
GENETICAL AND PHYSIOLOGICAL STUDIES BT 

ESCHERICHIA COLI K-12 USING CLOROBIOCDT,

AH INHIBITOR OF DM GYRASE

T h esis  su b m itted  f o r  th e  d eg ree  o f D octor 

o f P h ilo so p h y  a t  th e  U n iv e r s i ty  o f  L e ic e s te r

by

N e il E ra s e r  P a irw e a th e r  B .Sc. (U n iv e rs i ty  o f  E d inburgh) 

D epartm ent o f  G e n e tic s , U n iv e r s i ty  o f  L e ic e s te r

J u ly  1980



UMI Number: U622271

All rights reserved

INFO RM ATIO N TO ALL U SER S  
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

Disscrrlation Publishing

UMI U622271
Published by ProQuest LLC 2015. Copyright in the Dissertation held by the Author.

Microform Edition ©  ProQuest LLC.
All rights reserved. This work is protected against 

unauthorized copying under Title 17, United States Code.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



'1 I O



TO MY MOTHER AND FATHER



ACKNOWLEDGEMENTS

P a r t  o f th e  work d e sc r ib e d  in  C hap ter 5 was done in  c o l la b o r a t io n  

w ith  Dr E. O rr.

1 would l i k e  to  th a n k  Dr l .B .  H o lland  f o r  h i s  ad v ice  and c o n s ta n t 

en th u siasm  d u r in g  th e  p r o je c t .

1 would a ls o  l i k e  to  thank  Dr A. Salem and May and B aker L td 

f o r  t h e i r  h o s p i t a l i t y  d u r in g  my v i s i t  to  th e  l a b o r a to r ie s  a t  

Dagenham.

Thanks a ls o  to  th e  members o f the  la b o ra to r y  f o r  many h e lp f u l  

d is c u s s io n s  and f o r  p ro v id in g  a  happy w orking a tm osphere , to  

S h e i la  Mackley f o r  ty p in g  th e  th e s i s  and to  Jim  M ackley f o r  

i n s t r u c t i n g  me in  th e  a r t  o f p ho tog raphy .

F in a l ly ,  1 thank  my w ife  M oira f o r  p ro v id in g  in v a lu a b le  m oral 

su p p o r t d u r in g  th e  p ro d u c tio n  o f  t h i s  t h e s i s .

1 acknowledge th e  r e c e ip t  o f S c ience  R esearch  C ouncil 

C o o p era tiv e  Award in  S cience  and E n g in e e rin g  in  c o l la b o r a t io n  w ith  

May and B aker L td , Dagenham, E ssex .



CONTENTS

PAGE NO,

1 . INTRODUCTION 1

1 .1  THE MECHANISM OP DNA SYNTHESIS 2

1 . I I  INHIBITORS OP NUCLEIC ACID SYNTHESIS IN E.COLI 19

1 . I l l  FACTORS AFFECTING THE TERTIARY STRUCTURE OF DNA 30

2 . MATERIALS AND IiÆETHODS 55

3. CHARACTERISATION OF THE ANTIBIOTIC CLOROBIOCIN 73

4 . THE EFFECT OF CLOROBIOCIN ON CELL DIVISION AND 85

INDUCTION OF THE SOS FUNCTIONS

5 . A GENETIC ANALYSIS OF CLOROBIOCIN RESISTANT MUTANTS 92

6 . STUDIES ON THE GROWTH OF CLOROBIOCIN RESISTANT L'lUTANTS 105

7 . THE EFFECTS OF CLOROBIOCIN ON THE SYNTHESIS OF CELL 115

ENVELOPE PROTEINS

8 . DISCUSSION 122

9 . BIBLIOGRAPHY 133



C h an te r 1 

INTRODUCTION

T his th e s i s  i s  concerned  w ith  th e  e f f e c t s  o f th e  a n t i b i o t i c  

c lo ro b io c in  on p h y s io lo g ic a l  p ro c e sse s  which o ccu r in  E s c h e r ic h ia  c o l i  

K -12. C lo ro b io c in  i n h i b i t s  p r im a r i ly  DNA s y n th e s is ,  a p p a re n t ly  due to  

i t s  e f f e c t  on th e  enzyme DNA g y ra se . The f i r s t  p a r t  o f  t h i s  In tro d u c t io n  

rev iew s some a s p e c ts  o f our p re s e n t  knowledge o f  DNA r e p l i c a t i o n  in  

E . c o l i , in c lu d in g  a  b r i e f  d is c u s s io n  o f DNA r e p l i c a t i o n  ^  v i t r o . The 

second p a r t  i s  concerned  w ith  in h i b i to r s  o f DNA r e p l i c a t i o n ,  in c lu d in g  

a  d e s c r ip t io n  o f th e  a c t i v i t i e s  o f a n t i b i o t i c s  s t r u c t u r a l l y  s im i la r  to  

c lo ro b io c in .  In  th e  f i n a l  p a r t ,  th e  v a r io u s  f a c t o r s  w hich may a f f e c t  

th e  t e r t i a r y  s t r u c tu r e  o f  DNA a re  rev iew ed , w ith  p a r t i c u l a r  em phasis 

on th e  a c t i v i t i e s  o f th e  enzyme DNA g y ra se .



I .  THE MECHANISM OP DNA SYNTHESIS 

I . ( a )  DNA R e p lic a t io n  in  E .c o l i

The s t r u c tu r e  o f DNA as proposed by Watson and C rick  (1953) 

im m ed ia te ly  su g g es ted  a  r e l a t i v e l y  s im ple  r e p l i c a t i o n  sy stem . The two 

p o ly n u c le o tid e  ch a in s  o f DNA a re  l in k e d  by hydrogen bonds betw een t h e i r  

p u rin e  and p y rim id in e  b ase s  to  form a  doub le  h e l i c a l  s t r u c t u r e .  In  

consequence o f t h i s  base  p a i r in g  th e  sequence o f n u c le o t id e s  on one s t r a n d  

i s  com plem entary to  th e  o th e r  and th e r e f o r e  each s t r a n d  may se rv e  as a 

te m p la te  f o r  th e  s y n th e s is  o f th e  o th e r .  Thus DNA can be a c c u ra te ly  

co p ied  by breakage o f th e  hydrogen bonds betw een th e  b a se s  and su b seq u en t 

p a i r in g  and p o ly m e ris a tio n  o f  n u c le o t id e s  on d a u g h te r  s t r a n d s .

The chromosome o f E s c h e r ic h ia  c o l i  i s  a  c i r c u l a r  d o u b le -s tra n d e d
9

m olecu le  o f  DNA o f m o le c u la r  w eigh t 2 .5x10 . I t  i s  c o n ta in e d  w ith in  th e  

n u c le o id ;  a  m u l t i - fo ld e d  s t r u c tu r e  c o n ta in in g ,  by w e ig h t, 109  ̂ p r o te in ,

10^ RNA and 80^ DNA in  a  s u p e r tw is te d  form  (S to n in g to n  and P e t t i jo h n ,  

1971) .  The s t r u c tu r e  o f th e  n u c le o id  and th e  r o le  o f s u p e r tw is te d  DNA 

w i l l  be d is c u s se d  l a t e r .

( i )  The G en e tic s  o f  DNA R e p l ic a t io n  in  E .c o l i

Chromosomal r e p l i c a t i o n ,  a lth o u g h  c o n c e p tu a lly  s im p le , i s  in  f a c t  a  

v e ry  complex p ro c e ss  r e q u i r in g  many d i f f e r e n t  enzymes and s u b s t r a t e s .

T h is  i s  r e f l e c t e d  by th e  many d i f f e r e n t  m utan ts in ,  f o r  exam ple, E .c o l i  

and b a c te r io p h a g e  T4 w hich a re  d e f e c t iv e  in  e i th e r  th e  i n i t i a t i o n  o r  th e  

su b seq u en t e lo n g a tio n  s te p s  o f r e p l i c a t i o n .  I t  shou ld  be n o ted  t h a t  t h i s  

" i n i t i a t i o n "  ev en t in  E .c o l i  r e f e r s  to  th e  fo rm a tio n  o f  a  p a i r  o f



r e p l i c a t i o n  fo rk s  a t  a  s p e c i f i c  s i t e  on th e  chromosome, term ed th e  

o r ig i n .  T his sho u ld  n o t be confused  w ith  th e  i n i t i a t i o n  o f Okazaki 

p ie c e s  (s e e  l a t e r ) .  In  c o n t r a s t ,  " e lo n g a t io n "  r e f e r s  to  th e  movement o f 

th e  r e p l i c a t i o n  f o r k ( s )  around th e  chromosome. A pprox im ately  20 l o c i  

have been im p lic a te d  in  DNA r e p l i c a t i o n  in  E . c o l i ; th e  in d iv id u a l  m utants 

and t h e i r  phenotypes a re  summarised in  T ab le 1.1 and th e  m a jo r i ty  o f 

th e s e  w i l l  n o t be c o n s id e re d  in  d e t a i l  h e re  as they  have been rev iew ed 

e lsew h ere  (G ross, 1972; W ecAsler, 1978). R e c e n tly , many m u tan ts  d e f e c t iv e  

in  DNA s y n th e s is  w ere i s o l a t e d  by a  co m p u terised  au to m atic  s c re e n in g  

p ro ced u re  ( S ev asto p o u lu s  e t  ^ . , 1977). T h is s tu d y  has so  f a r  on ly  

produced  two new m u tan ts  (se e  T ab le 1 . l )  b u t may y e t  prove u s e f u l  in  th e  

i s o l a t i o n  o f o th e r  n o v e l DNA s y n th e s is  m u tan ts .

Loci in v o lv ed  in  chromosomal r e p l i c a t i o n  a re  g e n e r a l ly  i d e n t i f i e d  

by th e  i s o l a t i o n  o f m u tan ts  w hich e x h ib i t  e i t h e r  ( l ) ,  a c o n d i t io n a l  l e t h a l  

phenotype (u s u a l ly  te m p e ra tu re  s e n s i t i v i t y )  and an a l t e r e d  p a t t e r n  o f 

DNA s y n th e s is  a t  th e  n o n -p e rm iss iv e  te m p era tu re  o r  ( 2 ) ,  r e s i s t a n c e  to  

a n t i b i o t i c s  th a t  i n t e r f e r e  w ith  DNA s y n th e s is .

( 1 ) C o n d itio n a l l e t h a l  m utan ts  d e f e c t iv e  in  r e p l i c a t i o n  f a l l  i n to  two 

p h en o ty p ic  c l a s s e s ,  ( a )  Those d e f e c t iv e  in  i n i t i a t i o n  o f  r e p l i c a t i o n  

do n o t cea se  r e p l i c a t i o n  im m ediate ly  upon a  s h i f t  to  th e  n o n -p e rm iss iv e  

te m p e ra tu re ,  b u t c o n tin u e  to  r e p l i c a t e  th o se  chromosomes a lre a d y  i n i t i a t e d  

b e fo re  th e  te m p era tu re  s h i f t .  M utants in  t h i s  c a te g o ry  in c lu d e  dnaA and 

dnaC (rev iew ed  by WecAs.ler, 1978). Two a d d i t io n a l  m u tan ts  o f t h i s  type 

w hich a re  n o t w e ll c h a r a c te r i s e d  a re  d n a l and dnaP (se e  WeeA5 1 e r , 1978).

(b ) C o n d itio n a l l e t h a l  m utan ts  d e f e c t iv e  in  th e  e lo n g a tio n  o f p re v io u s ly  

i n i t i a t e d  r e p l i c a t i o n  fo rk s  u s u a l ly  cease  DNA r e p l i c a t i o n  im m ediate ly  upon



T able 1.1

L oci In v o lv ed  in  DNA R e p l ic a t io n  in  E .c o l i  K-12

(a )  G en e tic  nom encla tu re  and map p o s i t io n  a re  acc o rd in g  to

Bachmann e t  a l ,  (1 9 7 6 ).

(b )  I t  h as  been p roposed  th a t  th e  nalA  and cou lo c i  be renamed 

gyrA and gyrB r e s p e c t iv e ly  (Hansen and von Meyenburg, 1979).

( c )  R eferen ce  A i s  W ec^sler and Gross (1971)«

(d ) The re a d e r  i s  a ls o  r e f e r r e d  to  th e  u p d a ted  E .c o l i  K-12 lin k a g e

map (Bachmann and Low, 1980) .

( e )  I t  sh o u ld  be n o ted  t h a t  where a  gene p ro d u c t i s  in v o lv ed  

in  e lo n g a t io n ,  t h i s  does n o t  n e c e s s a r i ly  r u le  ou t a  r o le  

in  i n i t i a t i o n  (and v ic e  v e r s a ) .



M utant Map Gene p ro d u c t o r ( c lR eference  '

d e s ig n a t io n p o s i t io n  (min) p ro cess  a f f e c te d

( e lby m u ta tio n   ̂ '

dnaA 82 I n i t i a t i o n A. H iro ta  e t  (1968)

dnaB 91 E lo n g a tio n A. H iro ta  e t  ( 1968) ,  

C arl ( 1970)

dnaC 99 E lo n g a tio n  and 

i n i t i a t i o n

A. C arl ( 1970)

dnaE 4 E lo n g a tio n ; DNA 

polym erase I I I

A. G e f te r  £ t  ( l9 7 l )

dnaG 66 E lo n g a tio n ; DNA 

p rim ase

A. Rowen and Z om b erg

( 1978)

d n a l 37-44 I n i t i a t i o n  in  

E .c o l i  B /r

See WecA$.ler (1978), 

Beyersmann e t  ad . ( l9 7 4 )

dnaL 96 E lo n g a tio n S evastopou los  e t  a l .  (1977)

dnaM 76 E lo n g a tio n S evasto p o u lo s  £ t  ad . (1977)

dnaP 84 E lo n g a tio n ; 

p o s s ib ly  membrane 

a s s o c ia te d

Wada and Yura (1974)

dnaZ 10 E lo n g a tio n ; sub E i l i p  e t  ( 1974) ,

( o r i g i n a l l y u n i t  o f DNA p o ly  W ickner and H urv/itz

dnaîî) m erase I I I  

holoenzyme

( 1976)

polA 85 DNA polym erase 

I

de L u c ia  and C a im s  

( 1969) ,  Gross and Gross

( 1969 )



M utant Map

p o s i t io n  (m in)

Gene p ro d u c t o r ( c )R eference   ̂ '

d e s ig n a t io n p ro cess  a f f e c te d

{ 6 ^by m u ta tio n   ̂ ^

polB 2 DNA polym erase I I Campbell e t  a l ,  (1974)

l i g 51 DNA l ig a s e G ottesm an e t  (1973)

cou (k ) 82 E lo n g a tio n  and Ryan (1976 ), G e l le r t

(gyrB ) i n i t i a t i o n .  DNA e t  a l . ( 1976a ) ,  t h i s

g y ra se  s u b u n it B th e s i s

nalA  ( " ) 48 E lo n g a tio n . DNA Hane and Wood ( 1969) ,

(gyrA ) g y rase  su b u n it A Sugino £ t  ( 1977)

ssb 90 E lo n g a tio n . DNA Meyer e t  ( l9 7 9 )

b in d in g  p ro te in

dna-517 82 P ro b ab le  gyrB A. P ro ja n  and

a l l e l e W ecAsler (1978)

rpoB 89 I n i t i a t i o n .  ^ Lark ( 1972) ,

s u b u n it o f RNA B ag d assa ria n  £ t  a l .

polym erase ( 1977)

re p 83 E lo n g a tio n Lane and D enhardt (1975)
. 0 sd r 5-8 Kogoma (1978)



a  s h i f t  to  th e  n o n -p e rm iss iv e  te m p e ra tu re . Examples o f t h i s  ty p e  o f 

m utant a re  dnaB, dnaB and dnaG. However, m u ta tio n s  a f f e c t in g  e lo n g a tio n  

need  n o t be l e t h a l  to  th e  c e l l  : m u tan ts  d e f e c t iv e  in  th e  re p  fu n c t io n  

(Lane and D enhard t, 1975) and many m utan ts  d e f e c t iv e  in  th e  l i g  and 

polA genes (G ottesm an e t  a l , t  1973; Kuempel and V eom ett, 1970) have 

red u ced  fo r k  movement o r  slow  jo in in g  o f r e p l i c a t i o n  in te rm e d ia te s  w ith o u t 

n e c e s s a r i ly  im posing te m p era tu re  s e n s i t i v i t y  on th e  h o s t .

(2 ) I s o la t io n  o f  m utan ts r e s i s t a n t  to  a n t i b i o t i c s  which i n t e r f e r e  w ith  

DNA s y n th e s is  has u n fo r tu n a te ly  n o t proved p a r t i c u l a r l y  f r u i t f u l  u n t i l  

r e c e n t ly .  No a n t i b i o t i c s  have been id e n t i f i e d  as s p e c i f i c a l l y  i n h i b i t i n g  

E .c o l i  DNA polym erases o r p ro c e sse s  in v o lv ed  in  i n i t i a t i o n  o f r e p l i c a t i o n  

o r  s e g re g a t io n  o f d a u g h te r  n u c le i .  The a n t i b i o t i c  r i f a m p ic in  i n h i b i t s  

RNA polym erase by b in d in g  to  th e  enzyme (W ehrli e t  ^ . , I968 ) and m u tan ts  

in  th e  p su b u n it which c o n fe r  r e s i s ta n c e  to  r i f a m p ic in  have been u s e f u l  

i n  s tu d y in g  th e  r e g u la t io n  o f t h i s  im p o rta n t enzyme (see  rev iew  by 

S c a ife  (1 9 7 6 )) . S e n s i t i v i t y  to  r i f a m p ic in  h a s , how ever, in d ic a te d  a  

re q u ire m e n t f o r  RNA polym erase a c t i v i t y  in  th e  i n i t i a t i o n  o f chromosomal 

r e p l i c a t i o n  (see  l a t e r ) .

N ovobiocin and n a l i d i x i c  a c id  a re  two u n r e la te d  a n t i b i o t i c s  w hich 

i n h i b i t  DNA s y n th e s is  in  E .c o l i  (Sm ith and D av is , 1967; Goss e t  a l . ,

1965 ; see  p a r t  I I ) .  M utants r e s i s t a n t  to  th e se  a n t i b i o t i c s  have h e lp e d  

to  i d e n t i f y  t h e i r  t a r g e t  enzyme, DNA g y ra se  (G e l le r t  e t  ^ . , 1976a;

Sugino e t  ^ . , 1977). T h is  r a th e r  s p e c ia l  case  w i l l  be d is c u s s e d  in  

d e t a i l  in  p a r t s  I I  and I I I .



( i i )  The Use o f Sm all R ep lico n s to  S tudy MA R e p lic a t io n

The s ig n i f ic a n c e  o f some im p o rtan t m utan ts  and t h e i r  c o n t r ib u t io n  

to  ou r knowledge o f DNA s y n th e s is  w i l l  be o u t l in e d  l a t e r  when in d iv id u a l  

s te p s  in  th e  r e p l i c a t i o n  p ro cess  a re  d is c u s s e d .  However, much o f  ou r 

knowledge o f DNA r e p l i c a t i o n  has come n o t from  s tu d ie s  w ith  chromosomal 

DNA, b u t from  s tu d ie s  w ith  th e  s m a lle r  r e p l ic o n s  o f phage and p la sm id s . 

T h is i s  p r im a r i ly  due to  th e  ease  o f i s o l a t i o n  and h a n d lin g  o f th e se  sm all 

DNA m o le c u le s . I t  i s  a p p ro p r ia te  a t  t h i s  p o in t  th e r e f o r e  to  d is c u s s  

b r i e f l y  th e  p r o p e r t i e s  and s t r u c tu r e s  o f th e se  e le m e n ts .

P la sm id s , ra n g in g  in  m o lecu la r  w eigh t from  2x10^ to  10^ (rev iew ed  

by Clowes, 1972), can be s e p a ra te d  from  chromosomal DNA in  crude e x t r a c t s  

as  c o v a le n t ly  c lo se d  c i r c u l a r  m o lecu les o f d o u b le -s tra n d e d  DNA by 

caesium  c h lo r id e  d e n s i ty  g ra d ie n t  c e n t r i f u g a t io n  in  th e  p re sen ce  o f 

e th id iu m  brom ide. The p h y s ic a l b a s is  f o r  t h i s  s e p a ra t io n  w i l l  be o u t l in e d  

in  s e c t io n  I I I ,  however an im p o rtan t p o in t  to  n o te  i s  t h a t  p lasm id  DNA 

i s o l a t e d  in  t h i s  way i s  n e g a t iv e ly  s u p e rc o ile d  (see  p a r t  I I I ) .

B ac te rio p h a g e  DNA can be i s o la te d  from p u r i f i e d  phage p a r t i c l e s  w ith  

r e l a t i v e  e a s e . Some la rg e  phages e .g .  ^  , PI and T4 c o n ta in  a  d o u b le 

s tra n d e d  l i n e a r  DNA m olecu le  which c i r c u l a r i s e s  upon in f e c t io n  and 

r e p l i c a t e s  in  t h i s  form , w h i ls t  o th e r  phage DNA e .g .  T7 rem ains l i n e a r  

th ro u g h o u t th e  r e p l i c a t i o n  c y c le .  In  c o n t r a s t  to  p la sm id s , th e se  la rg e  

phages code f o r  many o f th e  enzymes n e c e s s a ry  f o r  t h e i r  own r e p l i c a t i o n .  

S tu d ie s  o f  in f e c te d  c e l l s  have le d  to  th e  i d e n t i f i c a t i o n  and 

c h a r a c te r i s a t io n  o f s p e c i f i c  po ly m erases , l i g a s e s ,  p rim ases  and DNA 

b in d in g  p r o te in s .  However, th e  b a c te r io p h a g e s  t h a t  have p ro v id ed  th e  

most in fo rm a tio n  abou t th e  b io c h e m is try  o f  DNA r e p l i c a t i o n  a re  th e  s in g le 



s tr a n d e d  c i r c u l a r  MA p h ag es. In  p a r t i c u l a r  0X174» and th e  c lo s e ly  

r e l a t e d  phage G4» when u sed  as te m p la te s  f o r  m  v i t r o  MA r e p l i c a t i o n  

d ependen t upon w ild - ty p e  E .c o l i  e x t r a c t s ,  have le d  to  th e  i d e n t i f i c a t i o n  

and p u r i f i c a t i o n  o f many p ro te in s  in v o lv ed  in  th e  r e p l i c a t i o n  p ro c e s s . 

T his has been ach iev ed  by com plem entation  o f e x t r a c t s  from  te m p era tu re  

s e n s i t i v e  dna m utan ts  (se e  W ickner, 1978).

( i i i )  The O rig in  and D ire c t io n  o f R e p l ic a t io n  in  E .c o l i

I n i t i a l  s tu d ie s  in d ic a te d  t h a t  chromosomal r e p l i c a t i o n  in  E .c o l i  

was b i d i r e c t i o n a l ,  p ro cee d in g  from a  f ix e d  o r ig in  p o s it io n e d  betw een 74 

and 83 m in u te s , c lo se  to  th e  i l v  lo c u s  (M asters and B roda, 1971» H o h lfe ld  

and Y ie lm e tte r ,  1973; Douam e t  ^ . , 1974). By h y b r id i s a t io n  s tu d ie s  

u s in g  s t r a i n s  c o n ta in in g  th e  b a c te r io p h a g e  Mu as a  prophage in s e r t e d  in to  

one o f fo u r  d i f f e r e n t  genes in  th e  v i c i n i t y  o f th e  i l v  lo c u s ,  F ay e t and 

D ouam  (1978) were a b le  to  conclude t h a t  o riC  la y  betw een bglR  and rb s  

( s e e  F ig u re  1.1 ) .  Von Meyenburg £ t  (1978) i s o la te d  v a r io u s

tr a n s d u c in g  phages c a r ry in g  chromosomal m arkers in  t h i s  r e g io n ,  and found 

t h a t  some 'X asn  phages would r e p l i c a t e  in  E .c o l i  X ly so g en s  by v i r t u e  

o f  autonomous r e p l i c a t i o n  from  an o r ig in  d i s t i n c t  from  th e  X o r ig in  

and th e r e f o r e  presum ably  from o r iC . I t  was concluded  t h a t  o riC  la y  

betw een uncB and a s n . A r e s t r i c t i o n  fragm en t from t h i s  X asn  r e p l ic o n  

(M esser e t  a l . ,  1978) o r from  r e s t r i c t e d  t o t a l  E .c o l i  DNA (Yasuda and 

H ir o ta ,  1977) when l ig a te d  to  a second , n o n - r e p l i c a t in g  fragm en t cod ing  

f o r  a m p ic i l l in  r e s i s ta n c e  has en ab led  th e  o r ig in  to  be s tu d ie d  in  d e t a i l .  

The n u c le o t id e  sequence o f a  422 base  p a i r  segment o f chromosomal DNA 

from  th e  o riC  -  c o n ta in in g  r e s t r i c t i o n  fragm en t has been d e te rm in ed ; t h i s  

sequence ap p ears  to  c o n ta in  a l l  th e  in fo rm a tio n  n e c e s s a ry  f o r  e f f i c i e n t



Figure 1.1

O rder o f  Genes around th e  O rig in  o f  R e p l ic a t io n  o f E .c o l i

T h is  d iagram  re p re s e n ts  th e  E .c o l i  chromosome in  th e  v i c i n i t y  of 

th e  o r ig in  o f r e p l i c a t i o n  ( o r iC ) a t  approx . 82 m in u te s . The concluded  

o rd e r  i s  ta k en  from  F ay e t and Douam (1978) and von M eyenburg e t  a l . 

(1 9 7 8 ).
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i n i t i a t i o n  o f r e p l i c a t i o n  (Sugimoto e t  , 1979» M e ije r  e t  , 1979).

The d i r e c t io n  o f r e p l i c a t i o n ,  u s u a l ly  from  a  f ix e d  o r ig in ,  has 

a l s o  been s tu d ie d  in  o th e r  b a c t e r i a .  In  b o th  S a lm o n ella  typhim urium  

and B a c i l lu s  s u b t i l i s  r e p l i c a t i o n  ap p ears  to  be b id i r e c t i o n a l  (F u jisaw a  

and E in s e n s ta rk , 1973; Wake, 1974). In  phage ^  (Schnos and Inman,

1970 ) and th e  m in i-F  p lasm id  (E ichen laub  e t  ^ . , 1977) e le c t r o n  m icro 

sc o p ic  a n a ly s is  o f r e p l i c a t i n g  m o lecu les  has shown t h a t  r e p l i c a t i o n  i s  

b i - d i r e c t i o n a l ,  w h i ls t  in  phage P2 (Schnos and Inman, 1971) and th e  sm all 

p la sm id  C0IEI ( in s e lb u rg ,  1974) r e p l i c a t i o n  i s  u n id i r e c t i o n a l .  As 

in d ic a te d  above, n o t a l l  r e p l ic o n s  a re  c i r c u l a r ;  phage T7 DNA i s  r e p l i c a t e d  

b i d i r e c t i o n a l l y  from  an o r ig in  p o s i t io n e d  ap p ro x im a te ly  17% from one end 

o f  th e  l i n e a r  m olecu le  (D re ss ie r  £ t  , 1972). Some n a t u r a l l y  o c c u rr in g  

R f a c to r s  e .g .  R6K, and p lasm id  ch im eras g e n e ra te d  by in  v i t r o  recom binan t 

DNA te c h n iq u e s  have more th a n  one o r ig in  o f  r e p l i c a t i o n ,  a lth o u g h  on ly  

one i s  n o rm ally  u sed  (C rosa  a t  ^ . , 1978; Timmis e t  a l . , 1974).

I . ( b )  E ven ts a t  th e  R e p l ic a t io n  Fork

T his s e c t io n  w i l l  o u t l in e  th e  ev e n ts  w hich o ccu r a t  DNA r e p l i c a t i o n  

f o r k s .  No one system  has been re s p o n s ib le  f o r  th e  d is c o v e ry  o f a l l  th e  

known a c t i v i t i e s ,  and I  w i l l  summarise o n ly  th e  d a ta  w hich d e s c r ib e s  th e  

im p o rta n t s te p s  in  th e  r e p l i c a t i o n  p ro c e s s .

( i )  Polym erases In vo lved  in  DNA R e p l ic a t io n

Three enzymes have been i s o la te d  from  E .c o l i  w hich d i r e c t  th e  

s y n th e s is  o f DNA from a  com plem entary s t r a n d  as te m p la te .  These enzymes 

a r e  term ed DNA polym erases I ,  I I  and I I I  (a b b re v ia te d  p o l l ,  I I  and I I I )



and a re  i d e n t i f i e d  g e n e t i c a l l y  by th e  l o c i  polA , polB and dnaE 

r e s p e c t iv e l y  (see  T able 1.1 ) .  A ll th re e  enzymes ex ten d  ch a in s  in  th e  

5 ’ to  3 ’ d i r e c t io n  on ly  and r e q u ir e  a  p rim er m o lecu le  w ith  a  f r e e  3 ’OH 

g roup  base  p a ire d  to  a  s in g le - s t r a n d e d  MA te m p la te  b e fo re  p o ly m e ris a tio n  

can  commence. The th r e e  polym erases d i f f e r  m arkedly  in  t h e i r  d e t a i l e d  

p r o p e r t i e s ;  f o r  example w ith  r e s p e c t  to  t h e i r  tu rn o v e r  num ber, Kin f o r  

t r ip h o s p h a te s  and number o f  c o p ie s  p e r  c e l l  (rev iew ed  by K om berg , 1974). 

On th e  o th e r  hand a l l  th r e e  enzymes c o n ta in  a  3 ’ to  5 ’ ex o n u c lease  

a c t i v i t y  b u t in  a d d i t io n  p o l l  c o n ta in s  a 5 ’ to  3 ’ ex o n u c lease  a c t i v i t y .

A ttem pts to  d em o n stra te  an a b s o lu te  req u ire m en t o f th e  polym erase 

a c t i v i t y  o f p o l l  f o r  grow th have f a i l e d .  However, polA m u tan ts  a re  

s e n s i t i v e  to  TJV l i g h t  (G ross and G ross, 1969) and a re  slow  to  j o in  up 

O kazaki p ie c e s  (Kuempel and V eom ett, 1970); and th e  polAI m u ta tio n  i s  

l e t h a l  when in  com b in a tio n  w ith  th e  n o n - le th a l  te m p e ra tu re  s e n s i t i v e  l i g - 4  

m u ta tio n  (G ottesm an £ t  ^ . , 1973). An a b s o lu te  req u ire m e n t f o r  grow th 

h as  been shown on ly  f o r  th e  5 ’ to  3 ’ ex o n u c lease  a c t i v i t y  o f p o l l ,  by th e  

i s o l a t i o n  o f  te m p e r a tu r e - s e n s i t iv e  c o n d i t io n a l  l e t h a l  polAex m u tan ts  

(Konrad and Lehman, 1974; O liv e ra  and B o n h o effe r, 1974). Thus a lth o u g h  

th e  polym erase a c t i v i t y  o f p o l l  may be im p o rta n t in  M ’A r e p l i c a t i o n ,  th e  

m ost c o n v in c in g  r o le  f o r  p o l l  ap p ears  to  be an invo lvem en t in  r e p a i r  

s y n th e s i s ,  and perhaps th e  rem oval o f ENA p rim ers  from , and th e  su b seq u en t 

jo in in g  to g e th e r  o f O kazaki p ie c e s  (see  l a t e r ) .  However, r e p l i c a t i o n  o f 

p la sm id s  ColEI and ColE2 i s  a b s o lu te ly  dependen t upon p o l l ,  b o th  in  v iv o  

and in  v i t r o  (K ingsbury  and H e lin s k i ,  1973; S tau d en b au er, 1976b) a lth o u g h  

t h i s  ap p ea rs  l im i te d  to  th e  s y n th e s is  o f " e a r ly "  6s DNA fragm en ts



( s e e  Tomizawa, 1978). The r o le  o f p o l l l  rem ains obscure  and w i l l  n o t 

be d is c u s se d  f u r t h e r .

I t  i s  now accep ted  t h a t  p o l I I I  p ro v id e s  th e  polym erase a c t i v i t y  a t  

th e  r e p l i c a t i o n  f o r k .  E .c o l i  s t r a i n s  c a r ry in g  c o n d i t io n a l  l e t h a l  dnaE 

m u ta tio n s  r a p id ly  cea se  DNA s y n th e s is  upon a  s h i f t  to  th e  n o n -p e rm iss iv e  

te m p e ra tu re  (W eschler and G ross, 1971) and e lo n g a tio n  o f s in g le - s t r a n d e d  

DNA phages and ColEI DNA in  v i t r o  a l l  r e q u ir e  a  f u n c t io n a l  p o l I I I  

(W ickner e t  a l . ,  1972; S tau d en b au er, 1976b). S tu d ie s  w ith  0X174 MA 

r e p l i c a t i o n  in  v i t r o  have in  f a c t  shown t h a t  th e  a c t iv e  p o l I I I  polym erase 

in  t h i s  system  i s  a s s o c ia te d  w ith  a  m u ltim eric  complex term ed th e  h o lo 

enzyme (W ickner e t  a l . ,  1973). T h is holoenzyme i s  a p p a re n tly  composed o f 

p o l I I I * ,  c o n s is t in g  o f p o l I I I  (dnaE gene p ro d u c t)  and a t  l e a s t  two o th e r  

p r o te in s  (one o f w hich i s  th e  dnaZ gene p ro d u c t)  and co p o l I I I * ,  a  p r o te in  

c o f a c to r  n e c e ssa ry  f o r  polym erase a c t i v i t y  (se e  K om berg , 1978).

( i i )  D isco n tin u o u s  S y n th e s is

As o u tl in e d  above, DNA polym erases w i l l  on ly  ex tend  ch a in s  in  th e  

5 ' to  3 ’ d i r e c t i o n .  S in ce  d o u b le -s tra n d e d  DNA c o n s is t s  o f  two a n t i 

p a r a l l e l  c h a in s ,  s y n th e s is  o f a t  l e a s t  one s tra n d  presum ably  th e re fo re  has 

to  be d is c o n tin u o u s . S tu d ie s  by O kazaki £ t  (1968) have shown th a t  

a f t e r  a lk a l in e  g ra d ie n t  s e d im e n ta tio n  o f p u lse  l a b e l l e d  E .c o l i  DNA in  

v iv o , m ost o f th e  newly s y n th e s is e d  DNA i s  in  th e  form  o f s h o r t  ch a in s  

( O kazaki frag m e n ts) w ith  a  s e d im e n ta tio n  c o e f f i c i e n t  o f 10S, co rre sp o n d in g  

to  1000-2000 n u c le o t id e s .  These fragm en ts  can be chased  in to  m ature 38S 

frag m en ts  in  w ild - ty p e  s t r a i n s ,  b u t accum ula te  in  polA and l i g  m utan ts 

(Keumpel and Veom ett, 1970; G ottesm an e t  ^ . , 1973).



10

C o n tra d ic to ry  ev id en ce  e x i s t s  as to  w hether one o r  b o th  ch a in s  axe 

s y n th e s is e d  d is c o n tin u o u s ly  in  E . c o l i . O kazaki e_t (1968) and 

S te m g la n z  e t  (1976) observed  on ly  one s iz e  c l a s s  o f frag m en t (lOS) 

c o n s i s t e n t  w ith  d isc o n tin u o u s  s y n th e s is  on b o th  c h a in s .  However Louam  

and B ird  (1974) found th a t  MA s y n th e s is  in  E .c o l i  produced two d i s c r e t e  

s i z e  c la s s e s  o f DNA. S y n th e s is  in  th e  5 ’ to  3 ' d i r e c t io n  ( th e  " le a d in g  

s t r a n d " )  was co n tin u o u s , p ro d u c in g  m ature fragm en ts  ( > 5 3 S ) ,  w h ile  

s y n th e s is  in  th e  3 ' to  5 ’ d i r e c t io n  was a p p a re n tly  d is c o n tin u o u s  p ro d u c in g  

s h o r t  10S frag m e n ts . In  a d d i t io n ,  Louam  and B ird  found th a t  s y n th e s is  

on b o th  s tra n d s  was d isc o n tin u o u s  in  polA m u tan ts . This c o n tro v e rsy  

i s  s t i l l  u n re so lv e d , b u t many w orkers i n t e r p r e t  th e  r e s u l t s  to  in d ic a te  

d is c o n tin u o u s  s y n th e s is  on b o th  s t r a n d s ,  b u t th a t  the  le a d in g  s t r a n d  may 

be s y n th e s is e d  in  few er l a r g e r  frag m en ts  which may be l i g a t e d  to g e th e r  

f a s t e r  th a n  th e  s h o r te r  frag m en ts  produced by la g g in g  s t r a n d  s y n th e s is  

(A lb e r ts  and S te m g la n z , 1977; D enhard t, 1978; Kwoh e t  a l . , 1979). This 

u n c e r t a in ty  i s  confused  f u r t h e r  by doub ts  over th e  a u th e n t i c i t y  o f many 

O kazaki fragm en ts  as genu ine  r e p l i c a t i o n  in te rm e d ia te s  (Tye ^  ^ . , 1977)-

( i v )  P rim er S y n th e s is

E lo n g a tio n  o f DNA by a  d isc o n tin u o u s  mechanism r a i s e s  th e  problem  of 

th e  n a tu re  o f th e  p rim er, s in c e  no DNA polym erase can i n i t i a t e  c h a in s  de 

n o v o . ENA po lym erase, on th e  o th e r  hand , does n o t  r e q u i r e  a  p rim er and 

w i l l  t r a n s c r ib e  s in g le - s t r a n d e d  DNA fo rm ing  an ENA c h a in  w ith  a  3 ’OH 

te rm in u s  w hich p o te n t i a l l y  cou ld  a c t  as a  p rim er f o r  DNA polym erase I I I .  

E a r ly  ev idence  f o r  th e  e x is te n c e  o f Okazaki p ie c e s  in  E .c o l i  c o n ta in in g  

5 ’ r ib o n u c le o t id e s  has proved to  be sp u r io u s  and much e f f o r t  has been
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s p e n t  in  d e te rm in in g  w hether o r n o t DNA c h a in s  a re  indeed  i n i t i a t e d  by 

an RNA p rim e r. Ogawa e t  (1977) and Miyamoto and D enhard t (1977) 

r e p o r te d  th e  p resen ce  o f RN A-term inated DNA r e p l i c a t i o n  in te rm e d ia te s  in  

polA ex m utan ts in  v iv o , b u t cou ld  f in d  l i t t l e  o r  no ev id en ce  f o r  them 

in  w ild - ty p e  s t r a i n s .  One a t t r a c t i v e  s o lu t io n  i s  to  en v isag e  t h a t  RNA 

p rim e rs  a re  r a p id ly  removed from DNA by th e  p o l l  ex o n u c lease  b e fo re  b e in g  

jo in e d  to g e th e r  by th e  combined a c t i v i t i e s  o f p o l l  and DNA l i g a s e .  U n ti l  

low  m o le c u la r  w eigh t DNA fragm en ts  can be unam biguously  i d e n t i f i e d  as 

t r u e  Okazaki p ie c e s  th e  c o n t r ib u t io n  o f n o n -n a sc e n t DNA m olecu les 

(D enhard t £ t  a l , ,  1979) w i l l  co n tin u e  to  h in d e r  th e  s e a rc h  f o r  5 ' r i b o 

n u c le o t id e  te rm in a te d  DNA r e p l i c a t i o n  in te rm e d ia te s .

C onfirm ation  o f  th e  e x is te n c e  o f ENA prim ers  in  E .c o l i  comes 

i n d i r e c t l y  from th e  s tu d y  o f  th e  dnaG fu n c t io n  o f E . c o l i . T his f u n c t io n  

i s  e s s e n t i a l  f o r  grow th , and a  te m p e ra tu re  s h i f t  in  a  dnaG m utan t r e s u l t s  

in  a b ru p t c e s s a t io n  o f DNA s y n th e s is  (W ecbfler and G ross, 1971). P rim e r 

s y n th e s is  in  th e  phages G4 and 0X174 has been s tu d ie d  b o th  in  c ru d e  

e x t r a c t s  and w ith  p u r i f i e d  p ro te in s  in  v i t r o . A sim ple  p rim er system  

h a s  been dem onstra ted  f o r  G4 w hich, in  v i t r o , on ly  r e q u i r e s  DNA b in d in g  

p r o te in  ( a ls o  term ed h e l ix  d e s t a b i l i s i n g  p r o te in ,  see  p a r t  I I I ) ,  ATP, r ib o  

o r  d eo x y rib o n u c le o s id e s  and th e  dnaG gene p ro d u c t (Z echel e t  ^ . , 1975 ). 

S ubsequen t DNA s y n th e s is  r e q u ir e s  th e  DNA polym erase I I I  holoenzym e and 

d e o x y r ib o n u c le o s id e s . The dnaG p r o te in  s y n th e s is e s  o l ig o n u c le o t id e s  w hich 

c o n ta in  b o th  dNMP and rNMP r e s id u e s ,  and i s  th e r e f o r e  a  s p e c ia l  k in d  

( a ls o  r if a m p ic in  r e s i s t a n t )  o f  ENA polym erase (Bouché e t  ^ . , 1975) more 

c o r r e c t ly  term ed DNA p rim ase . 0X174 has a more complex p rim in g  r e a c t io n  

r e q u i r in g ,  in  a d d i t io n  to  th o se  p ro te in s  o f the  G4 system , dnaB p r o te in .
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dnaC p r o te in  and o th e r  r e p l i c a t i o n  f a c to r s  term ed X, Y and Z (W ickner 

and H u rw itz , 1974) o r  i ,  n  and n ' (Scheckman e t  a l . ,  1975). In  th e se  

p rim in g  r e a c t io n s ,  th e  DNA b in d in g  p r o te in  i s  th o u g h t to  b in d  s i n g l e 

s tr a n d e d  DNA and, perhaps by in d u c in g  th e  fo rm a tio n  o f seco n d ary  s t r u c t u r e s ,  

prom ote r e c o g n i t io n  o f DNA by the  DNA p rim ase . A r o le  f o r  th e  dnaB 

p r o te in  as a  "m obile  p rom oter"  has been proposed  by K om berg  (197 8 ); i t  

i s  h y p o th e s ise d  t h a t  dnaB p ro te in  b in d s  to  s in g le - s t r a n d e d  DNA c o a te d  

w ith  DNA b in d in g  p r o te in  and m ig ra te s  a lo n g  th e  DNA in  a  3* to  5 ’ d i r e c t i o n .  

DNA prim ase re c o g n is e s  co n fo rm a tio n a l changes induced  by th e  p re se n c e  o f 

th e  dnaB p r o te in  and su b se q u e n tly  i n i t i a t e s  p rim er s y n th e s i s .  The 

im m ediate c e s s a t io n  o f DNA s y n th e s is  in  v iv o  in  dnaB m u tan ts  a t  th e  

r e s t r i c t i v e  te m p e ra tu re  i s  c l e a r ly  c o n s i s te n t  w ith  a  r o le  f o r  th e  dnaB 

p r o te in  a t  th e  r e p l i c a t i o n  f o rk .  The c e l l u l a r  r o le s  o f  dnaC p r o te in  

and th e  r e p l i c a t i o n  f a c to r s  X, Y and Z as  deduced from  in  v i t r o  s tu d ie s

a r e  u n c le a r ,  a lth o u g h  th e  dnaC p r o te in  i s  r e q u ire d  f o r  i n i t i a t i o n  o f

chromosomal r e p l i c a t i o n  in  v iv o  (se e  l a t e r ) .

(v )  E lo n g a tio n  o f  DNA Chains In  V itro

In  t h i s  s e c t io n  I  w i l l  d e s c r ib e  a  few i n t e r e s t i n g  f e a tu r e s  o f in

v i t r o  DNA r e p l i c a t i o n  in  b a c te r io p h a g e s . Perhaps th e  s im p le s t  e lo n g a tio n  

r e a c t io n  d e s c r ib e d  i s  th e  co n v e rs io n  o f s in g le - s t r a n d e d  phage DNA to  th e  

dup lex  c i r c u l a r  (HP) form . A f te r  p rim in g , th e  o n ly  h o s t  components 

n e c e s s a ry  f o r  t h i s  r e a c t io n  w ith  Ml3» G4 o r  0X174 DNA a re  DNA b in d in g  

p r o te in  and DNA polym erase I I I  holoenzyme (H urw itz and W ickner, 1974;

W ickner and K om berg , 1973; see  a ls o  K om berg , 1978). DNA polym erase and 

DNA l ig a s e  a re  re q u ire d  f o r  c o n v e rs io n  o f  th e  r e s u l t i n g  n ic k ed  c i r c l e  

in to  a  c o v a le n t ly  c lo se d  form .
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R e p l ic a t io n ,  b o th  in  v iv o  and in  v i t r o , o f 0X174 HFI DNA re q u ire s  

two a d d i t io n a l  p r o te in s ,  th e  0X174 c isA  p r o te in  and th e  E o c o li re p  

p r o te i n .  E ise n b erg  e t  (1977) have shown th a t  th e  c isA  p r o te in  n ic k s  

th e  v i r a l  (+) s t r a n d  a t  a  s p e c i f i c  s i t e ;  th e  p r o te in  i s  th e n  a t ta c h e d  to  

th e  5 ' end o f th e  DNA, presum ably  by a  c o v a le n t bond. The c isA  p r o te in  

w i l l  o n ly  n ic k  th e  s u p e rc o ile d  (R Fl) form  o f th e  c o v a le n t ly  c lo se d  

d u p le x ; th e  re la x e d  (u n tw is te d )  RFI7 form i s  n o t a  s u i t a b le  s u b s t r a te  

( ik e d a  e t  a l . , 1976) u n le s s  i t  i s  c o n v e rte d  to  th e  s u p e rc o ile d  form  by 

DNA g y ra se  (M arians e t  ^ . , 1977)» The c isA  p r o te in  has been observed  

to  n ic k  and r e c i r c u l a r i s e  v i r a l  s t r a n d s  upon co m p le tio n  o f  s y n th e s is  of 

a  u n i t  le n g th  o f DNA by a  m od ified  " r o l l i n g  c i r c l e "  ty p e  o f  r e p l i c a t i o n  

(E ise n b e rg  e t  ^ . , 1977). T his DNA s y n th e s is  i s  most l i k e l y  a  c o v a le n t 

e x te n s io n  from th e  3 ’OH te rm inus form ed a t  th e  n ic k  g e n e ra te d  by th e  

c isA  p r o te in .

The E .c o l i  re p  fu n c tio n  was i d e n t i f i e d  by D enhardt £ t  (1967) 

who i s o la te d  a  m utant t h a t  cou ld  n o t r e p l i c a t e  0X174 RFI DNA. The re p  

p r o te in  has been p u r i f i e d ;  i t  i s  a  68KD p o ly p e p tid e  which en zy m ica lly  

m e lts  a  DNA duplex  to  s e p a ra te  DNA s tr a n d s  w ith  th e  h y d ro ly s is  o f ATP 

(S c o tt  e t  ^ . , 1977; Y arran ton  and G e f te r ,  1979). S c o t t  _et have shown 

t h a t ,  in  th e  absence o f DNA s y n th e s is ,  th e  combined a c t io n  o f re p  p r o te in ,  

c isA  p r o te in  and DNA b in d in g  p r o te in  w i l l  co m p le te ly  unwind dup lex  RFI 

0X174 DNA. T h is , combined w ith  th e  ev id en ce  th a t  E .c o l i  re p  m utan ts 

r e p l i c a t e  t h e i r  chromosomal DNA more s lo w ly  th a n  w ild - ty p e  s t r a i n s  (Lane 

and D enhard t, 1975) su g g e s ts  th a t  th e  re p  p r o te in  i s  in v o lv ed  in  v iv o  

in  s t r a n d  s e p a ra t io n  ahead o f th e  r e p l i c a t i o n  f o r k .  This w i l l  be d isc u sse d  

f u r t h e r  in  p a r t  I I I .
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I . ( c )  The C e ll Cycle o f E .c o l i  : I n i t i a t i o n  o f DNA R e p l ic a t io n  and 

C e ll D iv is io n

In  t h i s  s e c t io n  I  w i l l  d is c u s s  b r i e f l y  th e  c e l l  c y c le  o f E . c o l i , 

w ith  p a r t i c u l a r  r e fe re n c e  to  th e  i n i t i a t i o n  o f chromosome r e p l i c a t i o n  and 

c e l l  d iv i s i o n .  The c e l l  c y c le  o f E .c o l i  may be d e sc r ib e d  in  term s o f two 

p a ram e te rs  : a  p e r io d , C, d u rin g  which the  chromosome i s  r e p l i c a t e d  and a  

su b seq u en t p e r io d , D, w hich p reced es  c e l l  d iv i s io n  (Cooper and H e lm s te tte r ,  

1968) .  The v a lu e s  o f C and D rem ain  e s s e n t i a l l y  c o n s ta n t  ov er a  wide 

ran g e  o f grow th r a t e s  (Cooper and H e lm s te t te r ,  I 968 ; H e lm s te tte r  and 

P ie r u c c i ,  1976).

( i )  I n i t i a t i o n  o f DNA R e p l ic a t io n

The r a t e  o f DNA s y n th e s is  in  a  b a c t e r i a l  c u l tu r e  i s  c o n t ro l le d  by 

th e  r a t e  o f  i n i t i a t i o n  o f chromosomal r e p l i c a t i o n .  Each new round o f 

r e p l i c a t i o n  i s  th o u g h t to  be i n i t i a t e d  when th e  r a t i o  o f c e l l  mass to  

number o f chromosome o r ig in s  re a c h e s  a  c r i t i c a l  v a lu e ,  th e  i n i t i a t i o n  mass 

(D onachie , I 968) .  The p ro c e ss  o f i n i t i a t i o n  h a lv e s  t h i s  v a lu e  by 

d u p l i c a t in g  th e  o r ig in ;  su b seq u en t c e l l  grov/th th e n  in c re a s e s  th e  r a t i o  

u n t i l ,  a f t e r  one mass d o u b lin g  o r  g e n e ra tio n  tim e , i t  a g a in  re a c h e s  th e  

c r i t i c a l  v a lu e .  S e v e ra l a u th o rs  have p roposed  models to  e x p la in  how th e  

c e l l  m igh t t i t r a t e  i t s  m a s s /o r ig in  r a t i o  (H e lm s te tte r  e t  ^ . , 1968 ; 

P r i tc h a r d  e t  ^ . , 1969; Sompayrac and M a a l/e , 1973). In  th e se  m odels th e  

p e r io d  o f grow th betw een su c c e s s iv e  i n i t i a t i o n s  i s  re g a rd e d  as th e  tim e 

ta k en  to  accum ulate  some p o s i t iv e  r e g u la to r y  f a c t o r ,  o r  to  d i l u t e  p u t an 

i n h i b i t o r  o f  i n i t i a t i o n .  R ecent ev id en ce  in  t h i s  a r e a  h as  been rev iew ed 

by P r i tc h a r d  (1978).
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I n i t i a t i o n  o f INA r e p l i c a t i o n  r e q u ir e s  b o th  ^  novo p r o te in  and 

ENA s y n th e s is  s in c e  s t a r v a t io n  of a  c u l tu r e  f o r  e s s e n t i a l  amino a c id s  o r 

th e  a d d i t io n  o f ch lo ram phen ico l o r  r i f a m p ic in  a llo w s th e  co n tin u e d  

s y n th e s is  o f ENA from  e x i s t i n g  fo rk s  b u t no new fo rk s  a re  i n i t i a t e d  

(M aal^e and H anaw alt, 196I ;  L ark , 1972). The req u ire m en t f o r  ENA 

s y n th e s is  appears  to  be r e s t r i c t e d  to  im m ed ia te ly  b e fo re ,  o r  a t  

i n i t i a t i o n ,  w hereas th e  p ro te in s  n e c e ss a ry  f o r  i n i t i a t i o n  may be 

s y n th e s is e d  e a r l i e r  in  th e  c e l l  c y c le  (L ark , 1972). M esser e t  a l .

( 1975) r e p o r te d  th e  i s o l a t i o n  o f a  s p e c i f i c  ENA s p e c ie s ,  term ed o-ENA 

( o r ig in  ENA), which was a p p a re n tly  s y n th e s is e d  d u r in g  i n i t i a t i o n  and was 

r e g u la te d  by th e  dnaA gene p roduct*  However, t h i s  o-ENA does n o t 

h y b r id is e  w ith  th e  o riC -Ap p lasm id  (M esser, W., p e rso n a l com m unication) 

and i t s  r o l e ,  i f  any, in  th e  i n i t i a t i o n  p ro c e ss  i s  n o t c l e a r .

The two genes dnaA and dnaC a re  r e q u ir e d  f o r  i n i t i a t i o n  o f 

chromosomal r e p l i c a t i o n  (se e  T able 1 .1 ) ,  a lth o u g h  t h e i r  fu n c tio n s  a re  

by no means c l e a r .  The dnaC p r o te in  has been  p u r i f i e d  and ap p ea rs  to  

i n t e r a c t  w ith  th e  dnaB p r o te in  in  th e  r e p l i c a t i o n  o f s in g le - s t r a n d e d  

phages m  v i t r o  (W ickner, 1978). The dnaA p r o te in  has n o t  y e t  been 

p u r i f i e d .

M uta tions a t  th e  dnaA lo c u s  have been re p o r te d  to  be e i t h e r  r e c e s s iv e  

(W ec/\çler and G ross, 1971; Wehr e t  ^ . , 1975; G o tf r ie d  and WecA^qer,

1977) o r  dom inant (Beyersmann e t  ^ . , 1974; Zahn e t  a d . ,  1977) depend ing  

upon th e  p a r t i c u l a r  a l l e l e  and s t r a i n  background em ployed. The b lo c k  to  

i n i t i a t i o n  in  b o th  dnaA and dnaC m u tan ts  i s  r e v e r s ib l e ;  upon a  s h i f t  from  

th e  n o n -p e rm iss iv e  to  th e  p e rm iss iv e  te m p e ra tu re , i n i t i a t i o n  o f a  new 

round o f r e p l i c a t i o n  im m ediate ly  ta k e s  p la c e .  Zyskind e t  (1977) 

have shown th a t  in  dnaA3 m u tan ts , t h i s  r e i n i t i a t i o n  i s  s e n s i t i v e  to
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r i f a m p ic in  b u t n o t to  ch lo ra m p h en ico l, w h i ls t  in  dnaC m u tan ts  i t  i s  

s e n s i t i v e  to  n e i th e r .  However T ip p e -S c h in d le r  e t  (1979) found th a t  

r e i n i t i a t i o n  in  such dnaA5 mutants was in s e n s i t i v e  to  r i f a m p ic in  and th e y  

have su g g es ted  t h ^  such in c o n s i s te n c ie s  may be th e  r e s u l t  o f s t r a i n  

d i f f e r e n c e s .  In  any case  th e  r e s u l t s  w ith  ch lo ram p h en ico l su g g e s t th a t  

th e  p r o te in  s y n th e s is  n e c e ss a ry  f o r  i n i t i a t i o n  can o ccu r in  th e  absence 

o f s y n th e s is  o f e i t h e r  th e  dnaA o r  dnaC gene p ro d u c ts . Zyskind e t  a l . 

( 1977) found th a t  th e  s e n s i t i v i t y  to  r i f a m p ic in  d e s c r ib e d  above was 

r e l i e v e d  by th e  in t r o d u c t io n  o f an rpoB m u ta tio n , c o n firm in g  th e  a c t i v i t y  

o f ENA polym erase in  i n i t i a t i o n  o f  r e p l i c a t i o n .  In  a d d i t io n ,  a  d i r e c t  

i n t e r a c t io n  betw een th e  dnaA p ro d u c t and ENA polym erase i s  su g g es ted  by 

th e  i s o l a t i o n  o f su p p re s so r  m u ta tio n s  o f dnaA which map w ith in  rpoB , th e  

s t r u c t u r a l  gene f o r  th e  p s u b u n it o f ENA polym erase (B ag d assa ria n  e t  a l . ,

1977).

The r e s u l t s  o f Zyskind £ t  w hich show r e i n i t i a t i o n  to  be s e n s i t i v e  

to  r i f a m p ic in  in  dnaA b u t n o t dnaC m u tan ts  su g g es ted  th a t  th e  dnaA 

p r o te in  may a c t  b e fo re  th e  dnaC p r o te in .  Kung and G la se r  (1978) have 

c o n s tru c te d  a  dnaA (h e a t s e n s i t i v e )  /  dnaC (c o ld  s e n s i t i v e )  double m u tan t. 

# ie n  t h i s  s t r a i n  was in c u b a te d  a t  41^C chromosome r e p l i c a t i o n  e v e n tu a l ly  

cea sed  due to  th e  in a c t iv e  dnaA p ro d u c t, and cou ld  n o t be r e i n i t i a t e d  

upon a  s h i f t  to  20^0 where th e  dnaC p r o te in  was in a c t iv e .  In  th e  

r e c ip r o c a l  ex p erim en t, a  s h i f t  from 2 0 °C 'to  4 1 di d a llo w  r e i n i t i a t i o n .  

