a t  30*c. The reac t ion  was stopped by addit ion of 

1ml of cold 10% Trich loroace tic  acid so lu t ion  (TCA) and the mixtures were cooled 

on ice for 20 minutes.  Acid p rec ip i tab le  mate r ia l  was collec ted  on Whatman GF/C 

f i l t e r s ,  which were then r insed with cold 10% TCA, followed by ethanol ,  dr ied 

and placed into 4m 1 of a toluene based s c i n t i l l a t i o n  f lu id  (Fisons o p t i s c in t  T) 

in a p l a s t i c  s c i n t i l l a t i o n  vial .  Acid p rec ip i tab le  r ad io a c t iv i ty  was determined by 

liquid s c i n t i l l a t i o n  counting.

Res tr ic t ion  digest ion ,  gel  e lec t rophores is  and autoradiography of plasmid DNA

labelled with aC^^P] dATP using the in v i tro  r ep l i ca t ion  system.

Assays were carr i ed  out  as  normal, exept  tha t  the added label was 

IpCi of ot[®̂ P] dATP instead of CMe-®H] dTTP. Af ter  incubation a t  3 0 *c for  1

hour, the reac t ion  was stopped by phenol ex t rac t ion  and ethanol  p rec ip i ta t ion .  

The p e l l e t  was resuspended in 16pl of  TE buf fe r  and X5 agarose ge l  loading

buffer  (4pl) was added. The samples were run on a 0.8% agarose  gel ,  which was 

then s ta ined  in O.lpg/ml ethidium bromide, dried between two shee ts  of  Whatman

3MM paper for  2 hours a t  37 'c  and wrapped in c l ing-f i lm. The bands were

visua l ised  under UV light  and the pos i t ions  of the bands marked. The ge l  was

then exposed to Fuji RX X-ray film overnight .

If necessary ,  the labelled DNA was d iges ted  with 1 unit  of the

appropr ia te  r e s t r i c t i o n  endonuclease for  4-12 hours before  agarose gel  

e lec trophores i s .
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Relaxation of supercolled plasmid DNA using DNA topolsomerase I.

Supercoiled plasmid DNA (5pg) was t r ea ted  with 10 unit s  of ca l f  

thymus DNA topolsomerase I in a t o t a l  volume of 50pl of DNA topolsomerase 

reac t ion  buffer  for  2-4 hours a t  37'c.  A small sample of  the DNA was subjected 

to agarose ge l  e lec t rophores is  to check tha t  the re laxa t ion  of the DNA had gone 

to completion. The relaxed plasmid DNA was phenol ex t rac ted ,  ethanol 

p rec ip i ta ted  and resuspended in TE buffer .

2.4.6; -  DNase I foo tpr in t ing  of the pC221 or ig in  (orID) with REP D protein,

I solat ion  of a 976bp r e s t r i c t i o n  fragment of pC221 containing the or ig in  

sequence

pC221 DNA (approximately 200pg) was d iges ted  with HinfI (20 un i t s )  a t  

37 ’c overnight .  The digested  DNA was run on a 0.8% agarose ge l  and the la rges t ,  

976bp fragment, which contains or ID. was excised from the gel .  The r e s t r i c t i o n  

fragment was i so la ted  from the ge l  s l i c e  by e lec t roe lu t ion ,  followed by ethanol 

p rec ip i ta t ion  and then resuspended in s t e r i l e  d i s t i l l e d  water .

Removal of  5' phosphate groups from the 976bp fragment.

The 976bp HinfI  fragment (approximately 20pg) was dissolved in 45pl 

of s t e r i l e  water . Calf i n t e s t in a l  phosphatase (200 un i t s )  and XIO phosphatase 

buffer  (5pl) were added and the mixture incubated for 30 minutes a t  37 ’c. A
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fu r th e r  a l iquo t  of phosphatase was added, followed by fu r th e r  incubation for  30 

minutes a t  37 ’c. The mixture was then phenol ex t rac ted  and the DNA ethanol 

prec ip i ta ted .

5'  end- labe ll ing  of the 976bp fragment.

The 976bp HinfI fragment (approximately 20pg), which had been 

previously t rea ted  with phosphatase,  was d issolved in 15pl of s t e r i l e  water.  

Kinase buf fer  (XIO, 2.5pl),  ^ C^zp] ATP (7.5ul, 75pCi) and T^ kinase (10-20 unit s)  

were added and the mixture incubated a t  3 7 ’c for  30 minutes.

3* end- labell ing  of the 976bp fragment.

The 976bp Hinf I fragment (approximately 20pg) was dissolved in 14.5)il 

of s t e r i l e  water .  Nick t r a n s l a t io n  buffe r  (XIO, 2.5|il), dNTPs (dCTP, dOTP and 

dTTP) (ImM, 3pl),  a[®^P3 dATP (5pl, 50pCi) and Klenow (1 unit )  were added and the 

mixture was incubated a t  room temperature for  30 minutes.

Pur if ica t ion  and r e s t r i c t i o n  d iges t ion  of the end- labell ed  976bp fragment.

End-labelled (5' or 3') DNA was made to a volume of lOOpl with 

s t e r i l e  TE buffe r  and unincorporated rad ioac t ive  deoxyr ibonucleo t  ides were 

removed by passage through a Sephadex G-50 spun column. The DNA was subjected 

to phenol ex t rac t ion ,  ethanol  p rec ip i ta t ion  and resuspended in lôpl  of s t e r i l e  

water.  The DNA was d iges ted  with A lu I (20 un i t s )  a t  3 7 ’c overnight .  The digested
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DNA was run on a 0,8% agarose  gel  and the end- labelled 186bp fragment,  

containing or ID. was cu t  from the gel .  The DNA was i so la ted  from the ge l  s l i c e  

by e lec t ro e lu t io n ,  ethano l  p rec ip i ta ted  and resuspended in 10-20pl  of d i s t i l l e d  

water.  The amount of labelled DNA present  was es t imated  by liquid s c i n t i l l a t i o n  

counting of a small sample in comparison with a known s tandard  amount of  the 

rad ioac tive  label counted in the same manner.

DNase I foo tp r in t ing  reac t ions  with the end- labe l led  186bp fragment and REP D.

The end- labell ed  (5* or 3') 186bp r e s t r i c t i o n  fragment (approximately 

lOng) was p a r t i a l l y  d igested  by DNasel. DNase I r eac t ion  buffer  (XIO, Ipl)  and 

DNase I (4ng) were added to the DNA and the volume made to lOpl with s t e r i l e  

water .  The mixture was incubated for 5 minutes a t  room temperature and the 

reac t ion  stopped by addit ion of 2pl of M13 sequencing ge l  loading buffer  

followed by boil ing  for  5 minutes to denature the sample.

In order to carry ou t  DNase I foo tp r in t ing  r eac t ions  in the presence 

of REP D, the DNA was pre incubated with a 100:1 r a t i o  of REP D to DNA on ice 

for  15 minutes,  then a t  room temperature fo r  15 minutes before d iges t ion  with 

DNase I.

All samples were loaded onto a 6% Aery lamide /Urea g rad ien t  gel  

alongside dideoxy sequencing tracks,  using known templates and primers,  as  s ize  

markers. The gel  was run for approximately 2 hours a t  1600V, 30mA and 45W. The 

gel  was f ixed,  b lo t ted ,  dr ied and exposed to Fuji  RX X-ray film overnight.
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2.3.7. -  In v i tro  mutagenesis of or ID by the Kunkel method (Kunkel. 1985).

Cloning of orlD Into M13.

A 278bp TaqI r e s t r i c t io n  fragment of pC221, containing or ID. was 

cloned into M13 /mpl9 via the AccI s i t e  (see sec tion  2.3.4.). Cloned DNA was 

transformed into E. co li  JMlOl and white plaques were picked into phage buffer .  

S ing le -s tranded  and re p l ic a t iv e  forms of the DNA were prepared and checked by 

running on a 0.8% agarose gel. Hind III / Bg 111 double d ig e s ts  were ca rr ied  out on 

the double-s tranded  re p l ic a t iv e  forms of the cloned DNA in order to check the 

s ize  of the in se r ts .

P reparation of s in g le -s tran d ed  DNA with deoxyuridine incorporated.

E. co li  RZ1032 was grown overnight with shaking a t  30*c in 2YT broth 

(10ml) containing te tracy c l in e  (12.5pg/ml). A small a l iq u o t of th is  (500pl) was 

used to innoculate 2YT broth (500ml) with te tra c y c l in e  (12.5mg/ml) and 

deoxyur idine (0.25pg/ml). Phage stock (lOOpl) was added and the c e l l s  grown 

overnight with shaking a t  30*c. Cells were p e l le te d  by cen tr i fu g a t io n  (10,000rpra, 

30 minutes). The superna tan t (400ml) was removed, with care being taken not to 

d is tu rb  the c e l l  p e l le t ,  and PEG /NaCl (140ml) was added. Phage was p re c ip i ta te d  

and pe lle ted  by cen tr ifu g a t io n  (10,000rpm, 30 minutes). The superna tan t was 

discarded and the dregs removed using a drawn out P as teu r  p ip e t te .  Phage was 

resuspended in 100ml of s t e r i l e  water, phenol e x tra c ted  and the DNA was then 

p rec ip ita ted  with ethanol. S ing le -s tranded  phage DNA was resuspended in s t e r i l e
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w ater and the concentra tion  determined by measuring the absorbance of the 

so lu tio n  a t  260nra. S ing le -s tranded  DNA with deoxyuridine incorporated was 

transformed into E. co li  JMlOl alongside normal s in g le -s t ran d ed  DNA in order to 

t e s t  for a d if fe ren ce  in v ia b i l i ty  between the two types of DNA in th is  host. 

The DNA with deoxyur idine showed an approximately 100 fold decrease  in 

v ia b i l i ty  in JMlOl compared to the normal DNA.

P reparation  of mutagenic o ligonucleotides.

O ligonucleotides were pu r if ied  by polyacrylamide gel e lec tro p h o re s is  

followed by passage through a Sephadex G-25 spun column. The concen tra tion  of 

o ligonucleo tide  in so lu tion  was determined by measurement of the absorbance of 

the so lu tion  a t  260nm. The mutagenic o ligonucleo tide  (50pmol) was d ried  down 

under vacuum and resuspended in 7)jil of d i s t i l l e d  water. Kinase b u f fe r  (XIO, 

Ipl), ATP (lOmM, Ip l)  and DTT (lOmM, Ip l)  were added, followed by 4 u n i t s  of T* 

kinase. The mixture was incubated a t  3 7 ’c for 30 minutes, then a t  6 5 ’c for 15 

minutes to in ac tiv a te  the kinase.

Extension / l ig a t io n  reac tions .

S ing le -s tranded  M13 / or ID DNA (0.5 pmol), containing deoxyur idine, was 

dried down under vacuum. S te r i le  water (7pl), mutagenesis bu ffer  A (XIO, Ifil) 

and kinased o ligonucleo tide  (lOmM, 2pl) were added and the mixture boiled for 3 

minutes and then incubated a t  room tem perature for 30 minutes to anneal the 

o llgonuclo tide  and template DNA. Extension / l ig a t io n  reac tio n s  were ca r r ied  out 

by addition  of m utagenesis B buffer (XIO, Ipl), ATP (lOmM, Ipl), dNTPs (2mM, 4pl)
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and s t e r i l e  water (4pl). Klenow <2 un its )  and DNA llgase  (3 u n its )  were added 

and the mixture incubated a t  15'c overnight*

D ilutions of the extension / l ig a t io n  reac tion  mixtures were 

transformed into E. co li  JMlOl and plaques were picked into phage buffer. 

S ing le -s tranded  DNA was prepared from the phage and dideoxy sequencing 

reac t io n s  were ca rr ied  out using M13 un ive rsa l primer with these templates to 

t e s t  for the requ ired  mutations.

The assay of mutant or ID sequences using the in v i tro  nicking /c losing  a c t iv i ty  

of REP D.

Double-stranded re p l ic a t iv e  forms of M13 /mpl9, "wild type" M13 / orID

and the mutant forms of M13 / o r ID were prepared on a large scale  by the

Birnboim and Doly method. DNA (O.Spg, O.lpmol) was incubated with 0, 0.05, 0.1,

0.2, 0.4, 0.8, 1.6, 3.2, 6.4, and 12.8pmol of REP D respec t ive ly  in a to ta l  volume

of 20pl of REP D nicking /c losing  bu ffe r  on ice for 15 minutes , then a t  30*c 

for 15 minutes. Agarose gel loading buffer  (X5, 4pl) was added and the samples 

loaded onto a 0.8% agarose gel in TBE bu ffer  (XI) containing ethidium bromide 

(0.1 pg/ml).
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2.3.8. -  S tudies on the REP D /orID in te rac t io n  using sy n th e t ic  o ligonucleo tides .

P u r if ic a t io n  and 5* end-labe ll ing  of o ligonucleo tides .

O ligonucleotides based on the ICR II sequence of or ID were p u rif ied  

by polyacrylamide ge l e lec tropho res is ,  followed by passage through a Sephadex 

G-25 spun column. The o ligonucleotides  (0.625pg, lOOpmol) were d ried  down under 

vacuum and resuspended in 50pl of s t e r i l e  water. Kinase b u f fe r  <X5, 13.5pl), 

^[p^P] ATP <2pl, 2fiCi) and T^ DNA kinase (10 u n i ts )  were added and the mixture 

incubated a t  37*c for 30 minutes, then a t  6 5 'c for 15 minutes. End-labelled 

o ligonucleo tides  were passed through a Sephadex G-25 spun column to remove 

unincorporated label. The amount of labelled  o ligonucleo tide  p resen t was 

es tim ated  by liquid s c in t i l l a t io n  counting of small samples of the 

o ligonucleotide  in comparison with a known s tandard  sample of the rad ioac tive  

label counted in the same manner.

Preparation and 5' end-labe ll ing  of o ligonucleo tide  s ize  markers.

A mixture of o ligonucleotides  of 10, 15 and 17 bases were used as 

s ize  markers. These were not gel p u r if ied  before use, as  the traces  of 

o ligonucleo tides  of o ther  s izes  gave r i s e  to a continuous ladder of s ize  

markers. A so lu tion  (lOpl) containing the th ree  o ligonuc leo tides  a t  a 

concentration of lOpM was prepared and kinase bu ffe r  (X5, 5pl), ^[^^Pl ATP 

(12pl, 12|iCi) and T̂ . DNA kinase (10 u n i t s )  were addded. The mixture was

incubated a t  37 'c  for 45 minutes, then a t  6 5 'c for 15 minutes. The end-labelled  

s ize  markers were passed through a Sephadex G-25 spun column to remove
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unincorporated label. Small samples were sub jected  to liquid s c in t i l l a t io n  

counting, in comparison with a known s tandard  amount of the rad ioac tive  label 

counted in the same manner, to determine the concentration  of labelled 

o ligonucleo tide  s ize  markers in so lu tion .

Treatment of end-labe lled  oriP o ligonucleotides  with REP D.

5' end-labelled  o ligonucleotides  (2pl, 0.01-0.02pmol) were incubated 

with a 1:1 r a t io  of REP D to o ligonucleotide in a to ta l  volume of 8pl of REP D 

oligonucleotide  nicking buffer  a t  30 °c for 10 minutes. Oligonucleotide gel

loading bu ffer  (4pl) was added and the samples were boiled for 5 minutes before

loading onto a 20% Aery lamide /Urea gel. Size markers (2pl) were a lso  loaded.

The gel was run for 2-3 hours a t  1400V, 30mA and 30W. The p la te s  were p rised

ap a r t  and the gel covered with c l in g - f  ilm on both s id e s  before exposure to Fuji 

RX X-ray film overnight.
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CHAPTER 3.

THE SEQUENCING OF THE pCW7 repN GENE.

3.1. -  Introduction.

3.2. -  Results  and d iscussion .

3.2.1. -  Cloning and sequencing of the pCW7 repN gene.

3.2.2. -  Comparison of the pCW7 repN sequence with f ive  o the r  rep

sequences.
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CHAPTER 3.

THE SEQUENCING OF THE pCW7 repN GENE.

3.1 -  Introduction.

Plasmid pCW7 is a 4.4kb plasmid of S. aureus  which sp e c if ie s  

r e s is ta n c e  to chloramphenicol (Figure 3.1) (Wilson e t  a l ,  1978). Since i t  does 

not appear to belong to the same incom patib ility  group as any o the r  known 

staphylococcal plasmid, i t  was provisionally  put into a new staphylococcal 

plasmid incompatability group, Inc 14. Heteroduplex mapping has been ca rr ied  out 

between pCW7 and pC221 (Figure 3.2). This showed homology between them, not 

only over the region encoding chloramphenicol ace ty l t r a n s fe ra s e  (CAT), as 

expected, but a lso  over the region corresponding to the pC221 repD gene. This 

new rep gene discovered in pCW7 has been called  repN (Skinner, 1984).

At the time of discovery of the repN gene, the DNA sequences of only 

two o ther rep genes, pT181 repC and pC221 repD. were known. It was th e re fo re  

thought th a t  i t  might be u sefu l to have o ther  rep sequences for comparison with 

those already known, in order to yield  fu r th e r  Information on conserved reg ions 

of the genes, p u ta tiv e  secondary s t r u c tu re  w ithin the genes, and on the 

upstream copy con tro l regions. More recen tly ,  the sequences of th ree  o the r  rep 

genes, pS194 repE. pUB112 rep I and pC223 repJ. have been determined (Projan e t  

aJ, in press). The following chapter describes  the sequencing of the repN gene 

and i t s  comparison with five  o the r  rep genes.
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3 . 2 .  -  R e s u l t s  a n d  d i s c u s s i o n .

3.2.1. -  Cloning and sequencing of the pCW7 repN gene.

Fragments of pCW7 were cloned into bacteriophage M13 to sequence the 

pCW7 repN gene using the dideoxynuc leo t ide  tr iphospha te  method (Sanger e t  a I, 

1977). All rep genes s tud ied  have two Hpal l  s i t e s  a t  the o r ig in  of rep lica t io n ,  

within inverted  complementary repea t sequence (ICR) II. The r e s t r i c t i o n  map of 

pCW7 (Skinner, 1984) shows th a t  pCW7 has a t  le a s t  one Hpal l  s i t e  a t  th is  

pos ition , as the two s i t e s  a re  too close toge ther  to be reso lved  by r e s t r i c t io n  

ana lysis .  There a re  no o ther  Hpall  s i t e s  in pCW7, however, th e re  is a s ing le  

Hindl l l  s i t e .  Digestion of pCW7 with Hpall  and Hindl l l  gave two fragm ents v is ib le  

on an agarose gel, of 1.98 and 2.42kb respec t ive ly .  Both of these  fragments were 

cloned into M13 /mpl9 (Messing, 1983) cu t with Hindl l l  and AccI (Figure 3.3).

Ligation mixtures were transformed into E. co ll  JMlOl and white 

plaques were picked. S ing le -s tranded  and double -s tranded  ( re p l ic a t iv e  form) 

phage DNA was prepared. The double-stranded  DNA was checked fo r  in s e r t s  by 

d iges t ion  with Hindl l l  and Hpall .  Both of the expected in se r t  fragments were 

obtained from th is  d iges t .  Dideoxy sequencing using the Ml3 u n iv e rsa l  primer on 

the s in g le -s t ran d ed  tem plates of these two clones gave approximately 200bp of 

repN sequence on e i th e r  s ide  of the o rig in .

From th is  sequence, i t  was possib le  to design o ligonucleo tide  primers 

to enable fu r th e r  sequencing to be ca rr ied  out. The whole of pCW7 was cloned 

into Ml3 in both o r ie n ta t io n s  (Figure 3.4) to give two u n iv e rsa l  templates, 

allowing sequencing to be ca rr ied  out on both s tran d s  using syn the tic
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o ligonucleo tide  primers (Brenner & Shaw, 1985). A primer was a lso  designed from 

the pC221 ca t  gene promoter reg ion , which was thought likely to be highly 

conserved between pC221 and pCW7, in order to sequence back into the 3' end of 

the repN gene. From the new sequences obtained, more o ligonucleo tide  primers 

were designed, u n t i l  the e n t i r e  repN sequence could be obtained on both s trands  

(Figure 3.5).

3.2.2. -  Comparison of the pCW7 repN sequence with f ive  o ther  known rep 

sequences.

When the deduced REP N amino acid sequence was compared with those 

of f ive  o ther  REP p ro te in s  (Figure 3.6), i t  was found to have between 75 and 

83% homology with them (Table 3.1). REP N appears to be most s im ilar  to REP C. 

All of the major d iffe rences  between the REP N amino acid sequence and the 

o the rs  were s i tu a te d ,  as expected, in two major regions, one a t  the 5' end of 

the coding sequence, corresponding to p a r t  of the o rig in  sequence, and the o ther  

towards the 3* end of the coding sequence.

The six  rep sequences a lso  show approximately 80% homology a t  the 

DNA sequence level. The well defined regions of conservation and re la t iv e  

divergence (see f igu re  1.5) sugges t the ex istence of d i s t i n c t  functional domains 

within the p ro te in ,  with the C-term inal region probably involved in sequence- 

sp ec if ic  recognition  a t  the d ivergent region of the o rig in , s i tu a te d  towards the 

5' end of the rep coding sequence.

The six  genes a lso  show a high degree of s t r u c tu r a l  conservation. All 

s ix  o rig in  sequences have three inverted  complementary repea t  sequences (ICR I,
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II and III) which may form secondary s t r u c tu r e  in the form o f ha irp in s .  Were 

hairp in  s t ru c tu re s  to form a t  a l l  of the inverted  re p e a t  sequences, a 

"c loverleaf"  s t ru c tu re  might be formed (Figure 3.7). ICR II is  highly conserved 

between the s ix  plasmids, with Just one base s u b s t i tu t io n  in pS194 and pUB112. 

There a re  a lso  some base changes in ICR I. However, the major changes between 

the s ix  o rig in  sequences occur w ithin ICR III. From REP C fo o tp r in t in g  da ta  on 

the pT181 orig in  (Koepsel e t  aJ, 1986), i t  has been suggested  th a t  REP binds to

the o r ig in  mainly over the region of ICR III, as  well as  the 3 ' s ide  of ICR II

(Figure 3.8). As the major d if fe re n ces  between the o r ig in  sequences occur w ithin 

ICR III, then i t  is p la u s ib le  th a t  th i s  region is the s p e c if ic i ty  determ inant for 

each orig in . The o ther  major d ive rgen t region, s i tu a te d  towards the 3 ' ends of 

the coding sequences, presumably encodes the region of the REP p ro te in  which is 

responsib le  for sequence-spec ifc  recogn ition  a t  ICR III.

The above proposal may, however, be an o v e r-s im p lif ic a t io n .  Although 

ICR III shows the g r e a t e s t  divergence between the s ix  sequences, i t  is q u i te  

sim ilar in pS194 and pCW7, with only one base d iffe rence .  The 3' ends of the 

coding sequences of th e i r  rep genes a re ,  however, q u ite  d i f f e re n t .  I t  would, 

there fo re ,  be in te re s t in g  to t e s t  the sp e c i f ic i ty  of the REP p ro te in s  of these

plasmids, both in vivo  and in vitro,

REP may bind to  ICR III in the form of a ha irp in , or, a l te rn a t iv e ly ,  in 

the linear duplex conformation. In the l a t t e r  case, the dyad symmetry of the 

inverted repea t sequence may provide a binding s i t e  for REP as a dimer, which 

appears to be the na t ive  conformation of REP D pro te in  (Thomas, 1988). This 

might be s im ilar  to X re p re s so r  p ro te in , X cro p ro te in , lac re p re s so r  p ro te in

and cAMP recep tor  p ro te in  (CAP), in which the two DNA contac ting  domains of 

these dimeric p ro te in s  bind two ad jacen t major groove reg ions  of the DNA
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cen tred  in a region of dyad symmetry (reviewed by Pabo à Sauer, 1984). Binding

of REF to the o rig in  may or may not be accompanied by changes in secondary

s t r u c tu re  of the DNA, such as hairp in  formation a t  ICR I, II or III.

ICR III of pT181, pC221 and pC223 d i f f e r  from the o ther  th ree  in th a t  

the two halves of these inverted rep ea ts  a re  separa ted  by a spacer of 4 or 5bp. 

ICR III of the o ther  th ree  plasmids has a spacer of only Ibp, which makes the 

formation of a hairp in  a t  these inverted rep ea t  sequences unlikely, s ince the 

formation of a hairp in  with a loop of only one base is en e rg e t ica l ly  

unfavourable due to s t e r i c  hindrance (Tinoco e t  al, 1971). Therfore, i t  seems 

likely th a t  REF binds to ICR III in the linear  duplex conformation. If so, and if  

the inverted  repea t sequence a c ts  as  a binding s i t e  for the REF dimer, then the 

d iffe rence  in s ize  of the spacers  may r e f l e c t  d if fe re n ces  in the geometry of 

binding of d i f f e re n t  REF p ro te ins  on these d i f f e r e n t  o r ig in s ,  as the d iffe rence  

in s ize  of the spacer w ill change the pos ition  of the inverted  rep ea t  sequence 

on the DNA helix . The consequence would presumably be a major displacement of 

the binding of the REF dimers a t  the o r ig in s  (Figure 3.9).

The upstream copy con tro l reg ions (cop) of the s ix  rep genes s tudied

also  show a high degree of homology. This homology breaks down a t  approximately

-240bp upstream of the rep t r a n s la t io n a l  s t a r t  s i t e .  The pCW7 cop region has 

a l l  the e s s e n t ia l  regu la to ry  fe a tu re s  p resen t.  The repN mRNA leader sequence 

has pu ta tive  secondary s t ru c tu re  in the form of inverted complementary repea t 

sequences which may form hairp in  s t r u c tu re s  (Figure 3.10), along with the 

approximately 100 base complementary RNA counter t r a n s c r ip t ,  which form the 

bas is  of the copy con tro l mechanism.
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Sligh t d if fe ren ces  within the c o u n te r t ra n s c r ip t  region of the cop 

DNA sequence may a l t e r  the incom patib ility  group into which the p a r t i c u la r  

plasmid f a l l s ,  as the RNA counter t r a n s c r ip t  can only ac t  in a regu la to ry  manner 

on the rep mRNA derived from the same plasmid or from plasmids of the same 

incom patib ility  group. The cop region of pCW7 appears to be s u f f ic ie n t ly  

d i f f e r e n t  from the o th e rs  within the c o u n te r t ra n s c r ip t  region to sugges t th a t  i t  

belongs to a new incompatibilty group. However, incom patib ility  t e s t s  between 

pCW7 and the o ther  known plasmids of the pT181 "family" in vivo  would have to 

be ca rr ied  out to confirm th is .



Table 3.1: Percentage homologies between REP amino acid sequences.

The percentage homologies between known REP amino acid sequences are  

shown in the tab le . The s ix  REP p ro te in s  s tud ied  show between approximately 73 

and 85% homology a t  the amino acid sequence level.



C D E I J N

repC 100 80. 3 73.8 77 78. 3 82 .8

r ^ D 80 100 82 .6 84. 2 78.4 82.3

re^E 73.8 82. 8 100 81.5 73. 6 80

r ^ I 77. 2 84. 5 81 .6 100 76. 1 78.5

reRJ 78. 3 78. 7 73.6 76. 3 100 78. 4

repN 82.8 82. 5 80 78. 3 74 .8 100



Fig 3.1; R es tr ic t io n  map of plasmid pCW7.

The map shows the major r e s t r i c t io n  s i t e s  of pCW7 as determined by 

r e s t r i c t io n  endonuclease mapping (Skinner, 1984).
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Fig 3.2; Heteroduplex mapping between plasmids pC221 and pCW7.

The diagram shows the r e s u l t s  of heteroduplex mapping between pC221 

and pCW7 (Skinner, 1984). Both plasmids were cloned Into pBR322 via the unique 

Hind III fo r  these s tu d ie s .  The cloned plasmids were linearised  with P s t I and 

heteroduplexes were formed which were then s tud ied  by e lec tron  microscopy, as 

shown In diagram (a). Regions a and g correspond to the pBR322 sequences, 

regions b/c and e / f  correspond to reg ions  of non-homology between pC221 and 

pCW7. Region d corresponds to the region of homology between pC221 and pCW7, 

which extends over the region corresponding to the pC221 ca t  gene, as expected, 

as well a s  the repD gene. In approximately 39% of cases, the heteroduplex map 

has two add itiona l s in g le -s t ra n d e d  "bubbles", d:̂ > and d^, within th is  region. 

Indicating reg ions  where th i s  homology breaks down. One of these  Is a t  the 5' 

end of the rep coding sequence, a t  approximately the region corresponding to 

the o rig in .  The o ther  Is s i tu a te d  towards the 3' end of the rep gene. These two 

regions a re  In good agreement with the areas  of non-conserved DNA sequence 

between the five  known rep sequences.
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Fig 3.3: Cloning of two Hpall /H indlll fragments Into M13 /mpl9.

The diagram shows the ro u te  to the cloning of two s ticky  ended Hpal I 

/ Hlndl l l  fragments of pCW7 Into M13 /rapl9 d igested  with AccI and Hlnd l l l .  The 

pCW7 rep  and cop regions a re  shown. The position  of the M13 un iversa l primer is 

marked by the arrow (U). Dideoxy sequencing on both of these tem plates using 

the M13 un ive rsa l primer gave pCW7 sequence information approximately 200bp 

e i th e r  s ide  of the orig in .
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Fig 3.4: Cloning of the whole plasmid pCW7 Into Ml3 /mpl9.

The whole of plasmid pCW7 was cloned Into Ml3, In both o r ie n ta t io n s ,  

via the Hlndl l l  s i t e .  The o r ie n ta t io n  of the In se r ts  were checked by Bglll  

d igest ion  of the double -s tranded  re p l ic a t iv e  forms. S ing le -s tranded  DNA was 

prepared from each clone to give two un ive rsa l tem plates  to allow sequencing of 

the pCW7 repN gene on both s t ra n d s  using sy n th e t ic  o ligonucleo tide  primers.
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Fig 3.5: The complete nucleo tide  sequence of the pCW7 repN gene.

The complete nucleo tide  sequence of the repN gene, along with some 5'

and 3' flanking DNA, is shown on both s trands ,  as determined by dideoxy

sequencing methods (Sanger e t  al, 1977). The REP N amino acid sequence is

w rit ten  above the nucleo tide  sequence.



5 ' --TACCGACATTTTAATTCCCTTGCCGATAAAATTTAATTTCCTTGATATGTACTTATATTATAGATAATTT 
3 ' --ATGGCTGAAAAATTAAGGCTTCGGCTATTTTAAATTAAAGGTTGATATGATGAATATAATATCTATTAAA

TAATTTTCATTATGTAATAAGTTTTGGTACTAAAAAACACCTGATCTAATTTAGACCAAGTCTTTTGATA
ATTAAAAGTAATACATTATTCAAAACCATGATTTTTTGTGGACTAGATTAAATCTGGTTCAGAAAACTAT

GTGTTATATTAATAAACAAATAAAAAGAAGTCGCACGCCCTACCAAAGTTTTGTGAATGCGACTTACCTA
CACAATATAATTATTTGTTTATTTTTCTTGAGCGTGCGGGATGGAAACAAAACACTTACGCTGAATCGAT

AATAAAATATAAAGAGTTATGTTTTATTAATTTTTGTATATCTAGATATTAAACGATATAGGTTTTATTC
TTATTTTATATTTCCTAATACAAAATAATTAAAAACATATAGATCTATAATTTGCTATATCCAAAATAAG

REP START 
MetSerLysAsn

TTCAAGATATATATTTQGGTQAGCQACTTCTTAAAGTAAATTAAGQAGTCQATTTTTTATGAGTAAAAAT
AAGTTCTATATATAAACCCACTCGCTGAAGAATTTCATTTAATTCCTCAGCTAAAAAATACTCATTTTTA

AsnHlsAlaAsnHisSerAsnHisLeuGluAsnHisAspLeuAspAsnPheSerLysThrGlyTyrSerA 
AATCACGCAAATCATTCAAATCATTTAGAAAATCACGATTTAGACAATTTTTCTAAAACCGGCTACTCTA 
TTAGTGCGTTTAGTAAGTTTAGTAAATCTTTTAGTGCTAAATCTGTTAAAAAGATTTTGGCCGATGAGAT

snSerArgLeuAsnArgHIsThrMetTyrThrPrcGluProLysLauSerPheAspAlaMetThrIleVa 
ATAGCCGGTTAAACCGACATACTATGTACACCCCGGAACCAAAATTAAGTTTTGACGCTATGACTATTGT 
TATCGGCCAATTTGGCAGTATGATACATGAGGGGCCTTGGTTTTAATTCAAAACTGCGATACTGATAACA

IGlyAsnLeuAsnLysAsnAsnAlaHlsLysLeuSerGluPheMatSerValGluProGlnlleArgLeu 
TGGAAATCTTAATAAAAATAATGCTCACAAACTATCTGAATTTATGAGTGTCGAGCCACAAATTCGACTT 
ACCTTTAGAATTATTTTTATTACGAGTGTTTGATAGACTTAAATACTCACAGCTCGGTGTTTAAGCTGAA

TrpAspIleLsuGlnThrLysPheLysAlaLysAlaLeuGlnLysLysValTyrIleGluTyrAspLysV 
TGGGATATACTACAAACTAAATTTAAAGCTAAAGCTCTACAGAAAAAGGTTTATATCGAATATGACAAAG 
ACCCTATATGATGTTTGATTTAAATTTCGATTTCGAGATGTCTTTTTCCAAATATAGOTTATACTGTTTC

a 1LysA1aArgTyrVaIG1yArgArgAsnMetArgVaIG1uPheAsnProAsnLysLeuThrH i sGluGl 
TAAAAGCCAGATACGTGGGAAGACGTAATATGCGTGTTGAATTTAATCCAAATAAACTTACGCATGAAGA 
ATTTTCGCTCTATGCACCCTTCTGCATTATACGCACAACTTAAATTAGGTTTATTTGAATGCGTACTTCT

uMetLeuTrpLeuLysGlaAsr. 11eIleAspTyrMstGluAspAspGlyPheThrArgLeuAspLeuAla 
AATGCTTTGGTTAAAACAAAACATTATCGACTACATGGAAGACGATGGTTTTACAAGATTAGATTTAGCT 
TTACGAAACCAATTTTGTTTTGTAATAGCTGATGTACCTTCTGCTACCAAAATGTTCTAATCTAAATCGA



PheAspPheGluTyrAspLeuSerAspTyrTvrAlaMetThrAspLysSerVaILysLysThrIlePheT 
TTTGATTTTGAATATGATTTAAGTGATTATTATGCAATGACTGATAAATCAGTTAAGAAAACTATTTTTT 
AAACTAAAACTTATACTAAATTCACTAATAATACGTTACTGTCTATTTAGACAATTCTTTTGATAAAAAA

yrGlyArgAsnGlyLysProGluThrLysTyrPheGlyValArgAspSerAspArgPhelleArglleTy 
ATGGTCGTAACGGTAAGCCAGAAACGAAATATTTTGGTGTTCGTGACAGTGATAGATTTATTAGAATTTA 
TACCAGCATTGCCATTCGGTCTTTGCTTTATAAAACCACAAGCACTGTCACTATCTAAATAATCTTAAAT

rAsnLysLysG1nG1uArgLysAspAsnAIaAsp 11eLys11eMe tSarG 1uH i sLauTrpArgVaIGlu 
TAATAAAAAACAGGAACGCAAAGATAATGCAGATATTAAAATTATGTCTCAACACTTATGGCGTGTAGAA 
ATTATTTTTTGTCCTTGCGTTTCTATTACGTCTATAATTTTAATACAGACTTGTGAATACCGCACATCTT