These r e s u l t s  r e in f o r c e  th e  id e a  t h a t  th e  dnaA p ro d u c t a c t s  b e fo re  th e  

dnaC p r o te in .

I t  appea rs  t h a t  a  f u l l  u n d e rs ta n d in g  o f  th e  b io ch em ica l p ro c e sse s  

in v o lv ed  in  th e  i n i t i a t i o n  o f chromosomal r e p l i c a t i o n  in  E .c o l i  w i l l  on ly
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be ach iev ed  by th e  developm ent o f an a ssa y  w hich w i l l  m easure th e  

i n i t i a t i o n  o f ENA r e p l i c a t i o n  m  v i t r o . I t  may prove p o s s ib le  to  develop  

such  a  system  u s in g  th e  o riC -Ap p lasm id  d e sc r ib e d  e a r l i e r .  In  a d d i t io n ,  

th e  i s o l a t i o n  and c h a r a c te r i s a t io n  o f n ovel m u tan ts  w hich a re  d e f e c t iv e  

in  i n i t i a t i o n  w i l l  a lm o st c e r t a in l y  prove u s e f u l  in  s tu d y in g  th e  

i n i t i a t i o n  p ro c e s s .

( i i )  C e ll  E iv is io n

The p ro c e sse s  o f ENA r e p l i c a t i o n  and c e l l  d iv i s io n  must be t i g h t l y  

l in k e d  s in c e  each d iv i s io n  ev en t m ust accompany s e g re g a t io n  o f genomes 

to  d a u g h te r  c e l l s .  The o b se rv a tio n  o f a  f ix e d  E p e r io d  in  E .c o l i  

(a b o u t 20 m in u tes . Cooper and H e lm s te t te r ,  1968) betw een te rm in a t io n  o f 

r e p l i c a t i o n  and c e l l  d iv i s io n  may r e f l e c t  th e  tim in g  o f  d iv i s io n  from  

some s ta g e  o f r e p l i c a t i o n .  Thus i n i t i a t i o n  o f r e p l i c a t i o n  co u ld  a c t iv a t e  

a  d iv i s io n  C+E m inu tes l a t e r ,  o r a l t e r n a t i v e l y  te rm in a t io n  o f 

r e p l i c a t i o n  cou ld  d i r e c t l y  t r i g g e r  d iv i s io n  E m inu tes l a t e r .  Indeed 

in h i b i t i o n  o f ENA s y n th e s is  by thym ine s t a r v a t io n ,  UV i r r a d i a t i o n  o r 

n a l i d i x i c  a c id  tre a tm e n t r e s u l t s  in  a  p e r io d  o f  r e s id u a l  d iv i s io n s  l a s t i n g  

abou t 20 m inu tes (H e lm s te tte r  and P ie r u c c i ,  I 988 ; In o u y i, 1971). The 

f r a c t i o n a l  inc rem en t o f c e l l s  in  such exp erim en ts  i s  eq u a l to  th e  

f r a c t i o n  o f c e l l s  in  th e  p o p u la tio n  ex p ec ted  to  be in  th e  E p e r io d  a t  

th e  tim e o f t r e a tm e n t.  M oreover H e lm s te t te r  and P ie ru c c i  found th a t  

th o se  c e l l s  which c a r r i e d  on to  d iv id e  were th o se  c e l l s  which had 

com pleted  a  round o f r e p l i c a t i o n  p r io r  to  tr e a tm e n t .  These r e s u l t s  have 

been  ta k e n  as c i r c u m s ta n t ia l  ev idence  th a t  te rm in a t io n  o f  r e p l i c a t i o n  

i s  a  n e c e s s a ry  c o n d it io n  f o r  su b seq u en t c e l l  d iv i s io n .
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However, such tre a tm e n ts  w hich i n h i b i t  ENA s y n th e s is  a lso  le a d  to  

th e  in d u c tio n  o f a  number o f f u n c t io n s ,  in c lu d in g  th e  i n h i b i t i o n  o f

c e l l  d iv i s io n ,  c o l l e c t i v e l y  term ed th e  SOS system  (W itk in , 1978; see

p a r t  I I ) .  Thus i t  i s  p o s s ib le  t h a t  th e  observed  i n h i b i t i o n  o f  c e l l  

d iv i s io n  i s  a  consequence o f th e  in d u c tio n  o f th e  SOS system  and n o t th e

d i r e c t  r e s u l t  o f a  f a i l u r e  to  te rm in a te  r e p l i c a t i o n .  In  su p p o r t o f  t h i s

h y p o th e s is  Inouy i (1971) found t h a t  th e  e x p re s s io n  o f  th e  SOS fu n c t io n s  

was dependen t upon a  f u n c t io n a l  recA  g en e . Thymine s t a r v a t io n  o r  

n a l i d i x i c  a c id  tre a tm e n t o f recA m u tan ts  r e s u l t e d  in  e x te n s iv e  c e l l  

d iv i s io n  le a d in g  to  th e  p ro d u c tio n  o f ENA-less c e l l s .  In  c o n c lu s io n , i t  

rem ains  u n c le a r  w hether th e  in h i b i t i o n  o f c e l l  d iv i s io n  in  re c *  s t r a i n s  

i s  th e  s o le  consequence o f in d u c tio n  o f th e  recA -dependen t SOS system  

o r  i f  some f a c t o r  based  upon ENA r e p l i c a t i o n  e .g .  te r m in a t io n , i s  

n e c e s s a ry  f o r  su b seq u en t c e l l  d iv i s i o n .
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I I .  INHIBITORS OF NUCLEIC ACH) SYNTHESIS IN E.COLI

I I . ( a )  Mode o f A ction  o f  Some I n h ib i to r s  o f N u c le ic  Acid S y n th e s is

I n h ib i to r s  o f ENA r e p l i c a t i o n  in  E .c o l i  may be d iv id e d  in to  th r e e  

c a te g o r ie s  : ( l )  th o se  t h a t  b in d  to  ENA, (2 ) th o se  t h a t  compete w ith

n u c le o t id e s  f o r  u t i l i s a t i o n  by th e  r e p l i c a t i o n  enzymes (n u c le o tid e  

a n a lo g u e s )  and ( ] )  th o se  t h a t  b in d  to  a  t a r g e t  enzyme. I n h ib i to r s  in  

th e  f i r s t  c a te g o ry  in c lu d e  actin o m y c in  E (w hich i s  a  p r e f e r e n t i a l  

i n h i b i t o r  o f ENA s y n th e s i s ) ,  th e  a c r id in e  dyes e .g .  a c r i f l a v i n  and 

p r o f la v in ,  m itom ycin C and bleom ycin  (se e  K om berg , 1974). The a c r id in e s  

and actin o m y c in  E i n t e r c a l a t e  betw een base  p a ire d  n u c le o t id e s  : th e  

a c r id in e s  induce f r a m e - s h i f t  m u ta tio n s  in  phage and in  some s t r a i n s  of 

E .c o l i  and S alm onella  typhim urium  d u r in g  ENA r e p l i c a t i o n .  The a c r id in e s  

a re  a ls o  u sed  to  "cu re"  b a c t e r i a l  c e l l s  of r e s id e n t  p la sm id s , a lth o u g h  

th e  e x a c t mechanism whereby t h i s  o ccu rs  i s  n o t c l e a r .  Bleom ycin and 

m itom ycin C i n h i b i t  ENA s y n th e s is  by c o v a le n t b in d in g  to  th e  ENA 

te m p la te  : m itom ycin C c ro s s  l in k s  betw een ENA s tr a n d s  w h e re ^  bleom ycin 

a p p a re n t ly  b in d s  to  th e  2 -ca rb o n y l p o s i t io n  o f  thym ine and a t  h ig h  

c o n c e n tra t io n s  cau ses  ENA ch a in  s c is s io n s  m  v i t r o  and ENA breakdown 

in  v iv o .

The m ost common n u c le o t id e  an a lo g u es  w hich i n h i b i t  ENA s y n th e s is  

a re  th e  a ra b in o n u c le o t id e s  (rev iew ed  by C o z z a r e l l i ,  1977). Two such 

compounds, l-^ -E -a ra b in o fu ra n o c y to s in e  (a ra -C ) and $ -p -E -a ra b in o -  

fu ra n o sy la d e n in e  (a ra -A ) a re  an alo g u es o f bo th  r ib o n u c le o t id e s  and 

d e o x y r ib o n u c le o tid e s , and i n h i b i t  th e  grow th o f a  wide v a r i e ty  o f
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e u k a ry o tic  and p ro k a ry o tic  c e l l s , a lth o u g h  b a c t e r i a  a re  g e n e r a l ly  more 

r e s i s t a n t  th a n  e u k a ry o te s . A ra b in o n u c le o tid e s  may i n h i b i t  ENA s y n th e s is  

e i t h e r  by c o m p e tit iv e  i n h i b i t i o n  o f ENA polym erase o r  by in c o rp o ra tio n  

o f  th e  analogue in to  ENA and su b seq u en t c h a in  te rm in a t io n  due to  th e  

la c k  o f  a  s u i t a b le  3 ’OH te rm in u s . I t  h as  been shown t h a t  in  a  p o l l  

m utant o f  B a c i l lu s  s u b t i l i s  r e s i s ta n c e  to  a ra b in o n u c le o t id e s  i s  

a c h ie v e d  by m u ta tio n a l a l t e r a t i o n  o f  ENA polym erase I I I ,  th e re b y  

im p l ic a t in g  t h i s  enzyme as th e  p rim ary  t a r g e t  f o r  a ra b in o n u c le o t id e  

i n h i b i t o r s  (Rashbaum and C o z z a r e l l i ,  1978).

N u c le o tid e  p re c u rs o rs  may a ls o  b in d  to  th e  t a r g e t  enzyme. One such 

group  o f  in h i b i to r s  a re  th e  h y d ro x y p h en y lh y d ra z in o p y rim id in e s . These 

an a lo g u es  do n o t i n h i b i t  th e  grow th o f E . c o l i , b u t th e y  have been shown 

to  b in d  s p e c i f i c a l l y  to  th e  ENA polym erase I I I  o f B a c i l lu s  s u b t i l i s  

(M ackenzie a t  , 1973). T his polym erase i s  r e s i s t a n t  to  th e se  

in h i b i to r s  v i t r o  when p u r i f i e d  from  a  d rug  r e s i s t a n t  s t r a i n ,  and many 

r e s i s t a n t  m utan ts map a t  th e  polC lo c u s ,  th e  s t r u c t u r a l  gene f o r  ENA 

polym erase I I I  in  t h i s  organism  (rev iew ed  by C o z z a r e l l i ,  1977).

A nother e x te n s iv e ly  s tu d ie d  i n h i b i t o r  o f n u c le ic  a c id  s y n th e s is  i s  

r i f a m p ic in ,  an a n t i b i o t i c  which b in d s  t i g h t l y  to  th e  ^ s u b u n it  o f RNA 

polym erase (W ehrli e t  ^ . , I 988 ) .  R ifam p ic in  i n h i b i t s  i n i t i a t i o n ,  b u t 

n o t th e  e lo n g a tio n  o f RNA t r a n s c r i p t s  (S ip p e l and H artm an, 1988) 

in d i c a t i n g  th a t  n u c le ic  acid-RNA polym erase com plexes a re  l e s s  a b le  to  

b in d  r i f a m p ic in  th a n  th e  f r e e  enzyme. M utants r e s i s t a n t  to  r i f a m p ic in ,  

which y ie ld  a r ifa m p ic in  r e s i s t a n t  RNA polym erase ^  v i t r o , map in  th e  

gene co d in g  f o r  th e  B- su b u n it  o f RNA polym erase (s e e  S c a i fe ,  1978).
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Two o th e r  groups o f a n t i b i o t i c s  w hich i n h i b i t  ENA r e p l i c a t i o n  a re  

e x e m p lif ie d  by n o v o b io c in  and n a l id ix i c  a c id .  These compounds have 

r e c e n t ly  been shown to  i n h i b i t  a  enzyme term ed ENA g y ra se  ( G e l le r t  e t  

a l . ,  1978a ) .  The mechanism of a c t io n  o f n o v o b io c in  and n a l id ix i c  a c id  

w i l l  be d is c u s se d  l a t e r  and in  p a r t  I I I .

I I . ( b )  In d u c tio n  o f  SOS F u n c tio n s

Many o f  th e  in h i b i to r s  o f ENA r e p l i c a t i o n  d e s c r ib e d  above a ls o  

cause  th e  in d u c tio n  o f a  number o f p ro c e s se s  in  E .c o l i  c o l l e c t i v e l y  known 

as "SOS" o r " e r r o r - p r o n e - r e p a i r "  fu n c t io n s  (rev iew ed  by W itk in , 1978).

SOS fu n c tio n s  in c lu d e  in h i b i t i o n  o f c e l l  d iv i s io n ,  in d u c tio n  o f  prophage 

, in c re a s e d  m u ta g e n e s is , ENA d e g ra d a tio n  and in c re a s e d  s y n th e s is  o f a 

40kE p r o te in ,  term ed p r o te in  X. I t  h as  r e c e n t ly  been shown t h a t  p r o te in  

X i s  th e  recA* gene p ro d u c t (Emmerson and W est, 1977; Gudas and Mount, 

1977; McEntee, 1977). The SOS fu n c tio n s  a re  a l s o  induced  by UV 

i r r a d i a t i o n .  X -rays and thym ine s t a r v a t io n .  U sing  synchronous c u l tu r e s  

o f  E .c o l i  B /r ,  Gudas and Pardee (1978) d em o n stra ted  t h a t  th e  in d u c tio n  

o f  p r o te in  X by n a l id ix i c  a c id  was reduced  in  c e l l s  n o t r e p l i c a t i n g  ENA. 

S im i la r ly ,  n a l id ix i c  a c id  d id  n o t induce p r o te in  X in  a  dnaA m utan t when 

r e p l i c a t i o n  had ceased  a t  th e  n o n -p e rm iss iv e  te m p e ra tu re . These r e s u l t s  

in d ic a te d  th a t  in d u c tio n  o f th e  SOS fu n c tio n s  was th e  r e s u l t  o f 

i n h i b i t i o n  o f ENA r e p l i c a t i o n ;  however p r o te in  X co u ld  be induced  in  th e  

absence o f  r e p l i c a t i o n  by tre a tm e n t o f b a c t e r i a  w ith  bleom ycin  (Gudas 

and P a rd e e , 1978) o r  UV i r r a d i a t i o n  ( L i t t l e  and H anaw alt, 1977). T here

fo re  th e  i n h ib i t i o n  o f fo rk  movement p e r  se  i s  n o t a  p r e r e q u i s i t e  f o r
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th e  in d u c tio n  o f th e  SOS f u n c t io n s .  However, th e re  does ap p ea r to  be 

some c o r r e l a t i o n  betw een th e  in d u c tio n  o f p r o te in  X and th e  p resen ce  

o f a c id - s o lu b le  ENA frag m en ts  r e s u l t i n g  from  ENA damage (Gudas and 

P a rd e e , 1978; Sm ith and O ish i, 1978), and Gudas and P ardee p roposed  

t h a t  a  ENA d e g ra d a tio n  p ro d u c t may be th e  s ig n a l  f o r  th e  in d u c tio n  o f 

SOS f u n c t io n s .

E e g ra d a tio n  o f  ENA in  c e l l s  induced  f o r  SOS r e p a i r  cou ld  a r i s e  from 

r e p a i r  s y n th e s is  and concom itan t ex o n u c lease  a c t i v i t y  fo llo w in g  s tr a n d  

s c i s s io n  caused  by , f o r  exam ple, b leom ycin  o r th e  e x c is io n  o f p y rim id in e  

d im ers in tro d u c e d  by UV l i g h t .  E e g ra d a tio n  may a l s o  r e s u l t  from  

p r e f e r e n t i a l  breakdown o f  newly s y n th e s is e d  ENA w hich i s  known to  

accompany n a l id ix i c  a c id  tre a tm e n t and thym ine s t a r v a t io n  in  B . s u b t i l i s  

(Ramareddy and R e i te r ,  1989; R e i te r  and Ramareddy, 1970).

The s y n th e s is  o f th e  recA p r o te in  i s  th o u g h t to  be c o n t ro l le d  by a  

n e g a t iv e ly  a c t in g  r e p r e s s o r ,  th e  p ro d u c t o f th e  u n lin k e d  lexA gene 

(Gudas and P a rd ee , 1975; Mount e_t , 1972) and by th e  p o s i t iv e  a c t io n  

o f  th e  recA  p ro te in  (Emmerson and W est, 1977). T his h y p o th e s is  fo llo w s  

from  th e  o b se rv a tio n s  t h a t  in d u c tio n  o f  p r o te in  X i s  b o th  lexA* and 

recA * dependen t ( in o u y i ,  1971; Gudas and P a rd e e , 1975). The a u to -  

r e g u la to r y  r o le  o f th e  recA  p r o te in  i s  a l s o  d i r e c t l y  su p p o rted  by th e  

i s o l a t i o n  o f t i f  m u tan ts  ( C a s te l la z z i  ^  ^ . , 1972) which a re  

c o n s t i t u t i v e  f o r  p r o te in  X s y n th e s is  a t '4 2 ° C  and c a r ry  a  m u ta tio n  which 

i s  a l l e l i c  w ith  recA (Gudas and P a rd ee , 1975; C a s te l l a z z i  e t  ^ . , 1977; 

Emmerson and W est, 1977).

At p re s e n t  th e  p r e c i s e  ro le  o f th e  recA  p ro d u c t in  v iv o  i s  u n c le a r ,  

a lth o u g h  s e v e ra l  p r o p e r t i e s  have been a s c r ib e d  to  th e  p u r i f i e d  p ro te in
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i n  v i t r o . R oberts  e t  a l .  (19?8) d em o n stra ted  t h a t  p u r i f i e d  recA  

p r o te in  caused  th e  c leav ag e  o f p u r i f i e d  phage ^  r e p r e s s o r  m  v i t r o  

i n  an ATP-dependent r e a c t io n .  RecA p r o te in  was a ls o  shown to  e x h ib i t  a  

s in g le - s t r a n d e d  ENA dependen t ATP-ase a c t i v i t y  (Ogawa e t  a l . ,  1979;

R o b e rts  ^  _ a l . , 1979). R e c e n tly , W einstock a t  (1979) have 

d em o n stra ted  t h a t  t h i s  ATP h y d ro y ls is  i s  a s s o c ia te d  w ith  the  r e n a tu r a t io n ,  

in to  a  d o u b le -s tra n d e d  form , o f com plem entary s in g le - s t r a n d e d  ENA 

m o le c u le s . F in a l ly ,  S h ib a ta  e t  (1979) have shown t h a t  p u r i f i e d  

recA  p r o te in  w i l l  c a ta ly s e  th e  ATP-dependent p a i r in g  o f  s u p e r h e l ic a l  

ENA w ith  homologous s in g le - s t r a n d e d  ENA to  form s t r u c t u r e s  known as E- 

lo o p s .  T his a c t i v i t y  o f  th e  recA  p r o te in  w i l l  be d is c u s s e d  in  p a r t  I I I .

I I . ( c )  P e rm e a b ili ty  o f  th e  B a c te r ia l  C e ll Envelope to  A n t ib io t ic s

A n t ib io t ic s  may be d iv id e d  in to  two groups a c c o rd in g  to  t h e i r  

a c t i v i t y  a g a in s t  g ra m -p o s itiv e  and g ram -n e g a tiv e  b a c t e r i a .  Many a n t i 

b i o t i c s  e .g .  neom ycin, c y c lo s e r in e  and some p e n i c i l l i n s  a re  e q u a l ly  

e f f e c t iv e  a g a in s t  bo th  groups o f b a c t e r i a ,  w hereas o th e rs  such as  

ac tin o m y c in  E, r if a m p ic in  and e ry th ro m y c in  and n o v o b io c in  a re  much more 

a c t iv e  a g a in s t  g ra m -p o s itiv e  b a c t e r i a .  The c e l l  en v e lo p es  o f  g ra m -p o s it iv e  

and g ram -n eg a tiv e  b a c t e r i a  a re  i l l u s t r a t e d  in  F ig u re  1 .2 .  Both envelopes 

c o n ta in  an in n e r  membrane composed o f p r o te in  and p h o sp h o lip id  and, 

e x te r n a l  to  t h i s ,  a  p ep tid o g ly c a n  l a y e r .  In  g r a m -p o s i t iv e s , th e  

p e p tid o g ly c a n  la y e r  is* 2 0  nm th ic k  and i s  su rrounded  by a  la y e r  o f 

t e i c h o ic  a c id s ,  w hereas in  g ram -n e g a tiv e s  th e  m onolayer o f  p ep tid o g ly c a n  

i s  en c lo se d  by a second membrane, th e  o u te r  membrane. I t  i s  t h i s  o u te r



Figure 1.2

E iag ram n a tic  R e p re s e n ta tio n  o f th e  Membranes o f G ram -N egative and 

G ram -P o sitiv e  B a c te r ia

The membrane o f a  g ram -n eg a tiv e  b ac te riu m  ( l e f t )  i s  composed of 

two m em branes, an in n e r  o r  cy to p lasm ic  membrane and an o u te r  membrane 

w hich a re  s e p a ra te d  by a  s in g le  la y e r  o f p e p tid o g ly c a n .

The g ra m -p o s it iv e  b a c t e r i a l  membrane ( r i g h t )  i s  composed o f a 

s in g le  membrane b i l a y e r ,  su rrounded  by a  dense la y e r  o f p e p tid o 

g ly c an  c o n ta in in g  te ic h o ic  a c id s .
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membrane, composed of p h o sp h o lip id , p r o te in  and l ip o p o ly s a c c h a r id e  (LPS) 

w hich ap p ea rs  to  p ro v id e  th e  p e rm e a b il i ty  b a r r i e r  to  some a n t i b i o t i c s .

The s t r u c tu r e s  o f S . typhim urium  and E .c o l i  LPS ane shown in  F ig u re  

1,3. Roan t r e e  e t  ( 1969) d e term ined  th e  s e n s i t i v i t y  o f v a r io u s  

S . typhim urium  "deep rough" m utan ts to  s e v e ra l  a n t i b i o t i c s  and found th a t  

th o se  m u tan ts  la c k in g  80 -9 0 ^  o f th e  LPS, e .g .  Ra o r Rc m u ta n ts , were n o t 

u s u a l ly  s e n s i t i v e .  However th o se  t h a t  had l o s t  th e  n e x t few r e s id u e s ,  

e .g .  Rd^, Rdg o r Re m u ta n ts , were ex tre m e ly  s e n s i t i v e  to  some b u t n o t 

o th e r  a n t i b i o t i c s .  In  su p p o rt o f th e se  f in d in g s  Tamaki e t  a l . (1971) 

found t h a t  E .c o l i  m u tan ts  i s o la t e d  as s u p e r s e n s i t iv e  to  n o v o b io c in  had 

in co m p le te  LPS ch a in s  a lth o u g h  t h e i r  e x a c t com p o sitio n  was n o t d e te rm in e d .

N ikaido  (197&) de te rm in ed  th e  p a r t i t i o n  c o e f f i c i e n t  o f many a n t i 

b i o t i c s  and dyes and observed  th a t  th o se  compounds which were in e f f e c t iv e  

a g a in s t  g ram -n eg a tiv e  b a c t e r i a ,  b u t whose a c t i v i t y  was in c re a s e d  in  

deep  rough  m u tan ts , were u s u a l ly  h y d ro p h o b ic . In  c o n t r a s t ,  th e  m a jo r i ty  

o f compounds whose a c t i v i t y  was u n a f fe c te d  by changes in  LPS s t r u c tu r e  

were q u i te  h y d ro p h il ic .  N ikaido  concluded  th a t  a t  l e a s t  two pathways 

e x i s t  f o r  th e  d i f f u s io n  o f sm all compounds a c ro s s  th e  o u te r  membrane; 

one f o r  h y d ro p h il ic  compounds and one f o r  hydrophobic  compounds.

S te in  ( 1967) has su g g es ted  th a t  hydrophobic m o lecu les  c ro s s  a 

membrane b i l a y e r  f i r s t  by d is s o lv in g  in  th e  hydrophobic  i n t e r i o r  o f th e  

membrane, d i f f u s in g  th ro u g h  th e  th ic k n e s s  o f th e  hyd rocarbon  b i l a y e r  

and th en  c ro s s in g  th e  membrane by p a r t i t i o n i n g  in to  th e  aqueous p h ase .

By m easu rin g  th e  in f lu e n c e  o f v a r io u s  c o n d it io n s  e .g .  th e  e f f e c t  of 

te m p e ra tu re  on the  d i f f u s io n  r a t e ,  N ikaido  (1976) concluded  t h a t  

hydrophob ic  compounds p e n e t r a te  th ro u g h  th e  o u te r  membrane o f deep rough 

m utan ts by a  s im i la r  mechanism.



Figure 1 .3

T e n ta tiv e  S tr u c tu r e  o f E .c o l i  K12 L ip o p o ly sacch a rid e

The le n g th  o f th e  o lig o sa c c h a r id e  c h a in  o f some m utan ts  o f 

E .c o l i  E l2 (L21 s e r i e s )  and S . typhim urium  (R s e r i e s )  a re  in d ic a te d .

The s t r u c t u r e  o f  th e  LPS o f S . typhim urium  i s  s im i la r  ex cep t i t  c o n ta in s  

an 0 a n t ig e n .  Taken from Prehm e t  (1976) and N ikaido  (1976).
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The low p e rm e a b il i ty  o f th e  o u te r  membrane to  hydrophobic 

compounds su g g e s ts  th e re  i s  l i t t l e  o r  no p h o sp h o lip id  b i l a y e r  in  th e  

membrane w hich i s  a c c e s s ib le  from th e  c e l l  e x t e r i o r .  There a re  however 

two opposing  view s as to  how t h i s  i n a c c e s s i b i l i t y  a r i s e s .  N ikaido  

a rg u es  t h a t  th e re  a re  no p h o sp h o lip id  b i l a y e r  re g io n s  in  th e  o u te r  

membrane o f w ild - ty p e  s t r a i n s ,  th e  o u te r  l e a f l e t  b e in g  composed o f l i p i d  

g roups o f th e  LPS and o f p r o te in .  Some su p p o rt f o r  t h i s  comes from 

s tu d ie s  by Kaimo and N ikaido  (1976) who have shown th a t  in  S . typhim urium  

th e  p o la r  heads o f th e  o u te r  membrane a re  in a c c e s s ib le  in  i n t a c t  c e l l s  

to  r e a c t io n  w ith  e x te r n a l  p h o sp h o lip a se  C o r  w ith  cyanogen brom ide -  

a c t iv a t e d  d e x tra n . In  th e  deep rough (Rd and Re) m u tan ts  how ever, an 

in c re a s e d  le v e l  o f p h o sp h o lip id  was observed  w hich was now a c c e s s ib le  

to  th e  e x te r n a l  p h o sp h o lip a se  C. In  th e s e  m utan ts a  d e c re a se d  o u te r  

membrane p r o te in  to  p h o sp h o lip id  r a t i o  i s  observed  and to  complement 

t h i s ,  d i f f e r e n t  m utan ts  w ith  d e c re a se d  le v e l s  o f o u te r  membrane p ro te in s  

(Omp~) were shown to  c o n ta in  in c re a s e d  le v e ls  o f p h o sp h o lip id  (Sm it 

e t  a l . ,  1975) w hich were now a c c e s s ib le  to  th e  p h o sp h o lip a se  C. The 

in c re a s e d  p e rm e a b il i ty  tow ards hydrophobic  compounds co u ld  th e re f o r e  be 

acco u n ted  f o r  by an in c re a s e d  p h o sp h o lip id  to  p r o te in  r a t i o  in  th e  

o u te r  membrane r e s u l t i n g  in  many p h o sp h o lip id  b i l a y e r  dom ains.

An a l t e r n a t iv e  e x p la n a tio n  i s  o f fe re d  by van A lphen £ t  (1977) 

who u sed  p h o sp h o lip a se s  to  probe th e  s u r fa c e  o f a wide ran g e  o f  m utant 

s t r a i n s  which e i t h e r  have sh o rten ed  LPS o lig o s a c c h a r id e s  o r  la c k  

s p e c i f i c  o u te r  membrane p r o te in s .  W hile f in d in g  th a t  p h o sp h o lip a se  

s e n s i t i v i t y  was a s s o c ia te d  w ith  an in c re a s e  in  p h o sp h o lip id  c o n te n t ,  van 

Alphen e t  argued  th a t  t h i s  a lo n e  was n o t s u f f i c i e n t  to  cause
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s e n s i t i v i t y  and t h a t  in  w ild - ty p e  c e l l s  th e  o u te r  l e a f l e t  o f th e  

o u te r  membrane c o n ta in s  p h o sp h o lip id s  w hich a re  masked by p ro te in s  and 

l ip o p o ly s a c c h a r id e .

D e sp ite  t h i s  c o n tro v e rs y , i t  i s  c l e a r  t h a t  th e  s t r u c tu r e  and 

c o n te n t  o f  th e  o u te r  membrane p ro v id es  th e  p e rm e a b il i ty  b a r r i e r  to  

hyd rophob ic  compounds. A hydrophobic pathw ay may th e re f o r e  e x i s t  in  

m u ta n ts , b u t i s  l a r g e ly  a b se n t in  w ild - ty p e  s t r a i n s .

H y d ro p h ilic  compounds, on th e  o th e r  hand , e n te r  th e  c e l l  q u ite  

r e a d i ly  by an ex tre m e ly  e f f i c i e n t  pathw ay. Payne and G ilv a rg  ( 1968) 

s tu d ie d  th e  u p tak e  o f  o l ig o p e p tid e s  in  an amino a c id  auxo troph  o f E .c o l i  

They found th a t  sm all b u t n o t la rg e  o lig o p e p tid e s  cou ld  r e l i e v e  

auxo tro p h y  and concluded  th a t  th e  c e l l  envelope  a c te d  as a  m o le c u la r  

s ie v e  e x c lu d in g  l a r g e r  m o lecu les from  p a s s iv e  p o re s . S u b seq u en tly , 

r e c o n s t i t u t i o n  ex p erim en ts  w ith  p u r i f i e d  envelope p r o te in s  and phospho

l i p i d  v e s ic l e s  have shown th a t  some m ajo r o u te r  membrane p r o te in s ,  

term ed " p o r in s " ,  a re  a b le  to  form ch an n e ls  o r  po res  th ro u g h  which 

h y d ro p h il ic  compounds o f l e s s  th an  6OO d a l to n s  may d i f f u s e  (Nakae,

1976a , b ) .  Many m u tan ts  la c k in g  p o r in s  have now been i s o la t e d  and th e se  

a re  d e f e c t iv e ,  f o r  exam ple, in  th e  u p ta k e  o f many s u g a rs ,  amino a c id s ,  

v a r io u s  io n s  and a m p ic i l l in  (B avo il e t  ^ . , 1977» Beacham e t  ^ . , 1977» 

N ikaido  e t  a l . . 1977; L uktenhaus, 1977).
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I I . (d )  N ovobiocin and C lo ro b io c in

C lo ro b io c in  ( 18 , 631 R .P .)  i s  a  n a t u r a l l y  o c c u rr in g  compound

produced  by S trep tom yces h y g ro sc o p iu s , S. a lb o c in e re s c e n s  and 

S. roseochrom ogenes v a r . o s c i ta n s  (Mancy e t  a l . ,  1970; N in e t e t  a l . ,  

1972) .  C lo ro b io c in  i s  s t r u c t u r a l l y  s im i la r  to  n o v o b io c in  and 

coumermycin , two o th e r  n a t u r a l l y  o c c u rr in g  a n t i b i o t i c s  (F ig u re  1.4)«> 

In  t h i s  s e c t io n  I  w i l l  rev iew  e a r ly  work c o n ce rn in g  th e  mode o f a c t io n  

o f  th e se  a n t i b i o t i c s  and w i l l  a tte m p t to  c o r r e l a t e  th e  r e s u l t s  w ith  

r e c e n t  ev idence  which a lm o st c e r t a in l y  has  re v e a le d  th e  p rim ary  mode o f 

a c t io n  o f  n o v o b io c in  and coumermycin A^.

The a n t im ic ro b ia l  a c t i v i t y  o f c lo ro b io c in  i s  s im i la r  to  t h a t  o f 

coumermycin Â  and n o v o b io c in  (N in e t £ t  , 1972; G odfrey and P r ic e ,  

1972) .  T y p ica l minimum in h ib i to r y  c o n c e n tr a t io n  (MIC) v a lu e s  f o r  

th e s e  compounds a re  shown in  Table 1 .2 .  A ll th re e  a n t i b i o t i c s  a re  

3 ,000  -  6 ,000  tim es more e f f e c t iv e  a g a in s t  S taphy lococcus au reus 

(g ra m -p o s it iv e )  th an  a g a in s t  E .c o l i  (g ra m -n e g a tiv e ) , and c lo ro b io c in  

and coumermycin Â  a re  1 3 - 1 5  tim es more a c t iv e  th an  n o v o b io c in  in  

b o th  c a s e s .  S ince p e n e t r a t io n  of th e  g ra m -p o s it iv e  membrane would n o t 

be ex p ec ted  to  be th e  l i m i t in g  f a c t o r  f o r  n o v o b io c in , t h i s  d i f f e r e n c e  

may r e f l e c t  reduced  a c t i v i t y  o f t h i s  a n t i b i o t i c  a t  th e  t a r g e t  l e v e l .

Two e a r ly  o b se rv a tio n s  dem on stra ted  t h a t  n o v o b io c in  caused  

f i l a m e n ta t io n  o f g ram -n eg a tiv e  ro d s  (Sm ith  e t  ^ . , 1956) and th a t  

i n h i b i t i o n  o f grow th by th e  d rug  was r e a d i ly  re v e rs e d  by th e  a d d i t io n  

o f magnesium io n s  (B rock, 1956). Brock ( 1967) r e p o r te d  t h a t  n o v o b io c in  

a l s o  in h ib i te d  r e s p i r a t i o n ,  e le c t r o n  t r a n s p o r t ,  ATPase a c t i v i t y ,  amino



Figure 1 .4

The S tru c tu r e s  o f N ovobiocin , Coumermycin Al and C lo ro b io c in  

Taken from Ryan (1976) and N inet £ t  a l .  (1972 ).
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T a b l e  1 . 2

MIC V alues f o r  N ovobiocin , C lo ro b io c in  and Coumermycin Al

Compound E .c o l i  K12 S . au reu s

JE1011

N ovobiocin 250-500 0.08

C lo ro b io c in 32 0.006

Coumermycin 12.5 0 .004

MIC (minimum in h i b i to i y  c o n c e n tr a t io n s )  a re  ex p re sse d  in  p.g/ml 

and a re  d e f in e d  as th e  lo w est c o n c e n tr a t io n  o f compound th a t  

i n h i b i t s  o v e rn ig h t g row th . D eterm ined by tw o -fo ld  d i lu t io n s

in  TS b ro th  a t  37 C. D ata  o f I,lay and B aker L td .
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a c id  and a c e ta te  t r a n s p o r t  and th e  in c o rp o ra t io n  o f amino a c id s  in to  

s o lu b le  t-RNA. W ith E .c o l i  TÆL-35 n o v o b io c in  was a l s o  shown to  cause  

th e  lo s s  o f i n t r a c e l l u l a r  m a te r ia l  a b so rb in g  a t  260 nm (B rock, 195^)> 

how ever Smith and D avis ( 1967) found t h i s  e f f e c t  was p e c u l ia r  to  AIL 

s t r a i n s  and n o t observed  w ith  o th e r  E .c o l i  s t r a i n s .  To acco u n t f o r  

th e s e  d iv e rs e  e f f e c t s ,  Brock ( 1967) p roposed  th a t  n o v o b io c in  a c te d  by 

s e q u e s te r in g  magnesium io n s .  This h y p o th e s is  a ttem p ted  to  e x p la in  th e  

e f f e c t s  o f n o v o b io c in  by p o in t in g  o u t t h a t  a  magnesium re q u ire m e n t was 

common to  a l l  th e  p ro c e sse s  in h ib i te d  by n o v o b io c in . I t  ?/as a ls o  

c o n s i s te n t  w ith  th e  a n ta g o n is t i c  e f f e c t  o f magnesium on some e f f e c t s  o f 

n o v o b io c in , e s p e c ia l ly  c e l l  k i l l i n g  (B rock , 1$67; A lorris and R u sse l,

1969) .

E vidence f o r  a  more s p e c i f i c  e f f e c t  o f  n o v o b io c in  v/as o b ta in e d  by 

Sm ith and D avis ( 1967) who showed th a t  in  E .c o l i  n o v o b io c in  p r im a r i ly  

i n h i b i t e d  DNA s y n th e s is  and to  a  l e s s e r  e x te n t  RNA s y n th e s is .  P ro te in  

and c e l l  w a ll sy n th e se s  were even l e s s  a f f e c te d .  S ince  n u c le o t id e  

t r ip h o s p h a te  s y n th e s is  and energy  m etabo lism  were n o t a f f e c te d  and DNA 

d e g ra d a tio n  was n o t o b se rv ed . Smith and D avis concluded  t h a t  n o v o b io c in  

in h i b i t e d  n u c le ic  a c id  s y n th e s is  by d i r e c t  a c t io n  on th e  te m p la te -  

po lym erase com plexes. M ich ae li a t  (1971) compared th e  mode o f  

a c t io n  o f  coumermycin A.̂  w ith  n o v o b io c in  in  S . a u re u s . Coumermycin a t  

2 \ig/m l r a p id ly  in h ib i te d  bo th  DNA s y n th e s is  and to  a  l e s s e r  e x te n t  RNA 

s y n th e s is  in  a  manner s im i la r  to  n o v o b io c in  a t  20 u g /m l. A lthough 

coumermycin tre a tm e n t a l s o  caused  th e  accu m u la tio n  o f n u c le o tid e -b o u n d  

p re c u rs o rs  in  a  manner s im i la r  to  p e n i c i l l i n ,  M ich ae li e t  a l ,  concluded  

t h a t  t h i s  was a  secondary  e f f e c t  o f  th e  a n t i b i o t i c .  Ryan (1976) found
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t h a t  coumermycin in h ib i te d  bo th  DNA and ENA s y n th e s is  a lth o u g h  once 

a g a in  ENA s y n th e s is  was l e s s  s e n s i t i v e  to  th e  d ru g .

The h y p o th e s is  t h a t  n o v o b io c in  and coumermycin a c t  p r im a r i ly  by 

in h i b i t i n g  n u c le ic  a c id  s y n th e s is  was s tre n g th e n e d  by s tu d ie s  u t i l i s i n g  

b o th  to lu e n e - t r e a te d  c e l l s  and c e l l  e x t r a c t s  to  s tu d y  m acrom olecu lar 

s y n th e s is .  S taudenbauer (1975) found t h a t  n o v o b io c in  a t  0 .5  pg/m l 

red u ced  ATP-dependent DNA s y n th e s is  in  to lu e n e - t r e a te d  E .c o l i  to  50^ 

o f  th e  c o n tro l  v a lu e  a f t e r  30 m in u te s . In  c o n t r a s t ,  A TP-independent 

DNA s y n th e s is  was n o t in h ib i te d  even a t  100 p.g/m l. ' In  t h i s  s tu d y  

n o v o b io c in  a t  200 pg/m l had no e f f e c t  on ENA s y n th e s is  and on ly  a  s l i g h t  

in h i b i to r y  e f f e c t  on p r o te in  s y n th e s is .  Under s im i la r  c o n d i t io n s  

Eyan and W ells (1976) found th a t  DNA and ENA s y n th e s is  were 

in h ib i t e d  a f t e r  45 m inu tes by 0 .035 and 0 .6  p.g/ml coumermycin 

r e s p e c t iv e ly .  In  crude c e l l  e x t r a c t s ,  r e p l i c a t i o n  o f  ColEI p lasm id  

DNA was reduced  to  2% o f th e  c o n t ro l  l e v e l  w ith  1 pg/m l n o v o b io c in  

(s ta u d e n b a u e r , 1976a).

The t a r g e t  f o r  n o v o b io c in  and coumermycin was f i n a l l y  i d e n t i f i e d  

by G e l l e r t  ^  (1976b). These w orkers had p re v io u s ly  i s o la te d  and

c h a r a c te r i s e d  a  n ovel enzyme from E .c o l i  term ed DNA g y rase  w hich c a ta ly s e d  

th e  in t ro d u c t io n  o f n e g a t iv e  s u p e r h e l ic a l  tu rn s  in to  c o v a le n t ly  c lo se d  

c i r c u l a r  DNA m olecu les m  v i t r o  ( G e l le r t  £ t  a l . ,  1976a). T his enzyme 

was found to  be in h ib i te d  by 0 .3  pg/m l n o v o b io c in  in  v i t r o  w h ile  g y rase  

from  a  novob io c in  r e s i s t a n t  s t r a i n  was in s e n s i t iv e  to  th e  a n t i b i o t i c .

A f u l l  d iscu ssion  of DNA gyrase i s  presented in  part I I I .
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I I I .  FACTORS AFFECTING THE TERTIARY STRUCTURE OF DNA

I I I . ( a )  The Origin of Superhelical Turns in  DNA

The in tr a c e llu la r  organisation  of DNA i s  thought to d if f e r  from a 

sim ple d o u b le -h e lica l structure in  a number of ways. F ir s t ly , while 

s t i l l  adopting the Watson-Crick d o u b le -h e lix , the DNA e x is t s  in  the 

c e l l  in  a t i ^ t l y  compacted form termed the te r t ia r y  stru ctu re . I t  i s  

reasonable to assume that the formation of th is  structure is  an ordered 

process leading to defined te r t ia r y  forms of the DNA. Secondly, the DNA 

in  v iv o  i s  rarely  s t a t ic  but i s  con stan tly  changing i t s  form as a r e su lt  

o f r e p lic a tio n , tra n scrip tion  and recombination, a l l  o f which require  

the DNA to undergo strand separation . In th is  sec tio n  I w il l  define  

the b a sis  o f su p erh e lic ity  and describe some a c t iv i t i e s  that a lte r  DNA 

conformation including enzymes which increase or decrease the super

h e l ic a l  density  of DNA.

The most common form of DNA te r t ia r y  structure i s  the superhelix . 

DNA i s  defined as su p erh elica l i f  the ax is  of the duplex fo llow s a 

h e l ic a l  path in  space, i . e .  i f  the d ou b le-h elix  i t s e l f  i s  wound in to  a 

h e l ic a l  form. Supercoiled DNA might a r ise  by two d if fe r e n t  mechanisms,

(a ) Superhelical turns may r e s u lt  from the a sso c ia tio n  of DNA with  

proteins in sid e  the c e l l .  Thus in  nucleosomes, closed  c ircu la r  DNA 

i s  under a to rsio n a l con stra in t which i s  r e liev ed  by the adoption of 

su p erh elica l turns when the proteins are removed in  the course of 

p u r if ic a tio n  of the DNA (Germond e t  ^ . , 1975)* Proteins may be 

a sso c ia ted  with e ith er  lin e a r  or c ircu la r  DNA in  vivo  to  produce such 

to rs io n a ly  constrained DNA.
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(b )  S u p e rh e lic a l tu rn s  may be an i n t r i n s i c  p ro p e r ty  o f a  c lo se d  c i r c u l a r  

DNA m o lecu le ; t h i s  k in d  o f  s u p e rh e lix  may be g e n e ra te d  by enzymes (see  

l a t e r )  o r  a  change in  env iro n m en ta l c o n d i t io n s ,  b u t i s  n o t due to  th e  

p re sen ce  o f bound p r o te in .  Any c lo se d  c i r c u l a r  m o lecu le , o r  domain o f 

a  l a r g e r  m olecu le  c o n ta in in g  i n t a c t  s t r a n d s  bound by b a r r i e r s  which 

p re v e n t th e  f r e e  w ind ing  o f  th e  h e lix ,m a y  adop t t h i s  form  o f s u p e rh e l ix .  

An example o f th e  l a t t e r  i s  a  to p o lo g ic a l  domain o f th e  E .c o l i  fo ld e d  

chromosome (W oreel and B u rg i, 1972).

A c lo se d  c i r c u l a r  DNA i s  d e sc r ib e d  by th r e e  p a ram ete rs  (V inograd 

e t  a l . , 1968) .  ( 1 ) The to p o lo g ic a l  w ind ing  number ( o ( ) ,  a ls o  c a l le d

th e  l i n k in g  number, i s  th e  number o f  tim es one s tr a n d  w inds around th e  

o th e r  when th e  c lo se d  c i r c l e  i s  fo rc e d  to  l i e  in  a  p la n e . This 

p a ra m e te r  i s  in v a r i a n t  u n le s s  one o r  b o th  s tra n d s  o f  th e  DNA a re  b roken . 

( 2 ) The h e l ix  w ind ing  number (jg) i s  th e  number o f tim es one s tr a n d  

w inds around th e  o th e r  in  th e  u n c o n s tra in e d  m o lecu le , and i s  dependent 

upon io n ic  s t r e n g th ,  te m p era tu re  and pH. p i s  a ls o  reduced  by an 

unw ind ing  lig a n d  such  as  e th id iu ra  brom ide (B auer and V inograd , 1968) .

The d i f f e r e n c e  betw een c / and p i s  a  m easure o f th e  s u p e r h e l i c i t y  of 

a  DNA m o lecu le . I f  (X ^  p th e  DNA w i l l  c o n ta in  an ex ce ss  o f h e l i c a l  

tu rn s  and i s  s a id  to  be p o s i t i v e ly  s u p e rc o ile d ;  i f  (X 4. ^  th e  DNA i s  

c o n s id e re d  n e g a t iv e ly  s u p e rc o i le d .  I f  CK = p th e  DNA i s  r e la x e d . The 

th i r d  p a ra m e te r , ^  , i s  g iven  by

T  = c <  -  p

and i s  th u s  a  m easure o f th e  number o f s u p e r h e l ic a l  tu rn s  in  th e  m o lecu le .

S u p e rh e l ic i ty  i s  o f te n  ex p re ssed  as s u p e r h e l ic a l  d e n s i ty ,  (c j"), th e  

number o f  s u p e rh e l ic a l  tu rn s  p e r  10 base p a i r s .  V i r tu a l ly  a l l  n a t u r a l l y
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o c c u r r in g  MA c i r c l e s ,  a t  l e a s t  when d e p r o te in is e d ,  e x h ib i t  a  su p e r

h e l i c a l  d e n s i ty  o f ap p ro x im ate ly  -  0 .0 5 , i . e .  one n e g a t iv e  s u p e r h e l ic a l  

tu r n  p e r  200 base p a i r s  (s e e  f o r  example Wang, 1974; B e n y a ja ti  and 

W orcel, 1976) .  I t  sho u ld  be em phasised t h a t  s u p e r h e l ic a l  tu rn s  a re  

m a in ta in e d  in  th e  c lo se d  c i r c u l a r  m o lecu le  by th e  fo r c e s  imposed by th e  

d o u b le -h e l ic a l  s t r u c tu r e  o f th e  DNA (V inograd ^  , 19&5). The s u p e r

h e l i c a l  d e n s i ty  o f a  c lo se d  c i r c u l a r  DNA i s  th u s  a l t e r e d  by any changes 

in  env iro n m en ta l c o n d itio n s  which a l t e r  ^  o r  by chem ica l o r  enzymic 

changes t h a t  in v o lv e  changes in  e i t h e r  0 (  o r As s t a t e d  e a r l i e r ,  

e th id iu m  brom ide i s  known to  i n t e r c a l a t e  betvfeen base  p a i r s ,  th e  b in d in g  

o f each m olecu le  unw inding  th e  h e l ix  by 26° (Wang, 1974). Thus in  a  

m o lecu le  c o n ta in in g  s u p e r h e l ic a l  tu r n s ,  th e  a d d i t io n  o f e th id iu m  brom ide 

w i l l  cause  th e  dup lex  to  unwind and, s in c e  th e  system  is  c lo s e d ,  th e  

s t r e s s  in tro d u c e d  in to  th e  m olecule i s  c o u n te ra c te d  by th e  a d o p tio n  o f 

a  form  w ith  an a l t e r e d  s u p e r h e l ic a l  d e n s i ty .  S ince th e  e th id iu m  brom ide 

ca u se s  th e  h e l ix  to  unw ind, th e  s u p e r h e l ic a l  tu rn s  in tro d u c e d  a re  

p o s i t i v e  in  an a tte m p t to  s t a b i l i s e  th e  W atson-C rick  base  p a i r in g .

T h is  i s  i l l u s t r a t e d  in  F ig u re  1 .5 .  C losed  c i r c u l a r  form s o f  DNA can 

on ly  b in d  a  l im i te d  number o f e th id iu m  brom ide m o lecu les  as  t h e i r  su p e r

h e l i c a l  d e n s i ty  canno t in c re a s e  i n d e f i n i t e l y .  N icked s p e c ie s ,  how ever, 

may c o n tin u e  to  unwind t h e i r  dup lexes to  b in d  dye (se e  F ig u re  1 .5 ) .

B auer and V inograd ( 1968) found t h a t  th e  u p ta k e  o f e th id iu m  brom ide 

(>  100 pg /m l) by c lo se d  c i r c u l a r  SV40 DNA ('J^ = -1 3 ) was 65% o f th a t  

ta k en  up by th e  n ic k ed  fo rm . T his d i f f e r e n t i a l  b in d in g  o f  e th id iu m  

brom ide i s  e x p lo ite d  in  th e  s e p a ra t io n  o f c o v a le n t ly  c lo s e d  c i r c u l a r  DNA 

from  n ic k ed  c i r c u l a r  o r  l i n e a r  DNA (R a d io ff  e t  ^ . , 19&7). E th id ium



F i ^ r e  1.5

E ffect of Bthidiiun Bromide on the Conformation of Girculax 

Duplex LITA

This diagram i l lu s t r a t e s  the conformational changes in  closed  

c ircu la r  duplex DNA e ffe c ted  by addition of ethidium bromide.

The n eg a tiv e ly  su p erco iled , closed  c ircu la r  duplex molecule (a) 

lo se s  negative su p ercoils  on binding of ethidium bromide to form the 

relaxed isomer (b) .  Upon fu rther binding, a p o s it iv e ly  supercoiled  

molecule i s  formed (c ) .

The nicked c ircu la r  duplex (d) binds ethidium bromide but can 

accommodate the in terca la tio n  without adopting a s ig n if ic a n t ly  

a ltered  te r t ia r y  structure ( e ) .

double stranded DNA

Et Br = ethidium bromide



-  - w e 7 ^  =  0 7^= +ve

(a)

+ Et Br+ Et Br

+Et Br
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brom ide can a ls o  be u sed  to  d e te rm in e  th e  s u p e r h e l ic a l  d e n s i ty  o f  a 

c lo se d  c i r c u l a r  m olecule  by th e  a n a ly s i s  o f th e  se d im e n ta tio n  c o e f f i c i e n t  

o f th e  DNA in  th e  p resen ce  o f v a ry in g  c o n c e n tra t io n s  o f th e  dye (B auer 

and V inograd , I 968 ) .

There i s  a  p o s i t iv e  f r e e  energy  (A G) a s s o c ia te d  w ith  bo th  

n e g a t iv e  and p o s i t iv e  s u p e r h e l i c i t y ,  a lth o u g h  th e  v a lu e  o f A G p e r  

s u p e r c o i l  i s  f a r  g r e a t e r  in  th e  fo rm er (B auer and V inograd , 1970).

The f r e e  energy  a s s o c ia te d  w ith  a  n e g a t iv e  s u p e rh e lix  may be u sed  in  any 

r e a c t io n  t h a t  w i l l  red u ce  ;p, i . e .  to  unwind th e  h e l i x .  In  th e  n e x t 

th r e e  s e c t io n s  I  w i l l  rev iew  th e  a c t i v i t i e s  o f p ro te in s  w hich a f f e c t  th e  

co n fo rm a tio n  o f DNA, in c lu d in g  th o se  enzymes w hich a l t e r  th e  s u p e r h e l ic a l  

d e n s i ty  o f c i r c u l a r  DNA m o le c u le s .

I l l . ( b )  DNA B ind ing  P ro te in s  and Unwinding Enzymes

( i )  H e lix  D e s ta b i l i s in g  P ro te in s

The h e l ix  d e s t a b i l i s i n g  p ro te in s  (HD -  p r o te in s )  a re  by d e f in i t i o n  

p r o te in s  t h a t  b ind  t i g h t l y  and p r e f e r e n t i a l l y  to  s in g le - s t r a n d e d  DNA 

(A lb e r ts  and S te m g la n z , 1977). These p ro te in s  have a ls o  been term ed 

DNA unw inding  p r o te in s ,  DNA m e ltin g  p ro te in s  and DNA b in d in g  p r o te in s .

The p ro to ty p e  f o r  t h i s  c l a s s  o f p r o te in  i s  th e  T4 gene 32- p r o te in  o r 

T4 H D -p ro te in . T his p r o te in ,  o f m o le c u la r  w eigh t 35>000, low ers th e  

m e lt in g  te m p era tu re  o f  d o u b le -s tra n d e d  DNA by b in d in g  c o o p e ra t iv e ly  to  

s in g le - s t r a n d e d  re g io n s  (A lb e r ts  and F re y , 1970). D e liu s  e t  (1972) 

v i s u a l i s e d  T4 H D -protein  induced  d é n a tu ra t io n  o f ^  DNA by e le c t r o n  

m icroscopy  and showed th a t  th e  p r o te in  p r e f e r e n t i a l l y  invaded  A-T r i c h
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r e g io n s  w ith in  th e  m o lecu le . G enetic  a n a ly s i s  o f gene 32 m utan ts has 

shown th a t  the  p r o te in  i s  e s s e n t i a l  f o r  norm al DNA r e p l i c a t i o n , t r a n s 

c r i p t i o n  and reco m b in a tio n  in  T4 (K o zin sk i and F e lg e n h au e r, 1967; 

Tomizawa e t  a l . ,  1966).

A p r o te in  w ith  v e ry  s im i la r  p r o p e r t i e s  has been i s o l a t e d  from  

u n in f e c te d  E .c o l i  by S ig a l  a t  (1 9 7 2 ). A lthough c o r r e c t ly  term ed 

E .c o l i  H D -p ro te in , t h i s  p r o te in  i s  o f te n  r e f e r r e d  to  as  E .c o l i  DNA 

b in d in g  p r o te in .  The f u n c t io n a l  p r o te in  i s  a  te t r a m e r ,  w ith  a  su b u n it 

s i z e  o f 20,000 d a l to n s , w hich l i k e  T4 H D -pro te in  low ers th e  m e ltin g  

te m p e ra tu re  o f d up lex  DNA and b in d s  c o o p e ra tiv e ly  to  s in g le - s t r a n d e d  DNA. 

W einer ^  (1975) have shown t h a t  each  te tra m e r  co u ld  b in d  32

n u c le o t id e s  o f s in g le - s t r a n d e d  DNA b u t w hereas th e  T4 H D -pro te in  caused 

an e x te n s io n  in  le n g th ,  i . e .  u n fo ld in g ,  o f th e  s in g le - s t r a n d e d  DNA 

(D e liu s  a t  a l . ,  1972) th e  E .c o l i  H D -p ro te in  caused  a  40% c o n t ra c t io n  

in  th e  le n g th  o f such DNA ( S ig a l e t  a l , ,  1972). T h is c o n t r a d ic t io n  has 

n o t  y e t  been re s o lv e d , b u t cou ld  r e f l e c t  th e  d i f f e r e n c e s  in  th e  sub

s t r a t e s  o r  c o n d itio n s  o f  th e  ^  v i t r o  a s s a y s ; a l t e r n a t i v e l y  i t  cou ld  

r e f l e c t  t r u e  d i f f e r e n c e s  in  th e  fu n c t io n s  o f th e  p ro te in s  in  v iv o . As 

a l r e a d y  m entioned , th e  E .c o l i  H D -pro te in  i s  r e q u ire d  f o r  e f f i c i e n t  DNA 

s y n th e s is  in  ev ery  in  v i t r o  r e p l i c a t i o n  system  so f a r  s tu d ie d  (se e  

W ickner, 1978). Meyer £ t  a l ,  (1979) have i s o la t e d  a  te m p era tu re  

s e n s i t i v e  m utant o f E . c o l i , d e s ig n a te d  s s b , w hich i s  d e f e c t iv e  in  th e  

E . c o l i  H D -p ro te in . The r a t e  o f DNA s y n th e s is  in  th e  m utan t i s  g r e a t ly  

red u ce d  a t  42°C, im p ly in g  th a t  th e  H D -pro te in  i s  e s s e n t i a l  f o r  

e lo n g a tio n  o f r e p l i c a t i o n  fo rk s  in  v iv o . In  a d d i t io n  th e  m utan t w il l ,  

n o t su p p o rt th e  grow th o f phage G4 a t  42°C. H D -pro te in  i s o la te d  from
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t h i s  m utant i s  a c t iv e  in  a  r e c o n s t i tu t e d  G4 DNA r e p l i c a t i o n  system  in  

v i t r o  a t  30°C, b u t i s  in a c t iv e  a t  42°C w ith  th e  r e s u l t  t h a t  DNA s y n th e s is  

i s  red u ced  to  l e s s  th a n  10% o f t h a t  observed  a t  th e  p e rm iss iv e  te m p e ra tu re .