IlaGluLauLysArgAspMetValAspTyrTrpAsnAspCysPheAsnAspLeuKlsIleLeuGlnProA 
ATTGAATTAAAAAGAGATATGGTTGATTATTGGAACGATTGTTTTAATGATTTACATATATTACAACCAG 
TAACTTAATTTTTCTCTATACCAACTAATAACCTTGCTAACAAAATTACTAAATGTATATAATGTTGGTC

spTrpLysThrIleGluArgThrSerAspArgAlaMetValPheMatLauLauAsnAspGluGluGluTr 
ATTGGAAAACTATCGAACGTACTTCTGATAGAGCAATGGTTTTTATGTTGTTGAATGATGAAGAAGAATG 
TAACCTTTTGATAGCTTGCATGAAGACTATCTCGTTACCAAAAATACAACAACTTACTACTTCTTCTTAC

pGlyLysLeuGluArgArgThrLysAsnLysTyrLysLysLeuIlaLysGluIlaSerLauIleAspLeu 
GGGAAAATTAGAAAGACGTACTAAGAATAAATATAAAAAATTAATTAAAGAAATATCTCTAATTGATTTA 
CCCTTTTAATCTTTCTGCATGATTCTTATTTATATTTTTTAATTAATTTCTTTATAGAGATTAACTAAAT

ThrAspLeuMetLysSerThrLauLysAlaAsnGluLysGlnLeuGlnLysGlnllaAspPheTrpGlnA 
ACTGATTTAATGAAATCGACTTTAAAAGCGAACGAAAAACAATTGCAAAAGOAGATTGATTTTTGGCAAC 
TGACTAAATTACTTTACGTGAAATTTTCGCTTGCTTTTTGTTAACGTTTTCGTCTAACTAAAAACCGTTG

REP END
rgGluPhaArgPheTrpLys
GTQAATTTAGATTTTGGAAGTAAAGTTAACTTTGTTTTATACAAAATCTTACTTTAGTATAATTAACQTT
CACTTAAATCTAAAACCTTCATTTCAATTGAAACAAAATATGTTTTAGAATGAAATCATATTAATTGCAA

TAAGAGGTGACACAATATATGAAAAAATCAGAGGATTATTCCTCCTAAATACAAAGAGATAAGATGAAAT 
ATTCTCCACTGTGTTATATACTTTTTTAGTCTCCTAATAAGGATTATTTATGTTTCTCTAATCTACTTTA

CAT START 
TTAGGAGGAAATTATATATG— 3'
AATCC ACCTTTAATATATAC—5 '



Fig 3.6: Comparison of REP amino acid sequences.

The pTlôl REP C, pS194 REP E, pUB112 REP I. pC223 REP J and pCW7 REP

N amino acid sequences a re  shown, compared ag a in s t  the pC221 REP D amino acid

sequence. The sequences are  id en tica l except where indicated. The four major 

regions of divergence a re  indicated as i, ii ,  i l l  and iv. Region ii  corresponds to 

the s p e c if ic i ty  determ inant of the o rig in . Region iv corresponds to the C- 

terrainal recognition  domain of the p ro te in .  Tyrosine 188, which has been 

implicated in the formation of a covalent attachm ent to the 5' phosphate a t  the

nick s i t e ,  is  indicated by a s t a r .  This ty rosine  is  s i tu a te d  within a run of nine

amino acids which are  completely conserved in a l l  s ix  sequences.



pT181 MYKNNHANHSNHLENHDLDNFSKTGYSNSRLDAHTVCISDPKLSFDAMTIVGN 
pC22X •"STE“““S“YIjQ SGNFFTTPQ—E”””*"”—
pS194 -S-KAEEIQAKQSLEKENS-------------NR-IMYTPE---H----------
pUBl X2 “S*"KEQRIF'“—QS %GRENS*"V————— ———SGQ^LGK—Q——————————— '
pC223 -S YT-----------S------------------ F— T-N--------------
pCW7 -S-------------------------------- NR— MYTPE---------------

pTX8X LNRDNAQALSKFMSVEPQIRLWDILQTKFKAKALQEKVYIEYDKVKADSWDRR
pC22X — KT— KK— D-- T------------------------------ .------------
pSX94 — KN— HK— E----lA---------------------------------- A----
pUBXX2 — KT— KK— D---- D---------------------------------- T----
pCW7 — KN— HK— E---------------------------K------,----- RYVG—

I — —  i i , X  — — — — I

pTX8X NMRIEFNPNKLTRDEMIWLKQNIISYMEDDGFTRLDLAFDFEEDLSDYYAMSD 
pSX94  V-------- HE— L-------D------------------D-------- T-

*

pTX8X KAVKKTIFYGRNGKPETKYFGVRDSNRFIRIYNKKQERKDNADAEVMSEHLWR
pC22X -------------------------- D------------------V---------
pSX94 -S------------------------ D------------------1---------
pUBXX2 ------V------------------ D------------------V---------
pC22 3 ——L— p— —— .3—————————— — —
pCW7 -S------------------------D----------- :------ IKI-------

Recognition Domain
I-------------------------------------------------

pT X 8 X VE lELKRDMVD YWNDCF SDLHILQPDWKTIQRTADRAIVFMLLSDEEEWGKLH
pC22 X —— ———————————— — D"’~”*”*"K“~**T“PEKVKEQ“’M""YL'”*"NE”’GT”*~“*~E
pS X 9 4 — — —— ——— — ———N'"'~”'—“K“’”*”*SSLEKVK“’Q’"MIY~~IHE“ST""“”“"E
pUBXX2 — —————S————— — N— ———K—E—T—LEKINEQ—M—YT— HE—SM—— —S
pC223 — — — — — N— N— — K—A—A—LESLKEQ—M—YL——HE—SK——E—
pCW7 ------------------N-------------E— S--M N-------- E

I — — —— -----   i v  — —

pT181 RNSRTKYKNLIKEISPVDLTDLMKSTLKANEKQLQKQIDFWQHEFKFWK
pSX 9 4 —RTKN——REML—S——EX———————L———E—————————E———R——R——E
pUBXX2 K-TK— F-KM-R---- 1 E--------E---------------R— R--
pC223 — — R— QI—Q— —SI— ■*’“— TD— S—'”—~”N— RK—E—
pCW7 -RTKN K------ LI---------------------------- R— R--



Fig 3.7: P u ta t ive  secondary s t r u c tu r e  a t  the o r ig in s  of the pT lô l "family" of 

plasmids.

The diagram shows the th ree  inverted complementary rep ea t  sequences 

(ICR I, II and III) a t  the o r i  sequences of plasmids pT181, pC221, pSI94, pUBl 12, 

pC223 and pCW7. These inverted  re p e a t  sequences may form secondary s t r u c tu re  in 

the form of a clover leaf ,  as  shown. It  is not, however, known whether such 

s t r u c tu re s  would be s ta b le  in vivo. Hairpin formation a t  ICR I, II or III may, 

though, be important in the re p l ic a t io n  of these  plasmids, e sp ec ia l ly  in the 

presence of possib le  s ta b i l i s in g  fa c to rs ,  such as nega tive  superco il ing  of the 

DNA or bound p ro te in s .
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Fig 3.8: The o r ig in  of pTldl (or 1C) and the fo o tp r in t  of REP C .

The diagram shows the position  of binding of REP C on oriC. as  

determined by various  DNA footpr in ting techniques (Koepsel e t  a l ,  1986). ICR II 

and III a re  denoted by do tted  arrows.



REP C BINDING

I--------------------------------------------------- 1

ICR I I  ICR I I I

5 • --------AAAACCGGCTACTCTAATAGCCGGTTGGACGACATACTGTGCATATCTGACT------3 '

3 ' --------TTTTGGCCGATGAGATTATCGGCCAAGGTGCTGTATGACACGTATAGACTGA----- 5 '



Fig 3.9; Proposed binding of a REP dimer a t  ICR III.

Inverted complementary rep ea t  sequence, ICR III, is proposed as the 

binding s i t e  for REP in the form of a dimer, with the p o ss ib i l i ty  of hairpin  

formation a t  the adjacent ICR II. ICR III of pT181, pC221 and pC223 has an 

inverted  re p e a t  separa ted  by a spacer of 4 or 5 bases, whereas ICR III of the 

o ther th re e  plasmids has a spacer of only one base. The d iffe rence  in size  of 

the spacer w ill change the position  of the inverted  rep ea t  sequence, ICR III, on 

the DNA helix ,  presumably causing displacement of the binding of the REP dimer 

a t  these  d i f f e r e n t  o rig in  sequences.
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Fig 3.10; Pu ta t ive  secondary s t r u c t u r e  In the rep mRNA leader sequences of

the pT161 "family" of plasmids.

The diagram shows proposed secondary s t r u c tu re  within the leader 

sequences of repC. D, E, I, J and N raRNAs. The ribosome binding s i t e  <SD> is 

buried w ith in  an inverted complementary repea t  sequence, which may form a 

hairp in  s t r u c tu re ,  thus seques te r ing  the ribosome binding s i t e  and inh ib iting  

rep mRNA t ra n s la t io n .  There is a lso  some evidence for an a t te n u a t io n  con tro l 

mechanism involving th is  proposed hairp in , which resembles rh o -  dependent 

term ination  s t r u c tu r e s  seen in E. co li.

Binding of the complementary RNA counter t r a n s c r ip t  to the rep mRNA 

favours the ex tru s ion  of th is  regu la to ry  hairpin  by preventing the formation of 

a la rger ,  overlapping ha irp in , ca lled  the preemptor. There are  d if fe re n ces  within 

the rep  mRNA leader sequences of these plasmids, leading to changes in 

incom patib ili ty  group, as  a p a r t i c u la r  RNA counter t r a n s c r ip t  w ill  only be 

complementary to the rep mRNA leader sequence derived from the same plasmid, or 

from plasmids of the same incompatibilty group.
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4.2.3. -  The use of d i f f e r e n t  plasmid s u b s t r a te s  in the in v itro

rep l ica t io n  system.

4.2.4. -  The sp e c if ic i ty  of REP D appears to increase with s u b s t r a te

plasmids of low superhe lica l  density .
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CHAPTER 4 .

IN VITRO REPLICATION OF pC 221 AND RELATED PLASMIDS USING S . AUREUS CELL

FREE EXTRACTS.

4 .1 :  -  Introduction.

There have been many examples of in v itro  plasmid rep l ica t io n  using 

ce l l  f ree  e x t ra c ts  and added nucleo tide  tr iphospha tes ,  eg plasmids R1 (Diaz e t  

al, 1981; Diaz e t  al, 1982) and Col El (Sakikabara e t  al, 1974) from E, c o li and 

pT181 (Khan e t  al, 1981) from S. aureus. The following chapter describes  an in 

v itro  s tudy of the in i t ia t io n  of re p l ic a t io n  of pC221 and re la te d  plasmids using 

ce l l  f ree  e x t ra c ts  prepared from S. aureus.
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4 .2 :  -  R e s u l t s  a n d  d i s c u s s i o n .

4.2.1. -  Preparation  of ce l l  free  e x t ra c ts  of S. aureus.

The 70% s a tu ra t io n  ammonium su lphate  p re c ip i ta te  of S. aureus cleared 

whole ce l l  ly sa te s  were resuspended in HEPES bu ffe r  (pH 8 ) containing lOOmM 

KCl, ImM DTT and 10% ethylene glycol. Since the presence of nuclease can give 

r i s e  to spurious  DNA rep a ir  re p l ic a t io n  in the In v itro  rep l ica t io n  system, 

e x t r a c t s  were prepared using a s t r a in  of S. aureus  which is d e f ic ien t  in 

nuclease (RN1786).

4.2.2: -  In v i tro  re p l ic a t io n  of pC221.

The c e l l  f ree  e x t ra c ts  were assayed by th e ir  a b i l i ty  to incorporate 

rad ioac tive  deoxyr ibonuc leot ide tr iphospha tes  (dNTP's) into acid p rec ip ita b le  

m a te r ia l  in the presence of added pC221 DNA (supercoiled), appropria te  b u ffe rs ,  

nuc leo tide  tr iphospha tes ,  K"*" and Mg^+ ions. Assays were ca rr ied  out a t  3 0 *c, 

typ ica lly  for 1 hour, and acid p rec ip ita b le  rad io a c t iv i ty  was determined by 

liquid s c in t i l l a t i o n  counting.

In i t ia l ly ,  e x t ra c ts  were made from both p lasm id-free  RN1786 and 

RN1786 containing pC221. The e x t ra c ts  prepared from c e l ls  containing pC221 gave 

g re a te r  incorporation of ra d io a c t iv i ty  into acid p rec ip ita b le  m ateria l  (Table 

4.1), suggesting  th a t  a plasmid encoded product is requ ired  for pC221 

rep l ica t io n  in v itro , presumably REP D.
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However, the increase in incorporation obtained was qu ite  small

(approximately 9 fold). A fu r th e r  increase was observed on add ition  of REP D 

(Figure 4.1), which has been pu r if ied  by overproduction in E, co li (Thomas,

1988), to the assay m ixtures. Increasing concen tra tions  of REP D gave g re a te r  

levels  of incorporation, showing th a t  REP D is requ ired  fo r  pC221 rep lica t io n

in v itro .

A time course experiment was ca rr ied  out over 2^ hours in the

presence and absence of added REP D (Figure 4.2). Incorporation of rad io a c t iv i ty

into acid p rec ip ita b le  m a te r ia l  increased with time and did not appear to level 

o f f  over the dura tion  of the time course.

The above experiment, however, showed a high level of background 

incorporation in the absence of REP D, probably due to DNA rep a ir  syn thes is  of 

nicked DNA p resen t ,  both plasmid and chromosomal. I t  was noted th a t  the level of 

background incorporation in the absence of REP D appeared to a ce r ta in  ex ten t 

to be dependent upon the s t a t e  of the s u b s t r a te  plasmid, as determined by

agarose ge l e lec tro p h o re s is .  A higher proportion of nicked plasmid DNA genera lly  

gave a higher level of background incorporation.

Most of th is  background incorporation , however, appeared to be 

complete a f t e r  30 minutes. Preincubation of the assay m ixtures a t  30 'c for 30 

minutes before add ition  of the rad ioac tive  label was, th e re fo re ,  e f fe c t iv e  in 

cu t t in g  down much of th is  background incorporation (Figure 4.3).

An experiment was ca rr ied  out to label pC221 with cd^'^Pl dATP using

the in v itro  r e p l ic a t io n  system. The products  of the reac tion  were subjected to

r e s t r i c t io n  endonuclease d igest ion  and agarose ge l e lec tropho res is .  

Autoradiography of the re s u l t in g  gel gave an in s igh t into the na tu re  of
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labelling  of the plasmid (Figure 4.4). The undigested products  showed th a t  most 

of the label had been incorporated into the relaxed forms of the DNA, with only 

a small amount in the supercoiled  form.

A HinfI  d ig e s t  of the labelled  products  gave sev e ra l  fragments, the 

la rg e s t  of which was the 976bp fragment known to contain the pC221 orig in

(o r iD). Therefore, th is  fragment was expected to be labelled  f i r s t .  The

autoradiograph shows th a t  th is  fragment was predominantly labelled , sugges ting  

th a t  r e p l ic a t io n  is in i t ia t in g  within the reg ion  containing oriD.

A Hpall  / Hind l l l  double d ig e s t  of the labelled  m ateria l  gave four 

fragments. Assuming th a t  rep l ica t io n  is in i t i a t in g  from the usual nick s i t e ,  and, 

as  Hpal l  cu ts  very c lose to, and on e i th e r  s ide  of the nick s i t e ,  then the 

predominantly labelled  fragment ind ica tes  the d irec tio n  of rep l ica t io n  from the 

nick s i t e .  The r e s u l t s  of th is  experiment su g g es t  th a t  re p l ic a t io n  of pC221 in 

v itro  is u n id irec tio n a l  and in the d irec t io n  expected fo r  e longation a t  the free  

3* OH group genera ted  a t  the nick s i t e .

However, re p l ic a t io n  does not appear to be continuing to give a fu l l

round, as  only the Hinf I fragment containing oriD was appreciably labelled. This

may be due to h a l t in g  of rep lica t io n ,  e.g. a t  some kind of secondary s t r u c tu re  

which is more favourable in v i tro  than in vivo. A lte rna tive ly ,  i t  may be th a t  

one of the s u b s t r a te s  or enzymes requ ired  for the elongation  reac tion  is 

lim iting. However, s ince the in i t ia t io n  event i t s e l f ,  ra th e r  than elongation, is 

of p rinc ipa l concern here, the m a tte r  of incomplete incorporation was not 

pursued fu r th e r .

The in v i tro  rep l ica t io n  system may be used to assay for REP D 

a c t iv i ty ,  for example, as  an aid in the p u r i f ic a t io n  of REP D, as  an assay  for
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REP D a c t iv i ty  in crude e x t ra c ts  of E. co li which over-express  the repD gene 

(Figure 4.5), or to assay  f rac t io n s  co llec ted  from a heparin  sepharose column 

(Figure 4.6).

The in v i tro  rep lica t io n  system was a lso  used to in v e s t ig a te  the 

e f f e c t  of r  if  ample in, an inh ib ito r  of RNA sy n th es is ,  and novobiocin, an inh ib ito r  

of DNA gyrase, on pC221 rep l ica t io n  (Table 4.2), Rifampicin was seen to have 

l i t t l e  e f f e c t  on incorporation, sugges ting  th a t  r  if  amp ic in -sens  i t  ive RNA 

sy n th es is  is not requ ired  for the in i t ia t io n  of pC221 re p l ic a t io n  in v itro . This 

is c o n s is te n t  with a ro l l in g  c i rc le  re p l ic a t io n  mechanism for pC221, with 

in i t ia t io n  being ca rr ied  out by nicking of oriD by REP D, and the f ree  3' 

hydroxyl group genera ted  acting  as a primer for rep lica t io n .

Novobiocin inhibited  incorporation by approximately 50%, sugges ting  

tha t the topological s t a t e  of the DNA a f f e c t s  the rep l ica t io n  of pC221 in v itro . 

As DNA gyrase  uses  the energy s to red  in ATP to increase negative  supercoiling  

in the DNA, th is  su g g es ts  th a t  negative  superco iling  of the DNA favours 

rep lica t io n  of pC221 in v itro .

4.2.3: -  Use of d i f f e r e n t  plasmid s u b s t r a te s  in the in v itro  rep lica t io n  system.

Two o the r  plasmids, pT181 and pCW7, which are  r e la te d  to pC221 were 

used in the in v itro  rep l ica t io n  system with added REP D. Since a p a r t ic u la r  REP 

pro te in  is thought to be sp ec if ic  for i t s  cognate o r ig in  in vivo  (ProJan & 

Novick, in p ress) ,  pT181 and pCW7 were not expected to give any REP D-dependent 

incorporation of ra d io a c t iv i ty  into acid p rec ip ita b le  m a teria l  in v itro . However, 

when time course experiments were ca rr ied  out using supercoiled  pC221, pT181
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and pCW7 in the presence and absence of REP D, a l l  th ree  showed REP D-dependent 

incorporation of ra d io a c t iv i ty  into acid p rec ip ita b le  m a te r ia l  (Figure 4.7), 

Therefore , i t  appears th a t  the s p e c if ic i ty  which a p a r t ic u la r  REP p ro te in  is

thought to show for i t s  cognate o rig in  in vivo  does not hold in v itro .

Labelling of these plasmids with at®^P] dATP was ca rr ied  ou t using 

the in v itro  r e p l ic a t io n  system with added REP D, followed by r e s t r i c t io n  

endonuclease d igest ion , agarose ge l e lec tro p h o re s is  and autoradiography. This

suggested  th a t  r e p l ic a t io n  of pT181 and pCW7 , as  well as pC22I, was in i t ia t in g  

within the region containing the o rig in  and proceeding u n id irec tio n a lly  in the 

expected d irec tio n  (Figure 4.8).

As a contro l,  a S. aureus  plasmid ca lled  pC194, which has no rep

sequences homologous with the pC221 repD gene, was used in the in v itro

rep l ica t io n  system (Figure 4.9). This plasmid showed l i t t l e  s ig n if ic a n t  REP D- 

dependent incorporation of ra d io a c t iv i ty  into acid p rec ip ita b le  m a te r ia l  over a 

time course experiment la s t ing  1 hour.

4.2.4; -  The s p e c if ic i ty  of REP D appears to increase with s u b s t r a te  plasmids of 

low su perhe lica l density .

In p r io r  experiments, the plasmid DNA used in the in v itro  rep lica t io n  

system had been in the supercoiled  s t a t e .  I t  is , th e re fo re ,  possib le  th a t  the 

high su perhe lica l dens ity  of the DNA may have an e f f e c t  on the o r ig in  which is 

not normally p resen t in vivo. Previous experiments appear to sugges t  . th a t  the 

su perhe lica l dens ity  of the DNA may have an e f f e c t  on the in i t ia t io n  of 

rep lica t io n .  Energy s to red  in negative  DNA superco il ing  can be used to s t a b i l i s e
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the formation of unusual s t r u c tu re s ,  such as hairp in  loops (L11 ley, 1980). I t  is 

thought th a t  the n a tu ra l  su perhe lica l dens ity  of plasmid DNA in vivo  is low, 

mainly due to the presence of bound p ro te in s .  The l a t t e r  may s t a b i l i s e  local

melting of the DNA or the formation of secondary s t r u c tu re s ,  both of which tend 

to remove negative  supe rco ils  from the DNA.

Therefore, i t  may give a more accu ra te  p ic tu re  of what occurs in vivo  

if  the s u b s t r a te  plasmid were added to the in v itro  r e p l ic a t io n  system in the 

re laxed  form. Calf thymus DNA topoisomerase I was used to re lax  the plasmid

DNA. The assays  with relaxed  plasmid DNA were ca rr ied  out in the presence of 

novobiocin, as  the e x t r a c t s  were found to contain a very ac t ive  DNA gyrase

(Figure 4.10). Although relaxed pC221 DNA s t i l l  gave REP D-dependent 

Incorporation, relaxed  pT181 did not (Figure 4.11). Therefore i t  appears th a t  the 

s p e c if ic i ty  of REP D for i t s  cognate o rig in ,  o r iD. in v i tro  is  increased r e la t iv e  

to or 10 when the s u b s t r a te  plasmids are  provided in the relaxed  form. This

would appear to agree  with the work ca rr ied  out in vivo  (Projan e t  al, in

press).

This apparent d if fe rence  in sp e c if ic i ty  of REP D between re laxed  and 

supercoiled  DNA in v itro  may be due to a sp ec if ic  s t r u c tu r e  which is required  

a t  the o r ig in  for REP to nick. Such a s t r u c tu r e  could be a hairp in  a t  one or 

more of the th ree  Inverted complementary rep ea t  sequences (ICR I, II and III) of 

the o rig in . In vivo, or in v itro  with relaxed  plasmid DNA, the i n i t i a l  event is 

presumably sequence-spec if ic  binding over the region of ICR III of the orig in . 

Once REP is bound, i t  may then s t a b i l i s e  the formation of one or more hairp in  

s t r u c tu re s  a t  the o rig in . This conformational change in the DNA may then enable 

REP to nick the DNA within ICR II. In v itro , with supercoiled  plasmid DNA, such a 

conformational change might take place in the absence of bound REP, due to



78

s ta b i l i s a t io n  by the negative  supercoiling  of the DNA. This might allow nicking 

to take place w ithout the need for sequence-spec if ic  recognition  by REP.

A lte rna tive ly , i t  may be th a t ,  when the s u b s t r a te  DNA is in the 

supercoiled  s t a t e ,  the a f f in i ty  of REP D for the o rig in  is increased to such an 

ex ten t  th a t  any d if fe ren ce  in the sequence-spec if ic  binding reg ions  is overcome. 

It  has been shown th a t  some DNA binding p ro te in s  bind more s trong ly  to th e i r  

sp ec if ic  t a rg e ts  when the DNA is supercoiled , e.g. the lac rep re sso r  p ro te in  

(Whitson e t  a l, 1987). This is, however, probably due to energy s to red  in 

negative  superco iling  which can f a c i l i t a t e  s t r u c t u r a l  changes in the DNA, such 

as local melting of the double-s tranded  helix  or formation of ha irp in  s t ru c tu re s  

or Z DNA, which may be requ ired  for binding of the p ro te in .



Table.4.1: Assays with ce l l  f ree  e x t r a c t s  prepared from RN17Q6 and 

RN1766/pC221.

Assay mixtures contained 5pl of e x t ra c t ,  0.5|ig of supercoiled  pC221, 

app rop ria te  bu ffe rs ,  nucleo tide  tr iphospha tes ,  K"̂  and Mg++ ions in a to ta l  

volume of 25pl (see sec tion  2.3.5.). Incubation was a t  30*c for 1 hour and acid 

p rec ip i ta b le  ra d io a c t iv i ty  was determined by liquid s c in t i l l a t io n  counting. The 

r e s u l t s  shown a re  the average values  of dup lica te  experiments.



EXTRACT SOURCE DNA ADDED RADIOACTIVITY INCORPORATED (CPM)

S. aureus  RN1786 NONE 403

pC221 720

S. aureus  RN1786 
/pC221

NONE 674

•* pC221 3486



Table 4.2: The e f f e c t s  of r i fampicin and novobiocin on pC221 rep l ica t ion

in v itro ,

Typical assays  were ca rr ied  out, in the presence and absence of REP D 

<50ng), in the presence of r ifam picin  <50pg/ml> or novobiocin (50pg/ml). The 

r e s u l t s  shown are  average values from dup lica te  experiments.

The presence of r ifam picin  appeared to have l i t t l e  e f f e c t  on REP D- 

dependent incorporation, sugges ting  th a t  rifam pic in -sens  i t  ive RNA sy n th e s is  is 

not requ ired  for in i t ia t io n  of pC221 rep l ica t io n  in v itro .

Novobiocin, however, inh ib ited  REP D-dependent incorporation by 

approximately 50%, suggesting  th a t  negative  superco il ing  of the DNA f a c i l i t a t e s  

the re p l ic a t io n  of pC221 in v itro .



REP D RIFAMPICIN NOVOBIOCIN RADIOACTIVTY INCORPORATED (CPM)

- - - 2309

+ - - 14151

- + - 3808

+ + - 12870

- - + 2422

f - f - 6846



Fig 4.1: REP D dose response curve with pC221 DNA.

The assays were ca r r ied  out under typ ica l conditions in the presence 

of p u r if ied  REP D (0 -  150ng). Incorporation increased in a linear  fashion,

in i t ia l ly ,  with increasing REP D concentra tion . This sugges ts  th a t  REP D is 

requ ired  for the re p l ic a t io n  of pC221 in v itro . The curve levelled  o ff  a f t e r  an 

add ition  of 60ng of REP D, showing th a t  some o the r  r a t e  limiting fac to r  comes 

into play here. This quan tity  of REP D corresponds to a molar r a t i o  of 2:1 REP D 

dimers to DNA molecules. This su g g es ts  th a t  some of the REP D is  inactive  and 

DNA is the lim iting fac to r ,  or th a t  r e in i t i a t io n  can take place on DNA molecules 

th a t  a re  already  re p l ic a t in g  and some o ther lim iting fac to r ,  such as nucleo tide  

tr iphospha tes ,  comes into play.
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Fig 4.2: Time course experiment with pC221 In the presence and absence of

REP D.

Typical assays  were ca rr ied  out in the presence and absence of REP D 

(50ng>, with incubation times varying between 0 and 160 minutes. Incorporation 

was increased in the presence of REP D. However, there  was some background 

incorporation in the absence of REP D, probably due to DNA re p a i r  mechanisms. 

This background incorporation appeared to be complete a f t e r  about 30 minutes.
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Fig 4.3; Time course experiment with pre incubât Ion In the absence of

rad ioac tive  label.

Assays were ca rr ied  out under typ ica l conditions in the presence and 

absence of REP D <10ng>. Cold assay  mixtures were pre incuba ted a t  30*c for 30 

minutes before addition of the rad ioac tive  label and fu r th e r  incubation a t  30 *c 

for the appropria te  time <0 -  60 minutes). This cut down the amount of

background incorporation appreciably , but s t i l l  gave increased incorporation in 

the presence of REP D. Incorporation increased in a linear  fashion, in i t ia l ly ,  

ta i l in g  o ff  a f t e r  about 40 minutes. There was an approximately 6 fold increase 

in incorporated rad io a c t iv i ty  over the background level a f t e r  60 minutes.
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Fig 4.4: Labelling of pC221 with al^^P] dATP using the in v i tro  r ep lica t io n  

system .

The In v itro  rep l ica t io n  system was used to label pC221 with aĈ ^^Pl

dATP. Assays were ca rr ied  out under typ ical conditions in the presence of aC®*Pl

dATP. The products were subjected  to r e s t r i c t io n  endonuclease d ig es t io n ,  agarose 

ge l e lec tropho res is  and autoradiography. The r e s u l t in g  gel (a) and i t  s 

autoradiograph  <b) are  shown.

Track 1 -  labelled  pC221 (undigested), Track 2 -  labelled  pC221 

(Hpall / Hind III d ig es t)  and Track 3 -  labelled pC221 (Hinf I d ig es t) .  The

p o s it io n s  of supercoiled  (SC) and relaxed and /or open c i rc u la r  (00) DNA are

indicated.

The pC221 r e s t r i c t i o n  map (c) is shown. The p a t te rn  of labelling  of 

the r e s t r i c t i o n  fragments su g g es ts  tha t rep lica t io n  is  un id irec tio n a l ,  in the 

d irec tio n  expected for elongation  a t  the free  3' OH group genera ted  a t  the nick 

s i t e ,  and is  in i t ia te d  within the region of the plasmid containing the o rig in .
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Fig 4.5; Assay for REP D a c t iv i ty  in e x t ra c ts  of E. c o li  which over-express  the 

repD gene.

REP D was p u r if ied  by cloning of the repD gene Into pHD, a 

te m p era tu re -se n s i t iv e ,  Inducable, dua l-o r lg ln  vector , followed by overexpression 

In E. co li. The E. co li e x t r a c t s  were p a r t i a l ly  p u r if ied  by ammonium su lphate  

fac t  Iona t  ion (30% sa tu ra t io n ) .  The p a r t ia l ly  pu rif ied  e x t ra c ts  were assayed for 

REF D a c t iv i ty  using the in v itro  rep l ica t io n  system.

Varying ammounts of the e x t ra c t  were added to typ ica l assay 

m ixtures, which were then incubated a t  3 0 'c for 1 hour. Incorporation was 

increased on addition  of the e x t ra c t ,  levelling o ff  a t  an addition  of Ip l of 

ex tra c t .
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Fig 4.6; Assay for REP D a c t iv i ty  In f rac t io n s  co llec ted  from a heparin 

sepharose column.

E x trac ts  of E. co li In which repD Is overexpressed were p a r t ia l ly

purif ied  by ammonium su lpha te  f ra c t io n a t io n  (30% sa tu ra t io n ) .  E x trac ts  were

applied to a heparin sepharose column and e lu ted  by increasing s a l t  

concentration  (KCl).

The A-zeo of the co llec ted  frac t io n s  was measured and peak f rac t io n s  

were assayed for REF D a c t iv i ty  using the in v itro  r e p l ic a t io n  system. Aliquots 

(5pl) of each f rac t io n  were added to typical assay  mixtures, which were 

incubated a t  3 0 ‘c fo r  1 hour.

The graph shows p a r t  of the e lu tion  p ro f i le  for REP D. The in v itro

REP D a c t iv i ty  (shown by the so lid  line) corresponds to the A^eo peak (dotted

line), sugges ting  th a t  the p ro te in  peak seen here Is REP D.
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Fig 4.7: Time course experiments with pC221. pTlQl and pCW7 In the 

presence and absence of REP D.

Time course experiments were carr ied  out using the in v i tr o  

re p l ic a t io n  system, In the presence and absence of REP D, with pC221, pTlôl and 

pCW7, Assays were ca rr ied  ou t under typ ica l conditions. In the absence of REP D, 

the background Incorporation was low In each case. All th ree  showed Increased 

Incorporation In the presence of REP D, although Incorporation was s l ig h t ly  

higher with pC221. These r e s u l t s  were unexpected, as experiments ca rr ied  out in 

vivo  have suggested  th a t  a p a r t i c u la r  REP pro te in  Is abso lu te ly  sp ec if ic  for 

I t  s cognate o r ig in  sequence (Projan e t  ai, In press).
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Fig 4.8: Labelling of pC221. pT161 and pCW7 with dATP. using the in v i tro

rep lica t io n  system.

The In v i tro  rep lica t io n  system was used to label pC221, pT181 and 

pCW7 with aC®*P] dATP In the presence of REP D p ro te in . The assays  were ca rr ied  

out under typ ica l conditions and the products sub jected  to r e s t r i c t io n  

endonuclease d iges t ion ,  agarose ge l e lec tro p h o res is  and autoradiography. The 

r e s u l t in g  gel (a) and autoradiograph <b) are  shown.

Track 1 -  labelled pC221 (undigested), Track 2 -  labelled  pC221 

(Hpall  / Hlnd l l l  d igest) ,  Track 3 -  labelled pT181 (Hlnf I d ig es t) .  Track 4 -  

labelled  pT181 (undigested). Track 5 -  labelled  pT181 (Hpall  / Hlnd l l l  d igest) .  

Track 6 -  labelled  pT181 (TagI d iges t) .  Track 7 -  labelled  pCW7 (undigested), 

Track 8 -  labelled  pCW7 (Hpall  /H lndlll d igest) ,  Track 9 -  labelled  pCW7 (HlnfI 

d igest) .

The p a t te rn s  of labelling  of r e s t r i c t io n  fragments obta ined suggested  

th a t .  In each case, the re p l ic a t io n  was In i t ia te d  within the region containing 

the o rig in  sequence, and was proceeding In the d irec tio n  expected for elongation 

a t  the free  3 ' OH group genera ted  by nicking of the o rig in  sequence.
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Fig 4.9; Time course experiments with pC221 and pC194.

Time course experiments were ca rr ied  out under typ ica l conditions, In 

the presence and absence of REP D (50ng), with pC221 and pC194 DNA. The r e s u l t s  

show th a t ,  although incorporation with pC221 Is Increased In the presence of REP 

D, very l i t t l e  REP D-dependent Incorporation Is seen with pC194, a staphylococcal 

plasmid which has no sequences homologous to the pC221 repD gene. The low level 

of REP D dependent Incorporation seen with pC194 may r e f l e c t  some homology with 

the pC221 o r ig in  within pC194. This would not be e n t i r e ly  su rp r is in g  as pC194 

Is thought to re p l ic a te  via a ro l l in g  c i rc le  mechanism s im ila r  to th a t  for 

pC221, although there  Is no obvious homology within the rep l ica t io n  reg ions  of 

these  plasmids. Another explanation may be th a t  the presence of a low level of 

contamination seen In the REP D, which Is thought to be a sso c ia ted  with non

sp ec if ic  nuclease a c t iv i ty ,  may degrade the DNA to some ex ten t ,  leading to DNA 

re p a ir  rep lica t io n .
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Fig 4.10; DNA gyrase a c t iv i ty  p re sen t  In S. aureus c e l l  f ree  e x t ra c ts .