At t h i s  p o in t  i t  i s  u s e fu l  to  r e f e r  to  a  d iagram  i l l u s t r a t i n g  the 

p ro b a b le  r o le  o f some o f th e  p ro te in s  in v o lv ed  in  DNA s y n th e s is  a t  

th e  r e p l i c a t i o n  fo rk  (se e  F ig u re  1 .6 ) .  E D -p ro te in s  a p p ea r e s s e n t i a l  f o r  

r e p l i c a t i o n ;  th e y  a re  p ro b ab ly  in v o lv ed  in  m a in ta in in g  lo c a l i s e d  re g io n s  

o f  s in g le - s t r a n d e d  DNA a t  th e  r e p l i c a t i o n  fo r k s ,  b u t presum ably  a re  n o t 

th e  p r o te in s  r e s p o n s ib le  f o r  s e p a ra t io n  o f th e  dup lex  s t r a n d s .  For t h i s  

a c t i v i t y ,  we look  to  th e  DNA unw inding  enzymes.

( i i )  DNA Unwinding Enzymes

Two enzymes have been i s o la t e d  from E .c o l i  w hich cause th e  

s e p a r a t io n  o f dup lex  DNA in to  s in g le  s t r a n d s .  The f i r s t ,  a  l8 0 ,0 0 0  

d a l to n  p r o te in  term ed DNA unw inding enzyme, was p u r i f i e d  by Abdel-Monem 

and H offm an-B erling  (1976) and i s  a  s in g le - s t r a n d e d  DNA-dependent ATPase 

w hich w i l l  unwind lo n g  s tr a n d s  o f DNA-DNA o r ENA-DNA dup lex es  (A bdel- 

Monem ^  ^ . , 1976) .

Thus th e  enzyme d e r iv e s  th e  energy  n e c e s s a ry  f o r  th e  unw inding o f 

th e  dup lex  from th e  h y d ro ly s is  o f  ATP. T his enzyme w i l l  n o t unwind 

l i n e a r  dup lexes w ith  f lu s h  ends s u g g e s tin g  t h a t  an i n i t i a l  b in d in g  s te p  

to  s in g le - s t r a n d e d  DNA i s  a p r e r e q u i s i t e  f o r  th e  r e a c t io n .  S ince th e  

com plete  unw inding o f a  6OOO base  p a i r  re g io n  re q u ire d  85 enzyme m o lecu les, 

Abdel-Monem e t  (1976) su g g es ted  t h a t  many enzyme m o lecu les a re  

bound to  s in g le - s t r a n d e d  re g io n s  o f th e  DNA to  p re v e n t r e n a tu r a t i o n ,  and 

t h a t  th e  enzyme m o lecu les  m ig ra te  a lo n g  th e  s in g le - s t r a n d e d  DNA ( a t  th e  

expense o f ATP) to  cause  s tr a n d  s e p a ra t io n  (see  l a t e r ) .  No m utan ts



Figure 1 .6

The E .c o l i  DNA R e p lic a t io n  Fork : P o s s ib le  R oles f o r  Some DNA 

B ind ing  and Unwinding P ro te in s

T his f ig u r e  r e p re s e n ts  a  p a r t i a l l y  r e p l i c a t e d  DNA m olecu le  and 

in d ic a te s  th e  p o s s ib le  lo c a t io n  o f  some p ro te in s  in v o lv ed  in  h e l ix  

unw ind ing . The DNA unw inding  enzyme and th e  rep  p ro te in  a re  a s s ig n e d  

to  th e  la g g in g  and le a d in g  s tr a n d s  r e s p e c t iv e ly  ( f o r  e x p la n a tio n , see 

t e x t ) .  DNA g y rase  i s  a s s ig n e d  to  th e  DNA in  f r o n t  o f th e  r e p l i c a t i o n  

f o r k ,  b u t t h i s  i s  on ly  based  on an assumed r o le  in  th e  g e n e ra tio n  o f 

com pensatory  n e g a t iv e  s u p e r tw is ts .  See C hap ter 8 f o r  f u r t h e r  

d is c u s s io n  on t h i s  p o in t .

I I DNA B ind ing  P ro te in  o r E .c o l i  H D -Protein

DNA Unwinding Enzyme (Abdel-Monem e t  ^ . , 1976)

Rep P ro te in  

M odified  from  A lb e r ts  and S te m g la n z  (1977)
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d e f e c t iv e  in  E .c o l i  unw inding  enzyme have been i d e n t i f i e d ,  and no 

in  v i t r o  DNA s y n th e s is  r e a c t io n  has been shown to  r e q u ir e  t h i s  enzyme.

The second DNA-unwinding a c t i v i t y  to  be d isc o v e re d  was t h a t  o f th e  rep  

p r o te in  fo llo w in g  th e  i s o l a t i o n  by D enhard t £ t  a l .  (196?) o f an E .c o l i  

m u tan t w hich f a i l e d  to  su p p o rt th e  r e p l i c a t i o n  o f 0X174 RFI DNA. As 

m en tioned  e a r l i e r ,  0X174 RFI DNA r e p l i c a t i o n  in  v i t r o  r e q u i r e s  an 

a c t iv e  re p  p ro te in  and t h i s  f a c i l i t a t e d  th e  p u r i f i c a t i o n  o f th e  re p  

p r o te in  by a  com plem entation  a s sa y  (E ise n b e rg  e t  , 1976). The re p  

p r o te in  i s  a  68 ,000 d a l to n  ATPase w hich, to g e th e r  w ith  0X174 c isA  

p r o t e i n ,  E .c o l i  H D -pro te in  (DNA b in d in g  p r o te in )  and DNA polym erase I I I  

holoenzym e w i l l  a llo w  d up lex  s tr a n d  s e p a ra t io n  and v i r a l  s t r a n d  s y n th e s is  

in  v i t r o . S c o tt  e_t a l . (1977) found t h a t  when DNA polym erase I I I  

holoenzym e was o m itted  from  th e  r e a c t io n ,  th e  re p  p r o te in  c a ta ly s e d  

s t r a n d  s e p a ra t io n  o f  th e  RPI to  form  s in g le  s t r a n d s . T his r e a c t io n  was 

dep en d en t upon ATP, DNA b in d in g  p r o te in  and th e  cisA  p r o te in .  Thus in  

v i t r o  th e  re p  p ro te in  a p p a re n tly  unwinds th e  DNA dup lex  to  f a c i l i t a t e  

p o ly m e r is a t io n .

Y arran to n  and G e f te r  (1979) s tu d ie d  th e  r e p .p ro te in  c a ta ly s e d  

unw ind ing  o f p a r t i a l  dup lex es  o f 0X174 DNA. These were c o n s tru c te d  by 

a n n e a lin g  s in g le - s t r a n d e d  DNA frag m en ts  (g e n e ra te d  by r e s t r i c t i o n  endo

n u c le a s e s )  to  f u l l  le n g th  l i n e a r  0X174 DNA as  shown in  F ig u re  1.7» The 

two p a r t i a l  d u p lexes d i f f e r e d  by th e  p o l a r i t y  o f th e  s tra n d s  w ith  r e s p e c t  

to  th e  f lu s h  end o f th e  l a r g e r  dup lex  r e g io n .  In  th e  p re sen ce  o f DNA 

b in d in g  p ro te in  and ATP, th e  re p  p r o te in  on ly  c a ta ly s e d  th e  unw inding o f 

th e  p a r t i a l  dup lex  which co n ta in e d  th e  5 ’ te rm in a te d  f r e e  end in  th e  

c e n tre  o f  th e  m olecule  ( s t r u c tu r e  B in  F ig u re  1 .7 ) .  Y arran ton  and



Figp.re 1 .7

A c t iv i ty  o f th e  Rep P ro te in  on P a r t i a l l y  Duplex DNA M olecules

T his d iagram  in d ic a te s  th e  in f e r r e d  d i r e c t io n  o f movement o f  th e  

Rep p r o te in  on DNA m olecu les  as d e s c r ib e d  by Y arran ton  and G e f te r  

( 1979) .  See t e x t  f o r  f u r t h e r  e x p la n a tio n .

S tr u c tu r e  A : Rep p r o te in  moves a lo n g  th e  DNA in  th e  3 ' to  5 '

d i r e c t i o n  and does n o t cause  s i g n i f i c a n t  unw inding o f th e  dup lex ,

S tru c tu r e  B : Rep p r o te in  moves a lo n g  th e  DNA in  th e  3 ' to  5

d i r e c t io n  c a u s in g  s i g n i f i c a n t  unw inding o f th e  d u p le x .

S tr u c tu r e  C : % rp o th e tic a l s t r u c tu r e  o f 0X174 DNA d u r in g  RF

r e p l i c a t i o n .  The p o s i t io n s  o f Rep p r o te in  and DNA b in d in g  p r o te in  

a r e  c o n s i s te n t  w ith  th e  i n t e r p r e t a t i o n  o f movement o f Rep as 

in d ic a te d  in  S tru c tu r e  B.

= Rep p r o te in

I I = DNA b in d in g  p r o te in
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G e f te r  concluded  th a t  th e  re p  p r o te in  was a b le  to  b in d  to  th e  s in g le 

s tra n d e d  re g io n  o f the  p a r t i a l  dup lex  and t r a n s lo c a te  a lo n g  in  th e  3 ’ 

to  5* d i r e c t io n  u n t i l  th e  dup lex  was re a c h e d . The 5 ’ end o f th e  

com plem entary s t r a n d  was th en  d is p la c e d .  T his i s  in  accordance w ith  

th e  s t r u c tu r e  o f th e  c isA -m ed ia ted  n ic k ed  0X174 DNA d u r in g  r e p l i c a t i o n  

( s e e  F ig u re  1 .7 ,  s t r u c t u r e  C). T h is movement o f  th e  re p  p r o te in  in  th e  

3 ’ to  5 ' d i r e c t io n  i s  in  a p p a re n t c o n t r a s t  w ith  th e  d i r e c t io n  o f  t r a n s 

lo c a t io n  o f th e  E .c o l i  DNA unw inding enzyme. Abdel-Monem £ t  (1977) 

c o n s tru c te d  p a r t i a l  dup lex es  s im i la r  to  th o se  o f Y arran to n  and G e f te r ,  

and found th a t  on ly  th o se  m o lecu les  c o n ta in in g  a  3 ’OH in  th e  c e n t r e  o f 

th e  dup lex  cou ld  a c t  as s u b s t r a te s  f o r  th e  E .c o l i  unw inding  enzyme.

Thus i t  i s  p o s s ib le  t h a t  two ty p e s  o f unw inding  a c t i v i t y  o ccu r a t  th e  

r e p l i c a t i o n  fo rk  ; th e y  cou ld  a c t  s im u lta n e o u s ly  to  unwind th e  dup lex  by 

t r a n s l o c a t i n g  a lo n g  s tr a n d s  o f o p p o s ite  p o l a r i t y  as v i s u a l i s e d  in  

F ig u re  1 .6 .

( i i i )  O ther DNA B ind ing  P ro te in s

E .c o l i  ENA polym erase i s  an enzyme which b in d s  to  DNA and cau ses  a  

l o c a l i s e d  m e ltin g  o f th e  dup lex  p r io r  to  i n i t i a t i o n  o f t r a n s c r i p t i o n .  

E s tim a te s  o f th e  number o f  base  p a i r s  opened by ENA polym erase v a ry  

from  9-15 p e r m olecu le  (s e e  S i e b e n l i s t ,  1979). Mangel and Cham berlin 

( 1974) have shown th a t  a t  37^0, b u t n o t a t  10-20°C, a  s t a b l e  complex i s  

form ed betw een ENA polym erase and T7 DNA which i s  cap a b le  o f i n i t i a t i n g  

ENA s y n th e s is  v e ry  r a p id ly  upon a d d i t io n  o f p r e c u r s o r s .  H ayashi and 

H ayashi (1971) found t h a t  th e  r a t e  of t r a n s c r i p t i o n  from  s im i la r  com plexes 

was g r e a t e r  when s u p e rc o ile d  0X174 DNA (E FI) was u sed  in  p re fe re n c e  to  

th e  re la x e d  (E F Il)  form . Botchan e t  a l .  (1973) went on to  show t h a t  th e
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i n i t i a t i o n  of t r a n s c r i p t i o n  in  v i t r o  was more f re q u e n t from  ^  DNA 

te m p la te s  which c o n ta in e d  in c re a s in g  numbers o f n e g a t iv e  s u p e r h e l ic a l  

t u r n s . T h is in  tu rn  i s  due to  th e  ea se  o f  m e ltin g  s u p e rc o ile d  DNA (see  

e a r l i e r ) ,  perhaps in  consequence o f lo c a l i s e d  re g io n s  o f u n p a ire d  d o u b le 

h e l ix  (Dean and L ebow itz , 1971)• I t  i s  p o s s ib le  t h a t  th e  deg ree  o f 

s u p e r h e l i c i t y  o f DNA in  v iv o  i s  one way o f r e g u la t in g  t r a n s c r i p t i o n ,  and 

t h i s  i s  borne ou t by changed le v e l s  o f t r a n s c r i p t i o n  as a  r e s u l t  o f 

i n h i b i t i o n  o f th e  s u p e r c o i l in g  a c t i v i t y  o f  DNA g y ra se  (se e  l a t e r  and 

D isc u ss io n  o f t h i s  t h e s i s ) .

As m entioned e a r l i e r ,  th e  recA  p r o te in  c a ta ly s e s  th e  p a i r in g  o f 

homologous s in g le - s t r a n d e d  DNAs (W einstock ^  , 1979) and o f su p e r

h e l i c a l  DNA w ith  com plem entary s in g le - s t r a n d e d  DNA to  form  D -loops 

(S h ib a ta  £ t  a l . ,  1979). I t  i s  v e ry  u n l ik e ly  t h a t  th e  recA  p r o te in  i s  

in v o lv ed  in  DNA r e p l i c a t i o n  as s t r a i n s  c o n ta in in g  d e le t io n s  in to  a t  

l e a s t  p a r t  o f th e  recA gene have been i s o la t e d  (M cEntee, 1977a). However, 

th e  recA p ro te in  e s s e n t i a l  f o r  g e n e ra l is e d  re c o m b in a tio n . I t s  

fu n c t io n  in  t h i s  p ro cess  i s  p ro b ab ly  to  b ind  s in g le - s t r a n d e d  DNA and to  

s t a b i l i s e  c e r t a in  reco m b in a tio n  in te rm e d ia te s ,  e .g .  th e  D -loops of 

S h ib a ta  e_t a l . However th e  w ind ing  o f com plem entary s in g le  s t r a n d s  

in to  a  dup lex  by th e  recA  p ro te in  im p lie s  th a t  i t  may a ls o  fu n c tio n  to  

keep s tr a n d s  to g e th e r  d u r in g  re c o m b in a tio n . F in a l ly ,  th e  recA  m ed iated  

fo rm a tio n  o f D -loops r e q u ir e s  s u p e r h e l ic a l  DNA; th i s  i s  a n o th e r  example 

o f th e  im portance o f  th e  t e r t i a r y  s t r u c t u r e  o f DNA in  r e c o g n i t io n  by 

u r o t e i n s .
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I I I . ( c )  MA Topoisom erases

MA topo iso m erases  a re  enzymes th a t  c a ta ly s e  th e  in c re a s e  o r  

d e c re a se  in  th e  s u p e r h e l ic a l  d e n s i ty  o f a  c lo se d  c i r c u l a r  m o lecu le .

S ince  MA su b je c te d  to  to p o iso m erase  a c t i v i t y  rem ains in  th e  a l t e r e d  

c o n fo rm a tio n  a f t e r  th e  top o iso m erase  i s  rem oved, th e se  enzymes must 

a l t e r  th e  to p o lo g ic a l  w ind ing  number (0( ) r a t h e r  th a n  th e  h e l ix  w inding 

number ( ^ ) .  The on ly  way OC can be changed i s  to  b reak  one s t r a n d ,  wind 

one end o f i t  r e l a t i v e  to  th e  h e l ix  a x i s ,  and r e s e a l  th e  b re a k . Thus 

MA to p o iso m erases  by d e f in i t i o n  m ust c o n ta in  a  n ic k in g - c lo s in g  a c t i v i t y  

and a l s o ,  i f  n e c e s s a ry , an a c t i v i t y  w hich w i l l  d r iv e  t h i s  h e l i c a l  w ind ing  

o r  unw inding .

( i )  E .c o l i  W  P ro te in

The f i r s t  enzyme w ith  th e  c a p a c i ty  to  r e la x  c lo se d  c i r c u l a r  s u p e r

h e l i c a l  MA was d isc o v e re d  by Wang (1971) and term ed th e  ÇJ p r o te in .

T h is  enzyme, o f m o le c u la r  w eigh t 110 ,000, red u ces  th e  number o f n e g a tiv e  

s u p e r c o i l s  in  a  c lo se d  c i r c u l a r  m olecu le  a lth o u g h  i t  does n o t t o t a l l y  

r e l a x  th e  MA. ÇJ p r o te in  b in d s s t r o n g ly  to  s in g le - s t r a n d e d  MA, w i l l  

n o t  r e l a x  p o s i t i v e ly  s u p e rc o ile d  DNA and does n o t r e q u ir e  ATP. V/ang

( 1971) su g g es ted  a  model f o r  CJ a c t i v i t y  : th e  p r o te in  b in d s  to  a  

s in g le - s t r a n d e d  r e g io n  o f  DNA in  a  n e g a t iv e ly  s u p e rc o ile d  m o lecu le , n ic k s  

one o r  b o th  s tra n d s  and rem ains bound to  one end o f a  f r e e  s t r a n d .  The 

f r e e  energy  in  th e  m o lecu le  a llow s r o t a t i o n  around th e  h e l i c a l  a x is  ( to  

in c re a s e  0( ) and th e  en erg y  s to re d  in  th e  CJ-DNA bend i s  u sed  to  r e s e a l  

th e  b re a k . Depew e_t aT. (1978) found th a t  a  complex was formed betw een 

CJ p r o te in  and s in g le - s t r a n d e d  c i r c u l a r  fd  phage DNA. M oreover, when
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t r e a t e d  w ith  a l k a l i  th e  MA was found to  be c leav ed  and th e  p r o te in  

bound, presum ably c o v a le n t ly ,  to  th e  5 ’ end o f th e  DNA. E xam ination  

by  e le c t r o n  m icroscopy  re v e a le d  th a t  a t  low p r o te in  to  DNA r a t i o s t h e  

DNA was c le a v e d  once, b u t a t  h ig h e r  r a t i o s  th e  DNA was c le a v e d  a t  

s e v e r a l  s i t e s .  No sequence dependence was e v id e n t and th e  p r o te in  

co u ld  n o t be v i s u a l i s e d  by t h i s  p ro c e d u re . However, no r ig o ro u s  p ro o f 

o f  n ic k e d  in te rm e d ia te s  in  d o u b le -s tra n d e d  c i r c u l a r  m o lecu les  has  been 

r e p o r te d .  No m u tan ts  have been r e p o r te d  v /ith  a  d e f e c t iv e  CO p r o te in  

and CO i s  n o t r e q u ir e d  in  any in  v i t r o  DNA r e p l i c a t i o n  system  so f a r  

d e s c r ib e d .

( i i )  E u k a ry o tic  DNA T opoisom erases

A number o f  e u k a ry o tic  enzymes have been i s o l a t e d  w hich w i l l  r e la x  

s u p e rc o ile d  DNA. These enzymes a re  found in  n u c le i  a s s o c ia te d  w ith  

ch ro m a tin  and ap p e a r to  be s in g le  p o ly p e p tid e s  o f m o le c u la r  v /eight 

6 0 -7 0 ,0 0 0  (se e  Champoux, 1978). Some so u rc e s  o f  th e se  enzymes a re  r a t  

l i v e r ,  mouse em bryo, c a l f  thym us, HeLa c e l l s  and ch ick en  e ry th ro c y te s .

The e u k a ry o tic  DNA to p o iso m erases  sh a re  some p r o p e r t i e s  which d i s t i n g u i s h  

them from  th e  E .c o l i  CO p r o te in .  ( l )  The e u k a ry o tic  enzymes a re  

m axim ally  a c t iv e  in  0 .1 5  -  0 .2  M s a l t  and in  th e  absence o f magnesium, 

w hereas maximum CO a c t i v i t y  i s  ach iev ed  in  1 mM magnesium in  th e  absence 

o f  s a l t  (se e  Champoux, 1978). (2 ) The e u k a ry o tic  enzymes w i l l

co m p le te ly  r e la x  b o th  p o s i t i v e ly  and n e g a t iv e ly  s u p e rc o ile d  DNA 

( Champoux and D ulbecco , 1972; V osberg e t  , 1975).

E u k a ry o tic  to p o iso m e ra se s , l i k e  CJ, do n o t r e q u i r e  ATP and a 

mechanism o f a c t io n  s im i la r  to  t h a t  p roposed  f o r  th e  E .c o l i  enzyme has 

been  in d e p e n d e n tly  su g g e s te d  by Champoux and D ulbecco (1 9 7 2 ). Some
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su p p o r t  f o r  t h i s  model in v o lv in g  th e  fo rm a tio n  o f a  protein-DNA bond 

w hich i s  m a in ta in ed  d u r in g  th e  r e a c t io n  has been o b ta in e d  by Champoux 

( 1976) .  When r a t  l i v e r  enzyme was in c u b a te d  w ith  n e g a t iv e ly  s u p e rc o ile d  

SV40 DNA in  a  b u f f e r  c o n ta in in g  a  low s a l t  c o n c e n tra t io n  to  slow  down 

th e  r e a c t io n ,  a  n ic k ed  DNA in te rm e d ia te  was d e te c te d  on a lk a l in e  su c ro se  

g r a d ie n t s .  This in te rm e d ia te  d isa p p e a re d  i f  th e  r e a c t io n  was a llow ed  to  

p ro cee d  to  com pletion  a t  h ig h  s a l t  c o n c e n tr a t io n s .  Champoux (1977) 

w ent on to  d em onstra te  t h a t  t h i s  in te rm e d ia te  c o n ta in e d  a  p r o te in ,  

presum ed to  be th e  u n tw is t in g  enzyme, bound to  th e  3 ' -p h o sp h o ry l 

te rm in i  o f  th e  DNA m o le c u le s .

In  a l l  th e  DNA to p o iso m erases  s tu d ie d ,  th e  r e a c t io n  w ith  c lo se d  

c i r c u l a r  DNA was shown to  be b o th  c a t a l y t i c  and s te p -w is e .  The l a t t e r  

c a n  be d em o n stra ted  by a n a ly s in g  th e  p ro d u c ts  o f th e  r e a c t io n  by ag a ro se  

g e l  e l e c t r o p h o r e s i s .  K e l le r  (1975) has shown th a t  s u p e rc o ile d  DNA has 

a  g r e a t e r  m o b ili ty  th an  th e  re la x e d  (c lo s e d )  form  b u t t h a t  m o lecu les w ith  

in te rm e d ia te  s u p e r h e l i c i t y  ru n  as d i s c r e t e  bands betw een th e se  two 

fo rm s . Thus th e  DNA to p o iso m erases  must undergo c y c le s  o f n ic k in g  and 

c lo s in g ,  perhaps a t  d i f f e r e n t  s i t e s  on th e  DNA m o lecu le , to  ach iev e  

r e l a x a t i o n .

( i i i )  B ac te rio p h ag e  DNA T opoisom erases

DNA r e la x in g  enzymes a re  a ls o  produced by th e  b a c te r io p h a g e s  \  and 

T4. L iu  _et ( 1979) and S t e t l e r ^ t  (1979) found th a t  th e  T4 genes 

3 9 » 52 and 60 coded f o r  a  m u l t i - s u b u n it  enzyme w hich would r e la x  

n e g a t iv e ly  o r  p o s i t i v e ly  s u p e rc o ile d  PLIS DNA m o le c u le s . Amber m utan ts 

in  any o f th e se  genes r e s u l t s  in  th e  d e lay ed  i n i t i a t i o n  o f T4 DNA 

r e p l i c a t i o n  upon in f e c t io n  o f n o n -su p p re s so r  s t r a i n s  ; such  m utan ts a re
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term ed "DNA-delay" m utan ts (McCarthy e t  a l . ,  1976). M cCarthy (1979) 

found th a t  a lth o u g h  norm al T4 DNA r e p l i c a t i o n  was in s e n s i t i v e  to  

i n h i b i t o r s  o f DNA g y ra s e , DNA r e p l i c a t i o n  in  th e  DNA-delay m u tan ts  was 

s e n s i t i v e ,  s u g g e s tin g  th a t  u n d er th e se  c o n d itio n s  g y ra se  can s u b s t i t u t e  

f o r  th e  d e f e c t iv e  phage enzyme com plex. T his su g g e s ts  t h a t  DNA g y rase  

may c a r ry  ou t a  r e l a x a t io n  r e a c t io n  in  v iv o ; t h i s  w i l l  be d is c u s s e d  

l a t e r  when th e  a c t i v i t i e s  o f g y ra se  a re  rev iew ed .

K ikuchi and Nash (1979) have shown th a t  th e re  i s  a  n ic k in g - c lo s in g  

a c t i v i t y  a s s o c ia te d  w ith  th e  'X i n t  gene p ro d u c t. T h is p r o te in  i s  

r e q u ir e d  f o r  b o th  th e  in t e g r a t i o n  and e x c is io n  r e a c t io n s  betw een X  DNA 

and th e  h o s t  chromosome (E ch o ls , 1970). I n te g r a t iv e  reco m b in a tio n  can 

be c a r r i e d  ou t m  v i t r o  u s in g  one X. DNA m olecu le  c o n ta in in g  b o th  th e  

b a c t e r i a l  and phage DNA sequences t h a t  a re  n e c e s s a ry  f o r  reco m b in a tio n  

(M z u u c h i and N ash, 1976). K ikuchi and Nash (1978) found t h i s  r e a c t io n  

r e q u ir e d  on ly  th e  ^  i n t  p r o te in ,  s u p e rc o ile d  c i r c u l a r  s u b s t r a te  and 

some u n id e n t i f i e d  b a c t e r i a l  p r o te in s .  When p u r i f i e d  X  p r o te in  was

in c u b a te d  in  th e  r e a c t io n  m ix tu re  w ith o u t th e  b a c t e r i a l  e x t r a c t ,  i t  

c a ta ly s e d  th e  rem oval o f n e g a tiv e  s u p e rc o i l s  from th e  s u b s t r a te  DNA w ith 

ou t p rom oting  reco m b in a tio n  (K ikuch i and Nash, 1979). The i n t  p r o te in  

7/as shown to  r e la x  b o th  p o s i t i v e ly  and n e g a t iv e ly  s u p e rc o ile d  DNA and, 

u n l ik e  th e  T4 enzyme, d id  n o t r e q u ir e  ATP.

The i n t  p r o te in  may n ic k  and r e s e a i  th e  DNA s u b s t r a t e ( s )  in  th e  

c o u rse  o f in t e g r a t i o n  and e x c is io n  r e a c t io n s ,  a llo w in g  r a p id  exchange 

o f  X  and chromosomal DNA. S ince  i n t e g r a t i v e  reco m b in a tio n  does n o t 

r e q u i r e  ATP in  v i t r o , i t  i s  p o s s ib le  t h a t  the  X i n t  p r o te in  may 

c a ta ly s e  s tra n d  b reakage  and re u n io n  in  a manner s im i la r  to  t h a t  p roposed
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f o r  th e  E .c o l i  ^  p r o te in  and th e  e u k a ry o tic  enzym es; i . e . a n  i n t  

protein-DN A  bond cou ld  co n serv e  th e  en erg y  n e c e s sa ry  f o r  r e s e a l in g  th e  

DNA s c i s s io n  w h i ls t  DNA s tr a n d s  r o t a t e  ab o u t t h e i r  h e l i c a l  a x i s .

I t  shou ld  be em phasised h e re  t h a t  a  DNA r e la x in g  enzyme need n o t 

f u n c t io n  in  v iv o  to  remove s u p e r tw is ts .  R a th e r  th e  DNA to p o iso m erase  

a c t i v i t y  o f th e se  enzymes in  v i t r o  co u ld  sim ply  r e f l e c t  a  n ic k in g  and 

r e s e a l in g  a c t i v i t y  in  v iv o . T his may o r  may n o t be accom panied by

r o t a t i o n  o f th e  h e l ix  in  v iv o  to  a l t e r  th e  s u p e r h e l i c i t y  o f th e  DNA.

I l l . ( d )  DNA Gyrase

( i )  C h a ra c te r is a t io n  o f th e  Enzyme

As o u t l in e d  p re v io u s ly ,  M izuuchi, G e l l e r t  and Nash d em o n stra ted  

t h a t  s u p e rc o ile d  X DNA was r e q u ire d  f o r  in  v i t r o  i n t e g r a t i v e

reco m b in a tio n ; r e la x e d  c lo se d  c i r c u l a r  Xi DNA was in a c t iv e  as a  sub

s t r a t e  u n le s s  f i r s t  in c u b a te d  w ith  ATP p lu s  an E .c o l i  c e l l  e x t r a c t  

( G e l le r t  ^  a 2 . , 1976a; M zu u ch i _et ^ . , 1979a). T h is  c e l l  f r a c t i o n  was 

su b se q u e n tly  shown to  c o n ta in  an enzymic a c t i v i t y ,  term ed DNA g y ra se , 

w hich in tro d u c e d  n e g a t iv e  s u p e rc o i ls  in to  re la x e d  c lo se d  c i r c u l a r  DNA 

e .g .  X » ColEI o r  SV40 DNAs ( G e l le r t  e t  ^ . , 1976a). DNA g y rase  i s  

c o n v e n ie n tly  assayed  by th e  method of K e l le r  (1975) u s in g  a g a ro se  g e l 

e le c t r o p h o r e s is  as d e s c r ib e d  in  th e  p re v io u s  s e c t io n .  Because g y ra se  i s  

removed p r io r  to  ex am in atio n  o f th e  s u p e rc o ile d  p ro d u c ts ,  i t  must a c t  

by a l t e r i n g  th e  l in k in g  number (0 ( )  o f th e  DNA, and th u s  i t  i s  term ed 

a DNA to p o isom erase  (L iu  and Wang, 1978a). G e l l e r t  e t  (1976a) found 

t h a t  g y ra se  a c t i v i t y  r e q u ire d  ATP and magnesium, and t h a t  th e  su p e r -
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c o i l i n g  r e a c t io n  p roceeded  in  a s e r i e s  o f s te p s  as judged  by th e  

p re se n c e  o f many m o lecu les  o f in te rm e d ia te  s u p e r h e l ic a l  d e n s i ty  amongst 

th e  r e a c t io n  p ro d u c ts .

The s u p e rc o i l in g  a c t i v i t y  c a ta ly s e d  by MA g y rase  i s  b locked  by 

two groups o f a n t i b i o t i c s  r e p re s e n te d  by n o v o b io c in  and coumermycin Â  

( G e l l e r t  £ t  , 1976b; see  p a r t  I I ) ,  and n a l id ix i c  a c id  and o x o lin ic  

a c id  (Sugino e t  , 1977; G e l le r t  e t  , 1977). These compounds 

i n h i b i t  MA s y n th e s is  in  E .c o l i  (s e e  p a r t  I I  and C hap ter 3) and 

r e s i s t a n c e  to  t h e i r  a c t i v i t i e s  map a t  s e p a ra te  l o c i ;  nalA  a t  48 m inu tes 

( r e s i s t a n c e  to  n a l id ix i c  a c id  and o x o lin ic  a c id  (Hane and Wood, I 969) )  

and cou a t  82 m inu tes ( r e s i s ta n c e  to  n o v o b io c in  and coumermycin (Ryan, 

1 9 7 6 )) .

E x h au stiv e  p u r i f i c a t i o n  o f MA g y rase  by M izuuchi e t  ( 1978a) 

and o f  i t s  in d iv id u a l  s u b u n its  by H igg ins e t  (1978) has shown th a t  

th e  enzyme i s  composed o f  two d i f f e r e n t  s u b u n its  o f m o le c u la r  w eigh ts  

100-110,000 and 90- 95 , 000 , coded by th e  nalA  and cou genes r e s p e c t iv e ly .  

G yrase p u r i f i e d  from a  n a l id ix i c  a c id  r e s i s t a n t  s t r a i n  i s  in s e n s i t iv e  to  

n a l i d i x i c  a c id  and o x o lin ic  a c id ,  b u t i s  s e n s i t i v e  to  n o v o b io c in  and 

coumermycin and v ic e  v e r s a  ( Sugino e t  ^ . , 1977; G e l l e r t  ^  a l . ,  1977). 

C lo n in g  o f  th e  nalA  gene on a  lambda tra n sd u c in g  phage has confirm ed  th e  

nalA  p r o te in  to  be a  110,000 d a l to n  p o ly p e p tid e  (K reuzer £ t  ^ . , 1978). 

S im i la r ly ,  th e  cou gene has been c lo n ed  u s in g  X , and h as  been shovm to  

code f o r  a  92-95 ,000  d a l to n  p ro te in  (O rr _et al» ,  1979; Hansen and von 

M eyenburg, 1979; t h i s  t h e s i s ) .  The p u r i f i c a t i o n  and r e c o n s t i t u t i o n  

s tu d ie s  in d ic a te d  above showed th a t  th e  n a t iv e  g y ra se  enzyme i s  most 

l i k e l y  a  te tra m e r  c o n s is t in g  o f  two m olecu les o f each  s u b u n it .  However,
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i t  sho u ld  be n o te d  th a t  th e  e x is te n c e  o f o th e r  s u b u n its ,  a lth o u g h  

u n l i k e ly ,  has n o t y e t  been ru le d  o u t.

( i i )  A c t i v i t i e s  o f DNA G yrase

In  a d d i t io n  to  th e  in t ro d u c t io n  o f s u p e r c o i l s ,  DNA g y rase  has  o th e r  

a c t i v i t i e s  which may be d iv id e d  in to  th r e e  r e a c t io n s .  A ll fo u r  

r e a c t io n s  a re  now known to  r e q u ire  eq u im o la r amounts o f b o th  s u b u n its  

(H ig g in s  ^  , 1978) in  c o n t r a s t  to  e a r l i e r  s tu d ie s  w ith  p a r t i a l l y

p u r i f i e d  nalA  p r o te in  (Sugino e t  , 1977). G e l l e r t  e t  (1977) and 

Sugino e t  (1977) found t h a t  in  th e  absence o f ATP, g y ra se  would 

r e l a x  b o th  p o s i t i v e ly  o r n e g a t iv e ly  s u p e rc o ile d  DNA. T his a c t i v i t y  i s  

in h i b i t e d  by n a l id ix i c  a c id  and o x o lin ic  a c id ,  b u t n o t by n o v o b io c in  o r 

coum erm ycin. T his su g g es ted  th a t  th e  n ic k in g  c lo s in g  a c t i v i t y  r e s id e d  

in  th e  nalA  s u b u n it ,  b u t t h a t  th e  p re se n c e , a lth o u g h  n o t th e  a c t i v i t y ,  o f 

th e  cou su b u n it was r e q u ir e d  f o r  i t s  f u n c t io n in g .  In  t h i s  c o n te x t ,  i t  

i s  i n t e r e s t i n g  to  n o te  t h a t  th e  nalA  pr o t e i n  and th e  E .c o l i  CfJ p r o te in  

have a p p a re n tly  i d e n t i c a l  m o lecu la r  w e ig h ts  on SD S-polyacrylam ide g e l 

e l e c t r o p h o r e s i s .  However, Sugino £ t  and G e l l e r t  £ t  found t h a t  

^  a c t i v i t y  was n o t in h ib i te d  by n a l id ix i c  a c id  and t h a t  g y ra se  c a ta ly s e d  

r e la x a t i o n  was u n a f fe c te d  by a n tise ru m  to  th e  CO p r o te in .

The a d d i t io n  o f n a l id ix i c  a c id  o r  o x o lin ic  a c id  to  a  g y ra s e -c a ta ly s e d  

r e l a x a t io n  r e a c t io n  does n o t s im ply  i n h i b i t  g y rase  a c t i v i t y .  I f  th e  

r e a c t io n  p ro d u c ts  a re  su b se q u e n tly  t r e a te d  w ith  f̂c SDS fo llo w ed  by 

p r o te in a s e  K, th e  c i r c u l a r  DNA m olecu le  i s  c leav ed  and c o -m ig ra te s  w ith  

th e  l i n e a r  form o f th e  DNA (Sugino e t  ^ . , 1977; G e l l e r t  £ t  a l . ,  1977). 

P eeb le s  _et a l ,  ( l9 7 9 )  have shovm t h a t  th e  om ission  o f p ro te in a s e  K 

a llo v /s  c le a v a g e , a lth o u g h  th e  DNA p ro d u c t has a  reduced  m o b i l i ty  due
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t o  th e  p resen ce  o f p r o te in  a t ta c h e d  to  th e  DNA. This s tu d y  a ls o  

showed th a t  c i r c u l a r  DNA was n o t th e  on ly  s u b s t r a te  f o r  g y ra se - in d u c e d  

c le a v a g e ; l i n e a r  C0IEI DNA cou ld  be c le a v e d  in  th e  r e a c t io n  r e s u l t i n g  

in  two main frag m e n ts , b o th  o f which had p r o te in  bound to  them as 

judged  by t h e i r  reduced  m o b il i ty  in  th e  absence o f  p ro te in a s e  K d ig e s t io n ,  

T h is  g y ra se - in d u c e d  c leav ag e  o f  d o u b le -s tra n d e d  DNA i s  i n s e n s i t iv e  to  

n o v o b io c in  and coumermycin ( G e l le r t  e t  ^ . , 1977; Sugino e t  a l . ,  1977) 

and may r e f l e c t  th e  c le a v a g e  o f DNA by th e  nalA  s u b u n it d u rin g  th e  

c o u rse  o f  r e la x a t io n  o f s u p e rc o i l in g .

P eeb le s  e t  (1979) found th a t  each  l i n e a r  DNA s p e c ie s  was n o t 

alw ays c leav ed  a t  one u n iq u e  s i t e ,  b u t t h a t  each  DNA c o n ta in e d  a  fev; 

p rim ary  s i t e s  and s e v e ra l  secondary  s i t e s .  M orrison  and C o z z a re l l i  

( 1979) examined th e  c leav ag e  r e a c t io n  in  d e t a i l  u s in g  0X174 EFI DNA and 

found  t h a t  th e  r e s u l t i n g  l i n e a r  frag m en ts  were n o t  s u b s t r a te s  f o r  T4 

p o ly n u c le o tid e  k in a s e , even a f t e r  p ro te in a s e  K tr e a tm e n t .  This im p lie s  

t h a t  th e  5 ' ends o f p o ly n u c le o tid e  ch a in s  g e n e ra te d  by g y ra se  c leav ag e  

a re  b lo c k e d . However, t h i s  DNA d id  p ro v id e  a te m p la te -p r im e r  f o r  E .c o l i  

DNA polym erase I ,  showing th a t  g y ra se  c r e a te s  a  s ta g g e re d  b reak  w ith  a 

re c e s s e d  3 ' hydroxyl g ro u p . M orrison  and C o z z a re l l i  mapped th e  p rim ary  

g y ra se  c leav ag e  s i t e s  in  0X174 and de term ined  t h e i r  n u c le o t id e  sequence . 

The sequences a re  n o t un iq u e  as in  th e  c a se  of r e s t r i c t i o n  e n d o n u c lea ses , 

how ever c o n s id e ra b le  s i m i l a r i t i e s  betw een d i f f e r e n t  s i t e s  do e x i s t .

T h is  w i l l  n o t be d is c u s se d  f u r th e r .

The DNA-protein complex w hich i s  seen  a f t e r  SDS induced  c leav ag e  o f 

o x o lin ic  a c id  in h ib i te d  g y ra se  r e a c t io n s  i s  c l e a r ly  analogous to  th e  

r e l a x a t i o n  complexes o f many p lasm ids (s e e  H e lin sk i ^  , 1975).
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When C0IEI o r R6-K i s  i s o la te d  in  th e  s u p e rh e l ic a l  form , betw een 20 

and 80% o f th e  m olecu les a re  complexed w ith  p r o te in .  In  th e  case  o f 

C0IE I th re e  p ro te in s  a re  a t ta c h e d  to  th e  DNA and a f t e r  tre a tm e n t w ith  

p r o te in  d e n a tu r in g  a g e n ts  th e  DNA i s  c leav ed  in  one s t r a n d  and one o f 

th e s e  p ro te in s  (m o lecu la r w eigh t 60 , 000 ) i s  c o v a le n t ly  a t ta c h e d  to  th e  

5 ’ end o f  the  f r e e  DNA (L o v e tt and H e lin s k i ,  1975)* T his c leav ag e  s i t e  

i s  s i t e - s p e c i f i c  (s e e  Tomizawa e t  ^ . , 1977) and o ccu rs  v e ry  c lo s e  to ,  

and p erhaps a t ,  th e  o r ig in  o f t r a n s f e r  o f t h i s  p lasm id  (W arren e t  a l . ,

1978).
The p r in c ip le  d i f f e r e n c e  betw een th e  gyrase-DNA complex and a 

p la sm id  r e la x a t io n  complex o r  th e  0X174 R FII -  CisA p r o te in  complex (see  

p a r t  l )  i s  th a t  th e  fo rm er in v o lv e s  d o u b le -s tra n d e d  c le a v a g e  o f th e  

DNA. T his need n o t im ply a  t o t a l l y  d i f f e r e n t  mechanism o f fo rm a tio n  and 

c le a v a g e ; r a th e r  th e  s i m i l a r i t i e s  su g g e s t t h a t  c o v a le n t a ttach m en t o f a 

p r o te in  to  a  f r e e  end o f a  DNA m olecu le  a f t e r  n ic k in g  may be an im p o rta n t 

s t r u c t u r a l  f e a tu r e  o f a  n ic k in g -c lo s in g  r e a c t io n .

The l a s t  a c t i v i t y  o f  DNA g y rase  I  w i l l  d is c u s s  i s  th e  DNA-dependent 

h y d ro ly s is  o f ATP y ie ld in g  ADP and in o rg a n ic  phosphate  ( P i ) .

Sugino ^  ( 1978) observed  th a t  when ATP was added to  th e  s ta n d a rd

g y ra se  c leav ag e  r e a c t io n  w ith  l i n e a r  dup lex  C0IEI DNA, th e  two m ajor 

bands d im in ish ed  in  i n t e n s i t y  and two new bands ap p ea red , co rre sp o n d in g  

to  a  change in  p o s i t io n  o f th e  p r in c ip le  g y rase  c leav ag e  s i t e .  This 

a l t e r a t i o n  was a ls o  seen  w ith  App(NH)p, a  n o n -h y d ro ly za b le  analogue o f 

ATP, b u t in  bo th  c a se s  th e  e f f e c t  v/as b locked  by n o v o b io c in  o r 

coum erm ycin. This im p lie s  th a t  n o v o b io c in  i n h i b i t s  th e  b in d in g  o f ATP 

to  th e  gyrase-DNA com plex, and i t  i s  t h i s  b in d in g , and n o t the
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h y d r o ly s is  o f ATP, t h a t  e f f e c t s  th e  a l t e r a t i o n  in  th e  c le a v a g e  s i t e .

In  a d d i t io n ,  n o v o b io c in  and coumermycin w ere shown to  be c o m p e tit iv e  

i n h i b i t o r s  o f  th e  ATPase a c t i v i t y  o f DNA g y rase  u s in g  th e  s ta n d a rd  

s u p e r c o i l in g  a s sa y . M izuuchi e t  (1978a) found t h a t  ATP bound

s p e c i f i c a l l y  to  th e  cou s u b u n it o f g y ra se  in  th e  absence o f n o v o b io c in  

and t h a t  th e  n o v o b io c in  s e n s i t i v e  ATPase a c t i v i t y  o f g y ra se  was on ly  

e f f e c t i v e  on d o u b le -s tra n d e d  re la x e d  o r  l i n e a r  DNA. F in a l ly ,  Sugino 

e t  a l . ( 1978) n o te d  t h a t  DNA g y rase  d id  n o t tu rn -o v e r ,  i . e .  a c t  

c a t a l y t i c a l l y  in  th e  s u p e rc o i l in g  r e a c t io n  when in c u b a te d  w ith  App(NH)p 

in s te a d  o f  ATP; th e  number o f s u p e rc o i ls  in tro d u c e d  in to  each  DNA 

m o lecu le  in c re a se d  on ly  w ith  in c re a s in g  enzyme c o n c e n tr a t io n .

( i i i )  A Model f o r  DNA G yrase A c t iv i ty

The above r e a c t io n s  may now be com piled  to  form th e  b a s is  o f a  

model f o r  th e  in t r o d u c t io n  o f s u p e rc o i ls  in to  DNA by DNA g y ra s e . The 

model p re se n te d  i s  based  upon t h a t  o f Sugino e t  a l .  (1978) and i s  

shown d ia g ra m m a tic a lly  in  F ig u re  1 .8 .  In  s te p  1, th e  two s u b u n its  o f 

g y ra se  ( e ) b ind  to  c o v a le n t ly  c lo s e d , r e la x e d  c i r c u l a r  d u p lex  DNA. A 

gyrase-DNA complex has in  f a c t  been d em o n stra ted  by P e e b le s  e t  (1 9 7 9 )î 

i t  i s  s t a b l e  to  d i l u t i o n  b u t i s  broken down by SDS o r  h e a t in g  to  70°C.

In  s te p  2 , ATP b in d s  to  th e  cou s u b u n it o f  g y ra s e . T h is cau ses  a  

co n fo rm a tio n a l change in  th e  enzyme (e )  to  form E and le a d s  to  a  move

ment o f th e  DNA r e l a t i v e  to  th e  enzym e.• I t  i s  t h i s  movement w hich i s  

r e f l e c t e d  in  th e  a l t e r a t i o n  o f g y ra se  c leav ag e  s i t e s  as d is c u s s e d  above. 

V ario u s models have been proposed  to  e x p la in  how t h i s  movement r e s u l t s  

i n  th e  in t ro d u c t io n  o f  s u p e rc o i l s  (Sugino e t  a l . ,  1978; L iu  and Wang, 

1978a ,b ;  M izuuchi e t  a l . ,  1978a; P eeb le s  e t  a l . ,  1979). These models



Figure 1 .8

A Model f o r  DNA Gyrase A c t iv i ty
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F or e x p la n a tio n  see  t e x t
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w i l l  n o t be d is c u s se d  in  d e t a i l ,  b u t a l l  in c lu d e  th e  common f e a tu r e  o f 

th e  g e n e ra tio n  o f b o th  p o s i t i v e ly  and n e g a t iv e ly  s u p e rc o ile d  domains 

in  th e  DNA, and th e  subseq u en t r e la x a t io n  o f th e  p o s i t iv e  s u p e rc o i l s  by 

*the nalA  p ro te in  a c t i v i t y .  In  th e  t h i r d  s te p ,  th e  DNA i s  d is s o c ia te d  

from  th e  complex accom panied by h y d ro ly s is  o f  ATP to  y ie ld  E-ADP and P i ,  

T h is  s te p  i s  i r r e v e r s i b l e  and g iv e s  d i r e c t io n  to  th e  r e a c t io n .  In  th e  

f i n a l  s te p ,  E-ADP i s  d is s o c ia te d  to  ADP and E.

The r e la x a t io n  o f p o s i t iv e  and n e g a t iv e  s u p e rc o i l s  can be ex p la in e d  

by g y ra se  (E) b in d in g  to  th e  s u p e rc o ile d  DNA. In  th e  absence o f  ATP, 

no domains o f s u p e rc o i l in g  a re  c re a te d  and th e  nalA  p r o te in  n ic k s  and 

r e s e a l s  b o th  n e g a t iv e  and p o s i t iv e  s u p e r c o i l s .  The s u p e r c o i l in g  and 

r e la x a t i o n  r e a c t io n s  a re  c a t a l y t i c  because  th e  enzyme i s  r e le a s e d  a f t e r  

one (o r  many) c y c le s  and can th e r e f o r e  c a ta ly s e  an i d e n t i c a l  r e a c t io n  on 

o th e r  DNA m o lecu le s . The r e a c t io n s  a re  p ro g re s s iv e  because  one c y c le  

o f  e v e n ts  as o u tl in e d  in  F ig u re  1 ,8  on ly  produces a  l im i te d  number o f 

s u p e r c o i l s  p e r  DNA m o lecu le ,

I I I , ( d )  The F u n c tio n  o f  DNA G yrase In  Vivo

We have seen  th a t  DNA g y rase  c a ta ly s e s  th e  s u p e r c o i l in g  o r

r e l a x a t i o n  o f  c lo se d  c i r c u l a r  dup lex  DNA ^  v i t r o . Does g y ra se  have a  

s im i la r  r o le  m  v iv o ? To answ er t h i s  q u e s tio n  i t  i s  n e c e s s a ry  to  examine

th e  t e r t i a r y  s t r u c tu r e  o f  DNA in  v iv o .

( i )  E u k ary o tic  DNA

The chromosome o f s im ian  v i r u s  40 (SY40), w h e th er i s o la te d  from 

v i r io n s  o r  i n t a c t  c e l l s ,  i s  a  c i r c u l a r  DNA m o lecu le . At i n t e r v a l s  around
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th e  m olecu le  th e  DNA i s  condensed w ith  h is to n e s  to  form  nucleosom es 

(Huang e t  a l . ,  1972; G r i f f i t h ,  1975), d i s c r e t e  p a r t i c l e s  c o n ta in in g  MA 

a p p a re n t ly  c o i le d  around th e  h i s to n e s .  These nucleosom es a re  connec ted  

by naked MA, and so th e  chromosome ta k e s  on th e  appearance  o f a 

’’s t r i n g  o f  b e a d s" . The MA in  t h i s  form i s  u n d er a  c o n s t r a in t  as i t  i s  

com pacted 5-7 f o ld  in  le n g th ,  and v/hen i s o l a t e d  and d e p ro te in is e d  

e x h i b i t s  a  s u p e r h e l ic a l  d e n s i ty  o f - 0 . 0 5 .

Germond e t  (1975, 1979) r e c o n s t i tu te d  SY40 ch ro m atin  from 

p u r i f i e d  re la x e d  SY40 MA (c o n ta in in g  no s u p e r h e l ic a l  tu r n s )  and a  

m ix tu re  o f  h is to n e s .  The r e s u l t i n g  com plexes, which to o k  on th e  

ap p ea ran ce  o f norm al nucleosom es as  judged by e le c t r o n  m icroscopy , were 

t r e a t e d  w ith  an u n tw is t in g  enzyme to  remove any s u p e r tw is ts  in  th e  M A, 

b u t l e f t  u n a l te r e d  any s t r u c t u r a l  changes imposed upon th e  DNA by th e  

a s s o c ia t io n  w ith  h i s to n e s .  A f te r  d e p r o te in i s a t io n ,  th e  DNA was found to  

c o n ta in  n e g a t iv e  s u p e rc o i l s  in  p ro p o r t io n  to  th e  amount o f  h is to n e s  

i n i t i a l l y  added. When DNA and h is to n e s  were added in  th e  p ro p o r tio n s  

seen  in  nucleosom es i s o l a t e d  from v i r i o n s ,  th e  s u p e r h e l i c i t y  o f th e  DNA 

a f t e r  tre a tm e n t was th e  same as t h a t  o f  th e  DNA in  v i r i o n s .  From th e se  

s tu d ie s  i t  can be concluded  th a t  th e  DNA in  th e  nucleosom es i s  n o t 

u n d e r  w ind ing  s t r a i n  ( i . e .  i t  can n o t be re la x e d  by u n tw is t in g  enzymes) 

and th a t  th e  s u p e r h e l ic a l  tu rn s  observed  a f t e r  d e p r o te in i s a t io n  a re  a l l  

due to  th e  p rev io u s  w ind ing  o f th e  DNA around th e  h i s to n e s .

I t  would be re a so n a b le  th en  to  conclude t h a t  a  e u k a ry o tic  c e l l  does 

n o t  c o n ta in  a  s u p e rc o i l in g  enzyme e .g .  DNA g y ra s e , s in c e  f r e e  n e g a t iv e  

s u p e rc o i l s  do n o t ap p ea r to  e x i s t  in  th e  c e l l .  However, M a ttem  and 

P a in t e r  (1979) m easured DNA s y n th e s is  in  bo th  i n t a c t  and p e rm e a b ilis e d
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C hinese  h am ste r ovary  c e l l s  in  th e  p re sen ce  o f n o v o b io c in , and found 

t h a t  DNA s y n th e s is  was reduced  by 50^ by 200 jig/m l in  i n t a c t  c e l l s .  In  

c o n t r a s t  th e  same le v e l  o f in h i b i t i o n  r e q u ire d  200 mg/ml in  p e rm e a b ilis e d  

c e l l s .  S ince i n i t i a t i o n  o f DNA r e p l i c a t i o n  does n o t o ccu r in  

p e rm e a b il is e d  c e l l s ,  M a ttem  and P a in te r  concluded  th a t  n o v o b io c in  

p r im a r i ly  in h ib i te d  i n i t i a t i o n .  In  a d d i t io n ,  c e n t r i f u g a t io n  o f  ch rom atin  

from  n u c le o id s  o f n o v o b io c in  t r e a te d  c e l l s  in  e th id iu m  brom ide- 

caesium  c h lo r id e  g r a d ie n ts  re v e a le d  th a t  th e  a n t i b i o t i c  reduced  th e  

s u p e r h e l i c a l  d e n s i ty  o f  th e  DNA. T his su g g e s ts  th a t  a  s u p e rc o i l in g  

enzyme may e x i s t  w ith in  th e  c e l l ,  and t h a t  i t  may a c t  in  a  s im i la r  way 

to  b a c t e r i a l  DNA g y ra se . F u r th e r  work i s  n e c e s s a ry  to  r e s o lv e  t h i s  

a p p a re n t c o n t r a d ic t io n  to  th e  f in d in g s  w ith  th e  SV40 s tu d ie s .

( i i )  P ro k a ry o tic  DNA

I t  i s  now g e n e ra l ly  acc ep ted  th a t  th e  DNA w ith in  b a c t e r i a  i s  

n e g a t iv e ly  s u p e rc o ile d  and i s  n o t condensed w ith  s i g n i f i c a n t  amounts o f 

h i s t o n e - l i k e  p r o te in s .  In  t h i s  s e c t io n  I  w i l l  d is c u s s  some of th e  

e v id en ce  f o r  t h i s  c o n c lu s io n  and in  su p p o r t o f a  r o le  f o r  DNA g y rase  in  

in t r o d u c in g  and m a in ta in in g  th e  DNA in  t h i s  underwound s t a t e .

P lasm id  DNA can be i s o la te d  from b a c t e r i a  w ith o u t d e p r o te in i s a t io n ,  

and i s  found to  be in  a  n e g a t iv e ly  s u p e rc o ile d  form . Timmis e t  a l .

( 1976) s tu d ie d  th e  r e p l i c a t i o n  o f th e  sm a ll p lasm id  pSCIOI by p u lse  

l a b e l l i n g  c e l l s  w ith  [ ^ h ]-th y m id in e  fo llo w ed  by v a ry in g  chase  p e r io d s .

The buoyant d e n s i ty  o f  th e  p lasm id  p o p u la tio n  was th e n  de te rm in ed  by 

c e n t r i f u g a t io n  to  e q u i lib r iu m  in  caesium  c h lo r id e  and e th id iu m  brom ide. 

A f te r  a  s h o r t  c h a se , a  band co rre sp o n d in g  to  th e  c lo se d  c i r c u l a r  

r e la x e d  form was se e n ; t h i s  band appeared  co n c o m ita n tly  w ith  th e
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n e g a t iv e ly  su p e rc o ile d  form and d isa p p e a re d  a t  th e  same tim e  as th e  

peaks o f in te rm e d ia te  d e n s i ty .  T his f u l l y  re la x e d  form o f th e  DiTA was 

co n cluded  to  be th e  end p ro d u c t o f p lasm id  r e p l i c a t i o n ,  w hich was on ly  

s u b se q u e n tly  co n v e rted  to  th e  s u p e rc o ile d  form . A s im i la r  c o n c lu s io n  

was reac h ed  by C rosa ^  a l ,  (1976) u s in g  th e  p lasm id  RSFIO4O.