Track 1 -  supercoiled  pC221 DNA (0,5pg), Track 2 -  pC221 DNA (0.5fig) 

tre a te d  with ca l f  thymus topolsoraerase I (10 u n i ts ) ,  Track 3 -  pC221 DNA (O.Spg) 

t r e a te d  with c a l f  thymus topoisomerase I (10 u n its ) ,  followed by trea tm ent with 

S, aureus  c e l l  f re e  e x t ra c t  (5pl) and Track 4 -  as  track  3, in the presence of 

novoblocin (1.25pg).

Treatment of superco iled  DNA with ca l f  thymus topoisomerase I causes 

re lax a tio n  to a s e r ie s  of topoisomers of low su p e rh e lica l  density .  Treatment of 

th is  re laxed  DNA with the c e l l  f r e e  e x t ra c t  increases  the su p erh e lica l  density 

of the DNA only in the absence of novobiocin, an in h ib i to r  of DNA gyrase.
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Fig 4.11; Time course experiment using relaxed pC221 and pT161 DNA In the 

presence and absence of REP D.

Time course experiments were ca rr ied  ou t under typ ical conditions in 

the presence and absence of REP D with pC221 and pTlôl DNA relaxed with ca lf  

thymus topoisomerase I. The assays  were ca rr ied  out In the presence of 

novobiocin (50pg/ral), as the e x t ra c ts  have been shown to have DNA gyrase 

a c t iv i ty .  Relaxed pC221 DNA s t i l l  shows REP D-dependent incorporation, but 

relaxed pT181 DNA does not. This su g g es ts  th a t  the s p e c if ic i ty  of REP D for i t s  

cognate o r ig in ,  or ID. is increased over th a t  for or 1C when the superhe lica l 

density  of the s u b s t r a te  plasmid is low.
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CHAPTER 5.

FOOTPRINT ING OF THE pC221 o r  ID REGION WITH REP D.

5.1. -  Introduction.

5.2. -  R esults  and d iscussion .
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CHAPTER 5.

DNASE I FOOTPRINT ING OF THE pC221 o r l  REGION WITH REP D PROTEIN.

5.1; -  Introduction.

DNA foo tp r in ting  has been ca rr ied  out in order to dem onstrate 

sequence-spec if ic  binding of REP C on a 157bp Pvul / TaqI r e s t r i c t i o n  fragment

of pT181 containing o r iC (Koepsel e t al, 1986). This showed th a t  REP C binds

sp ec if ica l ly  to a 32bp region within or 10. immediately downstream of the nick 

s i t e .  Experiments were, the re fo re ,  ca rr ied  ou t to determine the pos ition  of 

binding of REP D a t  oriP in order to compare i t  with REP C. DNase I, a non

spec if ic  endonuclease, was used for foo tp r in ting  s tu d ie s  of REP D.
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5.2: -  R esults  and d iscussion .

DNase I p ro tec tion  experiments were ca rr ied  ou t according to the 

method of Galas & Schmitz (1978). Plasmid DNA (pC221) was d ig es ted  with HinfI 

and the la rg e s t  (976bp) r e s t r i c t io n  fragment was iso la ted  by agarose gel 

e lec tro p h o re s is ,  followed by e le c t ro e lu t io n  of the fragment from a g e l  s l ic e .  The 

fragment was then [®^P1 end-labe lled  a t  the 5 ' or 3' end and cu t with a second 

r e s t r i c t io n  endonuclease, Alul. A 186bp fragment containing or ID. labelled  a t  one 

end, was again iso la ted  by gel e le c tro p h o re s is  and e le c tro e lu t io n .

In order to determine the exact binding s i t e  of REP D on the end- 

labelled fragment, DNase I p ro tec tio n  experiments were ca rr ied  out. 

Approximately 10 -  20ng of end-labe lled  DNA were t re a te d  with DNase I (4ng) for 

5 minutes a t  room tem perature in the presence and absence of REP D (O.Gpg). The 

samples were run on a 6% polyacrylamide /u rea  sequencing gel a g a in s t  dideoxy 

sequencing tracks as s ize  markers (Figure 5.1).

In the absence of REP D, DNase I p a r t i a l  d ig es t io n  of the end-labelled

DNA gave a well d is t r ib u te d  ladder of bands, both with the 5 ' and 3 ’ end-

labelled DNA (Figure 5.1. -  Tracks 111 and C31). However, when the DNA was

preincubated with a g re a te r  than 100:1 r a t i o  of REP D to DNA, the p a t te rn  of 

d igest ion  observed was d i f fe re n t .

The DNase I d igest ion  of 5' end -labe lled  DNA in the presence of REP D 

(Figure 5.1. -  Track C41) has a gap in the ladder of bands which shows the 

position  of p ro tec tion  of the DNA from the nuclease by REP D on the upper 

s trand . There are  a lso  some strong  bands p resen t w ithin th i s  region which, in
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some cases , are  more in tense than the corresponding bands in the d igestion

p a t te rn  in the absence of REP D. These correspond to reg ions of the DNA which

are s t i l l  accessib le  to cleavage by DNase I when REP D is bound. In the cases

where the band is  more in tense than in the absence of REP D, i.e. when the

cleavage by DNase I is enhanced, the DNA is  somehow made more accessib le  to

DNase I by the binding of REP D.

The very in tense band, marked with an a s te r i s k ,  corresponds to the

nicking of the oriD region by REP D. The DNase I fo o tp r in t  of REP D s t r e tc h e s

over a region of 38bp immediately downstream of the nick s i t e  on the upper

s trand .  There is enhancement of DNase I cleavage a t  two pos it ions ,  20 and 31 

bases re sp ec t iv e ly  downstream from the nick s i t e .

The 3' end-labelled  DNA also  shows a fo o tp r in t  p a t te rn  (Figure 5.1. -  

Track 121) which shows the position  of p ro tec tion  of the DNA by REP D on the

lower s trand . There is no s trong  band due to nicking by REP D here, as REP D

only cleaves the o rig in  in the top s trand .  In th is  case, the DNase I fo o tp r in t

s t r e tc h e s  over 34 bases, covering approximately the same region which is

p ro tec ted  on the upper s trand .  There is  enhancement of DNase I cleavage a t

th ree  pos itions ,  one 5 bases, one 15 bases and a c lu s te r  of th ree  s i t e s  a t

around 25 bases downstream of the nick s i t e .

Therefore, DNase I foo tp r in ting  data  show th a t  REP D binds to a 38bp

region of or ID. immediately downstream of the nick s i t e ,  which encompasses the

whole of ICR III, along with the 5 ' s ide  of ICR II (Figure 5.2). The p a t te rn  of

DNase I enhanced cleavage obtained appeared to have a per iod ic ity  of

approximately 10 bases, which is displaced by 5 bases on each s tran d  r e la t iv e  to

the o ther. This might sugges t th a t  only one side  of the DNA double helix
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in te ra c t s  closely  with the p ro te in , with the face of the DNA helix  facing away 

from the p ro te in  being accessib le  to cleavage by DNase I.

Preliminary r e s u l t s  using hydroxyl rad ic a l  fo o tp r in tin g  methods 

(Figure 5.3), which are  expected to give a much higher re so lu t io n  fo o tp r in t  due 

to the high r e a c t iv i ty  and small s ize  of the a t tack ing  hydroxyl rad ic a l  (Tullius, 

1987), su g g es t  th a t  c lose con tac ts  between DNA and p ro te in  a re  not continuous 

over the e n t i r e  foo tp r in ted  region ( r e s u l t s  not shown). The c lose con tac ts  

appear to show a s im ilar  periodic p a t te rn  to the enhanced cleavage p a t te rn  

obtained with DNase I foo tp r in ting ,  giving fu r th e r  evidence th a t  REP D only 

in te ra c t s  with one face of the DNA helix .

Bending of the DNA on binding to REP D might explain the enhanced 

DNase I cleavages observed, as th is  would cause an opening of the minor groove, 

g iving g re a te r  a c c e s s ib i l i ty  to DNase I (Figure 5.4). There is  evidence for some 

bending a t  the pT181 o r ig in  (oriC) on binding of REP C (Koepsel & Khan, 1986).

The fo o tp r in tin g  data  shows no apparent con tac t between REP D and 

DNA upstream of the nick s i t e ,  suggesting  th a t  bases here a re  unimportant for 

REP D binding. However, i t  must be remembered th a t  the data  obtained here g ives 

information on REP D bound to the DNA a f t e r  nicking has taken place. Therefore, 

i t  may be th a t  o the r  bases are  in i t i a l ly  involved in REP D binding and a 

conformational change takes place a f t e r  nicking, thereby a l te r in g  the mode of 

binding.



Fig 5,1; DNase I foo tprin ting  of REP D on or ID,

The autoradiograph shows the p a t te rn  of p ro tec tion  of or ID by REP D 

from DNase I, P rotection of the lower s trand  is shown by the foo tp r in t on the 3' 

end-label led DNA, whereas p ro tec tion  on the upper s trand  is shown by the 

fo o tp r in t  on the 5' end labelled DNA.

Track 1 -  3 ‘ end-label led DNA (lOng), DNase I t rea ted  <4ng, 5m in, room 

temp), no REP D .

Track 2 - 3 '  end-labelled  DNA (lOng), DNase I t rea ted  <4ng, 5min, room 

temp), plus REP D (0.6pg).

Track 3 - 5 '  end-labelled  DNA (lOng), DNase I t rea ted  <4ng, 5min, room 

temp), no REP D.

Track 4 - 5 '  end-labelled  DNA (lOng), DNase I t rea ted  <4ng, 5min, room 

temp), plus REP D (O.Spg).

The DNA sequence is shown adjacent to the DNase I foo tp r in t .  Inverted 

complementary repea t sequence (ICR) III of o r i  D is denoted by the arrows.

The r e s u l t s  suggested th a t  REP D binds to a 38 bp region immediately 

downstream of the nick s i t e .  The p a t te rn  of enhanced DNase I cleavage s ite s  

observed suggested th a t  only one face of the DNA helix  was in close contact 

with REP D, and th a t  the DNA may be bent on binding of REP D. The very intense 

band, marked with an as te r  1st, was due to cleavage of the DNA by REP D a t  the 

spec if ic  nick s i t e .
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Fig 5.2: Diagram of or ID and the DNase I fo o tp r in t  of REP D.

The ex ten t  of binding of REP D on e i th e r  s t ran d  is denoted by so lid  

lines .  ICR II and III a re  denoted by do tted  arrows. The pro tec ted  region extends 

over approximately 38bp on both s tran d s ,  immediately downstream of the nick 

s i t e ,  covering the whole of ICR III and the 5' s ide  of ICR II. S i te s  of enhanced 

cleavage by DNase I are  shown by so lid  t r ian g le s .  S i te s  of DNase I cleavage 

which a re  the same in the presence and absence of REP D are shown by open 

t r ia n g le s .  There is an approximate per iod ic i ty  of 10 bases in the p a t te rn  of 

enhanced DNase 1 cleavage s i t e s  observed, which is d isplaced by 5 bases on each 

s tran d  r e la t iv e  to the o ther.
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Fig 5.3; Hydroxyl rad ica l fo o tp r in tin g  (Tullius. 1987).

Footprin ting techniques using the hydroxyl rad ica l  as the nucleo ly tic  

species give a high re so lu t io n  fo o tp r in t ,  with only the regions of the DNA in

very c lose con tact with the DNA binding pro te in  being p ro tec ted . This is due to

three  p ro p e r t ie s  of the hydroxyl rad ica l,  i t  s small s ize ,  i t  s high r e a c t iv i ty  

and i t  s  very low preference for the p a r t ic u la r  nucleo tide  attacked .

The main fe a tu re s  of th is  method are  i l lu s t r a t e d .  A negatively  

charged complex of iron (ID EDTA re a c ts  with hydrogen peroxide to produce

hydroxyl rad ic a ls  (-OH). These then make s in g le -s t ra n d e d  nicks in the DNA by

e x tra c t in g  a hydrogen atom from a deoxyribose res idue  in the DNA backbone, 

which then breaks down by secondary reac tio n s  to give chain cleavage. The 

conditions are  ad justed  so th a t  each DNA molecule is cleaved, a t  most, once (as 

denoted by the heavy arrow).

The s i t e  of a t ta ck  is shown in g re a te r  d e ta i l ,  encirc led . The products 

of the reac tion  are  DNA molecules th a t  have a t  th e ir  ends the phosphates th a t  

were o r ig in a lly  a ttached  to the deoxyribose moiety (the victim of the hydroxyl 

rad ica l a ttack).



2 -

[Fe(EDTA)]% H^O2 ^ 2

OHOH

OHOH
OH

"OH

o=p—o~

Base

0 = P— O"

0 = P— 0~ 
o -

0 “
0 = P— 0 “



Fig 5.4; Proposed binding of REP D to the or ID sequence.

The p a t te rn  of enhanced cleavage observed in the DNase I fo o tp r in t  of 

REP D su g g es ts  th a t  the p ro te in  only makes close con tac t with one face of the 

DNA helix  of or iD. Bending of the DNA on binding of REP D would open up the 

minor groove of the DNA on the s ide  of the DNA helix  facing away from the 

p ro te in ,  making i t  more access ib le  to a t tack  by DNase I, denoted by the arrows.
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CHAPTER 6 .

In v i tr o  mutagenesis of ICR II o f  the  pC221 o r ig in,

6.1. -  Introduction.

6.2. -  Results  and d iscussion .

6.2.1. -  In v itro  mutagenesis of pC221 or ID by the method of Kunkel.

6.2.2. - Assay of mutant o r ig in  sequences using the REP D in v itro

nicking /c losing  a c t iv i ty .
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CHAPTER 6 .

IN VITRO MUTAGENESIS OF ICR 11 OF THE pC221 ORIGIN.

6.1; -  Introduction.

The pC221 o r ig in  (o r iD) has th ree  inverted complementary repea t  

sequences (ICR I, II and III) which may be capable of in t r a - s t r a n d  secondary 

s t r u c tu re  formation, e.g. hairp in  or c lover lea f  s t r u c tu re s  (see Figure 3.7). 

However, i t  is not known whether such s t r u c tu r e s  would be s ta b le  in vivo  or 

whether they are  important for pC221 rep lica t io n .  Work ca rr ied  out with pC221 

in v itro  (see chapter 4), sugges ts  tha t,  a f t e r  sequence-spec if ic  binding of REP 

D, a conformational change may be required  within o r iD before nicking can occur. 

Such a change appears to be s ta b i l i s e d  e i th e r  by sequence-spec if ic  binding of 

REP D a t  the o rig in , or by negative  superco iling  of the DNA.

DNase I fo o tp r in tin g  da ta  has shown th a t  REP D binding s t r e tc h e s  over 

the 3' ha lf  of ICR II, as well as the whole of ICR III. As ICR II is almost 

completely conserved in a l l  known rep sequences, i t  may be th a t  the change in 

the DNA takes place here. Hairpin ex trus ion  a t  th is  hairp in  would be s ta b i l is e d  

by the energy s to red  in negative  superco iling  of the DNA. The proposed hairp in  

may a lso  be s ta b i l i s e d  by pro te in  /DNA con tac ts  with bound REP D.

The above observa tions r a is e  the question whether mutations within 

ICR 11, ones in p a r t ic u la r  which a f f e c t  base pairing  within the stem of the 

proposed hairpin , might a f f e c t  the a b i l i ty  of REP D to nick a t  oriD. I t  was 

decided to introduce mutations on each s ide  of ICR II. E ither mutation would
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promote in s ta b i l i ty  of the proposed hairp in  stem by v ir tu e  of the loss of a

hydrogen bonded base pa ir .  This would a lso  determine whether the sequence on

the 3* s ide  of ICR II, where REP D appears to bind, is more c r i t i c a l  for REP D

binding and /o r  nicking than th a t  on the 5' s ide  of ICR II.
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6 .2 ;  -  R e s u l t s  a n d  d i s c u s s i o n .

6.2.1: -  In v i t ro  mutagenesis of or ID by the method of Kunkel.

A Tag I fragment (278bp) of pC221 containing or ID was cloned into M13 

via the Accl s i t e  (Figure 6.1). This co n s tru c t  (M13 / oriD) was transformed into 

E. co li JMIOI. Phage were picked and used to t r a n s fe c t  E, c o ll  RZ1032 in the 

presence of deoxyuridine. S ing le -s tranded  phage DNA, with deoxyuridine

incorporated, was used for in v i tro  mutagenesis (Kunkel, 1985).

Two mutagenic o ligonucleo tides  were designed in order, sepa ra te ly ,  to 

change a s ing le  base on e i th e r  s ide  of ICR II (Figure 6.2). The changes were a G 

to C on the 5' s ide  of ICR II and a C to G on the 3' s ide  of ICR II. Both give 

d is rup tion  of one C-G base pa ir  in the stem of the proposed hairp in . The 

changes a lso  destroyed each of the Hpall s i t e s  p resen t on e i th e r  s ide  of ICR II.

Mutagenesis was ca rr ied  out by the method of Kunkel (Figure 6.3). 

Plaques were picked into phage bu ffe r  and s in g le -s t ran d ed  phage DNA was 

prepared. Dideoxy sequencing using the s in g le -s t ran d ed  DNA with the M13 

un ive rsa l primer was ca rr ied  out to compare the wild type and mutant o rig in  

sequences (Figure 6.4).

6.2.2: -  Assay of mutant o rig in  sequences using REP D in v i tro  nicking /c losing  

ac t iv i ty .

Double-stranded re p l ic a t iv e  forms of M13, M13 / o r ID wild type and the 

two mutants, M13 / o rID(5') and M13 / orID(3*) were prepared (5' and 3* denote
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mutations in the 5 ' and 3' s ides  of ICR II respec tive ly ).  The supercoiled  forms 

were iso la ted  by CsCI /ethidium bromide density  g rad ien t cen tr i fu g a t io n .  Double

s tranded , superco iled  DNA was assayed by i t s  a b i l i ty  to support the in v itro  

nicking /c lo s in g  a c t iv i ty  of REP D (Figure 6.5). The DNA was t re a te d  with 

increasing molar r a t i o s  of REP D for 30 minutes a t  30 *c and the products were 

analysed by agarose  gel e lec tro p h o re s is  in the presence of ethidium bromide.