A d i r e c t  d e m o n s tra tio n  o f th e  r o le  of DNA g y ra se  in  v iv o  was 

o b ta in e d  by G e l le r t  e t  (1976b) who d e te rm in ed  th e  form o f \  DNA 

a f t e r  s u p e r in f e c t io n  o f  an E .c o l i  ^  ly so g en  ( th e r e  i s  no r e p l i c a t i o n  

o f  th e  i n f e c t in g  u n d e r th e se  c o n d i t io n s ) .  In  th e  absence o f

coum erm ycin, th e  ^  DNA, which im m ediate ly  c i r c u l a r i s e s  upon 

i n f e c t i o n ,  was re c o v e re d  in  a  n e g a t iv e ly  su p e rc o ile d  form . I f  

coum ermycin was p re s e n t  d u r in g  in f e c t io n ,  th e  \  DNA was i s o la te d  in  

a  r e la x e d  form c o n ta in in g  on ly  15/̂  o f  th e  norm al s u p e r h e l ic a l  d e n s i ty .  

N a l id ix ic  a c id  a ls o  red u ced  th e  s u p e r h e l ic a l  d e n s i ty  o f  "A DNA u n d er 

s im i l a r  c o n d itio n s  ( G e l le r t  ejb ^ . , 1977)» These ex p erim en ts  d em o n stra te  

t h a t  ex trach ro m o somal DNA in  E .c o l i  i s  a c t iv e ly  s u p e rc o i le d ,  most 

p ro b a b ly  by DNA g y ra se .

As p re v io u s ly  s t a t e d ,  E .c o l i  c e l l s  can be g e n t ly  ly s e d  to  y ie ld  a  

" fo ld e d  chromosome" c o n ta in in g  DNA, ENA and p r o te in .  W orcel and B urgi

( 1972) found th a t  t h i s  chromosomal DNA behaved as  a  s in g le  c o v a le n tly  

c lo se d  c i r c u l a r  m olecu le  when t i t r a t e d  w ith  e th id iu m  brom ide, w ith  a  

s u p e r h e l i c a l  d e n s i ty  v e ry  s im i la r  to  o th e r  c y c l ic  DNAs from  E . c o l i . 

However, W orcel and B urgi found th a t  th e  in t ro d u c t io n  o f betw een 12 

and 80 s in g le - s t r a n d  n ic k s  was re q u ire d  to  f u l l y  r e la x  t h i s  DNA, and 

con c lu d ed  th a t  th e  chromosome was o rg a n ise d  in to  ap p ro x im a te ly  50 

in d e p en d en t s u p e rc o ile d  lo o p s o r dom ains. P e t t i jo h n  and H echt (1973)
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found  t h a t  when c e l l s  were p r e t r e a te d  w ith  r i f a m p ic in ,  w hich i n h i b i t s  

RNA s y n th e s is ,  th e  s e d im e n ta tio n  c o e f f i c i e n t  o f th e  fo ld e d  chromosomes 

was g r e a t ly  reduced  w h ile  th e  s u p e r h e l ic a l  d e n s i ty  rem ained  unchanged. 

However, th e  number o f domains o f  s u p e r c o i l in g  ap peared  to  d e c re a se  

u n d e r  th e s e  c o n d i t io n s .  The fo ld e d  chromosome o f E .c o l i  may th e n  be 

v i s u a l i s e d  as a  s in g le  c i r c u l a r  DNA d up lex  d iv id e d  in to  many su p e r

h e l i c a l  domains which a re  somehow m a in ta in e d  by ENA m olecu les  to  form  a  

condensed  o r  fo ld e d  s t r u c t u r e .

D r l ic a  and Snyder (1978) showed t h a t  th e  a d d i t io n  o f coumermycin 

(50  p g /m l) to  c e l l s  35 m in u tes  p r io r  to  i s o l a t i o n  o f th e  fo ld e d  

chromosomes r e s u l t e d  in  a  70- 759  ̂ d e c re a se  in  th e  s u p e r h e l ic a l  d e n s i ty  

o f  th e  DNA. The DNA was s t i l l  c o v a le n t ly  c lo se d  a n d , in t e r e s t i n g l y , t h e  

s e d im e n ta t io n  c o e f f i c i e n t  b o th  in  th e  p resen ce  and absence  o f e th id iu m  

brom ide was red u ced . Thus in h i b i t i o n  o f DNA g y ra se  n o t o n ly  in h ib i t e d  

s u p e r c o i l in g  o f  th e  DNA, b u t a ls o  caused  th e  chromosome to  p a r t i a l l y  

unw ind, re m in is c e n t o f th e  e f f e c t  o f  r i f a m p ic in .
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IV . ABIS OF THE PRESENT STUDY

The work rev iew ed  in  t h i s  c h a p te r  has shown th a t  DNA r e p l i c a t i o n  

i s  a  complex p ro c e s s ,  dependent upon many f a c to r s  in c lu d in g  th e  su p e r

h e l i c i t y  o f th e  DNA.

When th i s  s tu d y  was commenced th e  mode of a c t io n  o f n o v o b io c in  and 

coumermycin was n o t f u l l y  u n d ers to o d  a lth o u g h  i t  ap peared  p ro b ab le  t h a t  

th e y  in h ib i te d  DNA s y n th e s is .  I  s e t  o u t th e re f o r e  to  s tu d y  t h i s  

i n h i b i t i o n  u s in g  th e  c lo s e ly  r e l a t e d  a n t i b i o t i c  c lo ro b io c in .  T h is g o a l 

was made s im p le r  by th e  subseq u en t d is c o v e ry  o f DNA g y ra se  and i t s  

in h i b i t i o n  by n o v o b io c in  and coum ermycin. I  have th e re f o r e  

c h a r a c te r i s e d  th e  a c t i v i t y  o f c lo ro b io c in  and have u sed  t h i s  a n t i b i o t i c  

to  s tu d y  th e  e f f e c t s  o f changes in  s u p e r h e l i c i t y  o f th e  DNA on th e  

p h y s io lo g y  o f th e  E .c o l i  c e l l .
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C h ap te r  2

MATERIALS AND METHODS

1 . BACTERIAL STRAINS

The s t r a i n s  o f E .c o l i  used  in  many o f th e  ex p erim en ts  were E .c o l i  

K12 LE234 and i t s  d e r iv a t iv e s  (see  Table 2 . 1 ) .  LE234 was c o n s tru c te d

by Dr P . Me acock by m a tin g  AB2147 P" w ith  KL25 H fr supE and s e l e c t i n g  

s trA  h i s ^ reco m b in an ts . LE234 i s  a  p u ta t iv e  supE c lo n e  p ic k ed  from  

such  a  c r o s s .  A ll o th e r  s t r a i n s  a re  l i s t e d  in  T able 2 .1 .  S t r a in s  

w ere m a in ta in ed  a t  4*̂ 0 on n u t r i e n t  o r M9 m inim al a g a r  p la te s  o r  a t  

-20°C  in  l iq u id  medium c o n ta in in g  20^ g ly c e r o l .

2 . CHETCECALS

A ll chem ica ls  w ith  th e  e x c e p tio n  o f  th o se  l i s t e d  below w ere 

a n a l y t i c a l  g ra d e , o b ta in e d  from F iso n s  L td , Loughborough. Amino a c id s ,  

th ia m in e , thy m id in e , u r id in e ,  d im ethy lam inobenzaldehyde, T rism a b a se , 

2 -m e rc a p to e th a n o l, bov ine serum album in , chym otrypsinogen , la c to g lo b u l in ,  

D -g a la c to n a te  and lysozym e were from Sigma L a b o ra to r ie s ,  London. 

A crylam ide and b is -a c ry la m id e  were from Eastman Kodak and were p u r i f i e d  

by  e x t r a c t io n  w ith  a c t iv a te d  c h a rc o a l b e fo re  u s e .  E le c tro p h o re s is  g rade  

ammonium p e rs u lp h a te ,  sodium dodecy l s u lp h a te  and Coomassie b r i l l i a n t  

b lu e  were o b ta in ed  from Bio-Rad L a b o ra to r ie s  L td . 1 ,4 - b i s -2 - (4 -m e th y l-  

5 -p h e n y lo x a z o ly l) -benzene (d im eth y l POPOP) was from  N u c lea r E n te rp r is e s  

L td . A quasol aqueous s c i n t i l l a t i o n  f l u i d  was o b ta in e d  from  New England 

N u c le a r . NCS t i s s u e  s o l u b i l i s e r  was o b ta in e d  from  th e  A m ersham /Searle 

C o rp o ra tio n . R ad iochem icals were from th e  R adiochem ical C e n tre , Amersham.



T a b l e  2 . 1

B a c te r ia l  S t r a in s

A ll s t r a i n s  a re  d e r iv a t iv e s  o f E .c o l i  K-12 excep t LEBI8 and 

LEBI8 rEM98 w hich a re  E .c o l i  B /r  s u b s t r a in  P .

The spon taneous c l o r o b i o c in - r e s i s t a n t  m utan ts o f LE234 -  

LE316 and LE7OI -  a re  d e s c r ib e d  in  th e  t e x t .

The Met"^ d e r iv a t iv e s  o f LE234, LE316 and LE701 were p rep a red  by 

t r a n s d u c t io n  u s in g  P1 grown on C600.

The recA56 d e r iv a t iv e s  o f LE234» LE316 and LE701 were p rep a red  

by c o n ju g a tio n  o f thyA d e r iv a t iv e s  w ith  H fr JC5088 as d e s c r ib e d  in  

th e  t e x t .

The p o in ts  o f o r ig in  o f th e  H fr s t r a i n s  a re  g iven  in  F ig u re  

o r  in  Low (1972 ).

G enetic  nom encla tu re  i s  t h a t  g iven  by Bachmann e t  (1976 ).



s t r a i n Genotype R eference  o r Source

A3 E t h r  le u  t h i  lacY  suoE44 dnaA46 T re sg u e rre s  e t  (1975)

AB2147 ? "  argH h i s  metB i l v  rpsL  t s x  tn a  

t h i  rpsL

E. O rr

AB312 H fr t h r  le u  t h i  lacZ  rnsL Bachmann (1972)

C600 ? "  t h r  le u  t h i  supE44 l a c Y tonA Bachmann (1972)

C0101 HfrC t h i ( ? )  dgoL Cooper ( 1978)

C0509(%+) ? "  metB dgoD (X^) See O rr £ t  a l . (1979)

D21 P t r p  proA h is  la c  t s x  rnsL  

ampA (%^)

Boman and Monner

( 1975)

D21e7 IpsA  m utant o f L21 w ith  g a la c to s e -  

d e f i c i e n t  l ip o p o ly s a c c h a r id e  (LPS)

Boman and Monner

( 1975)

D21f1 m utant o f B21e7 w ith  g lu c o se -  

d e f i c i e n t  LPS

Boman and. Monner

( 1975)

D21f2 m utant o f B21e7 w ith  h e p to s e -  

d e f i c i e n t  LPS

Boman and Monner

( 1975)

JE1011 F t h r  le u  t r p  h i s  th y  t h i  a r a  

la c  g a l x y l m tl rnsL

Tamaki e t  (1971 )

NS2 n o v o b io c in  -  s u p e r s e n s i t iv e  m utant 

o f JE1011

Tamaki e t  a l .  (1971 )



s t r a i n Genotype R eference  o r Source

FM11 JC 1553/P’111 metB argG leuB  h is  

rpsL  recA1 tonA l a c Y x y l malA 

supE44 m tl F '111 c a r r i e s  

met'*' arg"*" ilv'*'

Bachmann £ t  a l .  

(1976)

a ls o  see t e x t

FM 33 JC 1553/F ’133 as JC 1553/F’ 111 f o r  

chromosomal m ark e rs . F '133  i s  

s h o r te r  th a n  F ’111 b u t c a r r i e s  

met'*' arg'*' i l v ^

As above

KL25 F” supE42 Bachmann (1972)

LE234 F~ i l v  argH metB rpsL  tn a  t h i  

x y l supE44?

See t e x t

LEB18 E .c o l i  B /r  F” lacZ  rpsL Boyd ( 1979)

LEB18

rEM98

LEBI8 h a rb o u rin g  th e  p lasm id  

EÎ.I98 Ap Sm Tc

Iy e r  £ t  a l .  (1978)

P10 H fr t h r  le u  t h i  supE44 tonA malB Bachmann (1972)

WI895 HfrC metB r e l E nnis ( l9 7 l )

ÏÏ101 S y n e rg is t in  A -  s e n s i t i v e  m utant 

o f 7fl895

E nnis (1971)



s t r a i n Genotype R eference  o r Source

LE705 reoA56 d e r iv a t iv e  o f LE234 t h i s  s tu d y

LE70é recA56 d e r iv a t iv e  o f  LE701 t h i s  s tu d y

LE707 recA56 d e r iv a t iv e  o f LE316 t h i s  s tu d y

LE747 met'*' d e r iv a t iv e  o f  LE234 t h i s  s tu d y

LE748 met'*’ d e r iv a t iv e  o f LE701 t h i s  s tu d y

LE746 met* d e r iv a t iv e  o f  LE316 t h i s  s tu d y

833 lacZ  h is  rpsL  tonA ts x  

V ( trpED a t t A g a l )

W .J. Brammer

159(A) g a l uvtA6 (^ in d “ ) W .J. Brammer

P400 F” argE proA t h r  le u  l a c Y m tl x y l 

galK  supE rpsL  t h i

Ivlanning and Reeves

( 1978)

P407 ts x  m utant o f P400 Manning and Reeves

( 1978)

JC5088 H fr t h i  r e l  t h r  i l v  spc recA56 Bachmann e t  (1976)

D22 envA m utan t o f D21 Normark e t  ( 1969)

Ymel mel supE supF tonA Bachmann (1972)
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3 . ANTIBIOTICS

C lo ro b io c in  (18 , 631 RP) was a  g i f t  from May and B aker L td ,

Dagenham, E ssex , The m a jo r i ty  o f th e  exp erim en ts  were perform ed u s in g  

B atch  No. CZS 605, p rep a red  by R hone-Poulenc, S .A ., V i t r y ,  F ran ce . 

C lo ro b io c in  was u sed  as a  10 mg/ml s to c k  s o lu t io n  in  a b s o lu te  e th a n o l 

(o r  o c c a s io n a l ly  in  m ethano l) and in c u b a te d  a t  37°C u n t i l  co m p le te ly  

d i s s o lv e d .  F resh  s to c k s  were p re p a re d  on th e  day o f u s e .

Coumermycin Al (A447) was m anufac tu red  by B r i s to l  L a b o ra to r ie s ,  

S y ra c u se , New York, USA and was a  g i f t  from  May and B aker L td .

Coumermycin was d is s o lv e d  in  d im e th y l-su lp h o x id e  to  10 mg/ml and was 

s to r e d  a t  -20°C .

N a lid ix ic  a c id  was o b ta in e d  from  BoeAr//ig e r  and was made up f r e s h  

a s  a  10 mg/ml s to c k  in  25 mM NaOH. R ifam p ic in  was from  Sigma, and was 

f r e s h l y  p rep a red  as 20 mg/ml in  50^ /v  e th a n o l ,  0.1M Kg00^. C hloram phenicol 

was o b ta in e d  from  Sigma, and T rim ethoprim  was a g i f t  from  B urroughs 

W ellcom e. S trep tom ycin  was o b ta in e d  from  Glaxo.

4 . MEDIA

The fo llo w in g  l i q u id  m edia were u s e d : N u tr ie n t  B ro th  (25g Oxoid

N o.2 N u tr ie n t  B ro th  Powder p e r  l i t r e  o f  d i s t i l l e d  w a te r ) ;  L u ria  B ro th  

(lO g D ifco  Bacto T ry p to n e , 5g D ifco  B acto  y e a s t  e x t r a c t ,  5g NaCl p e r  

l i t r e  o f  d i s t i l l e d  w a te r ) ;  T iyp tone Soy B ro th  (^7g Oxoid T ryptone No.

L42, 3g Oxoid Soya Pep tone No. L44, 2 .5 g  D ex tro se , 5g NaCl, 2 .5 g  

KgHPO^ p e r  l i t r e  o f d i s t i l l e d  w a te r  and a d ju s te d  to  pH 7 « 3 ).

M9 minim al s a l t s  medium c o n ta in e d  p e r  l i t r e  o f d i s t i l l e d  w a te r  :

1g NH^Cl, 6g NagHPO^, 3g KHgPO^, 5g NaCl ( a l l  added from  a  s t e r i l e
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x10 s to c k  s o lu t io n )  and 1 mM CaClg and 10 mM MgSO^ (added from a  X100 

s t e r i l e  s to c k ) .  G lucose (0 .4 ^  w /v) was th e  u s u a l  carbon  so u rce  employed, 

Amino a c id s  (40 }ig/ml f i n a l  c o n c .)  and th iam in e  (2 ug/m l f i n a l  conc. -  

f i l t e r e d  s t e r i l i s e d )  w ere added when r e q u ire d .

Agar p la te s  were p rep a red  by s o l id i f y in g  l i q u id  m edia w ith  15g 

D avis New Z ealand Agar p e r  l i t r e ;  6g a g a r  p e r  l i t r e  was used  to  

p re p a re  s o f t  a g a r  o v e r la y s .

BEL a g a r  was u sed  to  grow \  phages and c o n ta in e d  lOg T ry p t ic a s e  

(B a ltim o re  B io lo g ic a l  L a b o ra to r ie s )  and NaCl p e r  l i t r e  o f d i s t i l l e d  

w a te r  and was s o l i d i f i e d  w ith  25g o r  6g a g a r  as above.

B a c te r ia l  b u f f e r  : 3g KHgPO^, 7g NagHPO^, 4g NaCl, O .lg  MgSO^.

7HgO p e r  l i t r e  o f d i s t i l l e d  w a te r .

Lambda b u f f e r  : 6 ml 1M T ris-H C l pH 7 .2 ,  2 . 46g MgS0^.7Hg0, 50mg 

g e l a t i n  p e r  l i t r e  o f d i s t i l l e d  w a te r .

5 . GROWTH OP BACTERIA IN LIQUID CULTURE

F o r many ex p erim en ts  c u l tu r e s  in  b a lan ced  e x p o n e n tia l  grow th were 

u s e d . T his was a ch iev ed  by ta k in g  a  f r e s h  o v e rn ig h t c u l tu r e  grovm in  

M9 m inim al medium and d i l u t i n g  th i s  c u l tu r e  in  th e  same medium to  A^^^

= 0 .1 .  The c u l tu r e  was ag a in  d i lu te d  in  th e  same medium 1 in  100 to  

th e  d e s i r e d  volum e. T h is  c u l tu r e  was grown in  a  c o n ic a l  f l a s k  (o f  

c a p a c i ty  o f a t  l e a s t  f i v e  tim es th e  c u l tu r e  volum e) in  a  New Brunsw ick 

g y ro to ry  sh ak in g  w a te r  b a th .  T h is p roced u re  a llow ed  a t  l e a s t  6 

g e n e ra t io n s  o f grow th b e fo re  sam pling .

The ab so rb an ce , A^^g, of c u l tu r e s  was d e te rm in ed  by w ithd raw ing  a 

2 ml sam ple and m easu rin g  in  a  G ilfo rd  ILLcrosample sp e c tro p h o to m e te r  

a t  450 nm.
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6 . BACTERIAL CELL NTJIvIEEES

These were d e te rm in ed  u s in g  a Model B C o u lte r  C ounter f i t t e d  w ith  

a  30 pm o r i f i c e .  0 .2  ml sam ples o f c u l tu r e s  were mixed w ith  1 .8  ml o f 

f i l t e r e d  0 .9 ^  w/v s a l in e  c o n ta in in g  0 .8 ^  w/v form aldehyde to  f i x  th e  

c e l l s ,  and d i lu te d  f u r t h e r  in  0.99^ w/v s a l in e  (u s u a l ly  1 in  2 5 ) to  an 

a p p r o p r ia te  d e n s i ty  f o r  c o u n tin g . The in s tru m e n t s e t t i n g s  u sed  were 

as  fo l lo w s :  low er th re s h o ld  = 8 .0 ,  u p p er th re s h o ld  betw een 100 a n d o C ,

/ a p e r tu r e  c u r re n t  = 1, /a m p l i f i c a t io n  =

F o r d e te rm in a tio n  o f r e l a t i v e  c e l l  volum e, a  C o u lte r  C ounter Model 

ZB1 f i t t e d  w ith  a  C hannelyzer C/lOOO was u sed . T h is m achine was used  

w h ile  on lo a n  from C o u lte r  E le c tro n ic s  L td . A c o n s ta n t  number o f c e l l s  

was co u n ted  and th e  re a d o u ts  were re c o rd e d  on an X-Y p l o t t e r .  The 

in s tru m e n t s e t t in g s  were th e  same a s  above ex ce p t t h a t  ^/ a p e r tu r e  

c u r r e n t  = 0.354*

7 . MEASUREPmiT OF BNA SYNTHESIS

To m easure th e  accu m u la tio n  o f DNA in  a  grow ing c u l tu r e ,  th e  medium 

in c lu d e d  u r id in e  ( I .5  mi'l) and e i t h e r  P h ] - th y m id in e  ( l  p C i/p g , 1 p g /m l) 

o r  [^"^c]-thym id ine (O .I -O .I6 p C i/p g , 2 u g /m l) . In  b o th  c a se s  non

r a d io a c t iv e  thym idine was added to  g iv e  th e  d e s i r e d  s p e c i f i c  a c t i v i t y .  

The i s o to p e ,  co ld  thym id ine  and u r id in e  were added to  th e  medium p r i o r  

to  th e  a d d i t io n  o f d i l u te d  c u l tu r e  (se e  s e c t io n  5)* 1 ml sam ples were

ta k e n  w ith  e i t h e r  a  g la s s  p ip e t te  o r  an au to m atic  a d ju s ta b le  F in p ip e t te  

i n to  2 ml ic e  co ld  10^ w/v t r i c h lo r o a c e t i c  a c id  (TCA) c o n ta in in g  100 pg  

th y m id in e  p e r  m l. These sam ples were l e f t  on ic e  f o r  a t  l e a s t  one 

h o u r  and  were c o l le c te d  by s u c tio n  on 27 mm membrane f i l t e r s  ( S a r to r io u s ,



59

0 .4 5  "pn pore  s i z e )  p reso ak ed  in  2 mg/ml th y m id in e . The tu b e s  c o n ta in in g  

th e  sam ples were each washed ou t f iv e  tim es w ith  d i s t i l l e d  w a te r  h e a te d  

to  95°C, and th e  f i l t e r s  a  f u r th e r  te n  t im e s . F i l t e r s  were d r ie d  u n d er 

an i n f r a  re d  lamp and t r a n s f e r r e d  to  p l a s t i c  s c i n t i l l a t i o n  v i a l s  w hich 

w ere su b se q u e n tly  f i t t e d  w ith  enough non-aqueous s c i n t i l l a t i o n  f l u i d  

to  co v er th e  f i l t e r s .  T h is s c i n t i l l a t i o n  f l u i d  c o n ta in e d , p e r  l i t r e  

o f  to lu e n e  : 33 mg d im e th y l POPOP and 5g o f 2 , 5 -d ip h e n y lo x a z o le  (PPO). 

The v i a l s  were s to p p e re d  and p la c e d  in  g la s s  s c i n t i l l a t i o n  v i a l s  

and coun ted  in  a  P ackard  L iq u id  S c i n t i l l a t i o n  S p ec tro p h o to m e te r.

8 . THE RATES OF DNA AND ENA SYNTHESIS

The r a t e s  o f n u c le ic  a c id  s y n th e s is  were m easured by w ith d raw in g  

0 .5  ml a l iq u o ts  o f c u l tu r e  in to  50 o r  100 p i  o f prewarmed medium 

c o n ta in in g  e i t h e r  [ ^ h ]- th y m id in e  ( l  u C i, 85 Ci/mmol) o r  - u r id in e

( 0 .5  p C i, 57 .4  mCi/mmol). The p u ls e s  were te rm in a te d  a f t e r  2 m inu tes 

by th e  a d d i t io n  o f  2 ml 10% w/v TCA c o n ta in in g  100 pg  thym id ine o r 

u r id in e  p e r  m l. TCA p r e c ip i t a b le  co u n ts  were d e te rm in e d  as  d e s c r ib e d  

above.

9 . ESTBIATION OF THE DURATION OF A ROUND OF DNA REPLICATION

The C tim e o f a  c u l tu r e  was d e term ined  by m easu rin g  th e  amount o f 

DNA s y n th e s is  (AG) w hich o ccu rred  a f t e r  i n h i b i t i o n  o f i n i t i a t i o n  o f  

r e p l i c a t i o n  by th e  a d d i t io n  o f r i f a m p ic in  (200 p g /m l)  in  a  c u l tu r e  

grown in  th e  p resen ce  o f  [ - th y m id in e  as d e s c r ib e d  above. The C tim e 

was c a lc u la te d  fromZ\G a n d /y  , th e  g e n e ra tio n  tim e , as d e s c r ib e d  in  

C hap ter 6 . The e q u a tio n  quoted th e re  i s  complex and was n o t so lv e d  f o r



60

e v e ry  com bination  o f ^  0 and ^  o b ta in e d . In s te a d  a  com puter 

programme re a d o u t was c o n su lte d  w hich c o n ta in s  many v a lu e s  o f A G 

c a l c u la te d  from  p ro b a b le  com binations o f  C and 'Y  • C hloram phenicol 

(100  p g /m l)  was o c c a s io n a l ly  s u b s t i tu t e d  f o r  r i f a m p ic in .

10. DETERIvmiATION OF MA BEEAKDOM

A c u l tu r e  was grown to  = 0 .4  a t  37°C in  M9 m inim al medium

c o n ta in in g  1 .5  mM u r id in e  and [^h ] - thym id ine (2 p C i/m l, 0 .5  p g /m l) .

The c e l l s  were c e n tr i fu g e d  a t  4°C in  th e  S o rv a ll  SS34 r o t o r ,  washed 

tw ic e  w ith  n o n - ra d io a c t iv e  medium c o n ta in in g  100 pg/m l th y m id in e , and 

re su sp en d ed  in  t h i s  medium to  th e  o r ig i n a l  ab so rb an ce . The c u l tu r e  was 

th e n  d iv id e d  in to  8 ml a l iq u o ts  and t r e a te d  as r e q u ir e d .  D u p lic a te  0 .5  

ml sam ples were tak en  in to  0 .5  ml 10% w /v TCA c o n ta in in g  100 pg/m l 

th y m id in e . The sam ples were l e f t  on ic e  f o r  a t  l e a s t  one h o u r when 

10 p i  bov in e  serum album in (lO mg/ml) was added as c o p r e c ip i t a te  and 

th e  sam ples c e n tr i fu g e d  in  th e  S o rv a ll  SM24 r o t o r  (20 m in, 12,000 rpm ). 

D u p lic a te  50 p i  sam ples were taken  from th e  s u p e rn a ta n t to  a s sa y  f o r  

t o t a l  a c id  s o lu b le  r a d io a c t i v i t y  in  b o th  th e  c e l l s  and medium. The 

p e l l e t  was th en  broken up by v ig o ro u s  v o r te x in g  and th e  sam ples t r e a te d  

f o r  30 m inu tes a t  90^0 to  e x t r a c t  th e  h o t  ac id  s o lu b le  m a te r ia l .  

D u p lic a te  50 u l  sam ples were ta k en  from  th e  s u p e rn a ta n t .  1 ml non 

aqueous s c i n t i l l a t i o n  f l u i d  (A quaso l) was added to  each  sam ple which 

was th e n  counted  in  a  P ackard  L iq u id  S c i n t i l l a t i o n  S p ec tro p h o to m ete r. 

The p e rc e n ta g e  s o l u b i l i s a t i o n  was th en  c a lc u la te d  as th e  p ro p o r tio n  o f 

th e  t o t a l  h o t a c id  s o lu b le  cou n ts  p re s e n t  as co ld  s o lu b le  c o u n ts .



61

11 . MINB™  INHIBITORY CONCENTRATIONS (MIC) OP ANTIBIOTICS

( i )  Tube D ilu t io n  Method

A s e r i e s  o f tu b es  w ere c o n s tru c te d  c o n ta in in g  tw o -fo ld  d i lu t io n s  

o f  th e  compound o f i n t e r e s t  in  4*5 ml o f  e i t h e r  TS b ro th  o r  M9 m inim al 

medium. 0.1 ml o f an o v e rn ig h t c u l tu r e  d i lu te d  1 in  10^ was added to

each  tu b e . A f te r  in c u b a tio n  a t  30°C o r 37°C f o r  16 h o u rs , th e  IvHC 

was re a d  as  the  lo w es t c o n c e n tra t io n  o f compound w hich co m p le te ly  

i n h i b i t e d  o v e rn ig h t grow th as judged from  the  t u r b i d i t y  o f  th e  c u l tu r e s

( i i )  Agar Spot T es t

M inim al a g a r  p la te s  c o n ta in in g  v a r io u s  c o n c e n tra t io n s  o f c lo ro 

b io c in  were p rep a red  as fo llo w s . The a g a r  was a u to c la v e d , e s s e n t i a l  

supp lem en ts  added and th e n  coo led  to  in  a  w a te r  b a th .  M easured

q u a n t i t i e s  were poured in to  prewarmed s t e r i l e  f l a s k s  and c lo ro b io c in  

was added to  th e  d e s ir e d  c o n c e n tra t io n  from  a  10 mg/ml s to c k  in  

e th a n o l .  A f te r  tho rough  m ixing  th e  a g a r  was poured  in to  p l a s t i c  p e t r i  

d is h e s .  Care was tak en  to  avo id  a i r  b u b b le s . The p la te s  were u sed  th e  

same day o r  w ith in  2 days i f  k e p t a t  4°C. A d d itio n  o f c lo ro b io c in  to  

v e ry  h o t a g a r , o r  th e  u se  of p la t e s  more th an  4-5  days o ld  le d  to  an 

a p p a re n t d e c re a se  in  th e  a c t i v i t y  o f  c lo ro b io c in .

The s e n s i t i v i t y  o f a  s t r a i n  was de term ined  by s p o t t i n g  10 p i  o f 
_2

a  10 d i l u t i o n  o f an o v e m i ^ t  c u l tu r e  on to  a  s e r i e s  o f p la te s  

c o n ta in in g  v a ry in g  c o n c e n tra t io n s  o f  c lo ro b io c in .  The I.ÎIC was ta k en  as 

th e  lo w e s t c o n c e n tra t io n  o f  c lo ro b io c in  which e f f e c t i v e l y  p rev en ted  th e  

fo rm a tio n  o f a  c o n f lu e n t grow th o f b a c t e r i a .  S im ila r  p la t e s  were used  

to  d e te rm in e  th e  c o n c e n tra t io n  o f c lo ro b io c in  re q u ir e d  to  p re v e n t 

fo rm a tio n  o f s in g le  c o lo n ie s .
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12. ISOLATION OP CLOROBIOCDT RESISTANT LTUTANTS

10 ml o v e rn ig h t c u l tu r e s  o f LE234 in  m inim al medium were 

c e n t r i f u g e d  and resu sp en d ed  in  0 .2  -  0 .4  ml b a c t e r i a l  b u f f e r .  0.1 ml 

( 10^^ c e l l s )  was sp read  on m inim al a g a r  p la te s  c o n ta in in g  v a r io u s  

c o n c e n tr a t io n s  o f c lo ro b io c in  and th e  p la te s  were in c u b a te d  a t  30°C o r 

37^0 f o r  s e v e ra l  days u n t i l  grow th ap p ea red . S in g le  c o lo n ie s  o r  a re a s  

o f  s tro n g  grow th were p u r i f i e d  to  s in g le  c o lo n ie s  on s im i la r  p la te s  

and  t e s t e d  f o r  r e s i s t a n c e  to  c lo ro b io c in  over a  range o f  c o n c e n tra t io n s  

o f  th e  a n t i b i o t i c .  P u r th e r  d e t a i l s  a re  g iv e n  in  C h ap te r 5*

13 . GENETIC TECHNIQUES

These were c a r r i e d  o u t b a s i c a l l y  as d e s c r ib e d  by M il le r  (1972).

( a )  H fr X P" m atings

10 ml c u l tu r e s  o f th e  H fr and P” s t r a i n  were grov/n o v e rn ig h t in  

n u t r i e n t  b ro th  a t  37°C, d i lu te d  1 in  50 in to  f r e s h  prewarmed b ro th  and 

grown to  A^^q = 0 .5 .  H fr and P” were mixed in  th e  r a t i o  1 to  10 and

in c u b a te d  w ith  v e ry  slow  sh ak in g . A f te r  an a p p ro p r ia te  tim e , 0 .5  ml 

sam ples were w ithdravm , v o rte x e d  th o ro u g h ly , d i l u te d  in  b a c t e r i a l  b u f f e r ,  

and p la te d  on to  s e le c t iv e  p l a t e s .  P a re n ta l  s t r a i n s  w ere alw ays p la te d  

s e p a r a te ly  as c o n t r o l s .

(b )  P -prim e x P“ m atings
t

E s s e n t i a l l y  as above, ex ce p t t h a t  th e  P s t r a i n  was grown o v e r

n ig h t  in  minim al medium to  m a in ta in  s e le c t io n  f o r  th e  episom e b e fo re  

d i l u t i o n  in to  b ro th .  Equal numbers o f P -prim e and P" s t r a i n s  were 

m ixed and in c u b a ted  f o r  1-2 h o u rs  b e fo re  d i l u t i o n  and p la t in g  f o r  

p ro g en y .
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( c )  P1 tr a n s d u c t io n

R e c ip ie n t s t r a i n s  were grown in  n u t r i e n t  b ro th  a t  37°C (o r  30°C 

f o r  te m p e ra tu r e - s e n s i t iv e  s t r a i n s )  to  = ^ 0 .7 »  c e n tr i fu g e d  in  a

MSE bench c e n t r i f u g e ,  resu sp en d ed  in  4 ml 0.01M CaClg, O.IMMgSO^ and 

a e r a te d  f o r  20 m in u te s . 0 ,1  ml a l iq u o ts  o f c e l l s  were added to  0.1 ml 

o f  10^ -  10” ^ d i lu t io n s  o f donor PT v ir and in c u b a te d  f o r  20 m inu tes a t  

30°C o r  37°C. 0o2 ml 1M sodium c i t r a t e  was added to  each  tu b e , th e

c o n te n ts  mixed w ith  3 ml 0.6% w a te r  a g a r ,  and poured  on to  s e le c t iv e  

p l a t e s .  C o n tro ls  w ith o u t phage o r  c e l l s  were alw ays in c lu d e d . T ran s

d u c t io n  f re q u e n c ie s  were u s u a l ly  betw een 1 and 20 tra n s d u e t a n t s p e r  

10^ p . f . u .  o f  P I .

(d )  T e s ts  f o r  v a r io u s  phenotypes

A lo o p fu l  o f  c e l l s  from  a  p la te  was resu sp en d ed  in  0 .1 ml 

b a c t e r i a l  b u f f e r .  A pproxim ately  10 p i  was s p o tte d  on to  s e l e c t i v e  

p l a t e s  e i t h e r  w ith  a  0.1 ml p ip e t t e  o r a  to o th p ic k .  DgoD* s t r a i n s  

w ere i d e n t i f i e d  by t h e i r  a b i l i t y  to  grow on 10 mM D -g a la c to n a te  when 

t h i s  re p la c e d  g lu c o se . F o r i d e n t i f i c a t i o n  o f tn a * ( t r y p to p h a s e ) s t r a i n s ,  

th e  rem a in d er o f th e  c e l l  su sp e n sio n  d e sc r ib e d  above, o r  a s in g le  

c o lo n y , was grown o v e rn ig h t in  1 .0  ml o f e i t h e r  L u r ia  b ro th  + 500 

p g /m l try p to p h a n  o r  M9 minim al medium c o n ta in in g  0.4% g ly c e ro l  (no 

g lu c o s e )  and 500 pg/m l try p to p h a n . 0.1 ml o f a  c u l tu r e  was mixed w ith  

0.1  ml E h r l i c h 's  re a g e n t ^100 mg d im ethy lam inobenzaldehyde in  5 nil 

a b s o lu te  e th a n o l, + 12 m l(92% e th a n o l ,  8% conc. E^SO^^. Tna* c u l tu r e s  

r a p id l y  tu rn e d  p in k ; Tna c u l tu r e s  rem ained y e llo w . T em pera tu re - 

s e n s i t i v i t y  was d e term ined  by in c u b a tin g  s t r a i n s  on pre-w arm ed p l a t e s .
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( e )  Growth o f b a c te r io p h a g e

( i )  P 1 . 0.1 ml o f v a r io u s  d i l u t io n s  o f  phage (10° -  10 was

m ixed w ith  1 ml o f  a  b a c t e r i a l  c u l tu r e  grown to  l a t e  e x p o n e n tia l phase

n u t r i e n t  b ro th  c o n ta in in g  5 nild CaClg. A f te r  20 m inu tes a t  37°C (o r

30°C) to  a llo w  th e  phage to  a d so rb , 3 ml s o f t  n u t r i e n t  a g a r  + 5 mM

CaClg was added and th e  m ix tu re  poured on to  a  n u t r i e n t  a g a r  p l a t e .

The p la te s  were in c u b a te d  a t  37°C (o r  30°C) u n t i l  th e  r e s u l t i n g  p laq u es

w ere j u s t  to u c h in g  each  o th e r  on one p la t e  (ab o u t 8-10  h o u r s ) .  3 ml

n u t r i e n t  b ro th  was added and th e  to p  la y e r  was c o l le c te d  w ith  t h i s

b r o th ,  ch lo ro fo rm ed  and c e n tr ifu g e d  in  a  bench c e n t r i f u g e  f o r  20

m in u te s . The su p e rn a ta n t v/as c o l le c te d  and s to r e d  over ch lo ro fo rm .

Phage was t i t r e d  by m ix ing  0.1 ml o f v a r io u s  d i l u t i o n s  o f phage w ith

0 .1  ml o f a  l a t e  e x p o n e n tia l b a c t e r i a l  c u l tu r e  resu sp en d ed  in  b a c t e r i a l

b u f f e r  + 5 mM CaClg. 3 ml s o f t  n u t r i e n t  a g a r  + 5 mM CaClg was added

and th e  c o n te n ts  were poured on to  n u t r i e n t  a g a r  p l a t e s .  T i t r e s  o f  PI 

9 11were n o rm ally  5x10 -  10 p . f . u .  p e r  m l.

( i i )  A . S tocks were p rep a red  as d e sc r ib e d  above ex ce p t t h a t  th e  

b a c t e r i a  used  was 0.1 ml o f an o v e rn ig h t c u l tu r e  grown in  L u ria  b ro th  

and resuspended  in  Lambda b u f f e r .  The b a c t e r i a  and c e l l s  were p la te d  

on L u r ia  ag a r  u s in g  BBL s o f t  a g a r  o v e r la y s .  A f te r  l y s i s ,  th e  to p  la y e r

was removed w ith  3 ml lambda b u f f e r  and t r e a te d  as above. T i t r e s  were

9 10n o rm ally  between 10 and 5*10 p . f . u .  p e r  ml.

( f  ) I s o la t io n  o f A tra n s d u c in g  phages

Based on th e  method o f Schrenck and VJeis b e rg  (1975)« 0.1 ml o f

an o v e rn ig h t c u l tu r e  o f b a c t e r i a l  s t r a i n  833 a t t ^ V7 was mixed w ith
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A cl857Sam7 a t  a  m u l t i p l i c i t y  o f in f e c t io n  o f 5> and in c u b a te d  a t  32°C 

f o r  20 m in u tes . 0.1 ml o f 10°, 10 and 10"^ d i l u t io n s  was sp read  on 

L u r ia  a g a r  p la te s  to g e th e r  w ith  ICMAc Ih ^^ to  k i l l  n o n -ly so g e n ic  c e l l s .  

P la te s  were in c u b a te d  a t  32°C u n t i l  c o lo n ie s  ( ly so g e n s )  ap p ea red . P la te s  

c o n ta in in g  500 c o lo n ie s  were ta k en  and a l l  th e  b a c t e r i a  on th e  p la te  

suspended in  s e v e ra l  hundred  ml L u r ia  b ro th  to  an — 0 .0 5 . This

c u l tu r e  was grown a t  32°C u n t i l  th e  A^^g = 0 .2 ,  s h i f t e d  to  42°C f o r  

30 m inu tes to  induce th e  phage (w hich produce a  te m p e ra tu r e - s e n s i t iv e  

r e p r e s s o r )  and grown f o r  a  f u r t h e r  2 -3  h ou rs a t  37°C to  a llo w  phage DNA 

r e p l i c a t i o n  and p ack ag in g . The c e l l s  w ere c e n t r i f u g e d ,  resu sp en d ed  in  

5 ml lambda b u f f e r  and ly se d  by th e  a d d i t io n  o f  0.1 ml ch lo ro fo rm .

C e ll d e b r is  was removed by c e n t r i f u g a t io n  and th e  s u p e rn a ta n t  t i t r e d  f o r  

Acl857Sam7 phages by u s in g  supE and supF (Y nel) s t r a i n s .  The S d e fe c t  

can n o t be overcome by th e  u se  o f a  supE m u ta n t.

(g )  I d e n t i f i c a t i o n  o f b a c t e r i a l  p ro te in s  s p e c i f ie d  by A tra n s d u c in g  

phages

T his was based  on th e  method o f P tashne  (1967) as m o d ified  by 

O .S. P las tow  (p e rso  n a l  com m unication). B a c te r ia l  s t r a i n  159 (nvrA ,

\  in d ~ ) was grown in  M9 m inim al medium c o n ta in in g  m a lto se  (0.4% ) and
g

g ly c e ro l  (0.4% ) to  A^^g = O.64  (2x10 c e l l s /m l ) .  F or each  sam ple, 5 ml
—2c u l tu r e  was i r r a d i a t e d  w ith  UV l i g h t  ( 12,000 ergs.mm" (12 J o u le s ) ) .

The c e l l s  were c e n t r i f u g e d  in  a  SS34 r o t o r  ( l 0 ,000  rpm, 10 m in) and 

resu sp en d ed  in  1 ml grow th medium c o n ta in in g  10 mM MgSO^. P u r i f ie d  

t r a n s d u c in g  phage, o r  t h a t  mixed w ith  h e lp e r  phage,w as added a t  an 

moi = 5* T his phage was d ia ly s e d  a g a in s t  Lambda b u f f e r  in  o rd e r  to  

remove m e th ion ine  and so in c re a s e  th e  amount of [ ^ ^ s ]-m e th io n in e
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in c o rp o ra te d .  A f te r  a d s o rp tio n  a t  37°C f o r  15 m inu tes th e  m ix tu re  was 

d i l u te d  w ith  grow th medium (no a d d i t io n  llgSO  ̂ was added) to  5 ml f i n a l  

volum e. A f te r  a e r a t io n  a t  37°C f o r  10 m in u te s , 100 pCi [ -m eth io n in e  

('^SOO Ci/mmol) was added and in c u b a tio n  c o n tin u ed  f o r  30 m inu tes b e fo re  

a d d i t io n  o f an eq u a l volume o f ic e - c o ld  " s to p "  s o lu t io n  c o n ta in in g  

3 .75  mg/ml m e th io n in e  and 6OO ug/m l ch lo ra m p h en ico l. The c e l l s  were 

h a rv e s te d  and t r e a te d  f o r  SDS-PAGE as d e sc r ib e d  in  s e c t io n  I 6 .

(h )  I s o l a t i o n  o f recA  m utan ts

S t r a in s  were f i r s t  made th y m in e - re q u ir in g  by th e  p ro ced u re  o f 

S tac ey  and Simson ( 1965) .  C e lls  were grown o v e rn ig h t a t  37°C (30°C 

f o r  te m p e r a tu r e - s e n s i t iv e s )  in  M9 m inim al medium w ith o u t thym ine, and 

d i l u te d  100 tim es in to  f r e s h  medium c o n ta in in g  thym ine (200 p g /m l) and 

tr im e th o p rim  (20 p g /m l) . I f  s i g n i f i c a n t  grow th o ccu rred  a f t e r  1 day 

th e  c u l tu r e  was d i lu te d  in to  f r e s h  medium c o n ta in in g  thym ine and 

tr im e th o p rim . A f te r  2 d ay s , c u l tu r e s  were p la te d  ou t on m inim al medium 

+ thym ine (200 p g /m l) to  g iv e  s in g le  c o lo n ie s  w hich w ere th en  te s t e d  

f o r  grow th w ith o u t thym ine. Thy” (thyA ) c o lo n ie s  were p ick ed  and 

checked .

RecA d e r iv a t iv e s  were o b ta in e d  by m ating  thyA r e c i p i e n t s  w ith  th e  

H fr  JC5O88 th y * recA56 ( S t r ^ ) .  Thy* S tr ^  recom binan ts  were s e le c te d

and t e s t e d  f o r  th e  p resen ce  o f th e  recA56 a l l e l e  by s e n s i t i v i t y  to  U.V.
_2

l i g h t .  RecA s t r a i n s  d id  n o t grow a f t e r  i r r a d i a t i o n  o f  300 ergs.m m” .
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14. PREPARATION OF CELL LYSATES FOR SDS-PAGE

7 8R a d io a c tiv e ly  l a b e l l e d  c e l l s  (lO -10  ) were t r a n s f e r r e d  to  

c e n t r i f u g e  tu b es  and, f o r  most e x p e rim e n ts , u n la b e l le d  c e l l s

2x10^ p e r  sam ple) were added to  p ro v id e  c a r r i e r  m a te r ia l .  In  some 

e x p e rim e n ts , a d d i t io n a l  [ ^ l î j - l e u c in e  la b e l le d  c e l l s  were added to  

p ro v id e  an in t e r n a l  s ta n d a rd  (see  s e c t io n  17 b e lo w ). The c e l l s  were 

h a rv e s te d  and washed tw ice  in  ic e - c o ld  10 mM sodium phosphate  b u f f e r ,  

pH 7 .2 ,  by su c c e s s iv e  c e n t r i f u g a t io n s  in  th e  S o rv a ll  SS34 r o to r  

(1 0 ,0 0 0  rpm, 10 m in u te s , 4°C ). The washed p e l l e t  was e i t h e r  resu sp en d ed  

d i r e c t l y  in  100 p i  o f SLS sample b u f f e r  o r  f i r s t l y  in  50 p i  phosphate  

b u f f e r  fo llo w ed  by th e  a d d i t io n  o f 50 p i  sample b u f f e r .  The sam ples 

were t r a n s f e r r e d  to  E ppendorf 1 .5  ml p l a s t i c  v i a l s  and im m ediate ly  

b o i le d  f o r  5 m inu tes to  com plete c e l l  l y s i s  and s o l u b i l i s e  p r o te in ,  

and th e n  v o rte x e d  to  s h e a r  the  DNA. C e ll ly s a te s  were s to re d  a t  -20°C 

and were always r e b o i le d  b e fo re  e le c t r o p h o r e s i s .  T y p ic a lly  5-20 p i ,  

c o n ta in in g  50-200  x 10^ coun ts  p e r  m in u te , was load ed  in to  each g e l 

s l o t .

15. SDS POLYACRYLAMIDE GEL ELECTROPHORESIS

The b a s ic  p ro ced u re  and b u f f e r  system  was t h a t  o f  Laemmli (1970 ). 

The c o n s t i tu t i o n  o f  b u f f e r s  and s o lu t io n s  i s  g iv en  in  Table 2 .2 .  Only 

one acry lam id e  s o lu t io n  was u sed  in  any one g e l .  Gels were composed 

o f  a  7.2% s ta c k in g  g e l and an 11% o r 15% s e p a ra t in g  g e l .  A f te r  m ix ing , 

g e l s o lu t io n s  were d e a e ra te d  on ic e  f o r  s e v e ra l  m inu tes b e fo re  p o u rin g . 

F re s h ly  p rep a red  ammonium p e rs u lp h a te  was always u se d . E le c tro p h o re s is  

was c a r r i e d  o u t u s in g  a  Bio-Rad s la b  g e l system  (Model 2 2 0 ). Samples



Table 2 .2

S o lu tio n s  and B u ffe rs  used  in  E le c tro p h o re s is

A. S e p a ra t in g  Gel B u ffe r

0.75M T ris-H C l pH 8 .8 ;  0.2% w/v SDS

B. S ta c k in g  Gel B u ffe r

0.25M T ris-H C l pH 6 .8 ;  0.2% w/v SDS

C. A crylam ide S o lu tio n s

( i )  44% w /v ac ry lam id e ; 0.8% w/v N ,N *-m ethy lene-b is-

acry lam id e  ( b is )

( i i )  44% w /v ac ry lam id e ; 0.4% w/v b is

D. E le c tro p h o re s is  B u ffe r

0.125M T r i s ;  0 .1 92M g ly c in e ; 0.1% w/v SDS 

(pH ^ 8 .3  w ith  no ad ju s tm en t)

E . Sample B u ffe r

O.O625M T ris-H C l pH 6 .8 ; 10% v /v  g ly c e r o l ;

2% w/v SDS; 5% v /v  m ercap to e th an o l

11% S e p a ra tin g  Gel

20 ml B u ffe r  A

10 ml A crylam ide S o lu tio n  ( i )  o r  ( i i )

9 ml D i s t i l l e d  W ater

1 .0  ml Ammonium p e rs u lp h a te  (IO mg/ml)

0 .08  ml TEI,1ED
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w ere p rep a red  as d e s c r ib e d  e lsew here  and w ere .a lw ays b o i le d  im m ediate ly  

p r i o r  to  e l e c t r o p h o r e s i s .  E le c tro p h o re s is  was c a r r i e d  ou t a t  a 

c o n s ta n t  c u r re n t  o f  25 mA p e r g e l ,  u n t i l  th e  t r a c k in g  dye was 

a p p ro x im a te ly  1 cm from  th e  bottom  o f th e  g e l .  G els were s ta in e d  o v er

n ig h t  in  300 ml 10% v /v  a c e t ic  a c id ,  25% v /v  is o p ro p a n o l, 0 . 05% w/v 

Coom assie b r i l l i a n t  b lu e .  D ifu s s io n  d e s ta in in g  was c a r r i e d  o u t by 

sh a k in g  th e  g e l in  300 ml o f 10% v /v  a c e t i c  a c id ,  10% v /v  iso p ro p a n o l 

f o r  two th re e  h o u r p e r io d s .  G els were s to r e d  in  10% v /v  a c e t ic  a c id  

and were photographed  on 4" x 5" I l f o r d  PP4 f i lm  p la te s  u s in g  background 

i l lu m in a t io n  and a  deep orange f i l t e r .

A u to rad iog raphy  and F luo rog raphy

A u to rad io g rap h s w ere p rep a red  by d ry in g  th e  g e ls  on to  a  s h e e t  o f 

Whatman No. 17 Chrom atography P aper in  a  Bio-Rad g e l d ry in g  u n i t .  The 

d r ie d  g e ls  were th e n  p la c e d  in  a  Kodak X -ray  c a s s e t t e  w ith  a  Kodak 

X-Omat XRP5 X -ray  f i lm  p la te  and exposed a t  room te m p e ra tu re . 

F lu o ro g ra p h s  were p re p a re d  by d e h y d ra tin g  th e  g e ls  by two su c c e s s iv e  . 

w ashes in  d ira e th y lsu lp h o x id e , fo llo w ed  by im p reg n a tio n  w ith  PPO e x a c t ly  

a s  d e s c r ib e d  by Bonner and Laskey (1 9 7 4 ). The g e ls  w ere d r ie d  and 

exposed  to  f i lm  as above, ex cep t t h a t  th e  l a t t e r  v/as a t  -80°C .

16 . PREPARATION OF BACTERIAL CELL ENVELOPES

The b a s ic  p ro ced u re  was t h a t  d e s c r ib e d  by Boyd (1 9 7 9 ). C e lls  

(1 0 ^-1 0 ^ ) l a b e l le d  w ith  [ -m e th io n in e  were t r a n s f e r r e d  to  25 ml 

b e a k e rs  and a p p ro x im a te ly  3x10^ [ ^ h ] - le u c in e  l a b e l l e d  c e l l s  were added 

to  p ro v id e  an in t e r n a l  s ta n d a rd  (see  s e c t io n  1 7 ) . U n la b e lle d  c a r r i e r  

c e l l s  o f  th e  same s t r a i n  from  an e x p o n e n t ia l ly  grow ing c u l tu r e  a t  A.^n
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= 0 .5  were added to  each  sample to  g iv e  ap p ro x im ate ly  2x10*'^ c e l l s  

p e r  sam ple. The combined sam ple (10 m l) was s o n ic a te d  f o r  th re e  30 

second  i n t e r v a l s , w ith  30 second c o o lin g  p e r io d s , u s in g  a  f- in ch  

d ia m e te r  probe in  a  ^ISE u l t r a s o n ic  d i s i n t e g r a t o r .  T h is and a l l  

su b se q u e n t s te p s  were c a r r i e d  ou t a t  4°C.

S o n ic a te d  sam ples were c e n tr i fu g e d  in  a  S o rv a ll  SIvI24 r o to r  

( 7 ,500  rpm, 5 m in) to  remove unbroken  c e l l s .  The s u p e rn a ta n t  was t r a n s 

f e r r e d  to  a  second tube and c e n t r i f u g e d  a t  18,000  rpm f o r  30 m in u te s .

The p e l l e t  was resu sp en d ed  in  1 ml sodium phosphate  b u f f e r ,  pH 7*2 

and t r a n s f e r r e d  to  a  p o ly c a rb o n a te  c e n t r i f u g e  tube  and c e n tr i fu g e d  in  

a  Beckman u l t r a c e n t r i f u g e  u s in g  th e  Type 40 r o t o r  (35 ,000  rpm, 30 

m in u te s ) .  The p e l l e t  o f  c e l l  env e lo p es  v/as resu sp en d ed  in  100 p i

0 . 5% w /v S ark o sy l NL97 in  phosphate  b u f f e r  and in c u b a te d  f o r  30 m inu tes 

a t  room te m p e ra tu re . The o u te r  membrane, which i s  in s o lu b le  in  t h i s  

d e te r g e n t  ( F i l i p  e t  a l . ,  1973) was re c o v e re d  by c e n t r i f u g a t io n  o f th e  

sam ples a t  39,000 rpm f o r  2 h o u rs  in  th e  Type 40 r o t o r .  Both th e  

s u p e rn a ta n ts  ( in n e r  membranes) and th e  p e l l e t s  ( o u te r  membranes) were 

p re p a re d  f o r  SDS-PAGE by th e  a d d i t io n  o f  100 p i  SDS sample b u f f e r  and 

b o i l i n g  f o r  5 m in u te s . Samples were s to re d  a t  -20°C . R a d io a c t iv i ty  

i n  th e  f r a c t io n s  was m easured by ta k in g  5 o r 10 p i  a l iq u o ts  in to  aqueous 

s c i n t i l l a t i o n  f l u i d  and c o u n tin g  in  a  P ackard  L iq u id  S c i n t i l l a t i o n  

S p ec tro p h o to m e te r .
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17. USE OF AIT UTERITAL STAIIDAHD OF [ ^h] -LEÏÏCHTE LABELLED CELLS

In  some exp erim en ts  d e s c r ib e d  in  C hap ter 7 , in c o rp o ra t io n  o f 

[^ ^ s ] -m e th io n in e  in to  c e l l  envelope f r a c t io n s  and in d iv id u a l  g e l hands 

was m easured. In  o rd e r  to  o b v ia te  th e  need f o r  re p ro d u c ib le  re c o v e ry  

from  sam ple to  sam ple , an in t e r n a l  s ta n d a rd  was u se d . The method used  

was t h a t  d ev ised  by A, Boyd (1979)« A 20 ml e x p o n e n t ia l ly  grow ing 

c u l tu r e  (A^^Q = 0.1 -  0 .2 )  was l a b e l le d  by th e  a d d i t io n  o f 100 -  200 

jiC i [ ^ h] - le u c in e  (lOO Ci/m m ol). A f te r  abou t two g e n e ra tio n s  grow th , 

u n la b e l le d  le u c in e  ( f i n a l  c o n c e n tra t io n  20 p g /m l) was added . The 

c u l tu r e  was c o n c e n tra te d  by c e n t r i f u g a t io n  and a  c o n s ta n t  volume was 

added to  each [^^s] l a b e l le d  sam ple b e fo re  p ro c e s s in g . The 

r a t i o  in  any c e l l  f r a c t i o n  o r  g e l band d e r iv e d  from th e s e  sam ples was 

th u s  a  m easure o f th e  r e l a t i v e  amount o f  r a d i o a c t i v i t y  in  th e

w hole o f  th e  o r ig in a l  sam ple.

C ounting  was perform ed u s in g  th e  s e t t i n g  in  a  P ackard

Model 3255 L iq u id  S c i n t i l l a t i o n  S p ec tro p h o to m ete r. Samples l a b e l le d  

w ith  each is o to p e  a lone  were alw ays in c lu d e d  to  m easure c ro s s -c h a n n e l 

s p i l l o v e r .  S p i l lo v e r  was alw ays < 1%. from  th e  ch an n e l to  th e  ^^C and 

was d is re g a rd e d . S p i l lo v e r  in  th e  o p p o s ite  d i r e c t io n  was 60 -  100^, 

and cpm were alw ays c o r re c te d  f o r  s p i l l o v e r  b e fo re  c a l c u la t io n  o f 

is o to p e  r a t i o s .  The r a t i o  o f cpm /  ^^C cpm was u s u a l ly  > 1 0 :1 , so 

t h a t  s p i l l o v e r  c o r r e c t io n  was < 10^  o f t o t a l  r a d i o a c t i v i t y .
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1 8 . DIRECT LrSASURET'MT OF RADIOACTIVITY DT PIBrVTDUAL GEL BASILS 

The method u sed  was th a t  o f Ames (1974)* S ta in e d  r a d io a c t iv e

g e ls  were d r ie d  down on to  a  sh e e t o f VThatman N o.4 Chrom atography P aper, 

The bands o f i n t e r e s t  were c a r e f u l ly  c u t o u t u s in g  f in e  s c i s s o r s ,  and 

p la c e d  in  p l a s t i c  s c i n t i l l a t i o n  v i a l s .  50 p i  o f  d i s t i l l e d  w a te r  was 

added to  each v i a l ,  w ith  c a re  b e in g  ta k en  to  w et th o ro u g h ly  th e  g e l 

s l i c e s .  A f te r  10 m in u te s , 5 ml o f s c i n t i l l a t i o n  f l u i d  was added 

c o n ta in in g  p e r  l i t r e ;  923 ml to lu e n e ,  77 ml NOS s o l u b i l i s e r ,  3 .75 S 

PPO and 5^ mg d im eth y l POPOP, The v i a l s  were s to p p e re d , v o r te x e d  and 

in c u b a te d  a t  37°C o v e rn ig h t . The v i a l s  were co o led  and coun ted  as 

d e s c r ib e d  e lsew h ere .

1 9 . STANDARD MOLECULAR WEIGHT MARKERS FOR SDS-PAGE 

C o n cen tra ted  s to c k s  (IO mg/ml) o f th e  fo llo w in g  p ro te in s  were

p re p a re d  : lysozyme (14 ,300  Mi'/)» la c to g lo b u l in  (17 ,000  MW), 

chym otrypsinogen (25,000  MV), l a c t a t e  dehydrogenase (36 ,000  M?), 

ovalbum in (43 ,000  I.OT), p y ru v a te  k in a se  (57 ,000  MiV) and p h o sp h o ry lase  A 

( 94,000  Wl),  The p ro te in s  were mixed and d i lu te d  in  SDS sample b u f f e r  

to  a  f i n a l  c o n c e n tra t io n  o f 50 ug  o f  each  p ro te in  p e r  m l. The m ix tu re  

was b o i le d  and 20 ^ 1  was a p p lie d  to  a  g e l s l o t .
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20 . PHOTOGRAPHY OF BACTERIA

B a c te r ia  were grown in  l i q u id  medium to  A^j-q ' ^ 0 . 4 .  5 ml of

c u l tu r e  was c e n t r i f u g e d  a t  4°C in  a  S o rv a ll  SS34 r o to r  and 

resu sp en d ed  in  a p p ro x im a te ly  0.1 ml b a c t e r i a l  b u f f e r .  10-20 p i  

was p la c e d  on a  c le a n  m icroscope s l i d e  p re v io u s ly  c o a te d  w ith  a  th in  

la y e r  o f 0 .7 ^  ag a ro se  (S igm a). The b a c t e r i a  were l e f t  to  d ry  in to  

th e  ag a ro se  which was th e n  covered  w ith  a  m icroscope s l i d e .  The 

b a c t e r i a  were view ed u n d e r p h a s e - c o n t r a s t  u s in g  a  W ild m icroscope 

(xIOOO m a g n if ic a t io n )  and pho tographed  u s in g  a  Nikon cam era and Kodak 

Pan X f i lm .  A c a l ib r a t e d  g r a t i c u l e  was a lso  pho tographed  and was used  

to  c a lc u la te  th e  m a g n if ic a tio n  f a c t o r .



73

C h an te r 3

CHARACTERISATION OF THE ANTIBIOTIC CLOROBIOCIN

I . In tro d u c t io n

C lo ro b io c in  i s  an a n t i b i o t i c  s t r u c t u r a l l y  s im i la r  to  n o v o b io c in  

and coumermycin Â  (see  F ig u re  1 ,4 ) .  Di o rd e r  to  u se  c lo ro b io c in  as 

an  i n h i b i t o r  o f  BNA g y rase  i t  was n e c e s s a ry , and o f i n t e r e s t ,  to  s tu d y  

th e  a c t i v i t i e s  o f c lo ro b io c in  and to  compare th e s e  w ith  p u b lish e d  r e s u l t s  

w ith  n o v o b io c in  and coumermycin.

S ince  c lo ro b io c in ,  l i k e  n o v o b io c in , i s  a  hydrophob ic  compound (May 

and B aker L td . ,  p e rso n a l com m unication) i t  was ex p ec ted  th a t  s t r a i n s  

la c k in g  p o r t io n s  o f th e  LPS from th e  o u te r  membrane would be p a r t i c u l a r l y  

s e n s i t i v e  to  c lo ro b io c in .  F u r th e r ,  s in c e  n o v o b io c in  and coumermycin 

p r e f e r e n t i a l l y  i n h i b i t  BNA s y n th e s is  in  E .c o l i  (se e  C hap ter 1) i t  was 

l ik e w is e  ex p ec ted  t h a t  c lo ro b io c in  would a ls o  p r im a r i ly  i n h i b i t  BNA 

s y n th e s is .  The r e s u l t s  o b ta in e d  w i l l  be compared w ith  th o se  found u s in g  

n a l id ix i c  a c id ,  a  p o te n t  i n h i b i t o r  o f BNA s y n th e s is  in  E .c o l i  (Ck)ss e t  

a l e , 1965) and a ls o  an i n h i b i t o r  o f BNA g y ra se .

I I .  M easurement o f th e  S e n s i t i v i t y  o f E .c o l i  to  C lo ro b io c in

The minimum in h i b i to r y  c o n c e n tra t io n  (MIC) o f  an a n t i b i o t i c  i s ,  by 

d e f i n i t i o n ,  th e  lo w es t c o n c e n tr a t io n  o f t h a t  compound w hich w i l l  i n h i b i t  

o v e rn ig h t grow th o f a  b a c t e r i a l  c u l tu r e .  The m ost common method o f

d e te rm in a tio n  o f  an REIC v a lu e  i s  th e  tube d i l u t i o n  m ethod. The MIC
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v a lu e s  o f c lo ro b io c in  and n o v o b io c in  d e te rm in ed  in  t h i s  way a re  g iven  

in  T able 3 .1 . A ll s t r a i n s  t e s t e d  were more s e n s i t i v e  to  c lo ro b io c in  

th a n  to  n o v o b io c in . As e x p ec ted , s t r a i n s  NS-2 and 1)21 f2 were v e ry  

s e n s i t i v e  to  c lo ro b io c in ;  NS-2 was i s o l a t e d  as a  n o v o b io c in - s e n s i t iv e  

m u tan t (Tarnaki £ t  a l . ,  1971) and has a  reduced  LPS c o n te n t o f th e  o u te r  

membrane, L21f2 la c k s  h e p to se  in  th e  LPS (see  F ig u re  1 .3 )  w hereas 

D21f1 and L21e7 have lo n g e r  LPS ch a in s  and th e r e f o r e  would n o t be 

ex p e c te d  to  be as s e n s i t i v e  to  c lo ro b io c in  as L 21f2 . S t r a in  D22, th e  

envA c h a in -fo rm in g  m utan t o f L21 (Normark e t  ^ . , 19^9), was n o t 

u n u s u a l ly  s e n s i t i v e  to  c lo ro b io c in ;  th e  same r e s u l t  was o b ta in e d  w ith  

H101, a  m utant w hich has been re p o r te d  to  be u n u s u a lly  s e n s i t i v e  to  many 

a n t i b i o t i c s  and d e te rg e n ts  (E n n is , 1971). The s t r a i n s  LE316 and LE701, 

c lo ro b io c in  r e s i s t a n t  m u tan ts  d e r iv e d  from  LE234 (se e  C hap ters  2 and 5)» 

had  in c re a s e d  MIC v a lu e s  a lth o u g h  th e se  were n o t o u ts id e  th o se  v a lu e s  

o b ta in e d  f o r  some " w ild - ty p e "  s t r a i n s  o f E .c o l i  K-12 e .g .  1)21 and W1895*

A more s e n s i t i v e  t e s t  was d ev ised  w hich co u ld  d e te c t  sm a lle r  b u t 

c o n s i s t e n t  d i f f e r e n c e s  betw een th e  s e n s i t i v i t y  o f d i f f e r e n t  s t r a i n s  to  

c lo ro b io c in .  T h is was th e  "a g a r sp o t t e s t "  as d e s c r ib e d  in  C hap ter 2 and 

th e  r e s u l t s  a re  shown in  T able 3o2. The s t r a i n s  L21e7, D21f1 and L21f2 

w ere a l l  more s e n s i t i v e  to  c lo ro b io c in  th a n  t h e i r  p a re n t s t r a i n  L21.

In  t h i s  t e s t  th e  envA m utan t (3)22) was a ls o  c l e a r l y  more s e n s i t i v e  th an  

L21. The in t ro d u c t io n  o f  th e  p lasm id  rBM98 in to  th e  E .c o l i  B /r  s t r a i n  

LEB18 a ls o  r e s u l t e d  in  in c re a s e d  s e n s i t i v i t y  to  c lo ro b io c in ,  presum ably 

due to  th e  absence o f th e  m ajo r o u te r  membrane p r o te in  (36.5K ) which 

r e s u l t s  from  th e  p resen ce  o f  t h i s  p lasm id  in  t h i s  s t r a i n  ( ly e r  e t  a l . ,  

1978 ) .  In  t h i s  c o n te x t i t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  s t r a i n s



Table 3*1

Minimum I n h ib i to r y  C o n c e n tra tio n  (MIC) o f N ovobiocin  and C lo ro b io c in  

D eterm ined by th e  Tube D ilu t io n  Method

( a )  F or a  f u l l  d e s c r ip t io n  o f s t r a i n s  see C h ap te r 2 .

( b ) ;  (c )  F o r method see  C hap ter 2 , U nless o th e rw ise  s t a t e d  a l l

d e te rm in a tio n s  were perform ed in  tu b e s  s ta n d in g  a t  37°C.

T .S . = t ry p to n e  soy b ro th

M9 = M9 m inim al medium p lu s  e s s e n t i a l  amino a c id s

N.D = n o t d e term ined



s t r a in MIC (^ )(p g /m l)

N ovobiocin  C lo ro b io c in

Conditions (c )

JE1011

NS-2

WI895

H101

D21

D22

LE234

LE234

LE316

LE701

D2le7

D 21f 1

D21f2

> 5 0 0

1.6

N.D

N.D

N.D

N.D

) 500 

> 500  

> 5 0 0  

> 5 0 0

N.D

N.D

N.D

31

0 .4

62

31

62

31

16

16

62

32-64

T.S

T.S

M9 ; sh ak in g

M9 ; sh ak in g

8

0 .4

M9

M9

M9

T.S

T.S 30°C and 37°C

T.S

T.S

T.S

T.S



Table 3.2

Minimum I n h ib i to r y  C o n c e n tra tio n  (MIC) o f C lo ro b io c in  D eterm ined by 

th e  Agar Spot T es t

( a )  F or a  f u l l  d e s c r ip t io n  o f s t r a i n s  see  C hap ter 2 .

(b )  MIC d e te rm in ed  as th e  lo v æ st c o n c e n tra t io n  o f c lo ro b io c in

in  a g a r  t h a t  in h ib i te d  o v e rn ig h t co lony  fo rm a tio n . For f u l l  

d e t a i l s  o f method see  C h ap te r 2 .



s t r a i n MIC ^ ^ \ p g / m l )  P h e n o ty p e  o f  S t r a i n

D21

D22

D21e7

D21f1

D21f2

LE234

LE316

LE701

LEB18

LEBI8 (rEM98)

60

10

10

10

1

30

60

60

60

30

w ild - ty p e

envA; ch a in  f o m in g

g a la c to s e  d e f i c i e n t  LPS

g lu c o se  d e f i c i e n t  LPS

h e p to se  d e f i c i e n t  LPS

w ild - ty p e

c lo ro b io c in  r e s i s t a n t ;  from  LE234

c lo ro b io c in  r e s i s t a n t ;  from  LE234

E .c o l i  B /r  w ild - ty p e

o u te r  membrane p r o te in  b

d e f i c i e n t
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D21e7, D21f1 and D21f2 a l l  have d e c re a se d  l e v e ls  o f th e  m ajo r o u te r  

membrane p ro te in s  (L ug tenberg  e t  a l . ,  1976).

An a l t e r n a t iv e  method used  to  d e te rm in e  th e  s e n s i t i v i t y  o f  s t r a i n s  

to  c lo ro b io c in  was th e  a d d i t io n  o f  c lo ro b io c in  to  a  grow ing c u l tu r e  and 

m easurem ent o f th e  subseq u en t in c re a s e  in  mass a s  in d ic a te d  by th e  

o p t i c a l  d e n s i ty  (A^^q) .  F ig u re  3.1 shows th e  e f f e c t  o f c lo ro b io c in  on 

th e  mass in c re a s e  o f fo u r  s t r a i n s ;  in  a l l  c a se s  th e  accu m u la tio n  o f  mass 

was red u ced  w ith in  one g e n e ra tio n  o f th e  a d d i t io n  o f c lo ro b io c in .  In  th e  

two p a r t i c u l a r l y  s e n s i t i v e  s t r a i n s ,  as d e f in e d  by th e  p re v io u s  t e s t s ,  

mass in c re a s e  was more s e v e re ly  a f f e c te d  and th e  envA m utan t e s s e n t i a l l y  

s to p p ed  grow ing a f t e r  on ly  100 m in u te s .

The e f f e c t  o f c lo ro b io c in  on th e  v i a b i l i t y  o f LE234 was d e term ined  

and th e  r e s u l t s  shown in  F ig u re  3 .2 .  In  b o th  grow ing and non-grow ing 

c u l tu r e s  v i a b i l i t y  im m ed ia te ly  d e c re a se d  upon a d d i t io n  o f  c lo ro b io c in .  

However t h i s  e f f e c t  was m odest, p a r t i c u l a r l y  in  non-grow ing c u l tu r e s  where 

l e s s  th a n  Q̂ffo o f th e  c e l l s  were k i l l e d  a f t e r  two h o u rs .  T his i s  

c o n s i s t e n t  w ith  r e s u l t s  which have shown a  re c o v e ry  from  in h i b i t i o n  o f 

b o th  mass and DHA s y n th e s is  by rem oval o f c lo ro b io c in  from  a  t r e a te d  

c u l tu r e  (d a ta  n o t shown).

I I I .  The E f fe c t  o f C lo ro b io c in  on Mass and DNA S y n th e s is

S t r a in  LE234 was s e le c te d  f o r  f u r t h e r  s tu d y  in  view  o f th e  p resen ce

o f  g e n e t ic  m arkers which were s u i t a b le  f o r  the  su b seq u en t a n a ly s is  o f

c lo ro b io c in  r e s i s t a n t  m utan ts (see  C hap ter 5 ) .  The grow th r a t e  o f LE234

was f i r s t  de term ined  in  th e  p re sen ce  o f sub-MIC c o n c e n tra t io n s  o f



Figure 3.1

The E f f e c t  o f  C lo ro b io c in  on th e  Growth o f Four E .c o l i  K-12 S t r a in s

a ,  b . D21 and D22 ( envA) were grown a t  3 7 i n M9 minimal medium.

c ,  d . LEBI8 and LEBI8 (rEIÆ98) were grown a t  37°C in  n u t r i e n t  b r o th .

At z e ro  tim e , as  in d ic a te d  by th e  arrow , c lo ro b io c in  was added 

to  a  f i n a l  c o n c e n tr a t io n  o f 10 p g /m l.

( 0 ) u n tr e a te d  c u l tu r e ;  ( • )  c lo ro b io c in  (IO p g /m l) t r e a te d  

c u l tu r e .
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F i ^ r e  3 o 2

The E f f e c t  o f C lo ro b io c in  on th e  V ia b i l i t y  o f E .c o l i  K-12 LE234

a .  A c u l tu r e  o f LE234 was grown a t  37°C in  M9 minim al medium w ith  

e s s e n t i a l  amino a c id s  to  an A^^Q = O .17 . The c u l tu r e  was 

d i s t r i b u t e d  in to  th r e e  f l a s k s  : two f la s k s  re c e iv e d  c lo ro b io c in  

to  f i n a l  c o n c e n tra t io n s  o f 50 yig/ml ( □ )  and 100 }ig/ml (o)  

r e s p e c t iv e ly ;  th e  t h i r d  f l a s k  re c e iv e d  e th y l  a lc o h o l to  1% v /v  

(# ) .  Samples were ta k en  and v ia b le  cou n ts  d e term ined  on 

n u t r i e n t  a g a r  w ith o u t c lo ro b io c in .

b . A c u l tu r e  o f LE234 was grown a t  37°C in  M9 m inimal medium w ith  

e s s e n t i a l  amino a c id s  to  an A^^^ = 0o4o The c e l l s  were 

c e n tr i fu g e d ;  washed once in  b a c t e r i a l  b u f f e r  and resu sp en d ed  in  

th i s  b u f f e r  in  the  o r ig in a l  volum e. The c u l tu r e  was d iv id e d  

and t r e a te d  as in  a., ( • ) ,  c o n t ro l  c u l tu r e ;  ( □ ) 50 pg /m l 

c lo ro b io c in ;  (O ), 100 yig/ml c lo ro b io c in .
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c lo ro b io c in  and th e  r e s u l t s  a re  shown in  T able 3»3» A lthough th e se  

c o n c e n tra t io n s  d id  n o t r e s u l t  in  t o t a l  i n h i b i t i o n  o f g ro w th ,th e  grow th 

r a t e  was reduced  in  approx im ate p ro p o r tio n  to  th e  c o n c e n tra t io n  o f 

c lo ro b io c in  p r e s e n t .  T h is in d ic a te s  t h a t  th e  cou a u b u n it o f DÏÏA g y rase  

may be e s s e n t i a l  f o r  norm al grow th o f E . c o l i . The e f f e c t s  on c e l l  

d iv i s i o n  and s e p ta t io n  w i l l  be d is c u s s e d  in  C hap ter 4»

The e f f e c t  o f c lo ro b io c in  on ENA s y n th e s is  was m easured in  LE234 and 

th e  r e s u l t s  shown in  F ig u re  3 .3 .  At b o th  50 and 100 yg/m l c lo ro b io c in  

(com pare w ith  th e  MIC v a lu e  o f l6  ^g /m l in  t h i s  medium), ENA s y n th e s is  

was s e v e re ly  in h ib i te d  a lth o u g h  even a t  th e  h ig h e r  c o n c e n tra t io n  th e  

b lo c k  was n o t com plete and s y n th e s is  co n tin u ed  a t  abo u t 149  ̂ o f th e  c o n t ro l  

r a t e .  C e ll mass was a ls o  im m ediate ly  a f f e c te d  b u t to  a  l e s s e r  e x te n t  

th a n  ENA s y n th e s is .  The in c re a s e  in  mass d u r in g  c lo ro b io c in  tre a tm e n t 

ap p ea red  to  be l i n e a r  as opposed to  lo g a r i th m ic  and t h i s  was confirm ed  by 

r e p l o t t i n g  th e  d a ta  as shown in  F ig u re  3.4*

To ensu re  t h a t  th e  c o n tin u ed  accu m u la tio n  o f ENA observed  d u rin g  

c lo ro b io c in  tre a tm e n t was n o t due to  an a r t i f a c t  o f l a b e l l i n g  w ith  [ ^ h] -  

th y m id in e , the  experim en t was re p e a te d  ov er a  wide range  o f  c o n c e n tra t io n s

u s in g  [ ^ c ]- th y m id in e . These two is o to p e s  d i f f e r  by th e  p o s i t io n  o f 

th e  r a d io a c t iv e  la b e l  in  th e  thym id ine m o lecu le . The r e s u l t s ,  as shovm 

in  F ig u re  3«5» were q u a l i t a t i v e l y  s im i la r  to  th o se  in  F ig u re  3 .3 .  ENA 

s y n th e s is  was n o t co m p le te ly  b locked  a t  ’100 yig/ml c lo ro b io c in  and^ 

in te r e s t in g ly ^  a t  low c o n c e n tra t io n s  some re c o v e ry  was a p p a re n t a f t e r  abou t 

1 .5  h o u rs . At a l l  c o n c e n tra t io n s  th e  e f f e c t  o f c lo ro b io c in  upon ENA 

s y n th e s is  was g r e a t e r  th a n  th a t  upon m ass.



Table 3 q3

The E f f e c t  o f C lo ro b io c in  on th e  Growth R ate and M orphology o f 

LE234

An o v e rn ig h t c u l tu r e  of LE234» grown in  M9 m inim al medium w ith  

e s s e n t i a l  amino a c id s ,  was d i l u t e d  2 0 0 -fo ld  and d i s t r i b u t e d  to  8 

f l a s k s  to  w hich c lo ro b io c in  was added to  th e  f i n a l  c o n c e n tra t io n s  

in d ic a te d .  The a lc o h o l c o n te n t was a d ju s te d  to  0.1% v /v  and th e  

c u l tu r e s  grown th ro u g h  ap p ro x im a te ly  7 g e n e ra tio n s  to  = 0°1 .

The grow th r a t e  was d e term ined  o v er th e  n e x t 2 g e n e ra t io n s  o f 

e x p o n e n tia l  g ro w th . The c e l l s  w ere th en  examined by phase c o n t r a s t  

m icroscopy .



Sample C lo ro b io c in  'y'

conc. (^g /m l) (m ins)

M orphology o f  C e lls

49 Normal s h o r t  rods

B 0.05 49 O ccasiona l c h a in  o f 3 
c e l l s .  No lo n g  c e l l s

0.1 55 As B; a ls o  a  few lo n g  
f a t  c e l l s

0 .5 59 As 0; a ls o  some ch a in s  
o f 3-4  c e l l s

B 1.0 59 As D; a l t h o u ^  in c re a se d  
freq u en cy  o f b o th  ch a in s  
and lo n g , f a t  c e l l s

62 As E; freq u en cy  of 
c h a in s  h ig h e r .  F ilam en ts  
o f 2 -3  X c e l l  le n g th

77 D ecreased  freq u en cy  o f ch a in s  
and in c re a s e d  freq u en cy  o f 
f i la m e n ts  (x 4-6  c e l l  le n g th ) ;  
an o c c a s io n a l v e ry  sm all c e l l

H 10 100 N early  a l l  c e l l s  lo n g e r  th a n  
th o se  in  A and many perhaps 
w id e r. Very few c h a in s ; an 
o c c a s io n a l v e ry  sm all c e l l



Figure 3 .3

Mass and ENA S y n th e s is  in  LE234 d u rin g  C lo ro b io c in  T rea tm ent

A c u l tu r e  o f  LE234 was grown in  M9 medium w ith  e s s e n t i a l  amino 

a c id s  supplem ented  w ith  [^ h ]-th y m id in e  (1 yig/ml, 1 p.Ci/]ig) to  an 

A^^q = 0 . 0 8 . At i n t e r v a l s  1 .0  ml sam ples were removed in to  ic e - c o ld  

TCA f o r  d e te rm in a tio n  o f t o t a l  a c id  p r e c ip i t a b le  c o u n ts . At A^^g = 

O0I th e  c u l tu r e  was d i s t r i b u t e d  in to  3 f l a s k s .  Two c u l tu r e s  

re c e iv e d  c lo ro b io c in  and th e  t h i r d  an equal volume o f e th y l  a lc o h o l .  

Samples were th e n  removed as b e fo re .

Upper : C e ll Mass Lower : ENA

( 0 ) c o n t ro l ;  ( • )  50 )ig/ml c lo ro b io c in ;  ( □ )  100 pg/m l c lo ro b io c in ,
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Figure 3 .4

Mass S y n th e s is  in  LE234 d u r in g  C lo ro b io c in  T rea tm ent

The d a ta  in  F ig u re  3 .3  a re  r e p lo t t e d  on a  l i n e a r  s c a le

( a  ) c o n tro l

(O) 50 pg/m l c lo ro b io c in

( • )  100 jig/m l c lo ro b io c in
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Figiire 3»5

Mass and DNA S y n th e s is  in  IjE234 d u r in g  C lo ro b io c in  T reatm ent

A c u l tu r e  o f LE234 was grown in  M9 medium w ith  e s s e n t i a l  

amino a c id s  supplem ented w ith  - th y m id in e  (2 y g /m l, 0 .05

y C i/m l) to  an A^^g = 0o08. At in t e r v a l s  1 .0  ml sam ples were 

removed in to  ic e - c o ld  TCA f o r  d e te rm in a tio n  o f  t o t a l  a c id  

p r e c ip i t a b le  c o u n ts . At A^^g = 0 .13  th e  c u l tu r e  was d i s t r i b u t e d  

in to  f iv e  f l a s k s  which re c e iv e d  c lo ro b io c in  to  th e  f i n a l  

c o n c e n tra t io n s  ( in  u g /m l) in d ic a te d  on th e  r i g h t  o f each c u rv e . 

The c o n tro l  c u l tu r e  r e c e iv e d  an e q u iv a le n t  volume o f e th y l  

a lc o h o l .

Upper ; C e ll Mass Lower : DNA
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The e f f e c t  o f c lo ro b io c in  on th e se  two p a ram eters  was compared to  

t h a t  o f n a l id ix i c  a c id  (F ig u re  3 .6 ) .  As ex p ec ted  (se e  Goss e t  , 1965)» 

a  h ig h  c o n c e n tra t io n  o f n a l id ix i c  a c id  (50  p.g/ml) caused  an im m ediate 

c e s s a t io n  o f DNA s y n th e s is .  Lîass, how ever, c o n tin u ed  to  accum ulate  

e x p o n e n t ia l ly  f o r  about 45 m inu tes ( s l i g h t l y  l e s s  th a n  one g e n e ra tio n  

tim e )  b e fo re  in h i b i t i o n  o c c u rre d . At a  low er c o n c e n tra t io n  o f n a l id ix i c  

a c id  (20 p.g/ml) DNA s y n th e s is  c o n tin u ed  a t  a  reduced  r a t e  f o r  ab o u t 100 

m inu tes  b e fo re  c e a s in g  a b ru p t ly .  The s ig n i f ic a n c e  o f t h i s  co n tin u ed  

s y n th e s is  i s  n o t c l e a r ;  i t  may r e f l e c t  co n tin u ed  movement o f  some o r  a l l  

r e p l i c a t i o n  fo rk s  b e fo re  DNA s y n th e s is  f i n a l l y  c e a s e s .  When c lo ro b io c in  

(50  p g /m l) and n a l id ix i c  a c id  (20 p g /m l)  were added to g e th e r ,  th e  e f f e c t  

o f n a l i d i x i c  a c id  upon DNA s y n th e s is  app ea red  to  be dom inan t. However a  

s y n e r g i s t i c  e f f e c t  on mass s y n th e s is  was observed  c o n s is te n t  w ith  a 

s im i la r  a d d i t iv e  e f f e c t  o f th e  two drugs on p r o te in  s y n th e s is  (see  

s e c t io n  TV").

The low le v e ls  o f DNA s y n th e s is  observed  in  th e  p re sen ce  o f c lo ro 

b io c in  and n a l id ix i c  a c id  were s tu d ie d  f u r t h e r  by p u lse  l a b e l l i n g  a  

c u l tu r e  o f  LE234 w ith  [ thym id ine to  m easure th e  in s ta n ta n e o u s  r a t e  o f 

DNA s y n th e s is  d u r in g  a n t i b i o t i c  t r e a tm e n t.  As shown in  F ig u re  3.7» th e  

r a t e  o f  DNA s y n th e s is  f e l l  by a lm ost 90^ w ith in  8 m inu tes o f  th e  

a d d i t io n  o f  c lo ro b io c in  (50  p.g/ml) and co n tin u ed  a t  ab o u t t h i s  l e v e l  f o r  

2 .75  h o u rs .  By com parison , n a l id ix i c  a c id  (20 ]ig /m l) caused  an im m ediate 

80% re d u c t io n  in  th e  r a t e  o f DNA s y n th e s is .  The r e s id u a l  s y n th e s is ,  

how ever, was on ly  observed  f o r  80 m inu tes b e fo re  th e  r a t e  f e l l  to  l e s s  

th a n  5^' o f  th e  i n i t i a l  v a lu e .  This con firm s th e  accu m u la tio n  d a ta  and 

shows t h a t  DNA s y n th e s is  c o n tin u ed  a t  a  reduced  r a t e  in  th e  p resen ce  o f 

th e s e  c o n c e n tra t io n s  o f c lo ro b io c in  and n a l id ix i c  a c id .



Figure 3 .6

Mass and MA S y n th e s is  in  LE234 d u r in g  N a lid ix ic  Acid and 

C lo ro b io c in  T rea tm en ts

A c u l tu r e  o f  LE234 was grown in  M9 medium w ith  e s s e n t i a l  

amino a c id s  supplem ented w ith  -th y m id in e  (2 p g /m l, 0.05

yiCi/m l) to  an A^^Q = 0 .0 8 . At in t e r v a l s  1 .0  ml sam ples were 

removed in to  ic e - c o ld  TCA f o r  d e te rm in a tio n  o f t o t a l  a c id  

p r e c ip i t a b le  c o u n ts . At A^^^ = 0 .13  th e  c u l tu r e  was 

d i s t r i b u t e d  in to  5 f la s k s  w hich re c e iv e d  n a l id ix i c  a c id  o r 

c lo ro b io c in  to  th e  f i n a l  c o n c e n tra t io n s  in d ic a te d  below . 

Samples w ere th e n  removed as b e fo re .

Upper : C e ll Mass Lower : DNA

a . ( • )  c o n t ro l

b . (x) 50 y.g/ml c lo ro b io c in

Co ( ■  ) 20 pg/m l n a l id ix i c  a c id

d . (O) 20 pg/m l n a l id ix i c  a c id  p lu s  50 pg/m l c lo ro b io c in

e .  ( □ ) 50 pg/m l n a l id ix i c  a c id
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F igure 3*7

R ate o f DNA S y n th e s is  in  LE234 d u r in g  G lo ro b io c in  and N a l id ix ic  

Acid T rea tm en ts

A c u l tu r e  of LE234 was grown in  M9 medium w ith  e s s e n t i a l  amino 

a c id s  to  an A^^^ = 0 .0 3 . Oo5 ml sam ples were w ithdraw n and p u ls e -  

la b e l le d  f o r  2 m inu tes w ith  1 p.Ci [^ h] - thym id ine (85 C i/m m ol).

A t an A^^Q 0 ,12  th e  c u l tu r e  was d i s t r i b u t e d  in to  two f l a s k s  which 

im m ed ia te ly  r e c e iv e d  c lo ro b io c in  o r  n a l id ix i c  a c id .  Samples were 

th e n  removed a s  b e fo re .

(O) c o n t ro l

( • )  50 pg /m l c lo ro b io c in

( □ ) 20 ]ig/ml n a l i d i x i c  a c id
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IV. An Attempt to Characterise the Reduced Rate of MA Synthesis

The reduced  r a t e  o f MA s y n th e s is  observed  in  th e  p re sen ce  o f low 

c o n c e n tr a t io n s ,  e .g .  10 pg/m l o f c lo ro b io c in ,  cou ld  be due to ;  ( l )  a  

red u ce d  freq u en cy  o f i n i t i a t i o n  o f r e p l i c a t i o n ,  (2 ) a  red u ced  r a t e  o f 

movement o f some o r  a l l  o f th e  r e p l i c a t i o n  fo rk s  in  th e  c u l tu r e ,  o r 

(3 )  some com bination  o f th e se  two f a c t o r s .  In  o rd e r  to  t e s t  th e  second 

e x p la n a tio n  th e  p a t te r n  o f MA s y n th e s is  v/as examined in  th e  p re sen ce  o f 

r i f a m p ic in .  R ifam p ic in  b lo c k s  th e  i n i t i a t i o n  o f MA r e p l i c a t i o n  and th e  

tim e ta k e n  f o r  MA s y n th e s is  to  co m p le te ly  c e a se , o r  ru n o u t,  i s  a  m easure 

o f  th e  C -tim e o f t h a t  c u l tu r e  i . e .  th e  v e lo c i ty  o f  th e  r e p l i c a t i o n  fo rk s  

( P r i tc h a r d  and Z a r i ts k y ,  1970). A more a c c u ra te  d e te rm in a tio n  o f th e  

C -tim e can be computed from  th e  inc rem en t of MA s y n th e s is  (&  C) which 

i s  a  m easure o f th e  number o f r e p l i c a t i o n  fo rk s  p e r  chromosome 

im m ed ia te ly  b e fo re  b lockage o f  f u r t h e r  i n i t i a t i o n  o f  r e p l i c a t i o n  

( P r i tc h a r d  and Z a r i ts k y ,  1970). The fo rm u la  u sed  i s :

A G  = 2^' n  . In2 ^

2"  -  1

where n = Ç

add C = tim e ta k e n  f o r  one round o f r e p l i c a t i o n

and ^  = g e n e ra t io n  tim e (m in u te s )

In  th e  experim ent shown in  F ig u re  3 .8  c lo ro b io c in  and r i f a m p ic in  

w ere added e i t h e r  s e p a r a te ly  o r  to g e th e r  to  LE234 and th e  ru n o u t tim es 

com pared. A lthough th e re  i s  a  c e r t a in  amount o f s c a t t e r  in  th e  p o in t s ,  

i t  i s  c l e a r  th a t  th e  c lo ro b io c in  and r i f a m p ic in  t r e a te d  c u l tu r e  s y n th e s is e d



Figure 3 .8

DNA S y n th e s is  in  LE234 in  th e  P resen ce  o f C lo ro b io c in  and 

R ifam p ic in

A c u l tu r e  o f  LE234 was grovm in  M9 medium w ith  e s s e n t i a l  amino 

a c id s  supplem ented  w ith  [^ ^ c ]- th y m id in e  (O.O5 p C i/m l, 2 ^ g /m l)  to  

an A^^Q = Go 12. Samples w ere th en  w ithdraw n in to  ic e - c o ld  TCA f o r  

d e te rm in a tio n  o f t o t a l  a c id  p r e c ip i t a b le  c o u n ts .  At an A^^Q = 0 .1 8 

th e  c u l tu r e  was d i s t r i b u t e d  in to  4 f la s k s  w hich re c e iv e d  e i t h e r  

c lo ro b io c in  o r  r if a m p ic in  as in d ic a te d  below . Samples were th en  

ta k e n  as b e fo re .

a .  ( ■ )  c o n t ro l

b . ( d ) 10 pg/m l c lo ro b io c in

c .  (# ) 200 ug/m l r i f a m p ic in

d . ( 0 ) 10 pg/m l c lo ro b io c in  + 200 pg/m l r if a m p ic in
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l e s s  ( i . e .  80^) DNA th a n  d id  th e  c u l tu r e  t r e a te d  w ith  r i f a m p ic in  a lo n e .

The tim e tak en  to  ru n o u t was th e  same f o r  b o th  c u l t u r e s , abou t 85 

m in u te s . T his v a lu e  i s  more th an  tw ice  th e  computed C -tim e o f th e  

r i f a m p ic in  t r e a te d  c u l tu r e  (4 I m in .)  as  c a lc u la te d  from th e  A G v a lu e . 

However, e s t im a tio n s  o f C -tim es from  th e  ru n o u t tim es can  y ie ld  abnorm ally  

h ig h  v a lu e s  (see  C hap ter 6; a ls o  O rr e t  , 1979)* The im p o rta n t p o in t 

to  n o te  i s  t h a t  because  th e  c u l tu r e s  d id  n o t s y n th e s is e  th e  same amount 

o f  DNA, no com parison can be made co n ce rn in g  th e  r e s p e c t iv e  v e l o c i t i e s  

o f  th e  r e p l i c a t io n  fo r k s .  However t h i s  p o in t  does a llo w  th e  c o n c lu s io n  

t h a t  some r e p l i c a t i o n  fo rk s  a re  e f f e c t i v e l y  s t a l l e d  d u r in g  c lo ro b io c in  

t r e a tm e n t .

V. The E f fe c t  o f C lo ro b io c in  on HNA and P ro te in  S y n th e s is

Both n o v o b io c in  and coumermycin have been r e p o r te d  to  i n h i b i t  ENA 

s y n th e s is  in  E .c o l i  (Eyan, 1976; Sm ith and D av is , 1967) and th e  e f f e c t  

o f  c lo ro b io c in  on mass d e s c r ib e d  in  s e c t io n  I I I  in d ic a te d  t h a t  t h i s  

d ru g  a c te d  s im i la r ly .  The e f f e c t  on ENA s y n th e s is  was s p e c i f i c a l l y  

exam ined by p u lse  l a b e l l i n g  a  c u l tu r e  w ith  [ ^ ^ c ] -u r id in e  in  th e  p resen ce  

o f  c lo ro b io c in  o r  n a l id ix i c  a c id .  The r e s u l t s  a re  shown in  F ig u re  3.9* 

Upon a d d i t io n  o f c lo ro b io c in  (50 p g /m l) th e  r a t e  o f ENA s y n th e s is  f e l l  

s h a rp ly  to  l e s s  th a n  30^ o f th e  p re tre a tm e n t l e v e l .  However t h i s  

r e d u c t io n  was t r a n s i e n t  and was fo llo w ed  by a  r a p id  re c o v e ry  to  an 

ap p ro x im a te ly  c o n s ta n t  r a t e  a t  abou t 755  ̂ o f  th e  p re tre a tm e n t v a lu e .

A f te r  2o5 hours th e  r a t e  o f ENA s y n th e s is  d e c l in e d .



Figure 3 .9

The R ate o f ENA S y n th e s is  in  LE234 d u rin g  C lo ro b io c in  and 

N a l id ix ic  Acid T rea tm en ts

(a )  A c u l tu r e  o f LE234 grown in  M9 minim al medium w ith  e s s e n t i a l

amino a c id s  was s p l i t  20 m inu tes p r io r  to  th e  a d d i t io n  o f

e th y l  a lc o h o l ( f i n a l  c o n c e n tra t io n  Oo5^o v /v )  o r  c lo ro b io c in  

( f i n a l  c o n c e n tr a t io n  50 p g /m l) . The arrow s b en ea th  A and

CB in d ic a te  th e  tim es o f a d d i t io n  o f a lc o h o l and c lo ro b io c in  

r e s p e c t iv e ly .  Co5 ml sam ples were ta k e n  and p u ls e - l a b e l l e d  

f o r  2 m inu tes w ith  [ ^ ^ c ] - u r id in e  (0 ,5  pC i; 57 .4  mCi/mmol). 

CON ( • )  c o n t ro l  c u l tu r e

A (O) a lc o h o l t r e a te d

CB ( ■ )  c lo ro b io c in  t r e a te d  c u l tu r e

(b )  A c u l tu r e  o f  LE234, grown as  in  ( a ) ,  was t r e a te d  w ith

n a l i d i x i c  a c id  (20 p,g/ml) and sam ples were ta k en  f o r

d e te rm in a tio n  o f th e  r a t e  o f ENA s y n th e s is  as b e fo re .

CON (O) c o n t ro l  c u l tu r e

NAL (# ) n a l i d i x i c  a c id  t r e a te d  c u l tu r e
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The i n t e r p r e t a t i o n  o f  the  t r a n s i e n t  f a l l  in  r a t e  o f HNA s y n th e s is  

i s  co m p lica ted  by a  s im i la r  e f f e c t  which was observed  a f t e r  a d d i t io n  o f 

e th y l  a lc o h o l ( th e  s o lv e n t  f o r  c lo r o b io c in ) .  As shown in  F ig u re  3 .9 a , 

th e  t r a n s i e n t  f a l l  in  t h i s  ca se  was s m a lle r  and was fo llo w ed  by a  

r e c o v e ry  to  th e  c o n t ro l  e x p o n e n tia l r a t e .  A s im i la r  e f f e c t  was seen  

upon a d d i t io n  o f c lo ro b io c in  to  th e  r e s i s t a n t  s t r a i n  LE?01 (d a ta  n o t 

show n). Most p ro b ab ly  th e  s u b s t a n t i a l  f a l l  in  th e  r a t e  o f  HNA s y n th e s is ,  

w hich v/as observed  in  s e v e ra l  ex p erim en ts  in c lu d in g  some in  which 

[^B [j-u rid in e  was used  in s te a d  o f - u r id in e ,  i s  a  s p e c i f i c  e f f e c t

o f  th e  a n t i b i o t i c .  In  any case  th e  subsequen t p e r io d  o f  an e s s e n t i a l l y  

c o n s ta n t  r a t e  o f  HNA s y n th e s is  w hich co n tin u ed  f o r  abo u t two h o u rs  b e fo re  

d e c l in in g  was c l e a r ly  a  d i r e c t  e f f e c t  o f th e  c lo ro b io c in .

The a d d i t io n  o f n a l id ix i c  a c id  (20 j ig/ml)  a ls o  caused  a  t r a n s i e n t  

f a l l  in  th e  r a t e  o f ENA s y n th e s is  as shown in  F ig u re  3*9%' However 

t h i s  re d u c t io n  in  r a t e  was even l e s s  th a n  th a t  w ith  e th y l  a lc o h o l ( th e  

n a l i d i x i c  a c id  v/as d is s o lv e d  in  0.02M NaOH) and may be e n t i r e l y  

a t t r i b u t a b l e  to  an a r t i f a c t  o f the  ex p e rim en ta l p ro c e d u re . The im p o rta n t 

p o in t  to  n o te  i s  t h a t  su b se q u e n tly  th e  r a t e  o f ENA s y n th e s is  was 

ap p ro x im a te ly  e x p o n e n tia l  and c lo s e  to  th a t  o f the  u n tr e a te d  c o n tro l  

c u l tu r e  over th e  f i r s t  h o u r; t h e r e a f t e r  th e  r a t e  d e c l in e d  r a p id ly .

I t  i s  concluded  from th i s  d a ta  t h a t  a t  th e se  c o n c e n tra t io n s  c lo ro 

b io c in  i s  th e  more e f f e c t iv e  i n h i b i t o r  o f ENA s y n th e s is ,  a t  l e a s t  d u rin g  

th e  f i r s t  hour o f t r e a tm e n t.

The r a te  o f p r o te in  s y n th e s is  v/as a l s o  m easured d u r in g  a n t i b i o t i c  

tr e a tm e n t .  F ig u re  3*10 shows th a t  c lo ro b io c in  was th e  more e f f e c t iv e  

i n h i b i t o r  p re v e n tin g  any s ig n i f i c a n t  in c re a s e  in  r a t e  above th e



Figure 3 .10

R ate  o f P ro te in  S y n th e s is  in  LE?43 d u rin g  C lo ro b io c in  and 

N a l id ix ic  Acid T rea tm en ts

A c u l tu r e  o f  LE745 (LE234 Met"^) was grown in  M9 m inim al medium 

w ith  e s s e n t i a l  amino a c id s  to  an A^^^ = O ol. 1 ml sam ples were w ith 

draw n, p u ls e - l a b e l l e d  w ith  1 ml medium c o n ta in in g  3 V-Ci [ -

m e th io n in e  and a c id  p r e c ip i t a b le  co u n ts  d e te rm in e d . At an A^^^ =

0 .1 9  th e  c u l tu r e  was s p l i t  and c lo ro b io c in  and n a l id ix i c  a c id  

added as in d ic a te d .

(O) c o n tro l

(□  ) n a l id ix i c  a c id  (50 p.g/ml)

(O) c lo ro b io c in  (50 pg /m l)

( ■ ) c lo ro b io c in  and n a l id ix i c  a c id  (50 pg/m l each)
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p re tr e a tm e n t  l e v e l  f o r  80 m in u te s . W ith n a l id ix i c  a c id  (50 p g /m l) 

th e r e  was an e x p o n e n tia l in c re a s e  in  th e  r a t e  o f p r o te in  s y n th e s is  f o r  

20 m inu tes  b e fo re  in h i b i t i o n  was o b se rv ed . Once ag a in  th e  two a n t i 

b i o t i c s  were s y n e r g i s t i c  and caused  an im m ediate re d u c t io n  in  r a t e  o f 

p r o te in  s y n th e s is  when added to g e th e r ,

V I. D isc u ss io n

C lo ro b io c in  i s  p r e f e r e n t i a l l y  a c t iv e  a g a in s t  c e r t a i n  m utan ts  o f 

E .c o l i  w hich la c k  DPS a n d /o r  p r o te in  com ponents in  th e  o u te r  membrane.

As d is c u s s e d  in  C hap ter 1, t h i s  phenomenon has been observed  w ith  many 

o th e r  hydrophobic compounds and has been a t t r i b u t e d  to  a  r e d u c t io n  in  

th e  b a r r i e r  p r o p e r t ie s  o f th e  o u te r  membrane. C lo ro b io c in  was a ls o  more 

a c t iv e  a g a in s t  two m u ta n ts , th e  DPS co m p o sitio n s  o f w hich have n o t y e t  

been  r e p o r te d ;  s t r a i n s  DEBI8 (rEIÆ98) and D22 ( envA) .  The p resen ce  o f 

th e  p lasm id  rPM98 in  DEBI8 b lo ck s  th e  s y n th e s is  o f th e  m ajo r o u te r  

membrane p ro te in  ( ly e r  e t  , 1978), and th e  in c re a s e d  p e rm e a b il i ty  tow ards 

c lo ro b io c in  may be due e i t h e r  d i r e c t l y  to  th e  absence  o f t h i s  p r o te in  o r 

to  any in c re a s e  in  p h o sp h o lip id  w hich may accompany t h i s  l o s s .  The envA 

m u tan t i s  d e f e c t iv e  in  c e l l  d iv i s io n ,  fo rm ing  c h a in s  o f 3-10 c e l l s  and 

i s  th e r e f o r e  a p p a re n tly  d e f e c t iv e  in  th e  f i n a l  s ta g e s  o f d iv i s io n ,  a 

p ro c e s s  w hich in v o lv e s  th e  ing row th  o f th e  o u te r  membrane p r io r  to  

s e p ta t io n  (Normark £ t  ^ . , 1971). I t  would be o f  i n t e r e s t  to  d e te rm in e  

th e  o u te r  membrane p r o te in  com position  o f t h i s  m u tan t, and i f  t h i s  was 

ab n o rm a lly  low o r  showed a  la c k  o f any s p e c i f i c  p r o te in s ,  t h i s  m ight
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acc o u n t f o r  b o th  th e  d e f e c t  in  c e l l  d iv i s io n  and th e  abnorm al s e n s i t i v i t y  

tow ards hydrophobic compounds.

The d a ta  in  F ig u re s  3*3 and 3*5 show c l e a r ly  t h a t  DNA s y n th e s is  i s  

i n h i b i t e d  more th a n  mass s y n th e s is  d u r in g  c lo ro b io c in  t r e a tm e n t.  The 

p a t t e r n  o f i n h i b i t i o n  o f th e se  p ro c e sse s  i s  s im i la r  to  t h a t  seen  w ith  

n o v o b io c in  and coumermycin (Sm ith and D av is , 1967; Byan, 1978) and t h i s ,  

to g e th e r  w ith  th e  s i m i l a r i t y  o f  th e  s t r u c tu r e s  o f  th e se  compounds and th e  

g e n e t ic  ev idence  (see  C hap ter 5)» makes i t  a lm ost c e r t a in  t h a t  c lo ro b io c in  

i s  an i n h i b i t o r  o f DNA g y ra s e .

The co n tin u ed  low le v e l  o f DNA s y n th e s is  even a t  h ig h  c o n c e n tra tio n s  

o f  c lo ro b io c in  su g g e s ts  t h a t  a  slow  r a t e  o f  p o ly m e ris a tio n  c o n tin u e s  a t  

th e  r e p l i c a t i o n  f o r k .  I f  DNA s y n th e s is  was co m p le te ly  dependen t upon 

a c t iv e  DNA g y ra se , t h i s  c o n tin u ed  s y n th e s is  would p ro b ab ly  r e f l e c t  

in c o m p le te  in h i b i t i o n  o f th e  enzyme by th e  d ru g . A l te r n a t iv e ly ,  DNA 

g y ra se  may on ly  be re q u ire d  f o r  maximal DNA s y n th e s is  and th e  r e s id u a l  

s y n th e s is  seen  in  th e  p re sen ce  o f c lo ro b io c in  would th e n  r e f l e c t  g y ra s e -  

in d e p en d en t r e p l i c a t i o n .  T his a l t e r n a t i v e  i s  c o n s is te n t  w ith  r e s u l t s  

from  c lo ro b io c in  r e s i s t a n t  m utan ts w hich were found to  be d e f e c t iv e  in  

i n i t i a t i o n ,  b u t n o t e lo n g a t io n ,  o f  r e p l i c a t i o n  fo rk s  (se e  C hap ter 6; 

a l s o  O rr £ t  a l , f  1979). The r i f a m p ic in  ru n o u t ex p erim en t cou ld  n o t 

co n firm  th e  slow fo rk  movement in  th e  p resen ce  o f c lo ro b io c in ,  b u t d id  

in d i c a te  t h a t  some r e p l i c a t i o n  fo rk s  were p rem a tu re ly  h a l te d  by c lo ro 

b io c in .  The reco v e ry  o f DNA s y n th e s is  a t  low c o n c e n tra t io n s  o f c lo ro 

b io c in  m ust a ls o  be e x p la in e d . A lthough c lo ro b io c in  i s  s e n s i t i v e  to  

h ig h  te m p e ra tu re s  (se e  C hap ter 2 ) i t  i s  u n l ik e ly  t h a t  th e  d ru g  was
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i n a c t iv a te d  a t  37°C d u r in g  th e  e x p e rim e n ts . T his i s  r e in fo rc e d  by th e  

red u ce d  grow th r a t e  o f LE234 which p e r s i s t s  even in  c u l tu r e s  grown f o r  

e ig h t  g e n e ra tio n s  in  v e ry  low c o n c e n tra t io n s  o f c lo ro b io c in .  R a th e r  i t  

a p p e a rs  t h a t  th e  t r e a te d  c u l tu r e s ,  o r a t  l e a s t  th e  s y n th e s is  o f DNA in  

su ch  c u l tu r e s ,  was ad ap ted  to  th e  p re sen ce  o f c lo ro b io c in .  S ince  

coumermycin and n o v o b io c in , and th e r e f o r e  presum ably  c lo ro b io c in ,  

c o m p e ti t iv e ly  i n h i b i t  th e  b in d in g  o f ATP to  th e  cou su b u n it  o f  DNA g y ra se , 

t h i s  a d a p ta t io n  cou ld  p erhaps be ach iev ed  by r a i s i n g  th e  i n t r a c e l l u l a r  

c o n c e n tr a t io n  o f ATP, The re c o v e ry  o f DNA s y n th e s is  co u ld  a ls o  be due to  

e x t r a  i n i t i a t i o n  e v e n ts  which would in c re a s e  th e  number o f r e p l i c a t i o n  

fo rk s  p e r  c e l l .  T his would on ly  be p o s s ib le  i f  th e  p ro g re s s  o f th e se  

r e p l i c a t i o n  fo rk s  was n o t s u b s t a n t i a l l y  a f f e c te d  by th e  p re sen ce  o f 

c lo ro b io c in .  I t  i s  th e r e f o r e  d i f f i c u l t  to  im agine t h i s  second a l t e r n a t i v e  

a c c o u n tin g  e n t i r e l y  f o r  th e  observed  e f f e c t .  The c u l tu r e s  in  q u e s tio n  

w ere n o t fo llow ed  lo n g  enough to  d e te rm in e  w hether th e  s y n th e s is  o f 

c e l l  mass a ls o  re c o v e re d .

C lo ro b io c in  appeared  to  i n h i b i t  t r a n s c r i p t i o n  in  a  complex m anner.

I t  h as  been shown th a t  t r a n s c r i p t i o n  from  c lo se d  c i r c u l a r  DNA ^  v i t r o  

i s  dependen t upon th e  s u p e r h e l ic a l  d e n s i ty  o f th e  DNA; t h i s  i s  

a p p a re n t ly  due to  th e  e n e r g e t i c a l ly  fa v o u ra b le  "m e ltin g "  o f s u p e rc o ile d  

p rom oter re g io n s  by RNA polym erase (see  C hap ter 1 ) .  The t r a n s i e n t  

f a l l  in  th e  r a t e  o f t r a n s c r i p t i o n  observed  w ith  c lo ro b io c in  cou ld  be 

due to  a  d e c re a se  in  th e  r a t e  o f s y n th e s is  o f one s p e c i f i c  c la s s  o f ENA, 

and th e  reco v e ry  due to  in c re a s e d  s y n th e s is  o f  a  second c la s s  o f  RNA.

These two c la s s e s  o f RNA would th e n  d i f f e r  in  th e  s e n s i t i v i t y  o f t h e i r  

p ro m o ters  to  a  d e c re a se  in  s u p e rh e l ic a l  d e n s i ty  o f th e  DNA.
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R ece n tly  Sm ith e t  (1978) found th a t  n a l id ix i c  a c id ,  and to  a 

l e s s e r  e x te n t  coumermycin, in h ib i te d  t r a n s c r i p t i o n  o f th e  E .c o l i  t r p  

operon  from a  phage (080) p rom oter in  p re fe re n c e  to  t h a t  from th e  t r p  

p ro m o te r . F u r th e r  in d ic a t io n  of th e  s e le c t iv e  in h i b i t i o n  o f t r a n s c r i p t i o n  

by th e se  in h i b i to r s  o f DNA g y rase  comes from a s tu d y  by Sanzey (1979) 

who has shown th a t  b o th  n o v o b io c in  and n a l id ix i c  a c id  p r e f e r e n t i a l l y  

i n h i b i t  t r a n s c r i p t io n  of c a t a b o l i t e - s e n s i t i v e  opérons v ia  an e f f e c t  on 

th e  p rom oters o f  th e se  o p éro n s. I n t e r e s t i n g ly ,  Sanzey found t h a t  b o th  

n a l i d i x i c  a c id  and n o v o b io c in  in c re a s e d  th e  s y n th e s is  o f th re e  s e p a ra te
p r o d u c t s

gene when th e se  were u n d er th e  c o n tro l  o f a  m u ta ted , c a t a b o l i t e -  

in s e n s i t i v e  form o f th e  la c  p rom oter ( la c P W 5 ).

The e f f e c t s  o f c lo ro b io c in  and n a l id ix i c  a c id  on t r a n s c r i p t i o n  

a re  em phasised by th e  s y n e r g i s t i c  e f f e c t s  o f th e s e  tvro a n t i b i o t i c s  

on ENA and p r o te in  s y n th e s is ,  b u t n o t on DNA s y n th e s is .  This may 

in d i c a te  t h a t  th e  cou su b u n it o f  DNA g^rrase fu n c tio n s  in d e p e n d e n tly  

o f  th e  nalA  s u b u n it in  t r a n s c r i p t i o n ,  and perhaps t h a t  th e  r o le s  o f th e  

s u b u n its  in  t r a n s c r i p t i o n  d i f f e r  from th a t  in  r e p l i c a t i o n .
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C h ap te r  4

THE EFFECT OF CLOROBIOCIN ON CELL DIVISION AND INDUCTION OF THE 

SOS FUNCTIONS

I .  In tro d u c t io n

T rea tm en ts  w hich i n h i b i t  DNA s y n th e s is  in  E .c o l i  g e n e r a l ly  cause 

th e  in d u c tio n  o f th e  SOS fu n c tio n s  (C udas, 1978; Gudas and P ard ee ,

1978 ; L i t t l e  and H anav /a lt, 1977; see  C hap ter 1 ) . T h is in d u c tio n  i s  

m ost p ro b ab ly  due to  th e  p resen ce  o f a c id - s o lu b le  p ro d u c ts  o f DNA 

d e g ra d a tio n .  As d is c u s s e d  in  C hap ter 1, th e  in d u c tio n  o f  th e  SOS 

fu n c t io n s  has c o m p lica ted  th e  i n t e r p r e t a t i o n  o f some experim en ts  

d e s ig n e d  to  in c re a s e  ou r u n d e rs ta n d in g  o f th e  r e g u la t io n  o f th e  c e l l  

c y c le  o f E . c o l i ; in  p a r t i c u l a r  th e  h y p o th e s is  t h a t  te rm in a t io n  o f a  

round  o f chromosomal r e p l i c a t i o n  i s  a  p r e r e q u i s i t e  f o r  su b seq u en t c e l l  

d iv i s io n  (H e lm s te tte r  and P ie r u c c i ,  I 9 88 ; Jones and D onachie, 1973).