As expected, M13 DNA was not nicked by REP D. However, M13 containing 

the wild type cloned orig in  sequence (Ml3 / o r iD) was nicked by REP D. Nicking 

was complete a t  an approximate r a t io  of 2:1 REP D monomers to DNA molecules, 

i.e. one REP D dimer per DNA molecule. The same r e s u l t  has been obtained with 

pC221 DNA (Thomas, 1988). Most of the nicked DNA was re l ig a te d  to give the 

relaxed, covalen tly  closed c i rc u la r  form.

The ex te n t  of nicking obtained with M13 / o r iD(5*) appeared to be 

exactly  the same as th a t  obtained with wild type Ml3 /oriD. although th is  assay 

may not be s e n s i t iv e  enough to d e te c t  very small changes in nicking a c t iv i ty .  

This r e s u l t  sugges ted  th a t  the mutated G base on the 5' s ide  of ICR II is not 

important for recogn ition  and nicking by REP D, as might be expected from 

fo o tp r in tln g  da ta .  I t  a lso  su g g es ts  th a t  hairp in  formation a t  ICR II is  not 

important for REP D binding and nicking, as  the d is rup tion  of a G-C base pa ir  in 

the 9bp stem of the proposed hairp in  would be expected to have some e f f e c t  on 

i t s  s ta b i l i t y ,

A method fo r  es tim ation  of the s t a b i l i t y  of secondary s t ru c tu re  

within nucle ic  ac id s  based on the measured free  energ ies  of base paired reg ions 

in v itro  (Tinoco e t  a l ,  1973) has been proposed for the p red ic tion  of the 

s t a b i l i t y  of ha irp in  s t ru c tu re s .  The es tim ated  f ree  energy of the p u ta t iv e
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hairp in  formed in wild type ICR II is -19.6kcal, This increases to - 1 1 ,4kcal in 

the mutated hairp in  with a s ing le  mismatch. Disruption of a C-G base p a ir  would 

be expected to have a g re a te r  e f f e c t  than d is rup tion  of an A-T base pa ir .  Also, 

work ca rr ied  out by Lilley (1982) su g g es ts  th a t  purine /pu rine  and pyrimidine 

/pyrimidine mismatches such as these have a much g re a te r  d e s ta b i l i s in g  e f f e c t  

than purine /pyrimidine mismatches.

It  should be noted th a t  hairp in  s t ru c tu re s  a re  in com petition with 

p e rfec t ly  base paired duplexes and even a r e la t iv e ly  minor asymmetry, such as a 

s ing le  mismatch, may be s u f f ic ie n t  to r a is e  the free  energy of the hairp in  

enough to lower i t  s s t a b i l i t y  r e la t iv e  to th a t  of the linear  duplex 

conformation. However, such a mismatch may not be s u f f ic ie n t  to prevent hairpin  

formation, espec ia lly  in the presence of negative  DNA superco iling  and bound REP 

D pro te in  which may have a s ta b i l i s in g  e f f e c t  on the hairp in . The f ree  energy of 

the mutated hairp in  is s t i l l  negative, a lb e i t  much higher than th a t  of the wild 

type hairpin , suggesting  th a t  the mutant hairp in  may s t i l l  form. This r e s u l t  is 

th e re fo re  inconclusive as  to whether ha irp in  ex trus ion  a t  ICR II is  requ ired  for 

nicking of oriD by REP D.

The ex ten t  of nicking observed with Ml3 / oriD(3*) was much le ss  than

th a t  observed with wild type M13 / o r iD and M13 / o r iP (5*). Nicking was only

complete with r a t i o s  of REP D to DNA g re a te r  than 16:1 (i.e. 8 REP D dimers per 

DNA molecule). This r e f l e c t s  an 8 fold decrease  in recognition  and /o r  nicking of 

th is  mutant o rig in  by REP D compared to the wild type orig in . This su g g es ts

th a t  the 3' s ide  of ICR II is  more important for REP D binding and /o r  nicking

than the 5' s ide, c o n s is te n t  with the foo tpr in ting  data.
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However, the 5* s ide  of ICR II is almost p e rfec t ly  conserved in a l l  

s ix  known rep sequences, except for one base change in pS194 and pUB112, 

sugges ting  th a t  th is  inverted  repea t sequence is  important in some aspec t of 

pC221 rep lica t ion ,  I t  may be th a t  the d e s ta b i l i s in g  e f f e c t  of the mismatched 

hairp in  and the d is rup tion  of REP D binding both con tr ibu te  to the 8 fold 

decrease in REP D nicking observed. A lte rna tive ly , the r e s u l t  may be so le ly  due 

to d is rup tion  of REP D binding, as the base change l ie s  w ithin the REP D binding 

s i t e ,  as  determined by DNase I footpr in ting  s tu d ie s .

The p a t te rn  of nicking of the M13 / o r iD(3*) mutant o r ig in  a lso  

d i f f e r s  from th a t  of the wild type M13 / o r iD and M13 / o r iD(5') o r ig in s  in th a t  

very l i t t l e  of the nicked product is r e l ig a te d  to give the relaxed, covalently  

closed c i rc u la r  form. I t  may be th a t  REP D binding to th is  mutant o rig in  is 

impaired so tha t,  a f t e r  nicking, the p ro te in  d is s o c ia te s  from i t s  normal binding 

s i t e  before re  l iga tion  can take place. A lte rna tive ly ,  binding may be d is rup ted  so 

th a t  the REP D / o r iD complex is in an a l te re d  configura tion  which allows nicking 

to occur, a lb e i t  a t  reduced eff ic iency , but is no longer able to promote 

re  ligation .

Another in te rp re ta t io n  of th is  observed r e s u l t  is  th a t  the DNA of 

th is  mutant o r ig in  may be nicked and re l ig a te d ,  but the relaxed, covalently  

closed c ircu la r  form of the DNA is  more su sc ep tib le  to fu r th e r  a t ta c k  by REP D 

to give the open c i rc u la r  form than the wild type. As the s u b s t r a te  DNA is 

already relaxed, the second nicking event would yield open c i rc u la r  DNA, as 

there is no energy con tribu tion  from DNA superco iling  towards the re  l iga tion  

reac tion . This explanation, however, seems unlikely, as the supercolled  form of
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th is  mutant o r ig in  has already been shown to be less  su scep tib le  to nicking by 

REP D than the wild type.



Fig 6.1: Cloning of or ID Into M13.

A 278bp Taql r e s t r i c t io n  fragment of pC221 containing o r iD was 

cloned into M13 /mpl9 via the Accl s i t e .  The s ize  of the in s e r t s  were checked 

by r e s t r i c t io n  endonuclease d iges t ion  of the doub le -s tranded  re p l ic a t iv e  forms 

and dideoxy sequencing using the M13 un iversal primer on the s in g le -s t ran d ed  

templates.

S ing le -s tranded  DNA with deoxyuridine incorporated was prepared to 

allow in v i tro  mutagenesis of o r iD by the method of Kunkel (1985).
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Fig 6.2: Mutations Introduced Into the 5* and 3' s ides  of ICR II of oriD.

The sequences of the two m utations introduced into ICR II of oriD 

(Ml3 / o r ID(5*) and M13 /o riD (3'), denoting changes in the 5 ' and 3 ' s ides  of ICR 

II re sp ec t iv e ly ,  are  shown compared to the wild type sequence. These mutations 

d is ru p t  a s ing le  C-G base pair  in the stem of the proposed ha irp in  formed a t  

ICR II in each case.



 > <--------------

M13 /o r iD  (WT) ICR I I  5 ' ------- AACCGGCTACTCTAATAGCCGGTT------ 3'

 A > A------

M13 /o r iD  (S ')  ICR II  S ' ------- AACCCGCTACTCTAATAGCCGGTT------ 3'

M13 /o r iD  ( 3 ')  ICR I I  S ' ------- AACCGGCTACTCTAATAGCCGGTT-------3'



Fig 6.3: In v i tr o  mutagenesis of oriD by the method of Kunkel.

A fragment of pC221 containing oriD was cloned into Ml3 and s in g le 

s tranded  phage DNA (containing deoxyuridine) was prepared. The app rop ria te  

mutagenic o ligonucleo tide  was annealed to the s in g le -s t ran d ed  template and 

extension / l ig a t io n  reac tio n s  were ca rr ied  out in the presence of dNTPs, Klenow 

fragment of DNA polymerase I and T^ DNA ligase. D ilutions of the extension 

/ l ig a t io n  reac tion  mixtures were transformed into E. co li  JMIOI. Plaques were 

picked and s in g le -s t ran d ed  phage DNA prepared. Dideoxy sequencing was ca rr ied  

out with these  s in g le -s t ran d ed  tem plates and the M13 un ive rsa l primer to check 

for the requ ired  mutations.
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Fig 6.4; Dideoxy sequencing of wild type and mutant oriD sequences.

The dideoxy sequencing tracks of the wild type and mutant oriD 

sequences are  shown. The sequence of the ICR II region is  shown beside the 

sequencing tracks in each case. The sequencing tracks are  in the order ACGT. The 

sequence of the wild type origin is ambiguous in tha t i t  is d i f f i c u l t  to te ll  

whether the second Hpall  s i t e  has lost a G residue. However, treatment of this 

cloned orig in  with REP D gives complete re laxation  with a REP D dimer /DNA of 

1:1, as seen with wild type pC221 DNA (Thomas, 1988). Also, M13 /oriD <5') and 

(3'), which were derived from the wild type sequence, obviously have th is  G 

residue, Therefore, th is  apparent deletion of a G in the wild type sequence is 

probably due to fa lse  sequencing or to anomalous running of the gel,



s I
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Fig 6.5; In v i tro  nicking /closing a c t iv i t ie s  of REP D with wild type and 

mutant oriD sequences cloned into M13.

Double-stranded, supercoiled forms of M13, M13 /orID. M13 /orlDCSD 

and M13 /orID(3*) were exposed to increasing molar ra t io s  of REP D a t  30*c for 

30 minutes. The molar ra t io s  of REP D to DNA used were 0:1, %:1, 1:1, 2:1, 4:1, 

8:1, 16:1, 32:1, 64:1 and 128:1 respectively . Products were analysed by agarose 

gel e lectrophoresis  in the presence of ethidium bromide. Gel [al shows that REP 

D has no detectable  nicking /closing ac t iv i ty  with Ml3. Gel [b] shows the nicking 

/closing ac t iv ity  of REP D with wild type M13 /oriD. Nicking is complete at a 

r a t io  of one REP D dimer per DNA molecule. Gel Cel shows the nicking /closing

ac t iv ity  of REP D with Ml3 /oriD(S'), which appears to be exactly the same as

with the wild type origin sequence. Gel Ed], however, shows tha t the extent of 

nicking by REP D with the Ml3 /oriD(3*) origin is approximately 8 fold lower 

than with the wild type orig in . Most of the product here is open circular rather

than relaxed, covalently closed c ircu lar  form.



sc = SUPERCOILED
CCC = COVALENTLY CLOSED CIRCULAR 
OC = OPEN CIRCULAR
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CHAPTER 7.

STUDIES ON THE REP D /oriD INTERACTION USING SYNTHETIC OLIGQNICLEOTIDES.

7.1. -  Introduction.

7.2. -  Results  and d iscussion .

7.2.1. -  The design of s in g le - s t ra n d e d  oligonucleotides based on the

o r iD ICR II sequence.

7.2.2. -  REP D nicking a c t iv i ty  with o ligonucleo tides  based on the

or ID ICR II sequence.
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CHAPTER 7.

STUDIES ON THE REP D /oriD INTERACTION USING SYNTHETIC OLIGONUCLEOTIDES.

7.1; -  Introduction.

Experiments have been ca rr ied  ou t using sy n th e t ic  o ligonucleo tides  

based on the o r iD sequence to e lu c id a te  the REF D amino acid res idue  to which 

the DNA becomes covalently  a ttached  a f t e r  the nicking event (Thomas 1988). The 

r e s u l t s  showed th a t  REP D can cleave and become covalently  a t tached  to a 24 

base sing l e - s tranded  o ligonucleotide  corresponding to the upper s t ran d  sequence 

of ICR II of o r iD. Therefore, the use of such o ligonucleo tides  might be an 

e a s ie r  and more rapid  method than in v i tro  mutagenesis of the e n t i r e  o rig in  for 

investiga tion  of the e f f e c t  of sequence changes within ICR II on recognition  and 

nicking by REP D.
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7 . 2 ;  -  R e s u l t s  a n d  d i s c u s s i o n .

7.2.1: -  The design of s in g le -s t ran d ed  o ligonucleo tides  based on the or ID ICR II 

sequence.

O ligonucletides were designed based on the sequence of the upper 

s trand  of ICR II of o r iD. Ten o ligonucleo tides  were synthesized (Figure 7.1). An 

o ligonucleo tide  corresponding to the "wild type" ICR II sequence (DFB 20) was 

synthesized  to a c t  as a control. Six o ligonucleo tides  were used to inves t iga te  

the importance of the bases on both s ides  of the nick s i t e  for cleavage by REP 

D (DFB 21-25). Three more o ligonucleo tides  were used to in v e s t ig a te  the e f f e c t  

of changing the sequence on e i th e r  s ide  of the p u ta t iv e  stem s t r u c tu re  of the 

proposed ICR II ha irp in , but keeping the sequence of the loop region constan t 

(DFB 27-29).

7.2.2: -  REP D nicking a c t iv i ty  with o ligonucleo tides  based on the oriD ICR II 

sequence.

O ligonucleotides were p u rif ied  by polyacrylamide gel e lec tro p h o res is ,  

e lu t io n  from a gel s l ic e  and passage through a Sephadex G-25 spun column. They 

were then 5' end- labelled  with ^D^^PI ATP using T  ̂ kinase. Size markers, 

co n s is t in g  of a mixture of o ligonucleo tides  betweeen 10 and 20 bases in length, 

were a lso  end-labelled .

End-labelled ICR II o ligonucleo tides  were t re a te d  with a 2:1 molar 

r a t i o  of REP D to DNA (i.e. one REP D dimer per DNA molecule) for 10 minutes a t
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30 "c. The products of the reac tion  were subjected to polyacrylamide gel 

e lec tro p h o res is  and autoradiography (Figure 7.2).

If REP D cleaves the o ligonucleo tide  a t  the sp ec if ic  nick s i t e ,  the 

product should be a 13 base end-labe lled  o ligonucleo tide , with REP D presumably 

becoming covalently  a t tached  to the o ther  (un label led) 11 base oligonucleotide. 

The o ligonucleo tide  corresponding to the "wild type" ICR II sequence (DFB 20) 

yielded only the expected 13 base end-labe lled  product on trea tm en t with REP D 

(Figure 7.2. -  Track 3), showing th a t  cleavage was only taking place a t  the 

expected s i t e .  This su g g es ts  th a t  the absence of much of the REP D binding s i t e  

(i.e. ICR III), as determined by DNA footpr in ting  experiments, has no e f f e c t  on 

the pos ition  of cleavage of th is  sing l e - s tranded  o ligonucleotide . However, th is  

does not appear to hold tru e  with double -s tranded  DNA. The minimum orig in  

sequences determined for the pT lâl "family" of plasmids by d e le tion  analysis  

include ICR II and III (Gennaro e t  a l,  in p reparation).

The s ix  o ligonucleo tides  with bases on e i th e r  s ide  of the nick s i t e  

a l te re d  in a l l  possib le  combinations (DFB 21-26) showed very l i t t l e  de tec tab le  

cleavage by REP D (Figure 7.3. -  Tracks 4-16). This su g g es ts  th a t  the bases on 

both s ides  of the nick s i t e  a re  important for cleavage by REP D. Some very low 

level nicking was obtained when the A res id u e  on the 3' s ide  of the nick s i t e  

was changed, but not when the T res idue  on the 5' s ide  of the nick s i t e  was 

changed, sugges ting  th a t  the nucleo tide  on the 5' s ide  of the nick s i t e  is more 

c r i t i c a l  for nicking by REP D than th a t  on the 3' s ide. This r e s u l t  is 

unexpected, as footpr in ting data  suggested  th a t  the o r l  sequences on the 3' s ide  

of the nick s i t e  a re  genera lly  more important for REP D binding than those on 

the 5' s ide . It is not possib le  from th is  experiment to d iscern  whether i t  is
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simply the cleavage reac tion  which is a f fec ted ,  or whether REP D binding is a lso  

a ffec ted .

Three o ligonucleotides  were designed to examine the importance of 

the sequence on e i th e r  s ide  of the stem of the proposed ICR II hairp in  (DFB 27- 

29). DFB 27 has the sequence of the 3' s ide  of ICR II jumbled so as  to give 

a l te re d  sequence but the same base composition. This would to ta l ly  destroy  

in t r a - s t r a n d  base pairing  to form a hairp in  s t r u c tu re .  DFB 28 has the sequence 

on the 5 ’ s ide  of ICR II jumbled. DFB 29 has the sequence on both s ides  of ICR

II jumbled to give a l te re d  sequence, but to r e s to r e  complementarity between the 

two s ides  of ICR II. Of these th ree  o ligonucleo tides ,  only DFB 27 was cleaved by 

REP D with the same e ff ic iency  as  the "wild type" o ligonucleo tide . There was 

a lso  a minor labelled  product corresponding to cleavage of th is  o ligonucleo tide  

two bases upstream of the usual nick s i t e ,  i.e. cleavage appears to take place, 

a t  low eff ic iency , a f t e r  the f i r s t  CT d inuc leo tide  in the p u ta t iv e  loop region, 

as  well as a f t e r  the second CT dinucleo tide . DFB 28 was s t i l l  cleaved, but with 

much lower e ff ic iency . DFB 29 gave very l i t t l e  de tec tab le  cleavage with REP D.

These r e s u l t s  suggested  th a t  the sequence on the 3' s ide  of ICR II 

is more c r i t i c a l  for recognition  and or cleavage by REP D than Is the 5' s ide.

This is c o n s is te n t  with the DNase I footpr in ting  data  which showed th a t  REP D

binds to the 3' s ide  of ICR II, upstream of the nick s i t e ,  and the whole of ICR

III (see chapter 5). I t  is a lso  compatible with the p o s s ib i l i ty  th a t  hairp in

formation is not requ ired  for the cleavage of these sing l e - s tranded  

o ligonucleo tides  in vitro .



Fig 7.1: Synthetic  o ligonucleo tides  designed to Inves tiga te  the 

in te rac t ion  between REF D and ICR II of o rl D.

Oligonucleotides DFB 20-29 were designed to in v e s t ig a te  the 

in te rac t ion  between REP D and ICR II of o r iD. DFB 20 corresponds to the "wild 

type" ICR II sequence. DFB 21-27 have the two bases on e i th e r  s ide  of the nick 

s i t e  changed to each of the o ther  th ree  bases in turn . DFB 27 and 28 have the 

bases on the 5 ' and 3' s id es  of ICR II, respec tive ly , jumbled in order to destroy  

in t r a - s t r a n d  base pairing  to give a hairpin . DFB 29 has the bases on both s ides 

of ICR II jumbled so as to give an a l te re d  sequence, but r e s to re  the p o s s ib i l i ty  

of in t r a - s t r a n d  base pairing  to give a hairpin. The o ligonucleo tides  DFB 27-29 

a l l  have the "wild type" sequence within the proposed loop region.



 > <-------------

DFB 20 (WT) 5 ' ------- AACCGGCTACTCTAATAGCCGGTT-------3*

DFB 21 AACCGGCTACTCTGATAGCCGGTT

DFB 22 AACCGGCTACTCTGATAGCCGGTT

DFB 23 AACCGGCTACTCTTATAGCCGGTT

DFB 24 AACCGGCTACTCÇAATAGCCGGTT

DFB 25 AACCGGCTACTCAAATAGCCGGTT

DFB 26 AACCGGCTACTCGAATAGCCGGTT

DFB 27 ACTGCAGACCTCTAATAGCCGGTT

DFB 28 AACCQGCTACTCTAAGTCTGCAGT

DFB 29 ACTGCAGACCTCTAAGTCTGCAGT



Fig 7.2; In v i tro  nicking a c t iv i ty  of REP D with oligonucleotides based 

on the oriD ICR II sequence.

The autoradiograph shows the e f fe c t  of REP D on oligonucleotides based on 

the or ID ICR II upper s trand  sequence. 5' End-label led oligonucleotides (0.01- 

0.02pmols) were trea ted  with a 2;1 molar ra t io  of REP D to DNA for TO minutes

a t  30*c. The products of the reac tion  were subjected to polyacrylamide gel

e lec trophoresis  and autoradiography. Tracks 1 and 12 show size  markers. Track 2 

shows the "wild type" ICR II oligonucleotide (DFB 20). Treatment of DFB 20 with 

REP D yielded the expected 13 base product (Track 3). Oligonucleotides DFB 21 

(Tracks 4 & 5), DFB 22 (Tracks 6 & 7), DFB 23 (Tracks 8 & 9), DFB 24 (Tracks 10 

& 11), DFB 25 (Tracks 13 & 14) and DFB 26 (Tracks 15 & 16) have the bases on 

both s ides  of the nick s i t e  a l te red  to each of the o ther three bases in turn 

(see f igure  7.1). There was very l i t t l e  de tec tab le  cleavage of these 

oligonucleotides by REP D,

DFB 27 (Tracks 17 & 18) and DFB 28 (Tracks 19 & 20) have the 5' and 3'

s ides  of ICR II, respectively , jumbled to destroy pu ta tive  in t ra -s t ra n d  base

pairing. DFB 27 was cleaved by REP D with the same effic iency  as the "wild type" 

oligonucleotide. DFB 28 was cleaved with much lower effic iency. DFB 29 (Tracks 

21 & 22), which has both s ides  of ICR II jumbled so as to give a l te red  sequence 

but r e s to re  in t r a - s t ra n d  base pairing, was not cleaved by REP D. The results  

suggested th a t  the 3' s ide of ICR II is more important for nicking by REP D than 

the 5' side. I t  would also appear th a t  the formation of a hairpin  a t  ICR II is 

not required for cleavage of these oligonucleotides by REP D.
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8.1. -  The s p e c if ic i ty  of REF D for pC221 and re la te d  plasmids in vitro,

8.2. -  The REP D /orID In te rac tion  in vitro.
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8.2.2. -  In v i tro  m utagenesis of the pC221 orig in .
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o rID in te rac t ion .

8.3. -  X-ray c ry s ta l lo g rap h ic  s tu d ie s  of the REP D /oriD complex.

8.4. -  Summary.
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CHAPTER 8.

DISCUSSION.

8.1; -  The s p e c i f ic i ty  o f  REP D fo r  pC221 and r e la te d  plasmids In v itro .

In i t ia t io n  of pC221 rep l ica t io n  w ill  occur in v i tro  in ce l l  f ree  

e x t ra c ts  of S. aureus  in the presence of REP D, deoxyr ibonuc leo t  ide 

tr iphospha tes ,  ions and monovalent ca t ions  (see f ig u re  4.1) . When the

s u b s t r a te  plasmid ON A is in the negative ly  supercoiled  form, REP D can a lso

in i t i a te  re p l ic a t io n  in v i tro  with members of the pT181 "family" of plasmids 

(see f igu re  4.7), but not with o the r,  un re la ted  plasmids (see f igu re  4.9).

However, when the plasmids are  in the relaxed, covalently  closed c i rc u la r  form 

and the assays  a re  ca rr ied  out in the presence of novobiocin, the sp e c if ic i ty  of 

REP D for pC221, i t s  cognate plasmid, appears to increase r e la t iv e  to th a t  for 

pT181 (see f ig u re  4.11). Further experiments should, however, be ca rr ied  out 

with o the r  re laxed  plasmids in order to determine whether REP D is abso lu te ly  

sp ec if ic  for pC221 in v i tro  with relaxed DNA. Although such r e s u l t s  have not 

been described  for o the r  REP pro te ins ,  i t  may be a general p roperty  of the rep 

system. A lte rna tive ly ,  o ther  REP p ro te in s  may show g re a te r  s p e c if ic i ty  for th e ir  

cognate o r ig in s  in vitro.

If REP D is only abso lu te ly  sp ec if ic  for pC221 in v i tr o  with relaxed 

plasmid DNA, an explanation for th is  observation  might be th a t  a conformational 

change takes place within o r i  upon sequence-spec if ic  binding of REP a t  ICR III,

which may then be recognised and nicked by the REP ac tive  s i t e .  However, were

such a conformational change to be favoured or s ta b i l i s e d  by negative
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supercoiling  of the DNA, then the change could take place even In the absence of 

bound REP. It may be th a t  REP could then recognise and nick the o rig in  w ithout 

sequence-spec if ic  recognition . This would a lso  explain the observed 50% 

inhib ition  of pC221 by novobiocin, as superco iling  of the DNA by DNA gyrase  

might favour the conformational change in the presence of bound REP D, thus 

f a c i l i t a t i n g  the nicking event.

The p o s s ib i l i ty  of hairp in  formation a t  the th ree  inverted rep ea t  

sequences within the o r ig in  has already been d iscussed . Such a ha irp in  would be 

s ta b i l i s e d  by negative  superco iling  of the DNA (L il  ley, 1980). Therefore, hairp in  

formation a t  any of these  inverted rep ea t  sequences might be important for the 

in i t ia t io n  of re p l ica t io n .  However, hairp in  formation a t  ICR I or III would seem 

unlikely, as  these  ha irp in s  would have loops of only one base in some of these  

plasmids, which is thought to be en e rg e t ica l ly  unfavourable (Tinoco e t  al, 1971).

ICR II would seem the most likely to form a hairp in  important fo r  

in i t ia t io n  of rep l ica t io n .  ICR II is the most highly conserved of the th ree  

inverted rep ea t  sequences. Nicking takes place within the loop region of the 

proposed ha irp in  a t  ICR II. DNA foo tp r in ting  d a ta  shows th a t  REP binds over the 

3' s ide  of ICR II, as well as the whole of ICR III, so th a t  hairp in  formation a t  

ICR II might be s ta b i l i s e d  by pro te in  /DNA contac ts .  F inally , the estim ated  

s t a b i l i t y  of the proposed hairp in  a t  ICR II (Tinoco e t  al, 1973) is  g re a te r  than 

the es tim ated  s t a b i l i t i e s  of the ha irp in s  which might form a t  the o ther  two 

inverted  rep ea t  sequences (Figure 8.1).

The proposed mechanism for the nicking of o r iD by REP D is shown in 

F igure 8.2. A hairp in  s t r u c tu re  extruded a t  ICR II on sequence-spec if ic  binding
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of REP D may then be recognised and nicked by the REP D ac t iv e  s i t e ,  within the 

proposed loop region.
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8.2; -  The REP D /orID In te rac tion  in v itro .

8.2.1: -  or ID DNA may be bent on binding of REP D.

DNase I foo tp r in ting  data  with REP D on oriD showed th a t  REP D binds

to oriD over ICR III and the 3' s ide  of ICR II. A p a t te rn  of enhanced cleavage by

DNase I of the DNA bound to REP D was observed. This p a t te rn  had a p er iod ic ity  

of approximately 10 bases and was displaced by 5 bases on each s tran d  r e la t iv e  

to the o the r  (see f ig u re  5.2). This is co n s is te n t  with the REP D p ro te in  making

con tac t with only one face of the DNA helix . Bending of the DNA around REP D

would open up the minor groove of the DNA helix , giving g re a te r  a c c e s s ib i l i ty  to

DNase I cleavage on the s ide  of the DNA facing away from the p ro te in  (see

Figure 5.4).

It  has been reported  th a t  pT181 DNA contains  a bend a t  the o rig in  of 

re p l ic a t io n  which is  enhanced by the binding of REP C (Koepsel e t  al, 1986b)

(Figure 8.3). The enhanced bend a t  oriC on binding of REP C was found to be 

approximately over the region of ICR III, which would correspond to the proposed 

induced bend in o r iD from DNase I fo o tp r in tin g  data  with REP D.

I t  may be th a t  bending of the DNA on binding of REP D is the

conformational change requ ired  a t  the o r ig in  sequence for nicking to take place. 

The energy s to red  in negative  superco il ing  of the DNA might s t a b i l i s e  such 

induced bending of the DNA by providing the requ ired  energy, thereby increasing 

the a f f in i ty  of REP D for the o rig in  sequence. This increased a f f in i ty  for the 

o r ig in  in the supercoiled  s t a t e  might then account for the apparent loss of 

sp e c if ic ty  of REP D with supercoiled  DNA.
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DNA bending, e i th e r  sequence-d irec ted  or as a consequence of p ro te in  

binding, has recen tly  been suggested  as  a fac to r  in the reg u la t io n  of gene 

expression, sequence-spec if ic  recognition  and DNA packaging, as well as 

in i t ia t io n  of DNA rep l ica t io n .  DNA bending can be de tec ted  by a l te re d  mobility of 

the DNA on a polyacrylamide gel (Crothers, 1987). Sequence-directed DNA bending 

has been found in the bending locus of trypanosome k ine top las t  DNA which has 

t r a c t s  of a simple re p e a t  sequence <CAb-©T) symmetrically d i s t r ib u te d  about i t  

with a repea t  in te rv a l  of lObp (Wu & Crothers, 1984). Bending has a lso  been 

found to be induced in the promoter of the E. co l l  lac operon on binding of CAP, 

the c a ta b o li te  a c t iv a to r  p ro te in  (Lui-Johnson e t  al, 1986). S i te s  of sequence- 

induced DNA curva tu re  have a lso  been found a t  the o r ig in  of rep l ica t io n  of 

bacteriophage \  (Zahn e t  al, 1985) and a t  the o rig in  region 1 of SV40 (Ryder e t  

al, 1986). Bending of the o rig in  of plasmid R6K on binding of the rep lica t io n  

in i t i a to r  p ro te in  has a lso  been reported  (Mukherjee e t  al, 1985). Thus, i t  would 

appear th a t  DNA bending may play an important ro le  in many d i f f e r e n t  aspec ts  of 

p ro te in  /DNA in te rac t io n s .

I t  is possib le  th a t  the ro le  of DNA bending is  prim arily  to c rea te  

p ro te in  /DNA in te ra c t io n s  which would not o therw ise  be s t e r i c a l l y  possib le  if  

the DNA were in the l inear  form. However, in some cases, the re  is evidence for 

DNA bending having a functional ro le .  For example, the bending of the lac 

promoter by CAP may c re a te  a DNA /p ro te in  complex which can then be recognised 

by RNA polymerase (Figure 8.4). Also, s ig n if ic a n t  energy is s to red  in the induced 

bend which can be used in t ran sc r ip t io n ,  such as local opening of the DNA double 

helix . DNA bending induced in the o r ig in  of plasmid R6K by binding of the 

re p l ic a t io n  in i t i a to r  p ro te in  may lead to unwinding of the ad jacent AT rich  

region due to the to rs io n a l  s t r e s s  genera ted .
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It must be remembered th a t  the DNase I fo o tp r in tin g  p a t te rn  observed 

here corresponds to the REP D / o r iD complex a f t e r  nicking has taken place.

Therefore, i t  may be th a t  o ther  reg ions  of the o r iD DNA are  involved in the 

in i t ia l  in te rac t ion .  A conformational change might then take place a f t e r  the 

nicking reac tion  has occurred, thereby a l te r in g  the in te rac t io n  between pro te in  

and DNA. Further  fo o tp r in tin g  experiments are  planned to in v e s t ig a te  the 

in terac tion  between REP D and or ID in the absence of nicking. Mg^+ ions are  

required  for the REP D nicking reac tion .  In the absence of Mg++ ions, REP D can 

s t i l l  bind o r iD but can no longer nick i t .  However, DNase 1 re q u ire s  Ca++ or 

Mg++ ions in order to cleave DNA. Therefore , as REP D can a lso  nick, but not 

re l ig a te ,  o r iD in the presence of Ca+^ (Thomas, 1988) another foo tp r in ting  

technique would have to be employed. Also, the absence of Mg++ ions may 

se r ious ly  d is ru p t  the binding of REP D to o r iD.

The mutant REP D pro te in , Y188F, which can bind o r iD but can no

longer cleave i t ,  might a lso  be employed to in v e s t ig a te  the REP D / orID complex 

in the absence of nicking. However, again i t  must be assumed th a t  i t  is only the 

nicking reac tion  th a t  is  a f fec ted  and th a t  binding i t s e l f  is  unimpaired. This 

would seem to be a reasonable  assumption fo r  both binding of REP D to or ID in 

the absence of Mg++ and binding of the mutant REP D pro te in  to o r iD. as  the

ex ten t of binding, as  determined by gel r e ta rd a t io n  assays ,  appears to be 

unaffected  (Thomas, 1988).

8.2.2. -  In v i tro  mutagenesis of the pC221 orig in .

Since i t  seemed likely th a t  ha irp in  formation a t  ICR II might be 

important for nicking of the o rig in  by REP, two mutations were introduced into
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ICR II to destroy  a s in g le  G-C base pa ir  in the stem of the proposed hairpin , 

one in the 3' s ide  of ICR II and the o ther  in the 5' s ide  (see f ig u re  6.2). The 

mutation in the 5' s ide  of ICR II appeared to have no e f f e c t  on in v i tro  nicking 

and closing by REP D (see f igu re  6.5), sugges ting  th a t  hairp in  formation a t  ICR 

II is no t abso lu te ly  requ ired  for REP D recognition  and /o r  cleavage, as  the 

mutation would d e s ta b i l i s e  the hairp in . However, es tim ation  of the s t a b i l i t y  of 

th is  mutant hairp in  (Tinoco e t  al, 1973) showed th a t  i t s  f ree  energy was s t i l l  

negative . Also, the recen tly  published sequences of pS194 and pUB112 (Projan e t  

ai, in p ress)  show th a t  ICR II of these plasmids has a n a tu ra l  mismatch of Ibp 

in the stem of the proposed ha irp in . In each case, the base change occurs in the 

5' s ide  of ICR II, again suggesting  th a t  the sequence of the 3' s ide  of ICR II is 

more c r i t i c a l  for recognition  and /o r  cleavage by REP D.

It  is c lea r  th a t  fu r th e r  experiments must be ca rr ied  ou t in order to 

probe the 5' s ide  of ICR II in more d e ta i l .  More mutations might d e s ta b i l i s e  the 

proposed hairp in  a t  ICR II even fu r th e r .  If ha irp in  formation a t  ICRII were found 

to be unimportant for in i t ia t io n  of pC221 rep l ica t io n ,  then the high degree of 

conservation  of th is  inverted rep ea t  sequence in a l l  known rep sequences could 

mean th a t  hairp in  formation here is  involved in some o the r  function, e.g. 

term ination  of rep lica t io n .