Some d a ta  do in  f a c t  c o n t r a d ic t  t h i s  h y p o th e s is ,  nam ely th a t  co n tin u ed  

c e l l  d iv i s io n  r e s u l t i n g  in  th e  p ro d u c tio n  of DNA-less c e l l s  i s  seen  bo th  

d u r in g  c o n tin u ed  grow th o f a  dnaA m utant a t  42°C, and a f t e r  tre a tm e n t 

o f  a  recA  m utant w ith  n a l id ix i c  a c id  (H iro ta  e t  a l . ,  I 988 ; In o u y i, 1971)' 

However i t  i s  p r e c i s e ly  u n d er th e se  c o n d itio n s  t h a t  th e  SOS fu n c tio n s  

a re  n o t ind u ced . Thus, i f  te rm in a t io n  o f  r e p l i c a t i o n  ^  a  p r e r e q u i s i te  

f o r  a  su b seq u en t d iv i s io n ,  i t  would be n e c e ss a ry  to  p o s tu la te  t h a t  t h i s  

c o n t r o l  system  m ust be d e f e c t iv e  in  th e s e  m u ta n ts . Of co u rse  i t  i s

p o s s ib le  t h a t  th e  recA  and dnaA genes a re  n o rm ally  a c t iv e  in  such  a  

pathw ay.
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A lte r n a t iv e ly ,  i t  i s  e q u a lly  p o s s ib le  t h a t  c e l l  d iv i s io n  i s  n o t 

tim ed  from  any p o in t  in  th e  r e p l i c a t i o n  p ro c e s s ,  and th a t  th e  c e l l  

r e l i e s  upon th e  in d u c tio n  o f th e  SOS system  to  h a l t  d iv i s io n  v/hen DNA 

s y n th e s is  i s  d is tu r b e d .  I t  was o f i n t e r e s t ,  th e r e f o r e ,  to  s tu d y  th e  

e f f e c t s  o f c lo ro b io c in  on c e l l  d iv i s io n  and to  d e te rm in e  i t s  a b i l i t y  

to  induce  th e  SOS f u n c t io n s .

I I . The E f fe c t  o f  C lo ro b io c in  on th e  SOS F u n c tio n s

In d u c tio n  o f th e  SOS system  i s  accom panied by in c re a s e d  m u ta g e n e s is , 

in d u c t io n  o f phage , i n h i b i t i o n  o f c e l l  d iv i s io n  and th e  s y n th e s is  

o f  la r g e  amounts o f a  p r o te in ,  term ed X, now known to  be th e  recA  gene 

p ro d u c t (s e e  C hap ter 1 ) .

( a )  DNA D eg rad a tio n

The a b i l i t y  o f c lo ro b io c in  to  induce DNA d e g ra d a tio n  was d e te rm in ed  

by m easu rin g  th e  s o l u b i l i s a t i o n  o f  DNA p r e la b e l l e d  w ith  [ ^ h ]- th y m id in e . 

The r e s u l t s ,  as shown in  F ig u re  4.1» show th a t  no s i g n i f i c a n t  DNA 

breakdown o ccu rred  a f t e r  4 h ou rs in c u b a tio n  w ith  c lo ro b io c in  (50  

^ g /m l) . In  c o n t r a s t ,  n a l i d ix i c  a c id  (50 yig/ml) and UV l i g h t  (lOO J.m ”^ ) 

caused  21^ and 31/^ s o l u b i l i s a t i o n  above th e  c o n tro l  l e v e l  r e s p e c t iv e ly .  

The h ig h  v a lu e  a f t e r  4 hou rs  c lo ro b io c in  tre a tm e n t i s  p ro b ab ly  n o t 

s i g n i f i c a n t  as i t  v/as n o t  seen  on r e p e t i t i o n  o f th e  experim en t ( d a ta  

n o t  show n). The h ig h  c o n tro l  v a lu e  o f around 20^ o f th e  thym id ine  l a b e l  

in  a  TCA s o lu b le  form  ap p ea rs  to  be a  p ro p e r ty  o f  th e  s t r a i n  LE234 and 

was alw ays observed  in  such  ex p e rim en ts .



Figure 4*1

MA D eg rad a tio n  Caused by C lo ro b io c in , N a l id ix ic  Acid and 

UV L ig h t

A c u l tu r e  o f  LE234 was p r e la b e l l e d  w ith  - th y m id in e , 

washed and a l iq u o t s  were t r e a te d  as  in d ic a te d  below .

Samples were removed and a c id - in s o lu b le  and - s o lu b le  co u n ts  

d e te rm in e d . DNA s o l u b i l i s a t i o n  i s  ex p re ssed  as  th e  p e rc e n ta g e  

a c id - s o lu b le  c o u n ts  p r e s e n t .

NAL 50 pg/m l n a l i d i x i c  a c id

CB 50 pg/m l c lo ro b io c in

UV 100 J.m"2

CON c o n tro l  (no t r e a tm e n t)
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(b )  In d u c tio n  o f P ro te in  X by C lo ro b io c in  and F a l id ix ic  Acid

A s im p le r  and more s e n s i t i v e  a ssa y  f o r  th e  in d u c tio n  o f  th e  SOS

fu n c t io n s  i s  th e  in c re a s e d  s y n th e s is  of p ro te in  X, th e  recA  gene

p ro d u c t of m o lecu la r w eigh t 40K. F ig u re  4*2 shows th e  a n a ly s i s ,  by 

sodium  dodecy l s u lp h a te  p o ly ac ry lam id e  g e l  e le c t r o p h o r e s is  (SDS-PAGE), 

o f  t o t a l  c e l l u l a r  p r o te in s  s y n th e s is e d  by LE747 d u r in g  n a l id ix i c  a c id  

and c lo ro b io c in  t r e a tm e n ts .  N a lid ix ic  a c id  c l e a r ly  induced  p r o te in  X 

w h ile  no d e te c ta b le  in d u c tio n  was a p p a re n t w ith  c lo ro b io c in .  C lo ro b io c in  

d id ,  how ever, a l t e r  th e  p a t te r n  o f p r o te in  s y n th e s is .  The r a t e  o f 

s y n th e s is  o f a  24K p o ly p e p tid e  was m arkedly  in c re a s e d  d u r in g  c lo ro b io c in  

t r e a tm e n t and to  a  l e s s e r  e x te n t  d u r in g  n a l id ix i c  a c id  tr e a tm e n t .  T his 

w i l l  be co n s id e re d  f u r t h e r  in  C hap ter 7« The r a t e  o f  s y n th e s is  o f  a  

42K p r o te in ,  w hich m ig ra te d  betw een EfTu (44K) and p r o te in  X (4OK), was 

a l s o  in c re a s e d  by c lo ro b io c in  b u t n o t by n a l id ix i c  a c id  (se e  a l s o  

F ig u re  4 .3 ) .  T h is l a t t e r  change was o n ly  observed  when th e  monomer to  

b i s  r a t i o  in  th e  ac ry lam id e  g e l was 4 4 :0 .8 .  When t h i s  r a t i o  was

in c re a s e d  to  4 4 :0 .3  (se e  C hap ter 6) th e  4OK and 42K bands com ig ra ted

and were n o t e a s i l y  r e s o lv e d  (d a ta  n o t shown).

In  o rd e r  to  r u le  ou t th e  p o s s ib le  r e p re s s io n  o f p r o te in  X s y n th e s is  

by c lo ro b io c in  (a s  opposed to  a  f a i l u r e  to  in d u c e ) , th e  two a n t i b i o t i c s  

w ere added to g e th e r  and th e  p ro te in s  s y n th e s is  were a g a in  v i s u a l i s e d  

by SPS-PAGE. F ig u re  4 .3  shows t h a t  c lo ro b io c in  d id  n o t d r a m a tic a l ly  

i n h i b i t  th e  in d u c tio n  o f p r o te in  X by n a l id ix i c  a c id  a lth o u g h  a  s l i g h t  

d e c re a se  canno t be ru le d  ou t (compare la n e s  8 and 9 w ith  la n e s  12 

and 13) .



F igure 4 .2

F a i lu r e  o f C lo ro b io c in  to  Induce P ro te in  X

A c u l tu r e  o f LE747 was grown in  M9 minim al medium w ith o u t 

m e th io n in e  to  an A^^g = Go2 . The c u l tu r e  was s p l i t ;  one p o r t io n  

re c e iv e d  c lo ro b io c in  (50  \ig /m l) ,  th e  o th e r  n a l i d i x i c  a c id  

(50  p g /m l) .  1 .0  ml sam ples of th e  c u l tu r e s  were p u ls e - la b e l le d

f o r  5 min w ith  5 pCi [ -m e th io n in e  (>  800 C i/m .m ol) and t o t a l  

c e l l  p ro te in s  were an a ly se d  by SLS-PAGE.

The numbers u n d er th e  s l o t s  r e f e r  to  th e  tim e o f th e  p u ls e ,  

in  m in ., a f t e r  a d d i t io n  o f th e  a n t i b i o t i c .
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Figure 4 .3

In d u c tio n  o f P ro te in s  by C lo ro b io c in  and N a l id ix ic  Acid

A c u l tu r e  o f LE747 was grown in  M9 m inim al medium w ith o u t 

m e th io n in e  to  an A^^g = 0*2. The c u l tu r e  was s p l i t  and p o r t io n s  

re c e iv e d  e i t h e r  c lo ro b io c in  (50  o r  100 p g /m l) , n a l i d ix i c  a c id  

(20 o r  50 p g /m l) , bo th  c lo ro b io c in  (50 p g /m l) and n a l id ix i c  a c id  

(20 p g /m l) o r  b o th  c lo ro b io c in  (50 p g /m l) and n a l id ix i c  a c id  

(50  p g /m l) . 1 .0  ml sam ples were p u ls e - la b e l le d  w ith  5 pCi 

[^ ^ s ]-m e th io n in e  (50 p C i/u g )  a f t e r  e i t h e r  30 o r 60 min. 

tre a tm e n t and t o t a l  c e l l  p ro te in s  an a ly sed  by STS-PAGE.

Lane 11 C o n tro l No tre a tm e n t

2 ,3 CB 50 pg/m l 30 , 60 min

4 ,5 CB 100 pg/m l 30 , 60 II

6 ,7 NAL 20 pg/m l 30 , 60 II

8 ,9 NAL 50 pg/m l 30 , 60 II

10,11 CB 50 pg/m l + NAL (20 p g /m l) 30 , 60 min

12,13 CB 50 pg/m l + NAL (50 p g /m l) 30 , 60 min

14 C ontro l No tre a tm e n t; 30 , 60 min
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I I I .  The E ffect of C lorobiocin on C ell D iv ision

In  C hap ter 3> Table 3 .3  i t  was shown t h a t  low c o n c e n tra t io n s  o f 

c lo ro b io c in  reduced  th e  grow th r a t e  o f LE234 and t h i s  was accom panied 

by some c h a in  fo rm a tio n  a n d /o r  f i l a m e n ta t io n  of th e  b a c t e r i a .  The 

e f f e c t  o f c lo ro b io c in  on c e l l  d iv i s io n  was s tu d ie d  f u r t h e r  in  LS234 and 

th e  r e s u l t s  a re  shown in  F ig u re  4*4* D iv is io n  was im m ed ia te ly  in h ib i te d  

upon a d d i t io n  o f c lo ro b io c in .  However t h i s  in h i b i t i o n  was n o t a b s o lu te  

and was c o n c e n tra t io n  d ep en d en t. At 20 yig/ml th e  c u l tu r e  p a r t i a l l y  

re c o v e re d  from th e  in h i b i t i o n  a f t e r  two h o u rs  and th e  c e l l s  d iv id e d  

more f r e q u e n t ly .

The in h ib i t i o n  o f d iv i s io n  by 50 y.g/ml c lo ro b io c in  was s tu d ie d  

f u r t h e r  by phase c o n t r a s t  m icroscopy . F ig u re s  4*5 and 4 .6  show a  

marked h e te ro g e n e i ty  o f c e l l  s iz e s  in  th e  c lo ro b io c in  t r e a te d  c u l tu r e s ,  

in c lu d in g  a  c l a s s  o f c e l l s  s m a lle r  th an  th e  u n tr e a te d  c o n tro l  c e l l s .  

These ap p ea r to  be th e  p ro d u c ts  o f abnorm al d iv i s io n s  from  lo n g e r  c e l l s .  

In  c o n t r a s t ,  n a l i d ix i c  a c id  caused  on ly  f i l a m e n ta t io n  w ith  v e ry  few 

abnorm al d iv is io n s  (F ig u re  4»5b). The h e te ro g e n e i ty  o f c e l l  s iz e s  v/as 

con firm ed  by a  s iz e  d i s t r i b u t i o n  a n a ly s is  u s in g  a  C o u lte r  C ounter f i t t e d  

w ith  a  C hannelyzer (see  F ig u re  4 .7 ) .  T h is showed a  g e n e ra l in c re a s e  

in  c e l l  volume d u r in g  th e  cou rse  o f  th e  2-g- h ou r e x p e rim en t. The sm all 

c e l l s  observed  by phase c o n t r a s t  m icroscopy  cou ld  acco u n t f o r  th e  sm all 

peak a t  th e  v e iy  low c e l l  volume in  th e  150 m inute sam ple.

As mentioned previously , the presence of a recA mutation does not 

allow  the expression of the SOS fu n ctio n s. In order to t e s t  more 

d ir e c t ly  whether the in h ib it io n  of c e l l  d iv is io n  by c lorob ioc in  was due



Figure 4 .4

In h ib itio n  o f C ell D iv ision  by Clorobiocin

A c u l tu r e  o f LE234 was grown in  M9 m inim al medium w ith  

e s s e n t i a l  amino a c id s .  At an A^^Q = 0 .13  th e  c u l tu r e  was s p l i t  

and p o r t io n s  re c e iv e d  c lo ro b io c in  as in d ic a te d .

Upper C ell Irlass

Lower : C ell Number

( O ) : Control

( □ ) : 20 pg/m l c lo ro b io c in

( ■) 50 pg /m l c lo ro b io c in
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Fifflire 4°5

M orphology o f C u ltu re s  T re a te d  w ith  C lo ro b io c in  o r N a lid ix ic  Acid

A c u l tu r e  o f  LE234 was grown in  M9 m inim al medium w ith  

e s s e n t i a l  amino a c id s  to  an A^^^ = Oo2. The c u l tu r e  v/as 

d i s t r i b u t e d  in to  3 f l a s k s ;  one re c e iv e d  n a l i d i x i c  a c id  (20 

p g /m l) ; one c lo ro b io c in  (50  y.g/m l) and th e  t h i r d  a lc o h o l 

(1% v / v ) .  A f te r  2 .5  h o u rs , 5*0 ml sam ples w ere ta k e n  and th e  

b a c t e r i a  pho tographed  u s in g  phase c o n t r a s t  m icroscopy .

a .  c o n tro l

b . n a l i d i x i c  a c id  (20 p g /m l)

c . c lo ro b io c in  (50 p g /m l)



Q



Figure 4 .6

Morphology o f  C u ltu re s  D uring  C lo ro b io c in  T reatm ent

The c lo ro b io c in  t r e a t e d  c u l tu r e  o f LE234 d e sc r ib e d  in  F ig u re  

4 .5  was pho tographed  by phase c o n t r a s t  m icroscopy . The arrow s 

p o in t  to  abnorm al d iv i s io n  s i t e s  and sm all c e l l s .
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Figure 4 .7

S ize  D is t r ib u t io n  o f C u ltu re s  T re a te d  w ith  C lo ro b io c in

LE234 was grown in  M9 m inim al medium w ith  e s s e n t i a l  amino a c id s  

to  an = O0I 5 . C lo ro b io c in  was added to  a  f i n a l  c o n c e n tr a t io n

o f  50 pg/m l and th e  d i s t r i b u t i o n  o f c e l l  vo lum es, and hence c e l l  

s i z e s ,  m easured u s in g  a  C o u lte r  C ounter f i t t e d  w ith  a  C h an n e ly zer.

The numbers above th e  cu rv es  in d ic a te  th e  tim e s , in  m in u te s , 

o f  th e  sam ples ta k en  a f t e r  a d d i t io n  o f c lo ro b io c in .  A c o n s ta n t  

number o f c e l l s  from  each sample was a n a ly se d .



Relative Cell Number

7 3

o

<
(D

O
(D

<
g _
c
3
(0

o O
W
O O

eno
CDo 'Oo

oo
o c oo oo

o

enoo

hOo

o#>

o

en
o eno

C D
O

0 0
O

CD
O

O
O



Figure 4 .8

I n h ib i t io n  o f  C e ll D iv is io n  in  recA'*’ and recA” S tr a in s  o f LE234 

D uring  T rea tm en t w ith  C lo ro b io c in  o r  N a l id ix ic  Acid

C u ltu re s  o f LE234 and LE705 were grown in  M9 minim al medium 

w ith  e s s e n t i a l  amino a c id s  to  an A^^^ = Co 13» The c u l tu r e s  were 

s p l i t  and c lo ro b io c in  o r  n a l i d i x i c  a c id  added as in d ic a te d .

a .  recA * b . recA"

( O ) c o n t ro l

( □ )  c lo ro b io c in  (50  yig/ml)

( •  ) n a l i d i x i c  a c id  (20 p g /m l)
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t o  th e  in d u c tio n  o f th e  SOS f u n c t io n s ,  c lo ro b io c in  and n a l id ix i c  a c id  

w ere added to  LE234 and a  recA d e r iv a t iv e ,  LE705» The r e s u l t s  

(F ig u re  4 .8 a )  show t h a t  n a l id ix i c  a c id  tre a tm e n t r e s u l t e d  in  a  ru n -o u t 

o f  d iv i s io n s .  C a lc u la t io n  showed th a t  th e  in crem en t o f d iv i s io n s  

o b ta in e d  in  t h i s  experim en t would e x a c t ly  r e p re s e n t  th e  number o f 

b a c t e r i a  in  th e  D p e r io d  i f  th e  D -tim e were 20,2  m in u te s . This 

c a l c u la t io n  d e r iv e s  from th e  e q u a tio n :

%no . o f c e l l s  in  D = 2 -  1

where = g e n e ra tio n  tim e in  m inu tes

In  c o n t r a s t ,  c lo ro b io c in  d id  n o t a llo w  such  a  ru n o u t and th e re fo re  

i n h i b i t e d  d iv i s io n  in  th o s e  c e l l s  a lre a d y  in  th e  D p e r io d .  In  th e  recA 

m utan t (F ig u re  4 .8 b ) ,  in c rem en t o f d iv i s io n s  b e fo re  grow th ceased  w ith  

n a l i d i x i c  a c id  was much g r e a t e r  th a n  in  th e  is o g e n ic  r e c ^  s t r a i n .  In  

c o n t r a s t  c lo ro b io c in  s t i l l  d r a s t i c a l l y  reduced  th e  r a t e  o f  d iv is io n s  

b u t  n o t to  th e  same e x te n t  as in  th e  r e c ^  s t r a i n .

TV. D isc u ss io n

The m ajor c o n c lu s io n s  o f t h i s  c h a p te r  a re  ; ( 1 ) c lo ro b io c in  does

n o t ind u ce  th e  SOS r e p a i r  system  and ( 2 ) ,  c lo ro b io c in  i s  an e f f e c t iv e  

i n h i b i t o r  o f  c e l l  d iv i s io n .  The f a i l u r e  to  induce  th e  SOS r e p a i r  system  

(a s  judged  by th e  s y n th e s is  o f p r o te in  X) presum ably  r e f l e c t s  th e  

absen ce  o f DNA d e g ra d a tio n  p ro d u c ts  and so p ro v id es  f u r t h e r  c i r c u m s ta n t ia l  

ev id en ce  th a t  such p ro d u c ts  may be th e  in d u c e r  o f th e  e r r o r  prone r e p a i r  

sy stem . The in h ib i t i o n  o f  c e l l  d iv i s io n  by c lo ro b io c in  i s  n o t th e n  due
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to  the induction of th is  system. The in h ib it io n  of d iv is io n  i s  a lso  

not due to a fa ilu r e  to terminate rounds of chromosome r e p lic a t io n , sin ce  

c lo ro b io c in  in h ib ited  d iv is io n  in  those c e l l s  which had apparently  

completed th is  even t. Of course th is  does not mean th at term ination  

i s  not a lso  a p rereq u isite  fo r  d iv is io n , and could imply that c lorob ioc in  

a c ts  to block a la te r  step  in the d iv is io n  process.

What then i s  the reason for  the in h ib it io n  of d iv is io n  by c lo ro 

b io c in , and how can th is  be reconciled  with the in h ib it io n  o f DNA gyrase? 

Before sp ecu latin g  on th is  po in t, i t  i s  o f in te r e s t  to  r e c a ll  an 

a lte r n a tiv e  to the two models c ite d  above which attempts to exp la in  the 

in h ib it io n  of d iv is io n  fo llow in g  the cessa tio n  of DNA sy n th es is .

Pritchard (1974) proposed that in h ib it io n  of c e l l  d iv is io n  due to  

in h ib it io n  of DNA syn th esis  could r e su lt  from a d isruption  of the 

r e la t iv e  rates of accumulation of c e l l  envelope and c e l l  mass. This 

follow ed from the construction  of a model which invoked the exponential 

in crease  in  c e l l  mass (which i s  known to occur) and the lin e a r  

accumulation of some component of the c e l l  envelope, the rate of 

sy n th es is  doubling at a d isc re te  time during the c e l l  cy c le  corresponding  

to  the r ep lic a tio n  of an unregulated gene or genes. This model th erefore  

predicted  that c e l l  mass and c e l l  volume never increase a t the same 

r a te . A doubling of the lin ea r  rate of c e l l  envelope syn th esis  r e su lts  

in  a r e la t iv e  increase in  c e l l  envelope m aterial which then leads to  

d iv is io n . I t  is  of in te r e s t  that Boyd and Holland (1979) found that 

outer membrane protein  sy n th es is , but not that o f the inner membrane, 

did increase lin e a r ly  with an abrupt doubling in  rate occurring about the 

time of term ination of a round of DNA r e p lic a tio n .
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Thus i t  i s  p o s s ib le  t h a t  c lo ro b io c in  s e l e c t i v e ly  in d u ces  o r 

r e p r e s s e s ,  v ia  co n fo rm a tio n a l changes in  prom oters as d is c u s s e d  in  

C h ap te r 3> the  t r a n s c r i p t i o n  o f one o r  more genes to  a l t e r  the  

d i f f e r e n t i a l  r a t e  o f s y n th e s is  o f c r u c i a l  envelope com ponents s u f f i c i e n t l y  

to  b lo c k  d iv i s io n .

F in a l ly ,  as an a l t e r n a t i v e  to  " t r a n s c r ip t io n a l  change" model c i t e d  

above, c lo ro b io c in  cou ld  i n h i b i t  c e l l  d iv i s io n  and prom ote abnorm al 

d iv i s io n s  by re d u c in g  th e  o v e ra l l  deg ree  o f s u p e rc o i l in g  o f  th e  

chromosome le a d in g  to  th e  d i s r u p t io n  o f a  DNA-membrane complex w hich 

m igh t be e s s e n t i a l  f o r  a  l a t e  s te p  in  septum  fo rm a tio n . These hypotheses 

a re  n o t m u tu a lly  e x c lu s iv e ;  an e f f e c t  upon t r a n s c r i p t io n  cou ld  in  tu rn  

r e s u l t  in  th e  fo rm a tio n  o f a  d e f e c t iv e  DNA-membrane complex (by f o r  

exam ple a l t e r i n g  th e  r a t i o s  o f s t r u c t u r a l  RNA o r p r o te in  com ponents) 

th e re b y  le a d in g  to  abnorm al d iv i s io n  e v e n ts .  A s tu d y  o f th e  e f f e c t  o f 

c lo ro b io c in  on membrane p r o te in  s y n th e s is  i s  p re se n te d  in  C hap ter 7»
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C h ap te r 3

A GENETIC ANALYSIS OF CLOROBIOCIN RESISTANT 1ÆTTMTS

I .  I n t ro d u c t io n

The i s o l a t i o n  and g e n e t ic  a n a ly s i s  o f m utan ts r e s i s t a n t  to  

coumermycin was f i r s t  r e p o r te d  by Byan (1976) who found th a t  such  s t r a i n s  

c a r r i e d  a  m u ta tio n , d e s ig n a te d  co u , which mapped v e ry  c lo se  to  th e  dnaA 

lo c u s  a t  82 m inu tes on th e  E .c o l i  g e n e t ic  map. Ryan concluded  t h a t  th e  

gene o rd e r  was co u , dnaA, i l v . S ince  th e  r e s u l t s  in  C hap ter 3 and th e  

s im i l a r  r e s u l t s  o f Ryan (1976) su g g es ted  th a t  c lo ro b io c in  and coumermycin 

w ere p r e f e r e n t i a l  i n h i b i t o r s  o f  DNA s y n th e s is ,  a t  th e  commencement o f 

t h i s  work th e  i n t e r e s t i n g  p o s s i b i l i t y  e x i s te d  t h a t  cou and dnaA were in  

f a c t  one and th e  same gene . At t h a t  tim e th e  many d i f f e r e n t  dnaA 

m u tan ts  (w hich were n o t proved to  be a l l e l i c )  were known to  map to  th e  

l e f t  o f  i l v , bu t t h e i r  e x a c t p o s i t io n  w ith  r e s p e c t  to  th e  many nearb y  

m a rk e rs , in c lu d in g  o r iC , was u n c e r ta in  (see  Bachmann jet a l . ,  1976).

I  d ec id ed  to  i s o l a t e  m utan ts r e s i s t a n t  to  c lo ro b io c in  and to  map 

th e  m u ta tio n s  w ith  r e s p e c t  to  fo u r  m arkers whose p resum ptive  o rd e r  was 

dgoD dnaA tn a  i l v  (s e e  F ig u re  5*1)• The method o f  i s o l a t i o n  of th e se  

m u tan ts  i s  g iven  in  C hap te rs  2 and 6 .



F i g u r e  5 .1

The Location o f Genetic lîarkers on the E .c o li  Chromosome

a .  The e n t i r e  chromosome show ing th e  p o s i t io n  o f a  few m arkers 

o f  i n t e r e s t .  The p o in ts  o f o r ig in  and d i r e c t io n  o f  t r a n s f e r  

o f 3 H fr s t r a i n s  a re  shown.

b. The 8O-83  minute region showing the order of markers of 

in te r e s t  and the estim ated portions of the genome carried  

by F-primes 111 and 133. The dotted l in e  in d ica tes  

u n certa in ty  (see t e x t ) .

Based upon the data of Bachmann at (1976) and Cooper

( 1978) .
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I I .  Mapping o f th e  Ir!hitation in  S t r a in  LE316 by B ac te rio p h a g e  P1

T ra n sd u c tio n

S t r a in  LE316 c a r r i e s  th e  g e n e t ic  m arkers i l v , tn a  and t s l 6  in  

a d d i t io n  to  o th e r  m arkers (see  C hap ter 2 ) .  The t s l 6  symbol d e s ig n a te s  

th e  g e n e t ic  d e fe c t  re s p o n s ib le  f o r  b o th  th e  c lo ro b io c in  r e s i s t a n c e  ( a t  

30°C) and th e  te m p era tu re  s e n s i t i v i t y  f o r  grow th , w hich w i l l  be shown to  

be m ost p ro b ab ly  due to  a  s in g le  m u ta tio n .

A p re lim in a ry  t r a n s d u c t io n  was c a r r i e d  ou t u s in g  P1 grown on C600 

(P I .C 6OO) w ith  s e le c t io n  in  LE316 f o r  i l v ~̂ (see  T ab le 5*1 )• A f te r  s c o r in g  

f o r  u n s e le c te d  m arkers th e  l e a s t  f re q u e n t c la s s  was found to  be ( i l v '*') 

tn a  t s l 6 ~̂ , and i f  we assume t h i s  was g e n e ra te d  by a  doub le  c ro s so v e r  th en  

th e  o rd e r  i l v  tn a  t s l 6  i s  su g g es ted  w h ile  t h a t  o f  i l v  t s l 6  tn a  i s  n o t .

A ll te m p e ra tu re  r e s i s t a n t  recom binan ts  were found to  be c lo ro b io c in  

s e n s i t i v e .

S im ila r  tra n sd u c tio n sw e re  c a r r i e d  ou t u s in g  P1 grown on s t r a i n s  

C0101 (dgoD) and A3 (dnaA46) . The r e s u l t s  w ith  P1.C0101 a re  shown in  

T ab le  5*2. The t r a n s d u c t io n  f re q u e n c ie s  su g g e s t the  o rd e r  dgoP t s l 6  tn a  

i l v  assum ing a l l  th re e  u n s e le c te d  m arkers l i e  to  th e  same s id e  o f i l v .

The fo u r  c la s s e s  c o n ta in in g  th e  few es t t r a n s d u c ta n ts  cou ld  a l l  be 

g e n e ra te d  by 4 c ro s s o v e rs  on ly  i f  th e  o rd e r  were t h a t  su g g es ted  above.

I f  t s l 6  la y  betw een tn a  and i l v , th e  c l a s s  tna"*" dgoP"*" t s l 6  would be 

ex p ec ted  to  c o n ta in  l e s s  t r a n s d u c ta n ts  th a n  th e  c l a s s  tn a  dgol)"*' t s l 6 .

^//hen PI grown on A3 (dnaA46 ) was in tro d u c e d  in to  LE316 and i l v "*" 

t r a n s d u c ta n ts  s e le c te d ,  th e  t r a n s d u c t io n  f re q u e n c ie s  su g g e s te d  th e  o rd e r 

(dnaA t s l 6 ) tn a  i l v  (see  T able 5 •3)» The o rd e r  o f dnaA and t s l 6  ?/as n o t



Table 5*1

T ransduction o f i l v ~̂ from C600 in to  LE316

D onor; PI grown on C600 t s l 6 ^ tn a "*" i l v "*"

R e c ip ie n t :  LE316 t s l 6  tn a  i l v

S e le c t io n :  I lv ^  30^0

Recom binants Number in c la s s

t s l 6  tn a ( t o t a l  = 199)

+ + 45

+ 13

+ 0

— — 141

T ra n sd u c tio n  f re q u e n c ie s

i l v  -  tn a  299^

i l v  -  t s l 6  22^

Concluded o r d e r : t s l 6  tn a  i l v



Table 5*2

T ransduction o f i l v "̂ from C0101 in to  LE316

Donor: P1 grown on C0101 dgoD ts1_6"*" tna*** ilv~*~

R e c ip ie n t :  LE316 dgoD^ t s l 6  tn a  i l v

S e le c t io n :  I lv *  30^C

Recom binants Number in  c la s s  

( t o t a l  = 100)

dgoD t s l 6 tn a

+ + + 6

+ + 6

+ + 3

-  — 0

+ + - 0

+ - 84

+ - 1

— - - 0

T ra n sd u c tio n  f re q u e n c ie s  

I l v  -  tn a  15^

I l v  -  t s l 6  10fo

I l v  -  dgoD 4%

Concluded order: dgoD t s l6  tna  i l v



Table 5*3

T ransduction o f i l v *  from A3 in to  LE316

D onor:

R e c ip ie n t :

S e le c t io n :

P1 grown on A3 dnaA t s l 6 * tn a * i l v * 

LE316 dnaA* t s l 6  tn a  i l v

I lv *  30°C

(a )Recom binants '  ' Number in  c l a s s

t s l 6  (C lb ) dnaA tn a ( t o t a l  = 400 )

+ (s) + + 0

+ (s) - + 6

- (R) + + 31

- (R) ' - + 0

+ (s) + - 0

+ (s) - - 4

- (R) + - 359

- (R) - - 0

T ra n sd u c tio n  f re q u e n c ie s

i l v - tn a  9*2^

i l v - t s l 6  2 . 5^

i l v - dnaA 2,59^

( a ) dnaA” was sco red  by i t s  co ld s e n s i t i v e  p heno type , i

to grow a t  26°C on n u t r i e n t ^ g a r ( O r r £ t ^ . ,  1978)

t s l 6  was i d e n t i f i e d  as r e s i s t a n t  to  c lo ro b io c in .

C oncluded o rd e r : ( t s l 6  dnaA) tn a  i l v
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d e te rm in a b le  s in c e  no c ro s so v e rs  o c c u rre d  betw een them , presum ably  

becau se  th e y  a re  v e ry  c lo s e ly  l i n k e d . A n a ly s is  o f th e  number o f c r o s s 

o v e rs  r e q u ire d  to  g e n e ra te  each observed  c la s s  a ls o  f a i l e d  to  o rd e r  th e se  

two m arkers b u t o th e rw ise  th e  d a ta  a g a in  su g g es ted  th e  o rd e r  (dnaA t s l 6 ) 

tn a  i l v . The a l t e r n a t i v e  o rd e r  tn a  (dnaA t s l 6 ) i l v  would r e q u i r e  th a t  

th e  second most f re q u e n t c la s s  o f reco m b in an ts  observed  ( tn a *  t s l 6  dnaA*) 

be g e n e ra te d  by fo u r  c ro s s o v e rs  w hich i s  u n l ik e ly .

The in t e r p r e t a t i o n  o f  th e  d a ta  in  T ab les  5 .1 ,  5 .2  and 5»3 i s  on ly  

v a l id  i f  t s l 6  l i e s  to  th e  same s id e  o f i l v  as dgoD, dnaA and t n a . T his 

was confirm ed  by th e  c ro s s e s  d e s c r ib e d  in  T ab les 5*4 and 5*5* These show 

t h a t  t s l 6  i s  h ig h ly  c o tra n s d u c ib le  w ith  b o th  tn a  and dgoD and th e re fo re  

t s l 6  m ust l i e  to  th e  l e f t  o f  i l v . Do th e se  c ro s s e s  h e lp  u s  to  o rd e r  th e  

m arkers  in d e p e n d e n tly  o f th e  c ro s s e s  d e s c r ib e d  p re v io u s ly ?  By a n a ly s in g  

th e  number o f c ro s s o v e rs  r e q u ire d  to  g e n e r a te  each c la s s  o f reco m b in an t, 

i t  can  be concluded  th a t  f o r  th e  o rd e r  dgoD tn a  t s l 6  i l v , double c ro s so v e rs  

w ould be re q u ire d  to  g e n e ra te  th e  c la s s e s  tn a  dgoD i l v * and tn a  dgoD* i l v * . 

I f  how ever th e  o rd e r  were dgoD tn a  t s l 6  i l v , double c ro s so v e rs  would 

g e n e ra te  th e  c la s s e s  tn a  dgoD i l v * and tn a  dgoD i l v . In  b o th  e x p e rim e n ts , 

reco m b in an ts  in  t h i s  l a t t e r  c la s s  were reco v e re d  w hereas tn a  i l v * 

reco m b in an ts  were n o t .  T h is a g a in  su g g e s ts  th e  o rd e r  dgoD t s l 6  tn a  i l v . 

However i t  must be n o te d  t h a t  due to  th e  v e ry  c lo s e  l in k a g e  o f t s l 6  

to  t n a , th e  low numbers o f tn a  reco m b in an ts  cou ld  reduce th e  s ig n i f ic a n c e  

o f t h i s  l a t t e r  r e s u l t .  In  th e  c ro s s  d e s c r ib e d  in  T able 5*4, a l l  t s * 

t r a n s d u c ta n ts  were c lo ro b io c in  s e n s i t i v e  su g g e s tin g  f u r t h e r  t h a t  th e  

te m p e ra tu re  s e n s i t i v i t y  f o r  grow th and r e s i s ta n c e  to  c lo ro b io c in  a re  due 

to  a  s in g le  m u ta tio n .



Table 5*4

Transduction o f  t s l 6 * from C0101 in to  LE316

Donor: P1 grown on C0101 dgoD t s l 6 * tn a * i l v *

R e c ip ie n t :  LE316 dgoD* t s l 6  tn a  i l v

S e le c t io n :  Growth a t  42°C on n u t r i e n t  a g a r

dgoD

(a )Recom binants '  ' 

tn a i l v

Number in  

( t o t a l  =

c la s s

171)

- + + 16

- + - 116

+ + + 28

+ + - 6

- - + 0

- - - 2

+ - + 0

+ - - 3

T ra n sd u c tio n  f re q u e n c ie s  

t s l 6  -  tn a  97^

t s l 6  -  dgoD 78%

t s l 6  -  i l v  26%

( a )  A ll t s *  t r a n s d u c ta n ts  were s e n s i t i v e  to  c lo ro b io c in  (50  ^ g /m l)

Concluded order: dgoD t s l6  tna i l v



Table 5*5

Transduction o f t s l6 *  from C0101 in to  LE316

D onor: 

R e c ip ie n t : 

S e le c t io n :

P1 grown on C0101 dgoD t s l 6 * tn a * i l v * 

LE316 dgoD* t s l 6  tn a  i l v

Growth a t  42°C on n u t r i e n t  a g a r

Recom binants Number in c la s s

dgoD tn a  i l v (T o ta l = 150)

- + + 7

- + 97

+ + + 13

4" + 6

- + 0

c

+ +

J

0

+ -  — 4

T ra n sd u c tio n  f re q u e n c ie s  ,

t s l 6 tn a  94%

t s l 6 dgoD 72%

t s l 6 i l v  13%

Concluded o rd e r :  dgoD t s l 6 tn a  i l v
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Thus th e  t s l 6  m u ta tio n  l i e s  to  th e  l e f t  o f t n a , v e ry  c lo s e  to  

dnaA. The fo u r  m arkers dgoD, t s l 6 , dnaA and tn a  were a ls o  o rd e red  by 

a  f u r t h e r  c ro s s  as shown in  Table 5*6* In  t h i s  c a se  th e  s e le c t io n  f o r  

te m p e ra tu re  r e s i s ta n c e  fo rc e d  a  c ro s so v e r  to  o ccu r betw een dnaA and t s l 6  

s in c e  b o th  m u ta tio n s  c o n fe r  te m p era tu re  s e n s i t i v i t y .  By a n a ly s in g  th e  

d i s t r i b u t i o n  of f la n k in g  m ark e rs , i t  was hoped to  o rd e r  th e s e  two m u ta tio n s  

w ith  r e s p e c t  to  dgoD and t n a . F ig u re  5*2 shows th a t  i f  th e  o rd e r  were 

dgoD t s l 6  dnaA t n a , th e  c l a s s  dgoD tn a  would be ex p ec ted  to  c o n s t i tu t e  

th e  m ajo r c a te g o ry  o f t r a n s d u c ta n ts .  C on v erse ly , i f  th e  o rd e r  were dgoD 

dnaA t s l 6  tn a  th e  m ajo r c a te g o ry  would be ex p ec ted  to  be dgoD* tn a * (n o t 

i l l u s t r a t e d ) .  As T able 5*6 shows, th e  f i r s t  o f th e se  a l t e r n a t i v e s  i s  

t r u e  and th e re f o r e  th e  o rd e r  i l l u s t r a t e d  in  F ig u re  5*2 i s  in f e r r e d  to  be 

c o r r e c t .

In  o rd e r  to  ex tend  th e  a n a ly s is  o f th e  m u ta tio n  in  LE316 and to  s tu d y  

th e  e f f e c t s  of t h i s  m u ta tio n  in  com bination  w ith  o th e r  m u ta tio n s , an 

a t te m p t was made to  t r a n s f e r  t s l 6  by PI t r a n s d u c t io n .  However i t  proved 

im p o ss ib le  to  grow P1 on LE316 w hereas h ig h  t i t r e s  were r e a d i ly  o b ta in e d  

on LE234» th e  p a re n t s t r a i n .

I I I .  A n a ly s is  o f the  M uta tion  in  LE701

A second m u tan t, LE701, was a ls o  chosen f o r  f u r t h e r  s tu d y . LE701 

was i s o l a t e d  as r e s i s t a n t  to  c lo ro b io c in ,  b u t u n lik e  LE316 i t  i s  n o t 

te m p e ra tu re  s e n s i t iv e  f o r  grow th (se e  C hap ter 6 ) .  The m u ta tio n  in  LE701 

w i l l  be d e s ig n a te d  c lb 701 , a lth o u g h  ev id en ce  w i l l  be p re se n te d  su g g e s tin g  

th a t  clb701 does in  f a c t  map c lo se  to ,  o r w ith in , cou.



Table 5*6

Transduction o f t s l 6 ~̂ from LE312 in to  LE316

Donor; P1 grown on LE312 dgoD t s l 6 ^ dnaA tna"*" i l v ^

R e c ip ie n t :  LE316 dgoD**" t s l 6  dnaA^ tn a  i l v

S e le c t io n ;  Growth a t  42°C on n u t r i e n t  a g a r

Recombinants Number in  each c la ss

disroD tna i l v (Total = 147)

+ + + 2

+ + - 7

- + + 1

- + - 13

- - + 11

- - - 66

+ - + 12

+ - - 35



F igure 5o2

Transduction o f t s l6 ^  from LE312 in to  LE316

T his f ig u r e  shows d ia g ra m m a tic a lly  th e  c ro s s  d e s c r ib e d  in  

T ab le 5 .6  (see  o p p o s i te ) .

dgoD t s l 6  dnaA tn a  i l v

donor -  + -  + +

r e c i p i e n t  + -  + -  -

The o rd e r  o f genes shown above i s  th e  on ly  one which i s  

c o n s i s t e n t  w ith  th e  r e s u l t s  in  T able 5 .6  (see  t e x t ) .  The bo ld  l i n e  

betw een th e  two "chromosomes" r e p r e s e n ts  the  s e le c t io n  im posed, and 

th e  d o t te d  l i n e  r e p r e s e n ts  th e  m ost f re q u e n t c la s s  o f  reco m b in an t.
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( a )  P1 T ran sd u c tio n

P1 grown on s t r a i n  C0101 was in tro d u c e d  in to  LE701 and i l v ^ 

reco m b in an ts  s e le c te d  and sco red  f o r  c lo ro b io c in  s e n s i t i v i t y .  As shown 

in  T ab le 5*7, in  two s e p a ra te  experim en ts  no c lo ro b io c in  s e n s i t i v e  

t r a n s d u c ta n ts  were re c o v e re d  a lth o u g h  5 dgoD and 48 tn a ^  recom b in an ts  

were found . T his r e s u l t  was u nexpec ted  g iv e n  th e  c o tra n s d u c tio n  freq u en cy  

o f  10^ betw een i l v  and t s l 6  in  a  s im i la r  c ro s s  (T ab le  5 *2 ). S ince  the  

t r a n s d u c t io n  f re q u e n c ie s  o b ta in e d  in  such experim en ts  v a r ie d  a c c o rd in g  to  

th e  h o s t  upon which th e  P1 was grown, th e  c ro s s  was re p e a te d  u s in g  P1 

grown on C600 s in c e  t h i s  same phage p re p a ra t io n  had p re v io u s ly  g iv e n  a 

C O tran sd u c tio n  freq u en cy  o f 22^ betw een i l v  and t s l 6 . However t h i s  a ls o  

gave no c lo ro b io c in  s e n s i t i v e  reco m b in an ts  amongst 4OO i l v ^ t r a n s d u c ta n ts  

t e s t e d  (d a ta  n o t shown). Thus i t  appeared  t h a t  clb701 d id  n o t map a t  

c o u .

(b ) H fr P latings

LE7OI was used  as th e  r e c i p i e n t  in  m atings w ith  th r e e  H fr s t r a i n s

whose p o in ts  o f o r ig in  and d i r e c t io n  o f t r a n s f e r  a re  g iv en  in  F ig u re  5*1*

+ RI l v  S t r  tra n s c o n ju g a n ts  were s e le c te d  and te s t e d  f o r  th e  p re sen ce  o f 

v a r io u s  m a rk e rs . The r e s u l t s  a re  g iv en  in  Table 5*8* W ith KL25 no 

c lo ro b io c in  s e n s i t iv e  (Clb*^) tra n s c o n ju g a n ts  were o b ta in e d  w h ile  33 ou t 

o f  36 o f  th o se  from th e  c ro s s  w ith  AB312 were Clb"^. T his in d ic a te d  th a t  

th e  clb701 m u ta tio n  la y  betw een 65 and 82 m in u te s . This i s  c o n s is te n t  

w ith  th e  low numbers o f C lb^ tra n s c o n ju g a n ts  o b ta in e d  w ith  H fr P10. I t  

sh o u ld  be no ted  h e re  t h a t  te c h n ic a l  problem s were en co u n te red  in  s c o r in g  

s e n s i t i v i t y  and r e s i s ta n c e  to  c lo ro b io c in  in  th e se  c r o s s e s .  W hile i t



T ab le 5 .7

T ra n sd u c tio n  o f ilv~^ from C0101 in to  LE701

Donor; P1 grown on C0101 dgoD c lb * tna~* i l v *

R e c ip ie n t :  LE701 dgoD* c lb tn a i l v

S e le c t io n ;  i l v *

(a.)Recom binants '  ' Number in c la s s (b )

dgoD tn a ( t o t a l  = 100, 99)

+ + 21, 34

+ 1, 2

-  — 0, 0

+ 78, 63

(a )  A ll recom binan ts  were c lb  i . e .  r e s i s t a n t  to  c lo ro b io c in

(b )  The d a ta  a re  th e  r e s u l t s  o f two s e p a ra te  ex p erim en ts



Table 5«8

C o n ju g a tio n  o f LE701 w ith  H fr S tr a in s  P10, KL25 and AB312

M atings were perform ed f o r  30 m inu tes as d e s c r ib e d  in  C hap ter 

2 . S e le c tio n  in  a l l  c a se s  was f o r  I lv *  S tr ^ .  The p o in ts  o f  o r ig in  

o f  th e  H fr s t r a i n s  a re  shown in  F ig u re  5•1•

H fr

T o ta l

Recom binants

Met*Arg* Clb®

P10 35 27 5

KL25 35 11 35

AB312 36 0 33

(a )  Clb® d e s ig n a te s  s e n s i t i v i t y  to  50 pg/m l c lo ro b io c in
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was p o s s ib le  to  d e term in e  th e  s e n s i t i v i t y  o f a  few s t r a i n s  a f t e r  s e v e ra l  

a t te m p ts  u s in g  th e  a g a r  sp o t t e s t  (se e  C hap ter 2 ) ,  o r  b e t t e r  s t i l l  by 

grow th  to  s in g le  c o lo n ie s  on a g a r  c o n ta in in g  c lo ro b io c in ,  i t  proved 

d i f f i c u l t  to  sco re  la rg e  numbers o f recom binan ts  by th e s e  p ro c e d u re s .

The i l v *  t r a n s d u c ta n ts  o f LE701 (se e  ( a ) )  were sc o re d  by th r e e  s e p a ra te  

t e s t s  on p la te s  c o n ta in in g  d i f f e r e n t  c o n c e n tra t io n s  o f c lo ro b io c in ,  and 

th e  grow th compared to  t h a t  o f LE234 and LE701. W ith LE316 t h i s  problem  

was m inim ised  because o f th e  v e ry  c le a n  te m p e ra tu re  s e n s i t i v i t y  o f th i s  

s t r a i n  a t  42°C.

TV. Are IM tations to C lorobiocin R esistance R ecessive?

T here i s  a d eg ree  o f c o n tro v e rsy  as to  w hether dnaA m u ta tio n s  

a re  dom inant o r  r e c e s s iv e  (se e  C hap ter 1 ) .  S ince  a t  th e  commencement of 

t h i s  s tu d y  i t  was by no means c e r t a in  t h a t  th e  cou and dnaA lo c i  were 

d i s t i n c t ,  I  d ec id ed  to  d e te rm in e  w hether th e  m u ta tio n s  in  LE316 and LE701 

were dom inant o r  r e c e s s iv e .  Such in fo rm a tio n  can som etim es throw  l i g h t  

on th e  n a tu re  m u ta tio n s  as  w e ll as p ro v id in g  a  co n v en ien t method f o r  r a p id  

m apping o f r e c e s s iv e  m u ta tio n s  (Low, 1973).

(a ) The F-prime Factor EM 33

In  t h e i r  experim en ts  w ith  dnaA m utan ts  in  E .c o l i  B /r ,  M esser and 

co -w o rk ers  found th a t  a l l  dnaA m u ta tio n s  t e s t e d  w ere dom inant upon 

in t r o d u c t io n  o f th e  episom e F ’133 (Beyersmann £ t  a l . ,  1974; Zahn e t  a l . , 

1977) w hich c a r r i e s  chromosomal genes from i l v  to  argH (82 to  87 m in .) .  

M esser and co -w orkers have Concluded t h a t  F ’133 c a r r i e s  dnaA* because 

when th e y  i s o la te d  F '1 3 3  c a r ry in g  i l v * dnaA204 , t h i s  c o n fe rre d  

te m p e ra tu re  s e n s i t i v i t y  upon a  dnaA"*" h o s t .



Table 5o9

Phenotypes o f C lo ro b io c in  R e s is ta n t  S tr a in s  C arry in g  F -prim e F a c to rs

(a )  + in d ic a te s  com plem entation  of th e  g e n e t ic  d e fe c t  by th e

F -p rim e . Ts* in d ic a te s  te m p e ra tu r e - r e s is ta n c e  and 

c lo ro b io c in  s e n s i t i v i t y .  Clb* in d ic a te s  c lo ro b io c in  

s e n s i t i v i t y .



s t r a i n F-prim e Phenotype o f D ip lo id (a )

I l v Met Arg Tna Ts Clb

LE234 133 + + + -

ti 111 + + + +

LE316 133 + + + - - -

t» 111 + + +• + +

LE701 133 + + + - -

11 111 + + + + +

IE705 133 + + + -

(LE234recA) 111 + + +

LE707 133 + + + - - -

CLE3l6recA) 111 + + + + + +

LE7 06 133 + + + - -

CLE701recA) 111 + + + + +
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I  th e r e f o r e  t r a n s f e r r e d  t h i s  episom e in to  LE316 and LE701 b u t found no 

r e tu r n  to  e i t h e r  te m p e ra tu re  r e s i s ta n c e  o r  c lo ro b io c in  s e n s i t i v i t y  (T able 

5 . 9 ) .  In  a d d i t io n ,  th e se  p a r t i a l  d ip lo id s  were a l l  Tna” when grown w ith  

s e le c t io n  f o r  th e  episom e in  e i t h e r  a  r e c * o r  a  recA  background . These 

r e s u l t s  in d ic a te  t h a t  F ’ 133 does n o t c a r r y  tn a  o r  any o f th e  genes to  th e  

l e f t  o f t h i s  m arker in c lu d in g  dnaA.

These r e s u l t s  a re  in  c o n f l i c t  w ith  th o se  o f M esser b u t th e re  a re

s e v e ra l  p o s s ib le  e x p la n a tio n s  f o r  t h i s .  F i r s t l y ,  M esse r’s f i r s t

ex p erim en ts  w ith  F ’133 were r e p o r te d  in  1974 (Beyersmann ^  ^ . , 1974)

and so i t  i s  l i k e l y  th a t  th e  work was c a r r i e d  o u t a t  l e a s t  f iv e  y e a rs

b e fo re  t h i s  s tu d y . D uring  th i s  tim e F ’133 cou ld  have l o s t  a  p o r t io n  o f

i t s  DNA c o n ta in in g  th e  dnaA re g io n . Indeed  as Zahn £ t  (1977) p o in t

o u t ,  F ’133 may have l o s t  a  c e n t r a l  fragm en t around o riC  and , in  th e

i s o l a t e  we o b ta in ed  from B. Bachmann f o r  t h i s  s tu d y , such a  d e le t io n  cou ld

have ex ten d ed  to  a l l  genes c a r r ie d  on t h i s  episome a n t ic lo c k w is e  o f  o r iC .

S econd ly , M esse r’s ex p erim en ts  were c a r r i e d  ou t u s in g  E .c o l i  B /r  ( c a r ry in g

th e  h o s t  s p e c i f i c i t y  o f E .c o l i  K-12) and i t  i s  p o s s ib le  t h a t  th e  o rd e r  o f

m arkers in  t h i s  s t r a i n  d i f f e r s  from th a t  in  E .c o l i  K-12. However t h i s
+

second  p o in t  does n o t e x p la in  how com plem entation  o f dnaA was ach iev ed  

u s in g  F ’133 d e r iv e d  from E .c o l i  K-12.

(b ) The F -prim e F a c to r  F ’111

As an a l t e r n a t iv e  to  F ’133, th e  episom e F ’ 111 was u se d . T his c a r r i e s  

genes from pyrE to  malK (se e  F ig u re  5 * l)  and was th e r e f o r e  exp ec ted  to  

c a r r y  c o u .F ’111 was in tro d u c e d  in to  LE316 and LE701 and t h i s  r e s u l t e d  in
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a  r e tu r n  to  c lo ro b io c in  s e n s i t i v i t y  in  b o th  th e se  s t r a i n s  and 

te m p e ra tu re  r e s i s ta n c e  in  LE316 (T ab le 5»9)« These d ip lo id s  were n o t 

s t a b l e  in  r e c * backgrounds even w ith  c o n t in u a l s e le c t io n  f o r  I lv * .  In 

LE316 F '1 1 1 , 50^  o f th e  I lv *  c o lo n ie s  p ic k ed  a t  30°C were n o t found tq  

be Met* Arg* Tna* Temp^ C lb^ . Amongst th e s e  p a r t i a l  d ip lo id s  were some 

i s o l a t e s  in  w hich th e  F ’111 had a p p a re n tly  l o s t  some genes to  one s id e  o r 

th e  o th e r  o f i l v , and even some which r e ta in e d  o n ly  i l v . When te m p era tu re  

r e s i s t a n c e  was l o s t  in  such  p a r t i a l  d ip lo id s  o f LE316, t h i s  was always 

accom panied by a  r e tu r n  to  c lo ro b io c in  r e s i s t a n c e .  In  th e  recA background, 

a l l  H v *  i s o l a t e s  r e ta in e d  th e  f u l l  phenotype o f th e  ep isom e, i . e .  Met* 

Arg* Tna* Temp^ C lb^. However upon rem oval o f s e le c t io n  f o r  th e  episom e 

by grow th in  medium c o n ta in in g  m e th io n in e , a r g in in e ,  v a l in e  and is o le u c in e  

a t  30°C, th e s e  s t r a i n s  r a p id ly  l o s t  th e  episom e as  judged  by t h e i r  

su b se q u e n t f a i l u r e  to  grow on m inim al medium a t  42°C w ith  am ino a c id s  

o r  a t  30°C w ith o u t one o r  a l l  o f th e  amino a c id s .  W ith LE701 recA , as 

in d ic a te d  above, in t r o d u c t io n  o f F ’ 111 a ls o  r e s u l t e d  in  a  r e tu r n  to  

c lo ro b io c in  s e n s i t i v i t y .  L ike LE3l6 re c A /F ’111, th e  LE701 recA p a r t i a l  

d ip lo id s  r a p id ly  l o s t  F ’111 in  th e  absence o f s e l e c t io n  as judged by a 

f a i l u r e  to  grow w ith o u t i s o le u c in e  and v a l in e  and a  r e tu r n  to  c lo ro b io c in  

r e s i s t a n c e .  These r e s u l t s  dem on stra ted  t h a t  c lo ro b io c in  r e s i s ta n c e  i s  

r e c e s s iv e  to  c lo ro b io c in  s e n s i t i v i t y .  In  a d d i t io n  i t  can be concluded 

th a t  clb701 maps in  a  re g io n  o f th e  chromosome covered  by F ’111 b u t n o t 

by F ’ 133* T h is , ta k en  w ith  th e  H fr m a tin g  r e s u l t s ,  s u g g e s ts  t h a t  clb701 

l i e s  betw een th e  p o in t  o f o r ig in  o f KL25 and th e  end p o in t  o f F ’111, i . e .  

c lo s e  to  th e  cou lo c u s  (se e  F ig u re  5*1)•
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P a r t i a l  d ip lo id s  w ith  P '111 were a ls o  used  to  t e s t  th e  dnaA4& 

m u ta tio n  f o r  i t s  a l le g e d  dominance to  dnaA*. T his ex p erim en t was 

perform ed  by Dr E. O rr who found th a t  t h i s  p a r t i c u l a r  a l l e l e  was r e c e s s iv e  

to  dnaA*.

V. X T ran sd u c in g  Phages C arry in g  dgoD and cou

(a )  T ra n sd u e tio n a l A n a ly s is

A pow erfu l method f o r  th e  a n a ly s is  o f  s h o r t  segm ents o f chromosomal 

DNA o f E .c o l i  i s  to  c lo n e  such fragm en ts  on to  b a c te r io p h a g e  X • By 

u t i l i s i n g  th e  abundance o f  secondary  a ttach m en t s i t e s  f o r  X on th e  E .c o l i  

chromosome (Schmida e t  a l . ,  1972), i t  i s  p o s s ib le  to  i s o l a t e  % t r a n s 

d u c in g  phages which c a r ry  genes from many s i t e s  on th e  chromosome 

(S chrenck  and W eisberg , 1975)* T his s e c t io n  d e s c r ib e s  th e  i n i t i a l  

c h a r a c te r i s a t io n  o f X ddgoD and Xdcou tra n s d u c in g  ph ag es . These phages 

were i s o l a t e d  by Dr E. O rr by s e le c t io n  f o r  grow th on D -g a la c to n a te  u s in g  

th e  s t r a i n  C0509(X^) in f e c te d  w ith  a  g e n e ra l is e d  tra n s d u c in g  ly s a t e  

p re p a re d  e s s e n t i a l l y  as d e s c r ib e d  in  C hap ter 2 . The ly s a t e  u sed  f o r  th e  

i s o l a t i o n  o f  th e  t r a n s d u c in g  phages was p rep a red  and k in d ly  d onated  by 

Dr B.C. S p r a t t .

Many A ddgoD phages were i s o la te d  and were sc re e n e d  f o r  th e  p resen ce  

o f  th e  cou gene by tra n s d u c in g  LE3l6(X*) and s e le c t in g  f o r  grow th a t  

42°C. Two phages, XddgoDl2 and XddgoD25, when p re s e n t  as prophages 

c o m p le te ly  a b o lish e d  the  te m p era tu re  s e n s i t i v i t y  and c lo ro b io c in  

r e s i s t a n c e  o f LE3l6 and a re  concluded  to  c a r ry  th e  cou gene . A nother 

phage, XddgoP28, on ly  complemented dgoD. These phages were t e s t e d  f o r



Figure 5 .3

A n aly s is  o f P ro te in s  S p e c if ie d  by X dgoD T ransducing  Phages

S t r a in  159(X"^) W - i r r a d i a t e d ,  in f e c te d  w ith  X tra n s d u c in g  

phages and p u lse  la b e l le d  w ith  [^ ^ s ] -m e th io n in e  as d e s c r ib e d  in  

M a te r ia ls  and M ethods. The p r o te in s  were v is u a l i s e d  by f lu o ro g ra p h y  

a f t e r  p o ly acry lam id e  g e l e le c t r o p h o r e s is  on an 11^ g e l .

The p o s i t io n s  o f ENA polym erase s u b u n its  and p ’ (155K; I 6OK 

r e s p e c t iv e ly )  and o f s ta n d a rd  m o le c u la r  w eigh t p ro te in s  were 

d e te rm in ed  on th e  s ta in e d  p r o f i l e .

Lanes 1 and 2 : U n ir r a d ia te d  c e l l s

" 3 ; I r r a d i a t e d  c e l l s ,  no phage

" 4 ; " " X*

" 5 : ” " XddgoLl2

" 6 : " " XddgoL25

" 7 : " " XddgoD28
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th e  p re sen ce  o f th e  dnaA* gene by s e l e c t i n g  f o r  te m p e ra tu re  r e s i s ta n c e  

u s in g  LE315(X^), an i l v * dnaA46 t r a n s d u c ta n t  o f LE234* None of th e s e  

phages com plemented th e  dnaA46 m u tan t; t h i s  i s  t r u e  f o r  ev e ry  o th e r  

XddgoD i s o l a t e  so f a r  exam ined (E. O rr, p e rso n a l com m unica tion). I t  i s  

co n cluded  th a t  th e  dnaA gene does n o t  l i e  betw een dgoD and cou , and t h i s ,  

s u p p o r ts  th e  e a r l i e r  c o n c lu s io n  th a t  cou maps to  th e  l e f t  o f  dnaA. T his 

c o n c lu s io n  i s  o f  co u rse  dependent upon th e  r e c e s s iv e  n a tu re  o f th e  dnaA46 

m u ta tio n  as  r e p o r te d  in  th e  p re v io u s  s e c t io n .

(b) A nalysis o f the Proteins Encoded by 'XddgoD Transducing Phages

I t  i s  p o ssib le  to in v e stig a te  the proteins encoded by genes on 

transducing phages by analysing the proteins synth esised  a f te r  in fe c t io n  

of a  h ea v ily  UV-irradiated stra in  (p ta s h n e , 1967 ) * The chromosomal DNA 

i s  damaged beyond rep air  and i f  such a  s tr a in  i s  lysogen ic  fo r  Xind” , th is  

ensures rep ression  of tra n scrip tion  from the in fe c t in g  phage promoters 

P  ̂ and P^. The only proteins synthesised  a fter  in fe c t io n  in  th is  system  

are the c l  and rex gene products o f X and those encoded by b a cter ia l DNA 

contained w ith in  the transducing fragment.

F ig u re  5»3 shows th e  a n a ly s i s ,  by SDS-PAGE, o f  p ro te in s  s y n th e s is e d  

a f t e r  in f e c t io n  o f s t r a i n  159(X ind~) w ith  XddgoD tr a n s d u c in g  phages. 

XddgoD12 and 2 5 , w hich complemented t s l 6 , s y n th e s is e d  a  p r o te in  o f 

m o le c u la r  w eigh t 92K; XddgoD28, w hich complemented o n ly  dgoD, d id  n o t .  

S ince  th e  m o le c u la r  w eigh t o f th e  cou gene p ro d u c t i s  e s tim a te d  to  be 

betw een 90K and 95K (H igg ins e t  ^ . , 1978; Muzuuchi e t  a l . ,  1978a), i t  

i s  most p ro b ab le  t h a t  th e  92K p r o te in  v is u a l i s e d  i s  in  f a c t  th e  cou gene
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product. The dgo proteins were not v isu a lise d  in  th is  system, 

presumably because the c e l l s  were not grown with D -galactonate as a 

carbon source.

V. D iscussion

The g e n e t ic  lo c u s  cou which d e te rm in e s  r e s i s ta n c e  to  coumermycin 

(Byan, 1976) has been id e n t i f i e d  as th e  s t r u c t u r a l  gene f o r  th e  B su b u n it 

o f DNA g y rase  ( O e l le r t  _et 1976b; M zu u ch i e t  , 1978a). The

r e s u l t s  p re se n te d  in  t h i s  C hap ter in d ic a te  t h a t  th e  c o n d i t io n a l  l e t h a l  

m u ta tio n  in  LE3l6 maps w ith in  th e  cou lo c u s .  T h is i s  c o n s i s te n t  w ith  

th e  observed  r e s i s ta n c e  o f LE316 and LE701 to  coumermycin (see  C hap ter 6), 

The gene o rd e r  deduced from PI t r a n s d u c t io n  was :

dgoD t s l6  (= cou) dnaA tna i l v .

The r e s u l t s  o b ta in e d  w ith  th e  A tra n s d u c in g  phages a re  a l s o  c o n s is te n t  

w ith  dnaA and cou as d i s t i n c t  g en es . T h is  i n t e r p r e t a t i o n  i s  a ls o  

c o n s i s t e n t  w ith  th e  r e s u l t s  o f a n o th e r  s tu d y  conducted  a t  abou t th e  same 

tim e as  t h i s  work (Hansen and von Meyenburg, 1979)* These a u th o rs  used  

^ tn a  t r a n s d u c in g  phages and found th a t  th e  dnaA gene mapped to  th e  r i g h t  

o f c o u , and coded f o r  a  54K p r o te in  d i s t i n c t  from th e  cou p ro d u c t.

The mapping data in  LE701 i s  incom plete. F-prime complementation 

placed the clb701 mutation in  a region of the chromosome covered by F ’111 

but not by F ’133* Thus clb701 l i e s  e ith e r  between pyrB and i l v , or 

between argE and malK. The Hfr matings appear to ru le  out the la t t e r  but 

the complete lack o f co-transduction  with i l v  remains a mystery, u n less  

c l b 701 l i e s  at the extreme l e f t  hand end of the chromosome covered by
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F ’111. LE701 , u n l ik e  o th e r  c lo ro b io c in  r e s i s t a n t  m u ta n ts , i s  r e s i s t a n t

to  low c o n c e n tra t io n s  o f n a l id ix i c  a c id  (see  C hap ter 6 ) .  I t  has n o t been 

r u le d  ou t th a t  LE701 has  m u ta tio n s  a t  b o th  nalA  and cou , however th e  

com plem entation  o f c lo ro b io c in  r e s i s t a n c e  by F ’111 (w hich does n o t co v er 

n a lA ) makes t h i s  u n l ik e ly .  I t  i s  p o s s ib le  t h a t ,  because  th e  g y rase  

s u b u n its  i n t e r a c t  in  v iv o , an a l t e r a t i o n  in  th e  cou gene p ro d u c t i s  

s u f f i c i e n t  to  cause  an a l t e r a t i o n  in  th e  co n fo rm atio n  o f th e  nalA  

p ro d u c t th e re b y  r e s u l t i n g  in  n a l id ix i c  a c id  r e s i s t a n c e .  T his m utant 

d e s e rv e s  f u r th e r  s tu d y  as  t h i s  phenomenon may h e lp  to  e lu c id a te  the  

r o l e  and in t e r a c t io n s  o f  th e  DNA g y rase  su b u n its  in  v iv o .

In  c o n c lu s io n , LE316 i s  m u tan t a t  th e  cou lo c u s  and th e r e f o r e  may 

p roduce a  te m p e ra tu r e - s e n s i t iv e  DNA g y ra s e . The m utant LE701 may be 

c o n s id e re d  to  be a  cou m u tan t, a lth o u g h  r ig o ro u s  p ro o f  was n o t o b ta in e d . 

These m utan ts p ro v id ed  th e  b a s is  f o r  a  s tu d y  o f th e  r o le  o f DNA g y rase  

in  c e l l  grow th in c lu d in g  DNA r e p l i c a t i o n  as p re s e n te d  in  C hap ter 6.

F in a l ly ,  in  co n n e c tio n  w ith  th e  c lo s e  lin k a g e  o f  dnaA and co u , i t  

i s  o f i n t e r e s t  t h a t  one s t r a i n  (E517) o r ig i n a l l y  c l a s s i f i e d  as a 

dnaA m utant (a lth o u g h  i t  was n o te d  th a t  t h i s  s t r a i n ,  u n l ik e  a l l  o th e r  

dnaA m u ta n ts , cou ld  n o t be i n t e g r a t i v e ly  su p p re sse d  (V/ecAsier and 

G ross, 1971) ) ,  now ap p ea rs  to  be m utant a t  th e  cou lo c u s .  P ro ja n  and 

We .1 e r (1979) exam ined th e  form  o f th e  j  p lasm id  DNA is o la t e d  from 

t h i s  s t r a i n  b e fo re  and a f t e r  a  s h i f t  to  42^0 , and found th a t  th e  

n e g a t iv e  s u p e rc o i ls  p re s e n t  a t  th e  p e rm iss iv e  te m p e ra tu re  were l o s t  a t  

th e  n o n -p e rm iss iv e  te m p e ra tu re . I n t e r e s t i n g l y , s t r a i n  E517 i s  n o t 

i t s e l f  r e s i s t a n t  to  coumermycin, b u t between 20 and 80^^ o f te m p era tu re  

r e s i s t a n t  r e v e r t a n t s  were found to  be coumermycin r e s i s t a n t .  T his
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s t r a i n  th e re fo re  may be m utant in  a  d i f f e r e n t  re g io n  o f  th e  cou 

lo c u s  th a n  t s l 6 , and th e  te m p era tu re  r e s i s t a n t  r e v e r t a n t s  may map 

a t  a  second s i t e ,  p erhaps  in  th e  same re g io n  as t s l 6 .
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C h ap te r 6

STUDIES ON THE GROWTH OF CLOROBIOCIN RESISTANT MUTANTS

I .  Introduction

In  C hap ter 5 i t  was e s ta b l i s h e d  t h a t ,  in  a t  l e a s t  one m u tan t, 

c lo ro b io c in  r e s i s ta n c e  was due to  m u ta tio n  a t  th e  cou lo c u s ,  now knovm 

to  be th e  s t r u c t u r a l  gene f o r  su b u n it B o f DNA g y ra se . The p r e c is e  

p h y s io lo g ic a l  r o le  o f  DNA g y ra se  however i s  n o t c l e a r .  W hile th e  

e x p erim en ts  in  C hap ters  3 and 4 in d ic a te  an invo lvem ent o f  DNA g y rase  

in  DNA, RNA and p ro te in  s y n th e s is  and in  c e l l  d iv i s io n ,  o th e r  w orkers 

have c o n s i s t e n t ly  c o n s id e re d  an a c t i v i t y  in  th e  e lo n g a tio n  s te p  o f  DNA 

r e p l i c a t i o n  to  be a  m ajo r r o le  o f t h i s  enzyme ( G e l le r t  _et a l . ,  1976b, 

1977; I to h  and Tomizawa, 1977; Sugino e t  , 1977)*

One approach to an understanding of the ro le  of a gene product i s  

to  study mutants in  which the gene product i s  e ith e r  absent or a ltered  

by m utation. This chapter describes the is o la t io n  of c lorob iocin  

r e s is ta n t  mutants (in clu d in g  con d ition al le th a l mutants) and stu d ies on 

these s tra in s  designed to  probe the ro le  of DNA gyrase in  c e l l  growth and 

p a r ticu la r ly  in  DNA r e p lic a tio n .
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I I .  I so la t io n  of Clorobiocin R esistan t Mutants

(a ) Clorobiocin R esistant Ilîutants

In  one ex p erim en t, 9 spon taneous c lo ro b io c in  r e s i s t a n t  m utan ts  were 

i s o l a t e d  a t  37°C on p la te s  c o n ta in in g  100 |ig /m l c lo ro b io c in  as d e s c r ib e d  

in  C h ap te r 2 . Upon p u r i f i c a t i o n  th e se  m utan ts (d e s ig n a te d  w ith  CLB 

p r e f ix e s )  d id  n o t grow w e ll on p la te s  c o n ta in in g  100 yg/ml  c lo ro b io c in ,  

b u t d id  grow s i g n i f i c a n t l y  b e t t e r  th a n  LE234 on 50 and 75 pg/m l c lo ro 

b io c in .

O vern igh t c u l tu r e s  o f th e se  m u tan ts  were p rep a red  in  M9 m inim al 

medium c o n ta in in g  0 o r 50 y.g/ml c lo ro b io c in  and th e  c e l l s  were examined 

by"phase c o n t r a s t  m icroscopy . As shown in  Table 6 .1 ,  a l l  9 m utan ts  

ap p ea red  lo n g e r  th a n  LE234 when grown in  th e  absence o f c lo ro b io c in .  

However most m utan ts appeared  to  e lo n g a te  f u r t h e r ,  o r  develop  abnorm al 

shapes upon grow th in  th e  p resen ce  o f c lo ro b io c in .  CLB30 was judged  to  

be s l i g h t l y  l a r g e r  th a n  LE234 and d id  n o t s i g n i f i c a n t l y  a l t e r  in  shape 

when grown in  th e  p re sen ce  o f c lo ro b io c in .  T his s t r a i n  was renamed 

LE701 and was chosen f o r  f u r th e r  s tu d y .

From a  d i f f e r e n t  ex p erim en t, a n o th e r  m utant o f LE234 was i s o la t e d  

by grow th  on p la te s  c o n ta in in g  50 pg /m l c lo ro b io c in .  T his m u tan t, 

d e s ig n a te d  CLB8 (LE739) a lso  appeared  l a r g e r  th an  LE234» However CLB8 

grew p o o rly  in  l i q u id  medium c o n ta in in g  50 jig/m l c lo ro b io c in ,  fo rm ing  

c h a in s  and f i la m e n ts .



Table 6.1

M orphology o f C lo ro b io c in  R e s is ta n t  Ivîutants

C u ltu re s  o f  LE234,and 9 spon taneous c lo ro b io c in  r e s i s t a n t  m utan ts 

w ere grown o v e rn ig h t in  M9 m inim al medium (w ith  e s s e n t i a l  su p p lem en ts) 

a t  37°C in  th e  p resen ce  o f e i t h e r  c lo ro b io c in  (50  yig/ml) o r e th y l  

a lc o h o l (0 .5/^ ^ / v ) .

A ll c u l tu r e s  grew w e ll in  th e  p resen ce  o f c lo ro b io c in  e x c e p t 

LE234 w hich grew p o o r ly . The c u l tu r e s  were exam ined u n d er phase 

c o n t r a s t  m icroscopy .



s t r a i n C lo ro b io c in  Absent C lo ro b io c in  P re s e n t 

(50 p g /m l)

LE234 S h o rt ro d s ,  i . e .  1 c e l l  
le n g th

Very l i t t l e  grow th X2-3 c e l l  
le n g th s .  Many abnorm al shapes

CLB21 X2-3 c e l l  le n g th s Abnormal shapes in c lu d in g  dumpy 
" c ig a r  shapes"

GLB22 X2-3 c e l l  le n g th s Abnormal shapes in c lu d in g  " m in ic e l ls "

CLB23 As CLB22. A lso norm al 
s iz e d  c e l l s  and lo n g  
f i la m e n ts

As w ith o u t c lo ro b io c in

CLB25 X2-3 c e l l  le n g th s .  
Some ch a in s

Abnormal shapes in c lu d in g  some 
lo n g , f a t  c e l l s

CLB26 X2-3 c e l l  le n g th s Many abnorm al shapes

CLB27 As CLB26 As CLB26

CLB28 X2-3 c e l l  le n g th s .  
Some v e ry  sm all c e l l s

As w ith o u t c lo ro b io c in ;  a ls o  
some abnorm al shapes

CLB29 X1-2 c e l l  le n g th s .  
Some v e ry  sm all c e l l s

Many abnorm al c e l l s  in c lu d in g  
some f a t  c e l l s

CLB30 

= LE701

Homogeneous s iz e  
perhaps l a r g e r  than
LE234

As w ith o u t c lo ro b io c in
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(b )  T e m p e ra tu re -s e n s itiv e  C lo ro b io c in  R e s is ta n t  M utants

M utants h o p e fu lly  p ro d u c in g  a  te m p e ra tu r e - s e n s i t iv e  MA g y ra se  were 

i s o l a t e d  by o b ta in in g  c lo ro b io c in  r e s i s t a n t  m u tan ts  a t  30^C, and p ic k in g  

th o se  t h a t  were u n ab le  to  grow on p la te s  a t  42°C. Such m u tan ts  would o f 

c o u rse  on ly  be o b ta in e d  i f  MA g y ra se  were an enzyme e s s e n t i a l  f o r  c e l l  

g ro w th .

In  one experim en t a  t o t a l  o f  107 c lo ro b io c in  r e s i s t a n t  m u tan ts  were 

i s o l a t e d  a t  30°C on 75 yg/m l c lo ro b io c in .  Of th e s e ,  4 were f u l l y  

te m p e r a tu r e - s e n s i t iv e  and 6 were p a r t i a l l y  te m p e ra tu r e - s e n s i t iv e  as 

judged  by t h e i r  a b i l i t y  to  form  c o lo n ie s  on m inim al a g a r  (w ith o u t c lo r o 

b io c in )  a t  th e  r e s t r i c t i v e  te m p e ra tu re . L ike th e  m u tan ts  d e s c r ib e d  in  

I I  ( a ) ,  th e se  te m p e ra tu r e - s e n s i t iv e  m u tan ts  d id  n o t grow w e ll on p la te s  

c o n ta in in g  th e  same c o n c e n tra t io n  o f c lo ro b io c in  on w hich th e y  were 

i s o l a t e d ,  b u t th e y  d id  grow s i g n i f i c a n t l y  b e t t e r  th a n  LE234 on 50 pg/m l 

c lo ro b io c in .  As w ith  o th e r  c lo ro b io c in  r e s i s t a n t  m u ta n ts , th e se  

te m p e r a tu r e - s e n s i t iv e  m utan ts ap peared  l a r g e r  ( lo n g e r )  th a n  LE234 a t  

30°C when examined by phase c o n t r a s t  m icroscopy .

In  a d d i t io n ,  th e  c lo ro b io c in  r e s i s t a n t  m utan t LE316 ( i s o la te d  from  

LE234) which i s  te m p e ra tu r e - s e n s i t iv e  f o r  grow th was o b ta in e d  from  

L r B. O rr (O rr e t  ^ . , 1979)* T his m utan t was i s o la t e d  by s e le c t io n  f o r  

grow th on 30 pg/m l c lo ro b io c in  a t  30°C. _ The m u ta tio n  in  t h i s  s t r a i n  v/as 

mapped as d e sc r ib e d  in  C hapter 5*
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I I I .  S e n s i t i v i t y  o f C lo ro b io c in  R e s is ta n t  M utants to  Coumermycin and

N a lid ix ic  Acid

A ll c lo ro b io c in  r e s i s t a n t  m utan ts  s tu d ie d  were found to  be r e s i s t a n t  

to  15 pg/m l coumermycin, a c o n c e n tra t io n  which t o t a l l y  in h ib i te d  grow th 

o f  th e  p a re n t ,  LE234 (se e  T able 6 .2 ) .  These t e s t s  were c a r r i e d  ou t on 

m inim al a g a r  p la te s  c o n ta in in g  v a r io u s  c o n c e n tra t io n s  of coumermycin; 

r e s i s t a n c e  was d e f in e d  as the  a b i l i t y  to  grow to  s in g le  c o lo n ie s  a f t e r  

48 h o u rs .  On th e  b a s is  o f o th e r  r e s u l t s  (May and B aker L td ; see  a ls o  

G odfrey  and P r ic e ,  1972), one m ight ex p e c t th e  MICs o f c lo ro b io c in  and 

coumermycin to  be ap p ro x im a te ly  eq u a l on a  w eigh t to  w eigh t b a s i s .  In  

f a c t ,  w ith  th e  s t r a i n s  u sed  in  t h i s  s tu d y , th e  MIC f o r  coumermycin was 

l e s s  th a n  one h a l f  o f t h a t  f o r  c lo ro b io c in .  T h is was n o t due to  th e  

p re se n c e  o f th e  d im eth y l su lp h o x id e  u sed  to  d is s o lv e  coumermycin s in c e  

t h i s  s o lv e n t  d id  n o t i n h i b i t  th e  grow th o f LE234* Due to  th e  l im i te d  

su p p ly  o f coumermycin a v a i la b l e ,  th e  low er WLC v a lu e  f o r  th i s  compound 

was n o t in v e s t ig a te d  f u r th e r .

The m utan ts were a ls o  t e s t e d  f o r  s e n s i t i v i t y  to  n a l id ix i c  a c id .  

S u r p r is in g ly  one m u tan t, LE701, was r e s i s t a n t  when t e s t e d  on a g a r  

c o n ta in in g  20 pg/m l n a l id ix i c  a c id .  F u rth e rm o re , th e  s e n s i t i v i t y  o f 

LE316 to  n a l id ix i c  a c id  in  th e  p la te  t e s t s  re c o rd e d  h e re  may n o t be 

s t r a i g h t  fo rw ard ; DNA s y n th e s is  in  LE316 ap p ea rs  to  be p a r t i a l l y  r e s i s t a n t  

to  n a l id ix i c  a c id ,  a t  l e a s t  a t  th e  n o n -p e rm iss iv e  te m p era tu re  (E. O rr, 

p e rso n n e l com m unication).



Table 6.2

P ro p e r t ie s  o f some C lo ro b io c in  R e s is ta n t  yhitants

The s t r a i n s  LE316, LE701 and LE739 %-re a l l  spon taneous c lo ro 

b io c in  r e s i s t a n t  m utan ts o f  LE234 as d e s c r ib e d  in  th e  t e x t .

(a) A ll measurements were at 37°C, and the stra in s  grown in  M9 

minimal medium, except the generation tim e, DNA/mass r a tio  and 

C times of LE316 which were measured at 3&°C in the presence of

0 . 5^ cas amino a c id s , and are taken from Orr ^  a l .  (1979)'

(b )  DNA/mass and m a s s /c e l l  a re  ex p ressed  in  a r b i t r a r y  u n i t s  r e l a t i v e  

to  th e  v a lu e  o f LE234*

(c )  C tim es ( th e  le n g th  o f tim e tak en  f o r  one round o f r e p l i c a t i o n )  

were c a lc u la te d  from  e i t h e r  th e  v a lu e s  o f A 0 and ^  o b ta in e d  

from  ru n o u t experim en ts  in  th e  p resen ce  o f r ifa m p ic in  o r 

ch lo ram phen ico l (C ^); o r d i r e c t l y  from th e  ru n o u t tim es in  such 

ex p erim en ts  (C g).

(d ) S e n s i t i v i t y  to  a n t i b i o t i c s  was de term ined  by grow th to  s in g le  

c o lo n ie s  on minim al p la te s  c o n ta in in g  th e  a p p ro p r ia te  compound 

and in c u b a te d  a t  34°C f o r  2 d ay s . S im ila r  r e s u l t s  were o b ta in ed  

f o r  th e  recA d e r iv a t iv e s  o f LE234, LE316 and LE701.

(e )  ( - )  in d ic a te s  n o t d e te rm in e d .



(a )Measurement '  ' S t r a in

LE234 LE701 12739 LE316

G en e ra tio n  tim e (m in) 49 62 55 41

M A/mass 1 .0 0 .7 0 .7 5 0 .5 8

M a s s /c e ll 1 .0 2 .4 8 ( - ) ( - )

C -tim es ^

R ifam p ic in

AG (<fo) 31 .6 38.6 ( - ) 61

(m in) 41 62 ( - ) 60

Cg (m in) 45 66 ( - ) 50

C hloram phenicol

G (7 )̂ 4 0 .0 41 .8 ( - ) ( - )

C.J (m in) 51 67 ( - ) ( - )

Gg (m in) 55 70 ( - ) ( - )

A n t ib io t ic  R e s is ta n c e

C lo ro b io c in  (50 pg /m l) Sens R est R est R est

Coumermycin (15 p g /m l) Sens R est R es t R est

N a l id ix ic  a c id  (20 p g /m l) Sens R est Sens Sens
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IV . P h y sio lo g y  o f C lo ro b io c in  R e s is ta n t  M utants

( a )  E f f e c t  o f  C lo ro b io c in  on th e  Growth o f LE701

The two p ro c e sse s  in  LE234 m ost m arkedly  in h ib i te d  by c lo ro b io c in  

w ere DiTA s y n th e s is  and c e l l  d iv i s io n  (C hap ters  3 and 4)» A f u l l y  

r e s i s t a n t  m utant would be ex p ec ted  to  be i n s e n s i t iv e  to  such i n h i b i t i o n ,  

and t h i s  was te s t e d  w ith  th e  m utant LE701. F ig u re  6.1 shows t h a t  

upon a d d i t io n  o f c lo ro b io c in ,  DNA s y n th e s is  and c e l l  d iv i s io n  co n tin u e d  

e s s e n t i a l l y  u n d is tu rb e d . T his o f co u rse  does n o t  show th a t  t h i s  m utant 

c o n ta in s  a  r e s i s t a n t  t a r g e t  enzyme, b u t does su g g e s t t h a t  i n h i b i t i o n  o f  

c e l l  d iv i s io n  i s  n o t a  n o n - s p e c if ic  e f f e c t  of th e  d ru g .

(b )  LE701 i s  D e fe c tiv e  in  I n i t i a t i o n  o f  DNA R e p l ic a t io n

The grow th o f LE701 was compared to  th a t  o f LE234 by m easu ring  th e  

acc u m u la tio n  o f DNA, mass and c e l l  number as shown in  F ig u re  6 .2 ,  Two 

p o in ts  a re  e v id e n t;  ( l )  LE701 has a  reduced  DNA c o n c e n tra t io n  (DNA to  

mass r a t i o )  compared to  LE234, and (2 ) LE701 has an in c re a s e d  mass p e r

c e l l  compared to  th e  w ild  type s t r a i n .  The v a lu e s  a re  g iv en  in  T able 

6 . 2 .

DNA c o n c e n tra t io n  has been shown to  be d e te rm in ed  by th re e  

p a ra m e te rs  : th e  average  c e l l  mass p e r  chromosome o r ig in  a t  th e  tim e o f 

i n i t i a t i o n  o f a  round o f chromosome r e p l i c a t i o n ;  (2 ) th e  r e p l i c a t i o n  

tim e ( c )  o f th e  chromosome; and (3)  th e  grow th r a t e  (P r i tc h a rd  and 

Z a r i t s k y ,  1970). An in c re a s e  in  th e  i n i t i a t i o n  m ass, an in c re a s e  in  C, 

o r  an in c re a s e  in  th e  grow th r a t e  a l l  reduce  th e  DNA c o n c e n tr a t io n .

T his re d u c t io n  may be c a lc u la te d  from th e  e q u a tio n :



Figure 6.1

E f fe c t  o f C lo ro b io c in  on I,lass, C e ll Number and DNA S y n th e s is  in  LS701

LE701 was grown a t  37°C in  M9 minim al medium c o n ta in in g  [ ^ h ] -  

thym id ine ( l  p C i/m l, 1 p g /m l) and u r id in e  ( I .5  mlÆ). At A^^^ = 0 .12  th e  

c u l tu r e  was s p l i t ;  one p o r t io n  (c lo se d  sym bols) re c e iv e d  no tr e a tm e n t ,  

th e  o th e r  (open sym bols) r e c e iv e d  c lo ro b io c in  to  a  f i n a l  c o n c e n tra t io n  

o f  50 p g /m l. Samples were ta k en  f o r  o p t i c a l  d e n s i ty ,  c e l l  number and 

DNA.

( •  ) O p tic a l d e n s i ty  -  no tre a tm e n t

( O ) O p tic a l d e n s i ty  -  c lo ro b io c in  t r e a te d

( ■ ) C e ll number -  no tre a tm e n t

( □ ) C e ll number -  c lo to b io c in  t r e a te d

( A ) DNA -  no tre a tm e n t

( A ) DNA -  c lo ro b io c in  t r e a te d
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Figure 6 .2

DNA, Mass and C e ll ilumber o f LE701 R e la tiv e  to  LE234

C u ltu re s  o f  LE234 and LE701 were grown a t  37°C in  a l iq u o ts  o f th e  

same M9 m inim al medium c o n ta in in g  e s s e n t i a l  amino a c id s ,  [ ^ h] -  

thym id ine  (1 p C i/m l, 1 p g /m l) and u r id in e  (1 .5  mlVl) a t  37^C. Samples

w ere ta k e n  f o r  d e te rm in a tio n  o f m ass, DNA and c e l l  number.

( a )  LE701 (b ) LE234

( •  ) DNA

(O  ) C e ll Number

( ■ )  Mass (A^^q )



Cells per  ml (xiO^) ( o - o )

[ H] - T h y m i d i n e

w  cn
(cp m  X 200) ( • - •  )
o cn hJo Wo o

o

o

CO

o  oo
oo

o
bo

o
w

o o
CD



110

& '   —   ( 1 - 2  ■ )
M k. C. In2

w here G i s  th e  average amount o f MA p e r  c e l l  

M i s  th e  average  c e l l  mass

'X i s  th e  d o u b lin g  tim e

and k i s  th e  i n i t i a t i o n  m ass.

S in ce  th e  grow th r a t e  o f LE701 was le s s  th a n  th a t  o f LE234» t h i s  

co u ld  n o t  accoun t f o r  th e  observed  d ec re ase d  MA c o n c e n tra t io n  in  LE701. 

The reduced  MA c o n c e n tra t io n  m ust th e re fo re  be due to  an in c re a s e d  C 

tim e , i . e .  s lo w er movement o f th e  r e p l i c a t i o n  f o r k s ,  o r  to  an in c re a s e d  

c e l l  mass p e r  chromosome o r ig in  a t  th e  tim e o f  i n i t i a t i o n  o f r e p l i c a t i o n .

The C tim e o f a  s t r a i n  may be c a lc u la te d  by m easu ring  th e  in crem en t 

o f  MA s y n th e s is  (^G) a f t e r  th e  a d d i t io n  o f r i f a m p ic in  (P r i tc h a rd  and 

Z a r i ts k y ,  1970) as d e s c r ib e d  in  C hap ter 3 u s in g  th e  e x p re s s io n  (Sueoka 

and Yoshikawa, 19&5 ) '

^  G = 2^ . n . In2
-  1

2^  -  1

where n = /y

The C tim es o f LE234 and LE701 w ere c a lc u la te d  from  such an 

exp erim en t (F ig u re  6 .3 )  and th e  r e s u l t s  a re  g iv en  in  T able 6 .2 .  I f  th e  

re d u c t io n  in  MA c o n c e n tra t io n  in  LE701 were due s o le ly  to  an in c re a s e



Figure 6 .3

E f fe c t  o f  R ifam p ic in  on DNA S y n th e s is  in  S tr a in s  LE234 and LB701

C u ltu re s  o f LE234 and LE701 were grov/n a t  37°C in  a l iq u o ts  o f 

th e  same M9 m inim al medium c o n ta in in g  e s s e n t i a l  amino a c id s ,

[^h ] - thym id ine (1 p C i/m l, 1 p g /m l) and u r id in e  (1 .5  ml̂ i) to  A^^^ = 

0o2 when r i f a m p ic in  (200 p g /m l) was added to  each  c u l tu r e .  1 .0  ml 

sam ples were w ithdraw n in to  ic e - c o ld  TCA f o r  d e te rm in a tio n  o f  a c id  

in s o lu b le  c o u n ts . The v a lu e  was th e n  c a lc u la te d  as th e  

in c rem en t o f DUA s y n th e s is  a f t e r  a d d i t io n  o f  r i f a m p ic in .

a .  LE701 b . LE234
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i n  C, th e  r e s u l t i n g  C tim e would be ap p ro x im a te ly  th re e  tim es t h a t  o f 

LE234. The v a lu e s  o f C o b ta in e d  f o r  LE234 and LE701 were 41 and 62 

m in u tes  r e s p e c t iv e ly .  Thus a lth o u g h  th e  r e p l i c a t i o n  fo rk  v e l o c i ty  may 

be s l i g h t l y  s lo w er in  LE701, th e  d i f f e r e n c e  observed  does n o t acco u n t f o r  

th e  reduced  DNA c o n c e n tra t io n  and I  th e re fo re  conclude t h a t  LE701 has an 

in c re a s e d  i n i t i a t i o n  m ass. The v a lu e s  o f  C may a ls o  be de te rm in ed  

d i r e c t l y  from th e  tim e ta k en  f o r  a l l  DNA s y n th e s is  to  c e a se . However 

th e s e  v a lu e s  a re  o f te n  l a r g e r  th a n  th o se  c a lc u la te d  d i r e c t l y  from  ^  G.

T h is  may be due to  n o n - s p e c if ic  b in d in g  o f r i f a m p ic in  to  components o f 

th e  r e p l i c a t i o n  a p p a ra tu s  c a u s in g  th e  fo rk s  to  slow  down. The v a lu e s  

c a lc u la te d  from ^  and ^  G sho u ld  n o t be s u b je c t  to  t h i s  p o s s ib le  

a r t i f a c t  s in c e  th e y  depend e n t i r e l y  on th e  r a t e  o f fo rk  movement b e fo re  

a d d i t io n  o f r i f a m p ic in  p ro v id in g  a l l  rounds o f r e p l i c a t i o n  do e v e n tu a l ly  

te rm in a te .  In  c o n f irm a tio n  o f th e  r ifa m p ic in  ru n -o u t  d a ta ,  s im i la r  

v a lu e s  o f C were o b ta in e d  when r i f a m p ic in  was re p la c e d  w ith  ch lo ra m p h en ico l, 

an a n t i b i o t i c  which b lo c k s  p ro te in  s y n th e s is  and th e r e f o r e  does n o t  a llo w  

f u r t h e r  i n i t i a t i o n  o f chromosome r e p l i c a t i o n  (T ab le  6 .2 ) .

As in d ic a te d  above, LE701 was found to  have an in c re a s e d  mass p e r 

c e l l  (F ig u re  6 .2  and T able 6 .2 ) .  I f  c e l l  d iv i s io n  i s  tim ed from  some 

s ta g e  in  the  DNA r e p l i c a t i o n  c y c le ,  then  d e lay ed  i n i t i a t i o n  o f  r e p l i c a t i o n  

w i l l  r e s u l t  in  d e lay ed  c e l l  d iv i s io n  and a  consequen t in c re a s e  in  c e l l  

m ass. The s iz e  d i f f e r e n c e  between c e l l s  o f LE234 and 12701 was confirm ed  

by phase c o n t r a s t  m icroscopy  (F ig u re  6 .4 ) ;  th e  c e l l s  o f 12701 appeared  

b o th  w id er and lo n g e r  th an  th o se  o f  12234» This d i f f e r e n c e  in  c e l l  s iz e  

was s u b s ta n t i a te d  by s iz e  a n a ly s is  u s in g  a  C o u lte r  C ounter f i t t e d  w ith  a 

c h a n n e ly z e r (F ig u re  6 .5 ) .



Figure 6 .4

Pho tographs o f S tr a in s  12234 and LE701

S tr a in s  12234 and 12701 were grov/n a t  37°C in  W  m inim al medium 

to  = 0 .4 ' The b a c t e r i a  were pho tog raphed  as d e s c r ib e d  in

C hap ter 2 .

a .  12234 b . 12701
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Figure 6 .5

D is tr ib u t io n  of  R e la t iv e  C ell  Volumes o f  LE234 and LE701

S tr a in s  LE234 and LE701 w ere grown in  119 m inim al medium a t  

37°C. Samples were tak en  f o r  d e te rm in a tio n  o f r e l a t i v e  c e l l  volume 

by  a n a ly s i s  u s in g  a  C o u lte r  C ounter f i t t e d  w ith  a  C hannelyzer.

(a )  LE234 (b ) LE701



Relative Cell Number

o
N ) OJ 4>̂
o o o en en o o "Oo

0 0
o

LOo ooo

o

XI OJ Œ) o

o
o

en
o

eno

oo
o

CDo

oo



112

(d )  Growth o f T e m p e ra tu re -S e n s itiv e  M atants

I f  DNA g y ra se  i s  e s s e n t i a l  f o r  "ongoing" DNA r e p l i c a t i o n ,  one 

m igh t ex p ec t to  i s o l a t e  te m p e ra tu r e - s e n s i t iv e  m utan ts which im m ediate ly  

c e a se  to  s y n th e s is e  DNA upon a  s h i f t  to  th e  n o n -p e rm iss iv e  te m p e ra tu re . 

Such m u tan ts  would be ex p ec ted  to  f i la m e n t  (o r  produce DNA-less c e l l s )  

and e v e n tu a l ly  s to p  grow ing.

Four te m p era tu re  s e n s i t i v e  m u tan ts  were grown a t  30°C to  a  low 

c e l l  d e n s i ty  and s h i f t e d  to  42°C (se e  F ig u re  6 .6 ) .  U n ex p ected ly , th e se  

s t r a i n s  co n tin u ed  to  grow n o rm ally  th ro u g h  a t  l e a s t  f iv e  g e n e ra tio n s  a t  

4 2 f i n a l l y  to  e n te r  s t a t io n a r y  p h ase . Thus th e se  m u tan ts  appeared  to  

be te m p e ra tu re  s e n s i t i v e  on a g a r  b u t n o t in  th e  same medium when n o t 

s o l i d i f i e d .  F o r t h i s  re a so n  th e y  were n o t s tu d ie d  f u r t h e r .

The c o n d i t io n a l  l e t h a l  m utan t LE316 was a ls o  s tu d ie d  (see  F ig u re

6 . 7 ) .  Upon a  s h i f t  from  30^C to  42°C s y n th e s is  o f c e l l  mass appeared  

i n i t i a l l y  to  a c c e le r a te  and th e n  co n tin u e d  a t  a c o n s ta n t ,  i . e .  l i n e a r ,  

r a t e  b e fo re  c e a s in g  a f t e r  two mass d o u b lin g s . The r a t e  o f DNA s y n th e s is  

d id  n o t s i g n i f i c a n t l y  change from  t h a t  a t  30°0 f o r  abou t one h o u r b e fo re  

d e c l in in g  as c e l l  grow th c ea se d . I f  DNA g y rase  i s  co m p le te ly  d e f e c t iv e  

in  t h i s  m utant a t  42°C, t h i s  r e s u l t  shows t h a t  g y ra se  i s  n o t e s s e n t i a l  

f o r  "ongoing" DNA r e p l i c a t i o n .  R a th e r  th e  reduced  DNA c o n c e n tra t io n  o f 

LE316 (s e e  F ig u re  6 .8 , a l s o  T able 6 .2 )  su g g e s ts  t h a t  perhaps th e  d e fe c t  

l i e s  in  i n i t i a t i o n  o f r e p l i c a t i o n .  The p a t te r n  o f  DNA s y n th e s is  in  

LE316 b o th  a t  30°C and 42°C was s tu d ie d  f u r th e r  by Dr E. O rr (O rr e t  a l . , 

1979) who showed th a t  th e  inc rem en t of DNA s y n th e s is e d  a f t e r  th e  

te m p e ra tu re  s h i f t  was reduced  to  l e s s  th an  one h a l f  i f  r if a m p ic in  was



Figure 6 .6

Growth o f T e m p e ra tu re -S e n s itiv e  C lo ro b io c in  R e s is ta n t  M utants

F our te m p e ra tu r e - s e n s i t iv e  c lo ro b io c in  r e s i s t a n t  m u tan ts  were 

i s o la t e d  from  LE234 (se e  t e x t )  and d e s ig n a te d  CLB3» CLB6, CLB7 and 

CLB10. They were grown in  M9 m inim al medium a t  30*^0 to

= Oo2 and were d i lu t e d  in to  f r e s h  prewarmed medium and 

in c u b a tio n  was co n tin u ed  a t  42°C. Samples were ta k e n  f o r  

d e te rm in a tio n  o f c e l l  mass (A^cg)*

These r e s u l t s  may be compared to  th e  grow th o f LE234 and LE316 

(se e  F ig u re s  6 .8  and 6 .7 ) .
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F ig u re  6 .7

DNA and LTass S y n th e s is  in  LE316 a t  30^C and 42°C

13316 was grown a t  30°C in  M9 m inim al medium w ith  e s s e n t i a l  

amino a c id s ,  J^ h ]-th y m id in e  (1 ^ C i/m l, 1 p g /m l) and u r id in e  

( 1.5  mM). The c u l tu r e  was s h i f t e d  to  42°C by d i l u t i o n  w ith  

prewarmed (42°C) medium. Samples were w ithdraw n f o r  d e te rm in a tio n  

o f  mass and DNA as d e s c r ib e d  in  C hapter 2 .

( •  ) O p tic a l d e n s i ty

( ■  ) DNA

( o )  and ( □ ) O p tic a l d e n s i ty  and DNA r e s p e c t iv e ly  

a f t e r  d i l u t i o n  to  30°C
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F ig u re  6 .8

DNA and I,lass S y n th e s is  in  LE234 a t  30°C and 42°C

LE234 was grown a t  30°C u n d e r id e n t i c a l  c o n d itio n s  to  th o se  

d e s c r ib e d  in  F ig u re  6.7* The c u l tu r e  was s h i f t e d  to  42°C by- 

d i l u t i o n  w ith  prewarmed medium and sam ples were w ithdraw n f o r  

d e te rm in a tio n  o f mass and DNA as d e sc r ib e d  p re v io u s ly .

( • )  O p tic a l d e n s i ty

( ■ ) DNA
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added im m ediately  upon th e  s h i f t  to  42°C. Thus LE316 i s  n o t co m p le te ly  

d e f e c t iv e  in  i n i t i a t i o n  o f r e p l i c a t i o n  ( l ik e  f o r  example a  dnaA 

m u ta n t) .  F u rth erm o re , th e  C tim es o f LE234 and LE316 were n o t sub

s t a n t i a l l y  d i f f e r e n t  a t  any te m p e ra tu re  t e s t e d ,  in c lu d in g  42^C, 

in d i c a t in g  th a t  e lo n g a tio n  o f r e p l i c a t i o n  fo rk s  i s  n o t impeded in  LE316. 

Thus th e  reduced  DNA c o n c e n tra t io n  o f LE316 (se e  F ig u re s  6 .7  and 6 .8 )  

and th e  re d u c t io n  in  DNA s y n th e s is  a t  42°C a re  m ost p ro b ab ly  due to  

d e f e c t iv e  o r d e lay ed  i n i t i a t i o n  e v e n ts .

V I. D isc u ss io n

The d a ta  p re se n te d  in  t h i s  C hap ter in d ic a te s  t h a t  th e  s u b u n it  B o f  

DNA g y ra se  i s  in v o lv ed  in  th e  i n i t i a t i o n  o f chromosome r e p l i c a t i o n  in  

E . c o l i . In  LE701 th e  n e a r  norm al v e l o c i ty  o f th e  r e p l i c a t i o n  fo rk s  and 

th e  reduced  DNA c o n c e n tra t io n  in d ic a te  t h a t  i n i t i a t i o n  i s  d e la y e d .

The a b i l i t y  to  i s o l a t e  c o n d i t io n a l  l e t h a l  m utan ts  by m u ta tin g  th e  

cou gene in d ic a te s  t h a t  some a c t i v i t y  o f  t h i s  s u b u n it o f DNA g y rase  i s  

e s s e n t i a l  f o r  c e l l  g row th . However, LE316 was n o t co m p le te ly  d e f e c t iv e  

in  i n i t i a t i o n  o f r e p l i c a t i o n  a t  42°C s u g g e s tin g  th a t  perhaps some 

i n i t i a t i o n s  can o c c u r, a l b e i t  i n e f f i c i e n t l y ,  in  th e  absence o f an a c t iv e  

DNA g y ra s e . ENA s y n th e s is  and c e l l  d iv i s io n  were a ls o  in h ib i te d  in  

LE316 a t  42°C and Geimsa s t a i n in g  o f LE3lé r e v e a le d  a  g ro ss  d i s o r g a n is a t io n  

o f  th e  n u c leu s  a t  th e  n o n -p e rm iss iv e  te m p e ra tu re . T h is l a t t e r  r e s u l t  

su g g e s t a  lo s s  o f s u p e rc o i l in g  in  th e  fo ld e d  chromosome and i t  would 

o b v io u s ly  be in fo rm a tiv e  to  a s s a y  DNA g y ra se  a c t i v i t y  from  LE316 a t  

42°C in  v i t r o  to  v e r i f y  t h a t  t h i s  a c t i v i t y  i s  a b se n t o r  v e ry  much reduced  

a t  t h i s  te m p e ra tu re .
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In  view  o f  th e  p ro b ab le  invo lvem en t o f DNA g y rase  in  i n i t i a t i o n  

o f  chromosomal r e p l i c a t i o n ,  i t  was i n t e r e s t i n g  to  re c o rd  th a t  th e  

dnaA46 m utant was more s e n s i t i v e  to  c lo ro b io c in  th a n  i t s  is o g e n ic  dna'*~ 

d e r iv a t iv e  (d a ta  n o t shown). The dnaA46 m utan t i s  n o t abnorm ally  

s e n s i t i v e  to  o th e r  a n t i b i o t i c s  (O rr e t  a l . ,  1979)- In c re a s e d  s e n s i t i v i t y  

o f  dnaA46 m utan ts  to  coumermycin was a ls o  found by F ilu to w ic z  ( 198O) 

a lth o u g h  in  t h i s  c a se , and in  c o n t r a s t  to  th e  f in d in g s  o f O rr e t  a l . 

( 1978) ,  abnorm al s e n s i t i v i t y  to  n a l id ix i c  a c id  was o b serv ed . Thus i t  i s  

p o s s ib le  th a t  th e  co u , dnaA and nalA  p ro d u c ts  i n t e r a c t  d u r in g  i n i t i a t i o n  

o f  r e p l i c a t i o n ,  o r  t h a t  th e  dnaA p ro d u c t r e q u i r e s  a  s u p e rc o ile d  te m p la te  

in  o rd e r  to  im plem ent i t s  a c t io n .
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C h ap te r 7

THE EFFECTS OF CLOROBIOCPT ON THE SYNTHESIS OF CELL ENVELOPE PROTEINS

I .  I n tro d u c t io n

In  C hap ter 4 i t  was shown t h a t  the  a d d i t io n  o f c lo ro b io c in  to  a 

g row ing  c u l tu r e  o f LE234 caused  an im m ediate b u t inco m p le te  b lo c k  to  

c e l l  d iv i s io n .  The p ro c e sse s  o f s e p ta t io n  and c e l l  d iv i s io n  m ust be 

t i g h t l y  coup led  to  th e  s y n th e s is  o f c e l l  envelope m a te r ia l ,  and p re v io u s  

s tu d ie s  have shown th a t  w h ile  t o t a l  c e l l u l a r  p r o te in  i s  s y n th e s is e d  

a t  an e x p o n e n t ia l ly  in c re a s in g  r a t e  t h r c u t o u t  th e  c e l l  cy c le  of 

E .c o l i  B /r  (E cker and K o k a is l, 1969» Churchward and H o llan d , 1976), 

b u lk  o u te r  membrane p r o te in  i s  s y n th e s is e d  a t  a c o n s ta n t  r a t e  which 

a b r u p t ly  d o ub les 10-15 m inu tes b e fo re  c e l l  d iv i s io n  (Boyd and 

H o lla n d , 1979)* T his d o u b lin g  in  r a t e  cou ld  be one p r e r e q u i s i t e  f o r  

d iv i s i o n ,  and s in c e  c lo ro b io c in  i n h i b i t s  d iv i s io n  and red u ces  th e  r a t e  

o f  t o t a l  p r o te in  s y n th e s is ,  i t  was o f i n t e r e s t  to  s tu d y  th e  e f f e c t  o f 

c lo ro b io c in  on c e l l  envelope p r o te in  s y n th e s is .

I I .  E f f e c ts  o f C lo ro b io c in  on Envelope P ro te in  S y n th e s is  in  LE234 

The r a t e s  o f s y n th e s is  o f c e l l  p r o te in  f r a c t io n s  o f LE234 v'ere

d e te rm in e d  b e fo re  and d u r in g  c lo ro b io c in  tre a tm e n t as shown in  F ig u re  

7 .1 .  The r a t e  o f s y n th e s is  o f t o t a l  c e l l  p r o te in  in c re a s e d  e x p o n e n t ia l ly  

up to  th e  tim e o f a d d i t io n  o f c lo ro b io c in ;  t h e r e a f t e r  th e  r a t e  o f  

s y n th e s is  rem ained  c o n s ta n t  f o r  abou t one h ou r b e fo re  d e c l in in g .



Figure 7°1

R ates o f S y n th e s is  o f Membrane P ro te in  F ra c t io n s  o f LE234 D uring  

C lo ro b io c in  T reatm ent

A c u l tu r e  o f  LE234 (M et^) was grown in  M9 m inim al medium w ith  

e s s e n t i a l  amino a c id s  to  A^^^ = 0 .2 3  when c lo ro b io c in  was added to  a 

f i n a l  c o n c e n tra t io n  o f 50 "^ig/ml. 1 ml sam ples were w ithdraw n and were 

p u ls e - l a b e l l e d  by in c u b a tio n  w ith  1 ml prewarmed medium c o n ta in in g  20 

pC i [^ ^ s ]-m e th io n in e  (200 p C i/p g ) .  A f te r  2 m inu tes  th e  p u lse s  were 

te rm in a te d  by th e  a d d i t io n  o f 2 ml ic e - c o ld  " s to p "  s o lu t io n  c o n ta in in g  

m eth ion ine  (3 .7 5  mg/ml) and ch lo ram p h en ico l (600 p g /m l) . 50 u l  a l iq u o ts  

were w ithdraw n f o r  d e te rm in a tio n  o f TCA in s o lu b le  m a te r ia l  p r io r  to  

th e  a d d i t io n  to  each sam ple o f a  c o n s ta n t volume o f [^ H ]- le u c in e  

la b e l le d  c e l l s  as d e s c r ib e d  in  C hap ter 2 . A d d itio n a l u n la b e l le d  

c a r r i e r  c e l l s  were added and c e l l  envelopes were p re p a re d .

In c o rp o ra t io n  o f  [ - me t h i on i ne  in to  envelope f r a c t io n s  i s  th e re fo re  

ex p ressed  as a  r a t i o  and r e p re s e n ts  th e  r a t e  o f s y n th e s is  o f

th e  p ro te in  in  th e se  f r a c t i o n s .

a . O p tic a l d e n s i ty .

b . R ate  o f t o t a l  c e l l u l a r  p ro te in  s y n th e s is .

c .  R ate  o f  o u te r  membrane (OM) p r o te in  s y n th e s is .

d . R ate o f  in n e r  membrane (IM) p r o te in  s y n th e s is .
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The c e l l  envelope f r a c t i o n  was s e p a ra te d  in to  in n e r  (c y to p la sm ic )  and 

o u te r  membranes on th e  b a s is  o f d i f f e r e n t i a l  s o l u b i l i t y  in  th e  

d e te r g e n t  S ark o sy l ( F i l i p  e t  , 1973)« The r a t e  o f s y n th e s is  o f b o th  

th e  in n e r  and o u te r  membrane p ro te in s  f r a c t io n s  f e l l  m arkedly  upon 

a d d i t io n  o f c lo ro b io c in  b u t re c o v e re d  to  some e x te n t  b e fo re  f i n a l l y  

d e c l in in g  f u r t h e r .  T h is p a t te r n  i s  r e m in is c e n t o f  th e  r a t e  o f b u lk  ENA 

s y n th e s is  seen  d u r in g  c lo ro b io c in  tr e a tm e n t (se e  C hap ter 3)» T hat 

o u te r  membrane p r o te in  s y n th e s is  was in h ib i te d  to  a  g r e a t e r  e x te n t  th a n  

t h a t  o f  th e  in n e r  membrane can be seen  c l e a r ly  in  F ig u re  1 ,2 ,  D uring  

th e  second h o u r o f tr e a tm e n t ,  th e  d i f f e r e n t i a l  r a t e  o f s y n th e s is  o f 

o u te r  membrane p r o te in  f e l l  below th e  p re tre a tm e n t l e v e l  w h ile  t h a t  o f 

th e  in n e r  membrane ro s e  above t h i s  l e v e l .  C onsequen tly  th e  r a t e  o f 

s y n th e s is  o f o u te r  membrane p r o te in  r e l a t i v e  to  t h a t  o f  th e  in n e r  

membrane showed a  s u b s t a n t i a l  r e d u c t io n  upon a d d i t io n  o f c lo ro b io c in  

(F ig u re  7 • 2 ( c ) ) .  T h is re d u c t io n  was alw ays seen  when th e  experim en t 

was re p e a te d  and was th e r e f o r e  n o t a  consequence o f lo s s  o f 

in c o rp o ra t io n  o f is o to p e  in to  th e  o u te r  membrane in  t h i s  one ex p e rim en t.

I t  shou ld  be n o te d  h e re  t h a t  some o f th e  d a ta  p re s e n te d  in  F ig u re  

7*1 a re  ex p re ssed  as a r a t i o .  T his i s  a  r e s u l t  o f th e  in c lu s io n

o f  a  [^ h] - le u c in e  i n t e r n a l  s ta n d a rd  o f u n ifo rm a lly  la b e l l e d  (u n tre a te d )  

c e l l s  which m in im ises e r r o r s  in  th e  m easurem ent o f r a d i o a c t i v i t y  in  

c e l l  f r a c t io n s  and i s o l a t e d  g e l bands (se e  Boyd, 1979» a ls o  see 

C h ap te r 2 ) .



F ig u re  1 , 2

The D i f f e r e n t i a l  R ate o f  S y n th e s is  o f Membrane P ro te in  F ra c tio n s  

D uring C lo ro b io c in  T reatm ent

The d a ta  in  F ig u re  7.1 a re  p lo t te d  as  r a t e  o f s y n th e s is  o f 

envelope p r o te in  f r a c t io n s  r e l a t i v e  to  t h a t  o f t o t a l  c e l l  p ro te in ,

( a ) R ate o f s y n th e s is o f o u te r membrane p ro te in

R ate o f s y n th e s is o f t o t a l c e l l p r o te in

(b ) R ate of s y n th e s is o f in n e r membrane p ro te in

R ate o f s y n th e s is o f t o t a l c e l l p ro te in

(c ) R ate o f s y n th e s is o f o u te r membrane p ro te in

R ate o f s y n th e s is o f in n e r membrane p ro te in
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I I I .  R a tes  o f S y n th e s is  o f O u ter Membrane P ro te in s  durinig: C lo ro b io c in

T rea tm ent

The f a l l  in  th e  r e l a t i v e  r a t e  o f o u te r  membrane p r o te in  

s y n th e s is  d e sc r ib e d  above was s tu d ie d  f u r th e r  by th e  a n a ly s is  o f th e  

r a t e s  o f  s y n th e s is  o f in d iv id u a l  o u te r  membrane p ro te in s  s e p a ra te d  by 

SD S-polyacrylam ide g e l e le c t r o p h o r e s is  (SRS-PAGE). The o u te r  membrane 

o f  E .c o l i  was chosen f o r  a n a ly s is  in  p re fe re n c e  to  th e  in n e r  membrane 

f o r  s e v e ra l  re a s o n s .  The p ro te in s  o f th e  in n e r  membrane o f E .c o l i  

a r e  numerous (o v e r 50 can be seen  on STS-PAGE) and th e y  a re  n o t w e ll 

c h a r a c te r i s e d .  In  c o n t r a s t ,  th e  o u te r  membrane p r o te in s  a re  c u r r e n t ly  

r e c e iv in g  much a t t e n t i o n  in  t h i s  and many o th e r  l a b o r a to r i e s .  T h is  i s  

p r im a r i ly  due to  th e  r e l a t i v e l y  few o u te r  membrane p ro te in s  which can 

be d e te c te d  on STS-PAGE, and th e  e x is te n c e  o f 3 o r  4 o f  th e se  as "m ajor" 

p r o t e i n s .  The im portance  o f s e v e ra l  o u te r  membrane p ro te in s  i s  j u s t  

b e in g  r e a l i s e d ,  fo llo w in g  th e  e lu c id a t io n  o f t h e i r  r o le  in  th e  d i f f u s io n  

o f  sm all h y d ro p h il ic  compounds a c ro s s  th e  o u te r  membrane (see  

C h ap te r 1 ) .