The mutation introduced into the 3' s ide  of ICR II inh ib its  the 

nicking a c t iv i ty  of REP D a t  the o r ig in  by approximately 8 fold. As th is  

mutation lies  w ithin the REP D binding s i t e ,  as  determined by DNase I 

fo o tp r in t in g  experiments, the observed e f f e c t  is presumably due to the 

in te r ru p t io n  of REP D binding. However, i t  may be th a t  d e s ta b i l i s a t io n  of the 

proposed hairp in  a t  ICR II, along with d is ru p tio n  of REP D binding, could both 

co n tr ib u te  to the decreased nicking a c t iv i ty .  Experiments should be ca rr ied  out
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in order to make a second mutation on the opposite  s ide  of the stem of the 

proposed hairp in  in o rder to re s to re  p e r fec t  base pairing. If a t  le a s t  some of 

the decrease in nicking a c t iv i ty  were to be due to d e s ta b i l i s a t io n  of the

hairp in , then such a mutation might be expected to increase the nicking a c t iv i ty  

back towards the "wild type" level,

Much of the product obtained with th is  mutant o r ig in  was the relaxed, 

open c i rc u la r  form of the DNA, r a th e r  than the relaxed, covalently  closed

c irc u la r  form. The r e s u l t  suggested  th a t  a mutation on the 3* s ide  of ICR II may 

d is ru p t  binding between REP D and the DNA, so th a t  the two tend to d is so c ia te

a f t e r  the nicking event, before re  l iga tion  can occur,

8.2.3: -  Use of sy n th e t ic  o ligonucleo tides  to in v e s t ig a te  the REP D /oriD

Interaction .

REP D has been shown to bind and cleave a s in g le -s t ran d ed

oligonucleotide  corresponding to the upper s tran d  sequence of oriD ICR II 

(Thomas, 1988). O ligonucleotides (24 bases) based on th i s  sequence were designed 

to s tudy the REP D / o r iD in te rac t ion .  The "wild type" o ligonucleo tide  was cleaved 

by REP D a t  the expected s i t e .  However, changing of the bases on both s ides  of

the nick s i t e  abolished most of th is  cleavage, suggesting  th a t  the bases on

e i th e r  s ide  of the nick s i t e  a re  important for nicking of these o ligonucleo tides .

An o ligonucleo tide  with the sequence on the 5 ' s ide  of ICR II 

"Jumbled", but with the wild type sequence on the 3' s ide  and in the 6 base 

spacer was cleaved by REP D a t  the same eff ic iency  as the wild type 

oligonucleotide . An o ligonucleo tide  with the 3' s ide  of ICR II jumbled was a lso
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cleaved, but with much lower e ff ic iency  than the wild type o ligonucleotide . This 

again sugges ts  th a t  the 3' s ide  of ICR II is more important for REP D 

recognition  and /o r  nicking than the 5' s ide . However, the 5' s ide  would appear 

to have some ro le ,  as the o ligonucleotide  with both s ides  of ICR II jumbled was 

not cleaved.

These r e s u l t s  sugges t th a t  hairp in  formation a t  ICR II is  not

requ ired  for cleavage of these o ligonucleo tides  in vitro .  However, the 

o ligonucleo tides  used here were sing l e - s tranded , as opposed to the normal

double-stranded s t a t e  of or ID. It must a lso  be remembered th a t  these

o ligonucleotides  contain only a p a r t  of the REP D binding s i t e ,  as  determined by 

foo tp r in ting  experiments.

I t  is possib le  th a t  hairp in  formation is requ ired  with double

s tranded  o r iD DNA to bring the nick s i t e  in to  the s in g le -s t ra n d e d  form within 

the loop region, to enable nicking to take place. If th is  were the case, then 

hairp in  formation a t  ICR II might not be required  for nicking of these

o ligonucleo tides ,  as  they are  already s in g le -s t ran d ed .

Experiments have been ca rr ied  out with s in g le -s t ra n d e d  pTISl DNA and 

REP C in v i tro  (Koepsel & Khan, 1987). Although REP C cleaves pT181 sp ec if ica l ly  

a t  the o rig in  when the DNA is in the double -s tranded  form, i t  was found tha t 

s in g le -s t ran d ed  DNA was a lso  cleaved a t  o the r  secondary s i t e s  which show 

s im i la r i t i e s  to the primary REP C cleavage s i t e  a t  o r iC. This r e s u l t  led to the 

proposal of a consensus sequence for the nicking of s in g le -s t ra n d e d  DNA by REP 

C (Figure 8.5). The presence of E. co li  s in g le -s t ra n d e d  binding p ro te in  (ssb) 

inh ib ited  cleavage a t  a l l  of the secondary nick s i t e s ,  but not a t  the primary 

nick s i t e .  The f a c t  th a t  these  secondary cleavage s i t e s  show up with s in g le 
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stranded  DNA, but not with double-s tranded  DNA sugges ts  th a t  the sequence 

requirem ents a t  the o r ig in  are  much more s t r in g e n t  with double -s tranded  DNA.

Based on these findings, o ligonucleo tides  were designed in order to 

in v es t ig a te  the importance of highly conserved bases within the consensus 

sequence. Using [^zp] end labelled  16 base o ligonucleo tides ,  the AA dinucleo tide 

sequence a t  the nick s i t e  was shown to be abso lu te ly  requ ired  for cleavage of 

these  o ligonucleo tides ,  along with a T re s id u e  th ree  bases upstream. However, 

th is  T res idue is only conserved in 76% of the secondary REP C cleavage s i t e s .  

This sugges ts  th a t  cleavage of small, s ing  l e - s tranded  o ligonucleo tides  is 

d i f f e r e n t  to cleavage of s i t e s  within large, s in g le -s t ran d ed  DNA molecules.

Therefore, although experiments with small, s in g le -s t ran d ed  

o ligonucleo tides  yielded some in te re s t in g  r e s u l t s ,  caution must be exercised  in 

the extension of these  r e s u l t s  to the nicking of the pC221 o r ig in  by REP D in 

vivo  or in v itro ,  Further  experiments may be necessary  using longer 

o ligonucleotides  containing the whole of the o r iD sequence. The complementary 

s tran d  could a lso  be synthesized to give double -s tranded  DNA.



108

8.3; -  X-ray c ry s ta l lo g rap h ic  s tu d ie s  of the REP D /oriD complex.

X-ray c ry s ta l log raph ic  s tu d ie s  on the REP D pro te in  a re  in progress.

M icrocrysta ls  of REP D have already been prepared a t  L eices te r  by Dr D.B. Wig ley 

(Figure 8 .6 ).

T e r t ia ry  s t ru c tu re s  have been determined for some o th e r  DNA binding 

p ro te in s  bound to th e i r  DNA ta rg e ts ,  for example, the rep re s so r  /ope ra to r

complex of bacteriophage 434 (Anderson e t  al, 1987), the r e s t r i c t io n

endonuclease EcoRI bound to i t s  hexanucleotide ta rg e t  (McClaren e t  al, 1986) and 

the trp  rep re sso r  /ope ra to r  complex (Otwinowski e t  al, 1988).

I t  is thought th a t  the phage 434 rep resso r  recognises  i t s  opera to rs  

by i t s  complementarity to a p a r t ic u la r  conformation which may be adopted by the 

ta rg e t  DNA, as well as by d ire c t  in te rac t io n  with base p a irs  in the major 

groove.

The c ry s ta l  s t r u c tu re  of EcoRI r e s t r i c t io n  endonuclease in complex 

with i t s  hexanucleotide DNA binding s i t e  shows th a t  the two id e n tica l  subun its  

of the endonuclease each co n s is t  of an a /p  domain with an extended arm which 

wraps around the DNA. Sequence-spec if ic ity  seems to be mediated via 12 hydrogen 

bonds between ot-helical recognition  domains and bases w ithin the EcoRI 

recognition  hexanucleotide. The DNA was found to be d is to r te d  on binding of 

EcoRI.

The c ry s ta l  s t r u c tu re  of the t rp  rep re sso r  /o p e ra to r  complex shows 

th a t  the p ro te in  co n tr ib u te s  28 d i r e c t  hydrogen bonds to the opera to r ,  a l l  but 4 

being to the n o n -e s te r  if  ied phosphate oxygens. There are  no d i r e c t  con tac ts  with 

the bases which might explain s p e c if ic i ty .  S pec if ic i ty  appears to a r i s e  through
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a combination of water mediated hydrogen bonds to c r i t i c a l  bases in the 

recognition sequence and a base sequence e f f e c t  th a t  perm its the opera to r  DNA 

to assume a conformation th a t  forms a large, s ta b le  In terface  with the p ro te in  

a t  minimal cost in in te rn a l  energy.

Therefore, X-ray crys ta l lography  of REP D bound to i t s  DNA ta rg e t  

should give valuable information on the conformation of the DNA bound to the 

p ro te in  and important p ro te in  /DNA in te rac t io n s ,  as well as  the p ro te in  

s t ru c tu re  i t s e l f .  As well as X-ray d i f f ra c t io n  s tu d ie s  on REP D alone, i t  is a lso

hoped to study REP D bound to o r iD DNA. REP D c o -c ry s ta l l i s e d  with a double

stranded DNA fragment containing o r iD should give the s t r u c tu re  of the covalent 

complex between the two. Single and double-stranded  o ligonucleo tides  

corresponding to a l l  or p a r t  of or ID could a lso  be used to in v es t ig a te  

in te rac t io n s  between REP D and d i f f e r e n t  p a r t s  of the o r ig in  sequence 

sepera te ly .  The mutant REP D pro te in  (Y188F) could a lso  be c o -c ry s ta l is e d  with 

the o rig in  DNA to give the s t r u c tu re  of the p ro te in  /DNA complex in the absence 

of the nicking reac tion .

S tudies such as those described above will, hopefully , enable us to 

determine whether the o r iD DNA is  bent on binding of REP D or whether hairp in

ex trus ion  occurs a t  any of the inverted  complementary rep ea t  sequences within

the orig in . I t  could be th a t  both of these conformational changes take place in 

the DNA simultaneously. There is evidence for the in troduction  of bends into 

linear  DNA by the ex tru s ion  of cruciform s t ru c tu re s  (Gough & Lilley, 1985). 

Therefore, i t  may be th a t  ex trus ion  of a hairp in  within the o r ig in  on binding of 

REP D causes bending of ad jacent DNA sequences. Conversely, the binding of REP D
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to the DNA may f a c i l i t a t e  ex trusion  of a hairp in  s t r u c tu re  by s ta b i l iz a t io n  of 

the bend in the DNA which may be required for the hairpin  to form.
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8.4; -  Summary.

The aims of th is  p ro jec t were to study the re p l ic a t io n  of pC221 in 

v itro  and to in v e s t ig a te  the binding of REP D to oriD and the p robab il i ty  of 

secondary s t r u c tu re  formation a t  the o r ig in  (see section  1.4).

The findings of th is  p ro jec t can be summarised as  follows ;-

(i) The in i t ia t io n  of rep l ica t io n  of pC221 in v itro  does no t requ ire

rifam p ic in -sen se t lv e ,  DNA-dependent RNA sy n th es is ,  co n s is te n t  

with a ro l l in g  c i rc le  rep l ica t io n  mechanism. This does not 

preclude, however, the involvement of r i fa m p ic in - in se n s i t iv e  RNA 

syn thes is ,

( ii)  The re p l ic a t io n  of pC221 in v i tr o  is dependent to a ce r ta in

ex ten t  on the topology of the DNA. Novobiocin in h ib i ts  pC221 

rep l ica t io n  in v itro . Preliminary evidence su g g es ts  th a t  the 

s p e c if ic i ty  of REP D for i t s  cognate o rig in  sequence, oriD. may 

be g re a te r  than th a t  for oriC when the plasmid DNA is in the 

relaxed, r a th e r  than the super coiled form.

( i l l )  DNA fo o tp r in tin g  experiments have shown th a t  REP D binds to a 

38bp region of o r iD. immediately downsteam of the nick s i t e .  

Enhanced cleavage p a t te rn s  observed with DNase I foo tp r in ting  

techniques sugges t th a t  the DNA may be bent on binding of REP 

D.

(iv) Experiments using in v i tr o  mutagenesis or sy n th e t ic

o ligonucleo tides  to a l t e r  the sequence of o r iD sugges t  th a t  

hairp in  formation may not be important for the in i t ia t io n  of 

pC221 re p l ic a t io n  by REP D in v itro , and a lso , by inference, in
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vivo.

(v) Plasmid pCW7 appears to belong to the pT181 "family" of plam ids. 

These a l l  have s im ilar  genomic o rgan isa t ion  and r e p l i c a te  via a 

common re p l ic a t io n  mechanism. Sequencing of the pCW7 rep  gene 

has shown th a t  i t  is homologous to o ther  known rep  sequences, 

but is s u f f ic ie n t ly  d i f f e re n t ,  e spec ia lly  within the copy con tro l 

region upstream of the rep gene, to be placed in to  a new 

staphylococcal plasmid incompatability  group, incl4 .



Fig 6.1; Calculated  f ree  energ ies  of proposed ha irp ins  a t  the o r ig in  sequences 

of the pT161 "family" of plasmids.

The f ree  energ ies  of the proposed ha irp in s  a t  the th ree  inverted 

complementary re p e a t  sequences a t  the origns of the pT181 "family" of plasmids 

(ICR I, II and III) were ca lcu la ted  according to the method of Tinoco e t  al

(1973).

For each plasmid, the most s ta b le  proposed hairp in  was a t  ICR II. 

Therefore, a hairp in  a t  th is  inverted  rep ea t  sequence would appear to be most 

likely to be important in the re p l ic a t io n  of these plasmids.

In some cases, hairp in  formation a t  ICR I or III appears to be

e n e rg e t ic a l ly  unfavourable due to the S te r ic  hindrance of a loop sm aller than 

three  bases. Therefore , i t  is unlikely  th a t  hairp in  formation a t  e i th e r  of these

two inverted  repea t  sequences is important for the rep l ica t io n  of these

plasmids.
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Fig 8.2; Possible mechanism for recognition  and nicking of or ID by REP D.

The in i t i a l  event is  probably sequence-spec if ic  recogn ition  by REP D 

a t  ICR III. A fter binding, REP D may then induce a conformational change in the 

orig in  DNA, e.g. hairp in  ex tru s ion  a t  ICR II. This ha irp in  may be s ta b i l i s e d  by 

some means, such as DNA /p ro te in  in te rac t io n s  with REP D. The proposed ha irp in  

may then be recognised by the REP D ac t ive  s i t e  and nicked a t  a s p ec if ic  s i t e  

within the loop region.

When the s u b s t r a te  DNA is in the supercoiled  s t a t e ,  such a ha irp in  

would be s ta b i l is e d  by the energy assoc ia ted  with the negative  su p e rco ils  of 

the DNA. Therefore, the ha irp in  may be extruded and nicked w ithout the need for 

sequence-spec if ic  recognition  by REP D.
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Fig 8.5; Secondary cleavage s i t e s  of REP C with s ing le  s tranded  DNA.

The sequences of 16 major secondary s i t e s  cleaved by REP C with 

s in g le -s t ran d ed  DNA are  shown compared to the primary nick s i t e .  The consensus 

sequence for the nicking of s in g le -s t ran d ed  DNA by REF C is shown. The most 

s t r ik in g  f e a tu re  of these cleavage s i t e s  is the presence of an AA d inucleo tide  

immediately 3' of the s i t e  of phosphodiester bond cleavage.



REP C SECONDARY MICK SITES : - 5 ' ------— TTTTTCT AAAACGG------ 3 '

ATCATTC AAATCAT

ÇATTTGG AAAATCA

ATCATGC AAATCAT

TGCGTCC AACCGGA

ATTGTCT AAATCGT

ATTTTCC AAATGAT

TTTTCTT AATCTAA

TAATCTC AATTTCG

TTGGTCT AATCA

AGATTGG AAAACTA

ATCTTGC AACCAGA

GTTTTCC AATCTGG

GATATGT AAATCAC

TTCCAGT AATCCAG

CONSENSUS SEQUENCE
G i

5 .  TPyNT Py AAN 3'
C

PRIMARY NICK SITE 5 .  TACTCT AAT 3 ’



Fig 6.6. -  Mtcro-crystals of REP D protein.

Micro-crystals of REP D were grown in hanging drops over ammonium 

sulphate solution (D. B. Wig ley, University of Leicester). The crystals  are shown 

a t a magnification of lOOX.
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D.F. Balson PhD Thesis
Leicester University January 1989

Replication in i t ia t io n  s tud ies  fo r  a family of small 
staphylococcal plasmids.

Abstract.

pC221 belongs to a family of staphylococcal plasmids, including pT181, pS194, 
pC223, pUB112 and pCW7 . All possess open reading frames with 70-80% homology 
to the pC221 rspD gene. REP D has sequence specific  topoisomerase ac t iv i ty  a t  
the pC221 origin (or ID) which is thought to be involved in rep lication  
in itia tion .

DNase I footpr inting has been carried out, showing tha t REP D binds to a region
of oriD downstream of the nick s i te .  The pa tte rn  of DNase I cleavage suggests
that REP D contacts one face of the DNA helix, which may be bent around the
protein.

Extracts of S. aureus support incorporation of radioactive dNTPs into pC221 in 
the presence of REP D. Labelling with aC^^Pl dATP shows th a t  rep lica tion  
in i t ia te s  within the region containing oriD and proceeds in the direction 
expected for elongation of a 3' OH generated by nicking a t  oriD. With 
supercoiled DNA, REP D in i t ia te s  replication of other members of th is  plasmid 
family in vitro. However, with relaxed DNA, REP D is specific for' oriD, 
suggesting tha t a change in the DNA, s tab i l ised  by supercoiling of the DNA or by 
binding of REP D, may be required for nicking.

Of three inverted repeat sequences (ICRI, II & III) a t  the origin, ICR 11 has the 
g rea te s t  predicted hairpin s ta b i l i ty  and is almost to ta l ly  conserved. Nicking 
takes place within the loop of th is  proposed hairpin. Disruption of base pairing 
within th is  hairpin has been investigated by mutagenesis of cloned oriD and
using oligonucleotides based on the ICR 11 sequence. These experiments show tha t 
the 3' side of ICR 11 is more important for nicking than the 5' side. This is in 
agreement with footprin tlng  data which shows th a t  REP D binds the 3* side of 
ICRII, along with the whole of ICRIII. However, there is no-evidence for hairpin 
formation a t  ICRII being required for nicking.