The a n a ly s is  by STS-PAGE o f o u te r  membrane p r o te in s  s y n th e s is e d  

d u r in g  c lo ro b io c in  tre a tm e n t i s  shown in  F ig u re  7 .3 .  The most p rom inent 

change i s  th e  in c re a s e  in  th e  r a t e  o f s y n th e s is  o f  a  24K p r o te in .

T h is  p ro te in  m ig ra ted  a t  e x a c t ly  th e  same p o s i t io n  as th e  c lo ro b io c in  

induced  24K p r o te in  w hich can be seen  iii g e l a n a ly s i s  o f t o t a l  c e l l  

p r o te in  ly s a t e s  as shown in  C hap ter 4« Three o th e r  m ajor changes a re  

a p p a re n t ; th e  d isa p p e a ra n c e  o f th e  38K p ro te in  ( p r o te in  a ) ;  th e  

t r a n s i e n t  in c re a s e  in  th e  r a t e  o f s y n th e s is  o f th e  34K p ro te in  ( p ro te in



Figure 7 .3

O uter Membrane P ro te in  S y n th e s is  d u rin g  C lo ro b io c in  T reatm ent

A c u l tu r e  o f LE234 (Met"*") v/as gro\m to  an A^^^ = 0 .22  when 

c lo ro b io c in  was added to  a  f i n a l  c o n c e n tra t io n  o f 50 \ig /m l. Samples o f 

th e  c u l tu r e  were p u ls e - l a b e l l e d  as d e s c r ib e d  in  F ig u re  7 .1 .  O uter 

membranes were p rep a red  and an a ly se d  by STS-PAGE (15^ w/v a c ry lam id e ;

0 .01^  b is a c ry la m id e ) . The g e l was d r ie d  down and a u to ra d io g ra p h e d . 

Whole c e l l  ly s a t e s  o f c u l tu r e s  w hich had been t r e a te d  w ith  c lo ro b io c in  

o r  n a l id ix i c  a c id  were a ls o  p u ls e - l a b e l l e d  w ith  [ ^ ^ s ]-m e th io n in e  and 

e le c t ro p h o re s e d .

O uter membranes

Lanes 1 -4  : 55» 40, 20 and 0 m inu tes p r io r  to  th e  a d d i t io n  o f

c lo ro b io c in .

Lanes 5-11 : 10, 20, 40 , 60, 80,100, 120 m inu tes  a f t e r  th e

a d d i t io n  o f c lo ro b io c in .

Lane 12 : 20 m inu tes p r io r  to  th e  a d d i t io n  o f c lo ro b io c in .

Whole c e l l  ly s a te s

Lanes 13-15 : LE234 t o t a l  c e l l u l a r  p ro te in s  a f t e r  one h o u r o f ;

( 13 ) no t r e a tm e n t ,  ( 14) c lo ro b io c in  tre a tm e n t (50 i,ig/m l),

( 15 ) n a l i d i x i c  a c id  tre a tm e n t (20 yig/m l).
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d ) ;  and th e  t r a n s i e n t  d e re p re s s io n  o f  s y n th e s is  o f th e  3&.5K and 35K 

p r o te in s .  These two l a t t e r  p ro te in s  (d e s ig n a te d  b and c r e s p e c t iv e ly )  

o f te n  m ig ra te  to g e th e r  in  STS-PAGE b u t may be s e p a ra te d  u nder 

a p p ro p r ia te  c o n d it io n s  o f e l e c t r o p h o r e s is  (L ug tenberg  e t  a l . , 1975).

The changes in  th e  r a t e s  o f  s y n th e s is  o f p ro te in s  (b + c ), d ,a n d  

th e  24K p r o te in  w ere m easured q u a n t i t a t i v e l y  by c u t t in g  ou t th e  

a p p ro p r ia te  s ta in e d  g e l  band and d e te rm in in g  i t s  r a d io a c t iv e  c o n te n t .  

F ig u re  7*4 shows th e  r e s u l t  o f  an experim en t s im i la r  to  th a t  o f  F ig u re  

7 .3  where th e  r a t e s  o f  s y n th e s is  have been d e te rm in ed  in  t h i s  way.

The r a t e  o f s y n th e s is  o f th e  24E p r o te in  was in c re a s e d  to  over fo u r  

tim es  i t s  un induced  l e v e l .  L ikew ise p ro te in s  (b+c) and d were a f f e c te d  

in  a  s im i la r  way to  t h a t  im p lie d  by th e  a u to ra d io g ra p h ic  a n a ly s i s  

shown in  F ig u re  7 .3 .

IV . A n a ly s is  o f th e  24K P ro te in

Because o f th e  s u b s t a n t i a l  in c re a s e  in  th e  r a t e  o f s y n th e s is  o f 

th e  24K p r o te in  upon a d d i t io n  o f c lo ro b io c in  i t  was o f i n t e r e s t  to  

i d e n t i f y  t h i s  p r o te in ,  p a r t i c u l a r l y  as two o th e r  o u te r  membrane p r o te in s  

o f E .c o l i  K12 have been re p o r te d  to  have s im i la r  m o le c u la r  w e ig h ts .

These a re  th e  phage T6 r e c e p to r  p r o te in  ( ts x  p r o te in )  w hich has r e c e n t ly  

been  shown to  a c t  as  a  p o r in  f o r  th e  u p tak e  o f n u c le o s id e s  and c o l i c in  

K ( ïïa n tk e , 1976), and th e  u n d en a tu red  form o f p r o te in  d (Manning 

and R eeves, 1977; 1978). That th e  24K p r o te in  was e i t h e r  o f th e se  two 

p r o te in s  seemed u n l ik e ly  on two a c c o u n ts . F i r s t l y ,  s t r a i n  LE234 i s  

r e s i s t a n t  to  phage T6 and would th e r e f o r e  be ex p ec ted  to  la c k  th e  ts x  

p r o te i n .  S econdly , sam ples were always b o ile d  im m ed ia te ly  p r io r  to



Figure 7.4

Effects of Clorobiocin on Outer Membrane Protein Synthesis in LB2 3 4

The o u te r  membranes p re p a re d  from th e  c u l tu r e  d e sc r ib e d  in  

F ig u re  7*1 were a n a ly se d  by STS-PAGE (15% ac ry lam id e ; 4 4 :0 .3  

ac ry lam id e  : b is - a c ry la m id e ) .  The s ta in e d  bands were c u t ou t and 

t h e i r  r a d io a c t iv e  c o n te n t d e te rm in ed  (see  C hap ter 2 ) .  The r a t e s  o f 

s y n th e s is  o f  each  p r o te in  i s  ex p re ssed  r e l a t i v e  to  t h a t  o f t o t a l  

o u te r  membrane p r o te in .

(a )  24K p r o te in

(b ) p r o te in s  b+c (36.5%  35K)

(c )  p r o te in  d (34K)
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e le c t r o p h o r e s i s  and th e re f o r e  no u n d en a tu red  p r o te in s  sho u ld  be p r e s e n t .

The o u te r  membranes o f two is o g e n ic  s t r a i n s ,  P4OO ( t s x '*') and 

P407 ( t s x ) were p rep a red  and e le c tro p h o re s e d  to g e th e r  w ith  th e  o u te r  

membrane p ro te in s  o f LE234» F ig u re  7»5 shows th e  r e l a t i v e  p o s i t io n s  

o f  th e  t s x  p r o te in  and th e  24K p r o te in  and d em o n stra ted  c l e a r ly  t h a t  

th e y  a re  d i s t i n c t .  I t  can a ls o  be seen  from F ig u re  7o5 th a t  in  th e  

s ta in e d  p r o f i l e  o f LE234 o u te r  membrane p ro te in s  th e re  appeared  to  be 

two p ro te in s  p re s e n t  in  th e  24K re g io n ,  a lth o u g h  on ly  one band was 

d is t in g u is h a b le  upon a u to ra d io g ra p h y . In  f a c t  th e se  two bands were 

c u t  o u t as one band f o r  d e te rm in a tio n  o f th e  r a t e  o f  s y n th e s is  o f 

th e  24K p r o te in  (F ig u re  7 •4)» A d iagram m atic  r e p r e s e n ta t io n  o f th e  

p r o te in s  p re s e n t  in  t h i s  re g io n  i s  g iv en  in  F ig u re  7 .5  la n e s  12 and 

13 . T h is  r e p r e s e n ta t io n  i s  v e ry  s im i la r  to  th e  p a t t e r n  found by 

H antke (1976) f o r  o th e r  E .c o l i  K12 s t r a i n s .

F ig u re  7 .5  a ls o  compares th e  in n e r  and o u te r  membrane p ro te in s  

o f LE234 b o th  b e fo re  and a f t e r  c lo ro b io c in  tre a tm e n t ( la n e s  1 -6 ) .  In  

th e  in n e r  membrane th e  r a t i o  o f 24K p r o te in  to  p r o te in  d (o r  p ro te in s  

b+c) ap peared  to  be h ig h e r  th an  th a t  o f th e  o u te r  membrane (compare 

la n e s  1 and 4 ) .  S ince any p ro te in s  (b+c) o r  d p re s e n t  in  th e  in n e r  

membrane f r a c t i o n  i s  p ro b ab ly  due to  o u te r  membrane c o n ta m in a tio n , i t  

i s  p ro b a b le  t h a t  some o f  th e  24K p r o te in  seen  in  in n e r  membrane 

p r e p a ra t io n s  a c t u a l l y  r e p re s e n ts  i t s  p resen ce  th e re  in  v iv o . T h is  

c o n c lu s io n  i s  s tre n g th e n e d  by th e  appearance  o f th e  24K p r o te in  in  

la r g e  amounts in  th e  in n e r  membrane 60 and 120 m in u tes  a f t e r  th e  

a d d i t io n  o f  c lo ro b io c in .



Figure 7 .5

A n a ly s is  o f  th e  24K P ro te in  Induced  by C lo ro b io c in

A c u l tu r e  o f  LE234 (Met"*") was grown in  M9 m inim al medium and 

t r e a t e d  w ith  c lo ro b io c in  (CB) (50 p g /m l) . Samples were p u ls e - l a b e l l e d  

w ith  10 TjiCi [ ^■^s]-m ethionine (lOO p C i/p g ) ,  u n la b e l le d  c a r r i e r  c e l l s  

added and in n e r  and o u te r  membrane p ro te in s  p re p a re d . A c o n s ta n t  amount 

o f in n e r  o r  o u te r  membrane p r o te in  was a p p lie d  to  a  15^ SBS-PAGE and 

th e  g e l was su b se q u e n tly  a u to ra d io g ra p h e d .

O u ter membranes o f s t r a i n s  P400 ( t s x ~**) and P407 ( t s x ) were a ls o  

e le c tro p h o re s e d .

Lane 1. O u ter membrane o f  LE234. No CB tre a tm e n t

2 . " " " " 60 min CB tre a tm e n t

3. " " *’ ” 120 min CB tre a tm e n t

4 . In n e r  " " " No CB tre a tm e n t

5 . " " " " 60 min CB tre a tm e n t

6 . " " *’ " 120 min CB tre a tm e n t

7 . P400 ( t s x ~*~) O u ter membrane. S ta in e d  p r o f i l e

8 . P407 ( t s x ) " " " ”

9 . LE234 " " " "

10. LE234 In n e r  membrane. " ”

11. P r o te in  s ta n d a rd s

12. B ia g ram a tic  r e p r e s e n ta t io n  o f th e  o u te r  membrane

13. p r o te in s  of s t r a i n s  P400 ( l2 )  and LE234 (13)
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The q u e s tio n  o f th e  24K b e in g  the  u n d en a tu red  form  o f p r o te in  d 

was n o t  re s o lv e d  in  t h i s  s tu d y . However th e  k in e t i c s  o f  s y n th e s is  o f 

p r o te in  d and o f th e  24K p r o te in  a re  so d i f f e r e n t  t h a t  th e y  a re  

u n l ik e ly  to  be r e l a t e d .  F u rth e rm o re , E. H erre ro  (p e rso n a l 

com m unication) has id e n t i f i e d  th e  u n d en a tu red  form o f p r o te in  d as a  

band ru n n in g  w e ll above th e  24K p r o te in .

V. D isc u ss io n

The d a ta  p re s e n te d  in  t h i s  C hap ter shows t h a t  th e  p a t te r n  o f 

membrane p r o te in  s y n th e s is  in  E .c o l i  i s  g r e a t ly  in f lu e n c e d  by th e  

a d d i t io n  o f c lo ro b io c in .  These e f f e c t s  a re  p resum ably  due to  a 

r e d u c t io n  in  th e  le v e l  o f s u p e rc o i l in g  o f th e  chromosomal DHA w hich in  

tu r n  a f f e c t s  t r a n s c r i p t i o n  o f genes d e te rm in in g  th e  s y n th e s is  o r  

assem bly  o f membrane p r o te in s .

The p a t te r n  o f o u te r  membrane p r o te in  s y n th e s is  a f t e r  c lo ro b io c in  

t r e a tm e n t was com plex. In  p a r t i c u l a r  th e  r a t e  o f s y n th e s is  o f p r o te in  

d was t r a n s i e n t l y  in c re a s e d  w hile  th a t  o f p ro te in s  (b+c) was red u ced .

A s im i la r  e f f e c t  was observed  by Boyd and H olland  (1979) who found t h a t  

in d u c tio n  o f s y n th e s is  o f  th e  8lK ( feu B ) p r o te in  in  E .c o l i  B /r  was 

accom panied by a  d e c re a se  in  th e  r a t e  o f  s y n th e s is  o f th e  m ajor o u te r  

membrane p r o te in  b . Thus i t  i s  p ro b ab le  t h a t  n o t a l l  th e  observed  

changes in  o u te r  membrane p ro te in  s y n th e s is  a re  due to  a l t e r e d  DÎTA 

g y ra se  a c t i v i t y ;  i t  i s  p o s s ib le  t h a t  th e  r a t e  o f s y n th e s is  o f o n ly  one 

p r o te in  i s  a l t e r e d  by c lo ro b io c in  ( e .g .  th e  24K p r o te in )  and t h a t  th e  

o th e r  changes a r e  a  consequence o f t h i s  i n i t i a l  a l t e r a t i o n .  Boyd and 

H o llan d  proposed  th e  e x is te n c e  o f  a  f a c t o r  which l im i te d  o v e ra l l  o u te r
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membrane p r o te in  s y n th e s is  and th a t  the  r e g u la t io n  o f t h i s  f a c t o r  

m igh t a l s o  r e f l e c t  th e  observed  d o u b lin g  in  r a t e  o f b u lk  o u te r  membrane 

p r o te in  s y n th e s is  a t  a  s p e c i f i c  p o in t  in  the  c e l l  c y c le .

The observed  r e d u c t io n  in  th e  d i f f e r e n t i a l  r a t e  o f o u te r  membrane 

p r o te in  s y n th e s is  may be d i r e c t l y  r e l a t e d  to  th e  i n h i b i t i o n  o f c e l l  

d iv i s i o n .  I f ,  as su g g e s te d  in  s e c t io n  I ,  a  d o u b lin g  in  th e  l i n e a r  

r a t e  o f  o u te r  membrane p r o te in  s y n th e s is  d u r in g  th e  c e l l  c y c le  i s  one 

p r e r e q u i s i t e  f o r  d iv i s io n ,  th e n  p re v e n tio n  o f  t h i s  by i n h i b i t i o n  o f DNA 

g y ra se  m ight r e s u l t  in  th e  observ ed  in h i b i t i o n  o f c e l l  d iv i s io n .  

I n h ib i t i o n  o f MA g y ra se  may le a d  to  a re d u c t io n  in  th e  d i f f e r e n t i a l  

r a t e  o f o u te r  membrane p r o te in  s y n th e s is  by d i r e c t  i n h i b i t i o n  o f t r a n s 

c r i p t i o n  o f o u te r  membrane p r o te in  g e n e s . A l te r n a t iv e ly ,  a  re d u c t io n  

in  th e  r a t e  o f  s y n th e s is  o f  enzymes w hich de te rm in e  p e p tid o g ly c a n  

s y n th e s is  cou ld  i n h i b i t  o u te r  membrane p ro te in  s y n th e s is  by re d u c in g  

th e  r a t e  o f exp an sio n  o f a v a i la b le  s u r fa c e  f o r  t h e i r  assem bly  as 

su g g e s te d  by Boyd and H olland  (1 9 7 9 ).

The c o r r e l a t i o n  betw een th e  d i f f e r e n t i a l  r e d u c t io n  in  r a t e  o f 

s y n th e s is  o f o u te r  membrane p r o te in  and in h ib i t i o n  o f c e l l  d iv i s io n  i s  

s tre n g th e n e d  by a  v e ry  s im i la r  r e d u c t io n  which i s  seen  in  th e  

te m p e r a tu r e - s e n s i t iv e  cou (gyrB ) m utant LE316 upon a  s h i f t  to  42°C 

when d iv i s io n  i s  a l s o  b locked  (E. H e rre ro , p e rso n a l com m unication). 

I n t e r e s t i n g l y ,  in d u c tio n  o f th e  24K p r o te in  i s  a l s o  seen  u n d er th e se  

c o n d i t io n s .
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C h ap te r  8 

DISCUSSION

E .c o l i  DNA g y rase  (DNA to p o iso m erase  I I ) i s  an enzyme which 

in t ro d u c e s  n e g a t iv e  s u p e rc o i l s  in to  c o v a le n t ly  c lo se d  c i r c u l a r  dup lex  

DNA in  v i t r o  ( C e l l e r t  e t  a l . ,  1976a). T his enzyme a c t i v i t y  i s  in h ib i te d  

by n o v o b io c in  and coumermycin ( C e l l e r t  £ t  , 1976b), and by n a l id ix i c  

a c id  and o x o lin ic  a c id  ( C e l l e r t  e t  ^ . , 1977; Sugino a t  ^ . ,  1977).

DNA g y ra se  i s  presumed to  have s u p e r tw is t in g  a c t i v i t y  in  v iv o . T h is  i s  

b a se d  upon th e  o b s e rv a tio n s  t h a t  when E .c o l i  (^ )  i s  s u p e r in f e c te d  w ith  

in  th e  p resen ce  o f coumermycin o r  o x o lin ic  a c id ,  th e  s u p e r h e l ic a l  

d e n s i ty  o f th e  su p e r i n f e c t in g  ^  DNA a f t e r  c i r c u l a r  i s  a t  io n  i s  reduced  

when compared to  a  s im i la r  in f e c t io n  c a r r i e d  ou t in  th e  absence o f  th e  

d ru g s  ( C e l l e r t  e t  ^ . , 1976b, 1977). In  a d d i t io n ,  th e  DNA in  fo ld e d  

chromosomes i s o la te d  from  E .c o l i  a f t e r  tre a tm e n t w ith  coumermycin was 

found to  have a  reduced  s u p e r h e l ic a l  d e n s i ty  (D r l ic a  and Snyder, 1978). 

I n t e r e s t i n g l y ,  low c o n c e n tra t io n s  o f o x o lin ic  a c id  (w hich i n h i b i t  DNA 

r e p l i c a t i o n  v iv o ) d id  n o t red u ce  th e  s u p e r h e l ic a l  d e n s i ty  o f DNA in  

fo ld e d  chromosomes (Snyder and D r l ic a ,  1979).

In  t h i s  s tu d y  I  have used  c lo ro b io c in  as an i n h i b i t o r  o f su b u n it 

B o f DNA g y ra se . The s u g g e s tio n  th a t  c lo ro b io c in ,  l i k e  coumermycin and 

n o v o b io c in , would i n h i b i t  DNA g y ra se  came i n i t i a l l y  from  th e  s t r u c t u r a l  

s i m i l a r i t y  o f th e se  th re e  compounds (se e  F ig u re  1 .1 ) .  The o th e r  l i n e s  

o f  ev id en ce  w hich were o b ta in e d  in  t h i s  s tu d y  a re  : ( l )  c lo ro b io c in  

r e s i s t a n t  m utan ts a re  a ls o  r e s i s t a n t  to  coumermycin, and in  th e  m utant 

LE316 th e  m u ta tio n  r e s p o n s ib le  was mapped betw een dnaA and dgoD,
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p resum ab ly  a t  cou (g y rS ) ; (2 ) DNA s y n th e s is  i s  in h ib i te d  by

c lo r o b io c in .  In  a d d i t io n ,  v e ry  re c e n t  ev idence in d ic a te s  th a t  

c lo ro b io c in  i n h i b i t s  th e  s u p e rc o i l in g  o f ColEI DNA in  v i t r o  by DNA 

g y ra s e ,  and e x t r a c t s  o f th e  gyrB m utant LE316 do n o t c o n ta in  an a c t iv e  

DNA g y ra se  (E. O rr, p e rso n a l com m unication).

I t  h as  been su g g es ted  t h a t  a  m ajo r r o le  o f DNA g y ra se  m  v iv o  cou ld  

be to  in tro d u c e  and m a in ta in  n e g a t iv e  s u p e rc o i ls  in  th e  DNA im m ediate ly  

ahead  o f  th e  r e p l i c a t i o n  fo rk ,  and th u s  com pensate f o r  p o s i t iv e  su p e r

c o i l s  w hich may r e s u l t  from a  moving r e p l i c a t i o n  fo rk  ( G e l le r t  _et a l . ,  

1976a ; A lb e r ts  and S te m g la n z ,  1977; Champoux, 1978).

T h is  s tu d y  has p ro v id ed  ev id en ce  th a t  may c o n t r a d ic t  t h i s  h y p o th e s i s , 

F i r s t l y ,  DNA s y n th e s is  i s  n o t co m p le te ly  in h ib i te d  by h ig h  c o n c e n tra t io n s  

o f  c lo ro b io c in ,  in d i c a t in g  th a t  some g y ra se - in d e p e n d e n t r e p l i c a t i o n  may 

o c c u r  a t  th e  r e p l i c a t i o n  f o rk .  S econd ly , a  r e d u c t io n  in  th e  fre q u e n c y  

o f  i n i t i a t i o n  o f chromosome r e p l i c a t i o n ,  b u t n o t a  reduced  fo rk  

v e l o c i t y  appea rs  to  be re s p o n s ib le  f o r  th e  low DNA to  mass r a t i o  o f  some 

c lo ro b io c in  r e s i s t a n t  m u ta n ts . In  a d d i t io n ,  O rr e t  a l .  (1979) found 

t h a t  when th e  c o n d i t io n a l  l e t h a l  gyrB m utant LE316 was grown a t  42°C, 

th e  r a t e  o f fo rk  movement was n o t reduced  s i g n i f i c a n t l y . This l a s t  

r e s u l t  in d ic a te s  t h a t  ’’ongoing" r e p l i c a t i o n  does n o t r e q u i r e  th e  a c t i v i t y  

o f  th e  B su b u n it o f  DNA g y ra s e . However, th e  a p p re c ia b le  in h ib i t i o n  

o f  DNA s y n th e s is  by c lo ro b io c in  canno t be accoun ted  f o r  s o le ly  by a 

b lo c k  to  the  i n i t i a t i o n  o f r e p l i c a t i o n ,  and i f  we a c c e p t t h a t  th e  

a c t i v i t y  o f DNA g y rase  su b u n it B i s  n o t re q u ire d  f o r  e lo n g a tio n  o f 

r e p l i c a t i o n  fo r k s ,  we m ust look  to  a n o th e r  e x p la n a tio n  f o r  th e  

s e n s i t i v i t y  o f r e p l i c a t i o n  to  c lo ro b io c in .  R e p l ic a t io n  fo rk s  m ight be
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impeded by the  p re sen ce  o f g y ra se -M A -c lo ro b io c in  com plexes w hich may 

form a t  s p e c i f i c  s i t e s  a l l  around th e  chromosome, and which may p re v e n t 

th e  s e p a ra t io n  o f p a r e n ta l  s tra n d s  p r io r  to  th e  s y n th e s is  o f d a u g h te r  

s t r a n d s .  S upport f o r  t h i s  id e a  comes from  th e  work o f D r l ic a  and 

Snyder (19?8> 1979) who have su g g e s te d  th a t  DNA g y rase  i s  n o t c o n fin e d  

to  th e  r e p l i c a t i o n  fo rk s  b u t i s  in  f a c t  s i tu a te d  a t  abou t 50 s i t e s  on 

th e  chromosome, each  s i t e  perhaps c o rre sp o n d in g  to  one s u p e rc o ile d  

domain as d e sc r ib e d  by W orcel and B urg i (1972).

The com plete in h i b i t i o n  o f  DNA s y n th e s is  by h ig h  c o n c e n tra t io n s  o f 

n a l i d i x i c  a c id  (C h ap te r 3)> and th e  a lm o st com plete c e s s a t io n  o f 

r e p l i c a t i o n  in  te m p e ra tu r e - s e n s i t iv e  gyrA m utan ts a t  th e  n o n -p e rm iss iv e  

te m p e ra tu re  (K reuzer and C o z z a r e l l i ,  1980) su g g e s t t h a t ,  in  c o n t r a s t  to  

th e  B s u b u n it ,  th e  a c t i v i t y  o f th e  A s u b u n it e s s e n t i a l  f o r  "ongoing" 

r e p l i c a t i o n .  T h is  im p lie s  t h a t  th e  su b u n it  A o f g y ra s e , ag a in  in  

c o n t r a s t  to  th e  B s u b u n it ,  i s  in t im a te ly  a s s o c ia te d  w ith  th e  r e p l i c a t i o n  

f o r k .  To e x p la in  t h i s ,  one co u ld  p o s tu la te  t h a t  some A and B s u b u n its  

o f g y ra se  e x i s t  in d e p e n d e n tly  o f  each  o th e r  in  v iv o , o r  th a t  th e  B 

s u b u n it when p re s e n t  in  th e  r e p l i c a t i o n  fo rk  complex i s  in a c t iv e .  How

e v e r ,  m easurem ents o f  th e  in  v i t r o  a c t i v i t i e s  o f  DNA g y rase  have shown 

t h a t  n e i th e r  s u b u n it has any a c t i v i t y  by i t s e l f ,  and th a t  maximum 

a c t i v i t y  o f DNA g y rase  i s  o b ta in e d  when th e  A and B su b u n its  a re  p re s e n t  

in  eq u im o ler amounts (H igg ins e t  ^ . , 1978; P eeb le s  e t  ^ . , 1979).

One e x p la n a tio n  f o r  t h i s  a p p a re n t paradox i s  based  on th e  d is c o v e ry  

o f  a t h i r d  DNA to p o iso m erase  (DNA top o iso m erase  I I ' )  which i s  v e ry  

c lo s e ly  r e l a t e d  to  DNA g y rase  (Brown e t  ^ . , 1979; G e l l e r t  e t  a l . ,

1979) .  T his enzyme i s  composed o f th e  gyrA coded A su b u n it o f DNA
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g y ra s e ,  and a  50,000  d a l to n  p o ly p e p tid e  ( y )  which i s  p ro b ab ly  a 

p r o t e o l y t i c  c leav ag e  p ro d u c t o f th e  92 ,000 g y rase  B s u b u n it .  The A 

a n d jy  s u b u n its ,  when p re s e n t  in  eq u im o lar amounts (b u t n o t s e p a r a te ly )  

w i l l  c a ta ly s e  th e  r e l a x a t io n ,  b u t n o t th e  in t r o d u c t io n ,  o f n e g a t iv e  o r 

p o s i t i v e  s u p e rc o i l s  in  an A TP-independent r e a c t io n .  The r e la x a t io n  

o f  n e g a t iv e  s u p e rc o i l s  i s  in h ib i te d  by o x o lin ic  a c id  b u t n o t by novo

b io c in  (Brown e t  ^ . , 1979; G e l l e r t  £ t  ^ . ,  1979). I n h ib i t io n  o f  th e  

r e l a x a t i o n  o f p o s i t iv e  s u p e rc o i l s  was n o t s tu d ie d .  Thus t h i s  new ly 

i d e n t i f i e d  DNA to p o iso m erase  cou ld  e x i s t  du v iv o  as an enzyme in  i t s  

own r i g h t ,  and may be th e  a c t i v i t y  which re la x e s  p o s i t iv e  s u p e rc o i l s  

in tro d u c e d  by th e  r e p l i c a t i o n  f o r k .  T h is would e x p la in  th e  dependence 

o f  r e p l i c a t i o n  on th e  A s u b u n it ,  b u t n o t on th e  B s u b u n it  o f DNA g y ra s e . 

I t  i s  p o s s ib le  t h a t  th e  gyrB m u ta tio n s  in  s t r a i n s  LE316 and LE701 l i e  

o u ts id e  th e  DNA en cod ing  y  , and t h a t  th e s e  s t r a i n s  p roduce an a c t iv e  

J / . I n i t i a t i o n  o f  r e p l i c a t i o n  p ro b ab ly  r e q u ir e s  th e  a c t i v i t y  o f th e  

e n t i r e  s u b u n it B, and t h i s  would e x p la in  the  d e la y  in  i n i t i a t i o n  in  

th e s e  s t r a i n s  (O rr £ t  a l . ,  1979; see  C hap ter 6 ; and d is c u s s e d  be low ). 

A l te r n a t iv e ly ,  s u b u n it  A cou ld  r e la x  p o s i t iv e  s u p e rc o i l s  dn v iv o  e i t h e r  

by i t s e l f  ( in  c o n t r a s t  to  _dn v i t r o ) , o r  in  com bination  w ith  o th e r  y e t 

u n id e n t i f i e d  com ponents o f  th e  r e p l i c a t i o n  a p p a ra tu s .

The i n a b i l i t y  o f c lo ro b io c in  to  induce s y n th e s is  o f  th e  recA  

p r o te in ,  p r o te in  X, (C h ap te r 4) i s  n o t s u r p r is in g  i f  DNA d e g ra d a tio n  

p ro d u c ts  a re  th e  s ig n a l  f o r  th e  in d u c tio n  o f t h i s  p r o te in  and o th e r  

c o n s t i tu e n t s  o f  th e  SOS pathw ay. C lo ro b io c in  d id  n o t  induce d e te c ta b le  

DNA breakdown, as found p re v io u s ly  w ith  n o v o b io c in  (Sm ith and O ish i,

1978) .  I t  may be s ig n i f i c a n t  in  t h i s  r e s p e c t  th a t  c lo ro b io c in  d id  n o t
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c o m p le te ly  b lo ck  MA s y n th e s is .  A s im i la r  r e s u l t  has now been found f o r  

coumermycin (E. H e rre ro , p e rso n a l com m unication). P erhaps th e  com plete 

c e s s a t io n  o f fo rk  movement i s  somehow re q u ire d  to  i n i t i a t e  MA b re a k 

down from  th e  r e p l i c a t i o n  f o r k s .  I f  th e  r e p l i c a t i o n  com plexes a re  

s e n s i t i v e  to  d is r u p t io n ,  th e n  a  t o t a l  h a l t  o f MA s y n th e s is  co u ld  expose 

MA to  an en d o n u c lease , perhaps th e  recBC enzyme o r even th e  g y ra se  A 

s u b u n it  i t s e l f  (s e e  a ls o  d is c u s s io n  b e lo w ).

The a p p a re n t d e la y  in  th e  i n i t i a t i o n  o f DNA r e p l i c a t i o n  in  gyrB 

m u tan ts  cou ld  be due to  a  reduced  r a t e  o f  fo rm a tio n , o r a  reduced  

s t a b i l i t y ,  o f a  s u i t a b ly  s u p e rc o ile d  DNA s t r u c tu r e  a t  o r  n e a r  th e  o r ig in  

o f r e p l i c a t i o n  ( o r iC ) . T his s t r u c t u r e ,  which co u ld  be lo c a te d  in  one 

p a r t i c u l a r  domain o f th e  fo ld e d  chromosome, may be r e q u ir e d  a t  some 

c r i t i c a l  c e l l  mass as a  s u b s t r a te  f o r  c leav ag e  by an endonuclease  s im i la r  

to  th e  0X174 c isA  p r o te in  w hich i s  on ly  a c t iv e  on s u p e rc o ile d  DNA 

(M arians ^  , 1977)* The n u c le o t id e  sequence o f th e  E .c o l i  K12

o r ig in  o f r e p l i c a t i o n  c o n ta in s  many d i r e c t  and in v e r te d  r e p e a ts  

(M e ije r  e t  a l . ,  1979» Sugimoto £ t  ^ . , 1979). Thus s in g le  s tra n d e d  

re g io n s  o f  DNA cou ld  form  lo c a l  complex seco n d ary  s t r u c tu r e s  w ith in  th e  

s u p e rc o i le d  dom ain, and c o n se q u e n tly  p ro v id e  r e c o g n i t io n  s i t e s  f o r  

e n d o n u c le o ly t ic  a t t a c k .

A l te r n a t iv e ly ,  DNA g y rase  a c t i v i t y  may be n e c e s s a ry  to  m odify th e  

t e r t i a r y  s t r u c tu r e  o f  DNA in  th e  o riC  re g io n  in  o rd e r  to  prom ote s p e c i f i c  

t r a n s c r i p t i o n  w hich i s  c o n s id e re d  e s s e n t i a l  f o r  i n i t i a t i o n  in  b o th  

E .c o l i  (L ark , 1972; M esser e t  , 1975; O rr e t  a l . ,  1978) and phage \  

(Dove e t  ^ . , 1979)* From sequence a n a ly s is  Sugimoto ^  a l .  ( l9 7 9 )  

n o te d  th a t  th e  o riC  re g io n  c o n ta in s  fo u r  sequences w hich a re  homologous
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t o  th e  "binding s i t e  f o r  DNA prim ase on th e  phage G4 com plem entary 

s t r a n d .  The s y n th e s is  o f th e  o r ig in  RNA may th en  be i n i t i a t e d  by th e  

dnaG p r o te in  (DNA p rim ase ) from  one o r  more o f th e se  s i t e s .  C le a r ly  

n e g a t iv e  s u p e rc o i l in g  o f  t h i s  r e g io n  cou ld  "open up" th e se  s i t e s  f o r  

i n t e r a c t i o n  w ith  DNA p rim ase . More d i r e c t  ev id en ce  f o r  th e  r o le  o f  RNA 

in  i n i t i a t i o n  h as  been re p o r te d  r e c e n t ly  by Conrad and Cambell (1 9 7 9 ).

They found t h a t  an RNA t r a n s c r i p t  o f abou t 100 n u c le o t id e s  in  le n g th  

was s y n th e s is e d  d u r in g  r e p l i c a t i o n  o f ColEI DNA in  v i t r o . A sm all i n s e r t  . 

i n t o  th e  DNA co d in g  f o r  t h i s  t r a n s c r i p t  r e s u l t e d  in  an in c re a s e d  copy 

number o f th e  p la sm id , and th e  a u th o rs  p roposed  t h a t  t h i s  RNA i s  in v o lv ed  

in  th e  r e g u la t io n  o f i n i t i a t i o n  o f r e p l i c a t i o n .

The i s o l a t i o n  o f c o n d i t io n a l  l e t h a l  gyrB m utan ts  (C h ap te r 5) has 

shown t h a t  th e  a c t i v i t y  o f DNA g y ra se  su b u n it B i s  e s s e n t i a l  f o r  c e l l  

g ro w th . A s im i la r  c o n c lu s io n  f o r  th e  A s u b u n it can be made on th e  b a s is  

o f  th e  i s o l a t i o n  o f c o n d i t io n a l  l e t h a l  gyrA m utan ts  (R ren ze r and 

C o z z a r e l l i ,  198O). I t  i s  o f i n t e r e s t  t h a t  th e  gyrB lo c u s  i s  s i tu a te d  

v e ry  c lo s e  to  dnaA, a  gene in v o lv e d  in  th e  i n i t i a t i o n  o f DNA r e p l i c a t i o n ,  

and to  o r iC . The p re sen ce  o f a  t h i r d  lo c u s  in  t h i s  re g io n  in v o lv ed  in  

DNA r e p l i c a t i o n  i s  su g g e s te d  by th e  i s o l a t i o n  o f te m p e ra tu r e - s e n s i t iv e  

am ber m utan ts  w hich a re  d e f e c t iv e  in  DNA s y n th e s is  a t  th e  h ig h  te m p e ra tu re  

and w hich a p p a re n tly  map v e ry  c lo s e  to ,  b u t to  th e  l e f t  o f , dnaA 

(K im ura £ t  a l . ,  1979). These m u tan ts  a re ' complemented by 'X t r a n s d u c in g  

phage s p e c ify in g  a  43K p r o te in .  Hansen and von Meyenbnrg (1979) found 

t h a t  th e  gyrB lo c u s  (p ro d u c t = 92K) and th e  dnaA lo c u s  (p ro d u c t = 54K) 

were s e p a ra te d  by a  segm ent o f DNA cod ing  f o r  a  45K p r o te in .  I t  i s
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p ro b a b le  th e r e f o r e  t h a t  th e  43 and 45K p ro te in s  a re  th e  same, and a re  

th e  p ro d u c t o f a  dna gene ly in g  betw een dnaA and gyrB . I t  i s  a l s o  

p o s s ib le  t h a t  th e se  th r e e  genes a re  c o o rd in a te ly  r e g u la te d  and th a t  

t h e i r  p ro d u c ts  i n t e r a c t  to  form a complex n e c e ssa ry  f o r  th e  i n i t i a t i o n  

o f  chromosome r e p l i c a t i o n .  E vidence t h a t  a t  l e a s t  th e  dnaA and gyrB 

p ro d u c ts  i n t e r a c t  comes from  th e  abnorm al s e n s i t i v i t y  o f dnaA m utan ts  to  

c lo ro b io c in  (C h ap te r 6) and coumermycin (P ilu to w ic z , 198O).

The m u ta tio n  to  c lo ro b io c in  r e s i s t a n c e  in  s t r a i n  LE701, a lth o u g h  

n o t  p r e c i s e ly  mapped, i s  in  a l l  p r o b a b i l i t y  lo c a te d  in  gyrB (C h ap te r 

5 ) .  T h is  i s  su p p o rted  by th e  f in d in g  t h a t  LE701 i s  a l s o  r e s i s t a n t  to  

coumermycin and n a l id ix i c  a c id .  T his c ro s s  r e s i s ta n c e  to  n a l id ix i c  

a c id  h as  been r e p o r te d  f o r  the coumermycin r e s i s t a n t  s t r a i n  NI741 

(Yang £ t  a l , ,  1979). In  a d d i t io n  Inoue e t  a l .  (1979) i s o la t e d  n o v e l 

n a l i d i x i c  a c id  r e s i s t a n t  m utan ts  (nalC  and n a lP ) w hich were mapped a t  

ab o u t 82 m inu tes on th e  E .c o l i  K12 g e n e t ic  map. A lthough th e se  m u ta tio n s  

do n o t c o n fe r  r e s i s t a n c e  to  n o v o b io c in , th e y  may w e ll be a l l e l e s  o f th e  

gyrB lo c u s .  I f  so  th e y  p ro v id e  f u r th e r  c i r c u m s ta n t ia l  ev idence  f o r  an 

a s s o c ia t io n  in  v iv o  betw een th e  gyrA and gyrB gene p ro d u c ts .

S e n s i t i v i t y  o f t r a n s c r i p t i o n  to  n a l id ix i c  a c id  and coumermycin has 

been  d em o n stra ted  b o th  in  v iv o  (Sanzey , 1979; Smith e t  ^ . , 1978; I%ran, 

1976 ) and in  v i t r o  (Ryan and W e lls , 1976; Yang e t  ^ . ,  1979). T h is  s tu d y  

h as  shown th a t  c lo ro b io c in  i s  a l s o  an e f f e c t iv e  i n h i b i t o r  o f t r a n s c r i p t io n .  

The e f f e c t s  o f a l l  th e s e  d rugs on t r a n s c r i p t i o n  i s  a lm ost c e r t a in l y  due 

to  t h e i r  e f f e c t  on th e  deg ree  o f s u p e rc o i l in g  o f th e  DNA. Indeed  su p e r

c o i le d  DNA has been shown to  enhance t r a n s c r i p t i o n  in  v i t r o  (B otchan £ t  

a l . , 1973; Wang, 1974; R ich a rd so n , 1975), and an in t e r a c t io n  betvæ en DNA
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g y ra s e ,  o r  DNA w hich has been a c te d  upon by g y ra se , and ENA polym erase 

i s  su g g e s te d  by th e  f in d in g  t h a t  m u ta tio n s  in  rpoB and rpoC can in c re a s e  

o r  d e c re a se  th e  s e n s i t i v i t y  o f s t r a i n s  to  coumermycin (M irkin  e t  a l . ,

1 979 ).

The o v e r a l l  r a t e  o f  RNA s y n th e s is ,  and more p a r t i c u l a r l y  p r o te in  

s y n th e s i s ,  was e s s e n t i a l l y  c o n s ta n t  over th e  f i r s t  90 m inu tes o f c lo ro 

b io c in  tr e a tm e n t .  At p re s e n t  i t  i s  n o t c l e a r  what a  l i n e a r ,  as opposed 

to  an e x p o n e n t ia l ,  r a t e  o f p r o te in  s y n th e s is  m ight be due to .  I t  i s  

p o s s ib le  t h a t  c lo ro b io c in  s p e c i f i c a l l y  r e p re s s e s  t r a n s c r i p t i o n  o f  one 

o r  more genes whose p ro d u c ts  may be r a t e  l im i t in g  f o r  t r a n s c r i p t i o n ,  

and th e r e f o r e  f o r  p r o te in  s y n th e s is .

A d e t a i l e d  a n a ly s is  o f  th e  s y n th e s is  o f one p a r t i c u l a r  c l a s s  of 

p r o t e i n s ,  th e  o u te r  membrane p r o te in s ,  r e v e a le d  th a t  a lth o u g h  th e  o v e ra l l  

r a t e  o f s y n th e s is  o f  th e s e  p r o te in s  was red u ced , th e  v a r io u s  in d iv id u a l  

p r o te in s  were a f f e c te d  to  d i f f e r e n t  e x te n ts  by c lo ro b io c in  (C h ap te r 7)* 

T h is  in d ic a te s  t h a t  th e  degree  o f  s u p e rc o i l in g  o f  th e  DNA a f f e c t s  

d i f f e r e n t  p rom oters  in  d i f f e r e n t  w ays, and th a t  s u p e r c o i l in g  p la y s  an 

im p o r ta n t r o le  in  th e  r e g u la t io n  o f t r a n s c r i p t i o n  in  th e  c e l l .

Two o th e r  r e s u l t s  rem ain  to  be d is c u s s e d . These a re  th e  d i f f e r e n t i a l  

r e d u c t io n  in  th e  r a t e  o f s y n th e s is  o f o u te r  membrane p ro te in s  and th e  

i n h i b i t i o n  o f c e l l  d iv i s io n ,  b o th  o f  which occur upon tre a tm e n t o f  c e l l s  

w ith  c lo ro b io c in  (C h ap te rs  4 and 7 ) and upon a  te m p e ra tu re  s h i f t  o f th e  

c o n d i t io n a l  l e t h a l  gyrB m u tan t, LE316 (O rr e t  ^ . , 1979» b u t see  be lo w ).

I t  i s  p o s s ib le  t h a t  t h i s  i n h i b i t i o n  o f c e l l  d iv i s io n  i s  e i t h e r  due to  

an a l t e r a t i o n  in  th e  r a t e  o f t r a n s c r i p t i o n  o f a gene o r genes in v o lv ed  

in  th e  r e g u la t io n  o f c e l l  d iv i s io n ,  o r  to  an o v e ra l l  r e d u c t io n  in  the
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d eg ree  o f  s u p e rc o i l in g  o f DNA w hich may s u b se q u e n tly  d i s r u p t  th e  

fo rm a tio n  o f a  DNA -  membrane complex n e c e s s a ry  in  some way f o r  septum  

fo rm a tio n .

A l te r n a t iv e ly ,  i t  i s  p o s s ib le  t h a t  th e  i n h i b i t i o n  o f c e l l  d iv i s io n  

i s  a  d i r e c t  consequence o f th e  re d u c t io n  in  r a t e  o f o u te r  membrane p r o te in  

s y n th e s i s .  Gome su p p o rt f o r  t h i s  e x p la n a tio n  comes from  th e  c o r r e l a t i o n  

betw een th e se  two e v e n ts  upon a  te m p e ra tu re  s h i f t  o f th e  c o n d i t io n a l  l e t h a l  

gyrB m utan t 12316. Under c o n d it io n s  o f slow  g row th ,w hich  r e s u l t  in  an 

a lm o st com plete b lo c k  to  c e l l  d iv i s io n ,  th e  r a t e  o f  s y n th e s is  o f  o u te r  

membrane p ro te in s  i s  red u ce d . At f a s t  grow th r a t e s  when th e  b lo c k  to  

d iv i s i o n  i s  incom ple te  and many DNA-less c e l l s  a re  produced (O rr ^  a d . ,

1979 )) th e  d i f f e r e n t i a l  r a t e  o f th e  o u te r  membrane p ro te in s  i s  n o t 

re d u c e d , b u t a c t u a l l y  in c re a s e s  (E. H e rre ro , p e rso n a l com m unication).

T h is  d a ta  i s  th e r e f o r e  c o n s is te n t  w ith  a  model in  w hich one o f th e

p r e r e q u i s i t e s  f o r  c e l l  d iv i s io n  i s  an in c re a s e  in  th e  r a t e  o f s y n th e s is

o f o u te r  membrane p r o te in s .  Such an in c re a s e  i s  in  f a c t  observed  in  

E . c o l i  B /r ,  and occu rs  abou t 10-15 m inu tes b e fo re  c e l l  d iv i s io n  (Boyd 

and H o llan d , 1979)*

W ith re g a rd  to  th e  in h i b i t i o n  o f c e l l  d iv i s io n  by n a l id ix i c  a c id  in  

r e c ^ s t r a i n s ,  b u t to  a  much l e s s e r  e x te n t  in  recA  s t r a i n s  (see  C hap ter 4 »

a ls o  In o u y i, 1971), i t  i s  p ro b ab le  th a t  in  th e  fo rm er t h i s  i s  due to

th e  in d u c tio n  o f  th e  SOS r e p a i r  system , and n o t to  any a l t e r a t i o n  in  th e  

d eg ree  o f s u p e rc o i l in g  o f th e  DNA. Indeed lo s s  o f s u p e rc o i l in g  in  th e  

DNA was n o t found a f t e r  th e  a d d i t io n  o f o x o lin ic  a c id  to  a  grow ing 

c u l tu r e  o f E .c o l i  (Snyder and D r l ic a ,  1979), and th e  DNA was on ly  shown 

to  be n ic k ed  a f t e r  tre a tm e n t o f th e  e x t r a c te d  DNA w ith  SDS to  induce th e
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g y ra s e  dependent c leav ag e  o f MA (se e  C hap ter 1 ) . Thus th e  fra g m e n ta tio n  

o f  MA n e c e ss a ry  f o r  in d u c tio n  o f th e  SOS system  may he v e ry  s p e c i f i c ,  

and  q u a l i t a t i v e  ra th e r -  th a n  q u a n t i t a t i v e .  The s tu d y  o f c e l l  d iv i s io n  in  

t e m p e r a tu r e - s e n s i t iv e  gyrA m utan ts  and th e  e f f e c t  o f n a > id ix ic  a c id  on 

o u te r  membrane p r o te in  s y n th e s is  may throw  l i g h t  on th e  r o l e ,  i f  any , 

o f  th e  A s u b u n it o f MA g y rase  in  c e l l  d iv i s io n .

As d is c u s s e d  in  C hap ter 1, MA g y rase  i s  n o t th e  on ly  enzyme 

in v o lv e d  in  fo rm in g , r e g u la t in g  and m a in ta in in g  th e  t e r t i a i y  s t r u c tu r e  

o f  th e  MA in  E . c o l i . The W p r o te in  (Wang, 1971 )» perhaps l i k e  MA 

to p o iso m erase  I I ' d e s c r ib e d  above, may r e la x  n e g a t iv e  s u p e rc o i l s  in  v iv o . 

However, u n l ik e  MA g y ra s e , th e  la c k  o f  any a n t i b i o t i c s  w hich i n h i b i t  W 

a c t i v i t y ,  and th e  c o n s e q u e n tia l  la c k  o f r e s i s t a n t  m u tan ts  p ro d u c in g  an 

a l t e r e d  CO a c t i v i t y  have so f a r  p re v e n te d  th e  e lu c id a t io n  o f  th e  r o le  

o f  t h i s  p r o te in  in  v iv o . The re p  p r o te in  and th e  MA unw inding  p r o te in  

(E ise n b e rg  e t  a l . ,  1976; Abdel-Monem e t  a l . ,  1976) p ro b ab ly  unwind MA 

p r i o r  to  r e p l i c a t i o n  by in v a d in g  th e  dup lex  from  th e  exposed s in g le 

s tr a n d e d  re g io n s  o f th e  p a r e n ta l  MA (se e  F ig u re  1 .6 ) .  V arious MA 

b in d in g  p r o te in s ,  in c lu d in g  th e  E .c o l i  H D -pro tein  ( s s b ) in v o lv ed  in  MA 

r e p l i c a t i o n ,  and o th e r  p ro te in s  n o t y e t  i d e n t i f i e d ,  and perhaps a ls o  

th e  ENA which i s  found in  th e  fo ld e d  chromosome, may perform  e s s e n t i a l  

f u n c t io n s  in  th e  fo rm a tio n  and s t a b i l i s a t i o n  o f th e  t e r t i a r y  s t r u c tu r e  o f 

th e  chromosome.

One o th e r  p r o te in  w hich may be in v o lv ed  in  d e te rm in in g  th e  t e r t i a r y  

s t r u c t u r e  o f th e  MA in  v iv o  i s  th e  E .c o l i  HU p r o te in .  T his p r o te in ,  which 

i s  p re s e n t  in  ab o u t 30,000 co p ie s  p e r  c e l l ,  i s  a p p a re n tly  composed o f a t  

l e a s t  two s u b u n its  each  o f m o le c u la r  w eigh t 10,000 (R ouviere-Y aniv
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and G ros, 1975)* The HU p r o te in  in tro d u c e s  n e g a t iv e  s u p e rc o i l s  in to  

S740 DNA in  th e  p resen ce  o f a  ch ro m atin  e x t r a c t  o r  a p u r i f i e d  

e u k a ry o t ic  n ic k in g - c lo s in g  enzyme. The r e s u l t i n g  m o lecu les  ta k e  on th e  

ap p ea ran ce  o f beaded s t r u c tu r e s  in  th e  e le c t r o n  m icro sco p e , s im i la r  to  

ch ro m a tin  formed by r e a s s o c ia t io n  o f  SV40 DNA w ith  h is to n e s  (B o u v iè re -  

Y aniv ejb a l , ,  1979; see a l s o  C hap ter l ) .  This th e n  i s  an in d ic a t io n  th a t  

p ro k a ry o tic  DNA may form  condensed h i s to n e - l ik e  s t r u c tu r e s  in  v iv o . 

A no ther s i m i l a r i t y  betw een th e  o rg a n is a t io n  o f  DNA in  p ro k a ry o te s  and 

e u k a ry o te s  i s  t h a t  a  n o v e l DNA g y ra se  a c t i v i t y ,  t h a t  i s  fo rm a tio n  and 

r e s o lu t io n  o f DNA c a te n a n e s  (k n o tte d  c i r c l e s ) ,  has been id e n t i f i e d  

r e c e n t ly  in  many e u k a ry o te s  (see  K reuzer and C o z z a r e l l i ,  198O; L iu  

e t  a l . ,  1980) .  M oreover, th e  i n i t i a t i o n  o f DNA r e p l i c a t i o n  in  C hinese 

h a m ste r  ovary  c e l l s  i s  s e n s i t i v e  to  n o v o b io c in  (M attem  and P a in te r ,

1979; see  C hap ter 1 ) .  Thus th e  t e r t i a r y  s t r u c tu r e  o f DNA in  a l l  

o rgan ism s may have a  common b a s i s ,  de te rm in ed  by a  b a lan ce  o f enzymic 

s u p e r c o i l in g  and unw inding , and s t a b i l i s a t i o n  o f s u p e rc o ile d  s t r u c tu r e s  

by DNA b in d in g  p r o te in s .

In  summary, t h i s  t h e s i s  d e s c r ib e s  some im p o rtan t a c t i v i t i e s  o f  th e  

a n t i b i o t i c  c lo ro b io c in ,  an i n h i b i t o r  o f DNA g y ra s e . The r e s u l t s  

p re s e n te d  h e re ,  and th o se  s u b se q u e n tly  o b ta in e d  in  t h i s  and o th e r  

l a b o r a t o r i e s ,  show t h a t  t r a n s c r i p t i o n  i s  s e n s i t i v e  to  th e  deg ree  o f  

n e g a t iv e  s u p e rc o i l in g  o f th e  DNA. S u p e rc o il in g  o f p rom oter re g io n s  may 

th e r e f o r e  be one im p o rta n t f a c t o r  in  the  r e g u la t io n  o f th e  i n i t i a t i o n  o f 

t r a n s c r i p t i o n .  One p a r t i c u l a r  c l a s s  o f t r a n s c r i p t i o n  w hich ap p ea rs  to  

be v e ry  s e n s i t iv e  to  th e  deg ree  o f s u p e rc o i l in g  o f th e  DNA i s  t h a t  

in v o lv e d  in  th e  i n i t i a t i o n  o f chromosomal r e p l i c a t i o n  in  E . c o l i , w hich i s  

d e la y e d  in  m utan ts c o n ta in in g  an a l t e r e d  DNA g y ra s e .
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ABSTRACT

T i t l e  GENETICAL AMD PHYSIOLOGICAL STUDIES IN

ESCHERICHIA COLI K-12 USING CLOROBIOCIN, 

AN INHIBITOR OF BNA GYRASE

N e il  F . F a irw e a th e r

E s c h e r ic h ia  c o l i , in  common w ith  o th e r  b a c t e r i a  s tu d ie d ,  c o n ta in s  
an enzyme term ed BNA g y ra se  which in tro d u c e s  n e g a t iv e  s u p e r c o i l s  in to  
c lo se d  c i r c u l a r  BNA. BNA g y rase  i s  in h ib i te d  by n o v o b io c in  and 
coumermycin, two s t r u c t u r a l l y  r e l a t e d  a n t i b i o t i c s .

In  t h i s  s tu d y  I  have u sed  c lo ro b io c in ,  an a n t i b i o t i c  s t r u c t u r a l l y  
s im i la r  to  n o v o b io c in , as an i n h i b i t o r  o f  BNA g y ra s e . î/îu tan ts of 
E .c o l i  K-12, in c lu d in g  th o se  e x h ib i t i n g  a  c o n d i t io n a l  l e t h a l  p h en o ty p e , 
were i s o l a t e d  as r e s i s t a n t  to  c lo ro b io c in  and th e  m u ta tio n  re s p o n s ib le  
was mapped a t  gyrB (c o u ) , th e  gene co d in g  f o r  th e  B s u b u n it  o f BNA 
g y ra s e . The gene o rd e r  was concluded  to  be : dgoB, gyrB (c o u ) , dnaA, 
t n a , i l v . -.....-  —-

One r e s i s t a n t  m utan t was s tu d ie d  in  d e t a i l ,  and was shovm to  
have a  reduced  BNA c o n c e n tr a t io n .  T h is  d e f e c t  co u ld  n o t  be acco u n ted  
f o r  by a  reduced  v e l o c i ty  o f r e p l i c a t i o n ,  and i t  was concluded  th a t  
th e  i n i t i a t i o n  o f BNA r e p l i c a t i o n  m ust be d e lay ed  in  t h i s  s t r a i n .

An exam ination  o f th e  mode o f  a c t io n  o f c lo ro b io c in  d em o n stra ted  
th a t  t h i s  a n t i b i o t i c  caused  an im m ediate in h i b i t i o n  o f BNA s y n th e s is  
and c e l l  d iv i s io n  in  e x p o n e n tia l  c u l tu r e s  o f E . c o l i ; RNA and p r o te in  
s y n th e s is  were a f f e c te d  to  a  l e s s e r  e x te n t .  The r a t e  o f s y n th e s is  o f 
t o t a l  o u te r  membrane p r o te in  r e l a t i v e  to  t h a t  o f th e  in n e r  membrane 
f e l l  im m ediate ly  upon c lo ro b io c in  tr e a tm e n t ,  a lth o u g h  th e  r a t e s  o f 
s y n th e s is  o f in d iv id u a l  o u te r  membrane p ro te in s  v a r ie d  w id e ly  d u r in g  
th e  co u rse  o f  a n t i b i o t i c  tr e a tm e n t .

The r o le  o f  BNA g y ra se  in  th e  c o n t ro l  o f BNA r e p l i c a t i o n ,  
t r a n s c r i p t i o n  and c e l l  d iv i s io n  i s  d is c u s s e d .


