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INTRODUCTION

1• I .  THE STRUCTURE AND MODE OF REPLICATION OF THE BACTERIAL 

CHROMOSOME

I t  was f iv e  y e a rs  a f t e r  th e  p u b l ic a t io n  of th e  work by 

Watson and C rick  (1953) on th e  double h e l i c a l  s t r u c tu r e  o f DNA th a t  

M es^elson and S ta h l ,  u s in g  a  d e n s i ty  la b e l in g  tech n iq u e  (M espelson 

and S ta h l 1958), e s ta b l is h e d  th a t  r e p l i c a t io n  o f E sc h e r ic h ia  c o l i  

DNA i s  s e m i-c o n se rv a tiv e . S ubsequently  i t  was shown th a t  th e  E .c o l i  

genome c o n s is te d  of a  s in g le  c lo se d  c i r c u la r  u n i t  b o th  p h y s ic a l ly , by 

au to rad io g rap h y  (C a irn s  1963a, b) and g e n e t ic a l ly  (Jacob and Wollman 

1961).

The su g g e s tio n  hy M aal/e ( 1961) th a t  r e p l i c a t i o n  o f t h i s

m olecule might be seq u en tia l from one or more o r ig in s  which were
!

f i x e d  from generation  to generation  had been apparent in  the work of  

MesjSelson and S tah l ( l9 5 8 ) .  This notion  was confirmed by Lark e t . a l .

( 1963) by fo llo w in g  the k in e t ic s  o f the conversion  o f a sh ort ra d io -  

a c t iv e ly  la b e led  s e c t io n  of the chromosome in to  hybrid DNA a f te r  

tra n sfer  of the c e l l s  in to  medium conta in ing  the d en s ity  la b e l ,  

brom ouracil. The autoradiographs of Cairns (l963 ) a lso  su b stan tia ted  

t h is  v iew . However, the in ter p r e ta tio n  placed on th ese  autoradio

graphs, th a t r e p lic a t io n  proceeded in  one d ir e c t io n  on ly , has s in ce  

been shown to  be in co rrec t (Masters and Broda 1971; - B ird e t . a l .  1972).



The q u estion  as to whether r e p lic a t io n  proceeded from a 

unique s i t e  on the b a c te r ia l chromosome (th e  chromosome o r ig in )  

was answered in  the case  of another bacterium , B a c illu s  s u b t i l i s . 

in  a s e r ie s  of experim ents by Sueoka and Yoshikawa (Yoshikawa and 

Sueoka 1963a, b; Sueoka and Yoshikawa 1963, 1965) using  both  

iso to p ic  tra n sfer  ( to  show th at r e p lic a t io n  in  th is  organism was 

seq u en tia l) and marker frequency a n a ly s is  o f exponentia l and 

sta tio n a ry  phase c u ltu r e s . Their a n a ly s is  depended on the idea  

th at g en e tic  markers s itu a ted  a t  the chromosome o r ig in  w i l l  be 

present in  g rea ter  proportion than those a t the terminus in  

ex p o n en tia lly  growing c u ltu re s  i f  r e p lic a t io n  i s  seq u en tia l from a 

f ix e d  o r ig in . Using the Powell age d is tr ib u tio n  fu n ctio n  ( Powell 

1956) ,  they were ab le to show how the marker frequency varied  w ith  

the p o s it io n  of the gene on the chromosome.

In the case  o f E .c o l i . there has been some confusion  as to  

the lo c a t io n  of the o r ig in  and the d ir e c t io n  in  which r e p lic a t io n  

proceeds. Thus Nagata ( 1963a, b) has shown th at the indueibi l i t y  

of bacteriophage X doubles a t d if fe r e n t  tim es in  the c e l l  c y c le  in  

two ly so g en ic  Hfr s tr a in s  but shows no such sharp doubling during the 

c e l l  c y c le  o f a female ly so g en . The method used to  synchronise the  

c e l l s  has however been c r i t i s i s e d  (M itchison 197l) on the grounds 

th at harvestin g  may cause m etabolic d istu rb an ces. Several other



rep orts in d ica te  d if fe re n c e s  in  the p attern  of r e p lic a t io n  in  Hfr 

and P" s tr a in s .  Although Berg and Caro (196?) using  the b acter

iophage PI to  sample the frequency of variou s g en e tic  markers, found 

no d e tec ta b le  d iffe re n c e s  in  the gradient of marker frequency in  

severa l P" and Hfr s tr a in s , they la te r  concluded (Caro and Berg 1968) 

usin g  a m od ifica tion  of the PI transduction  assay  in  which they w ere  

able to s e le c t  fo r  e a r ly  or la t e  r e p lic a t in g  markers, th a t r e p lic a t io n  

in  c er ta in  Hfr s tr a in s  proceeded from a d if fe r e n t  o r ig in  and in  a 

d if fe r e n t  d ir e c t io n  to th at in  E .c o l i  I^T” , B /r  and other P” , P^ and 

Hfr s tr a in s  of E .c o l i  K12. This conclu sion  was su b sta n tia ted  by 

Wolf, Newman and G laser ( 1968) (s e e  a lso  Wolf, Pato, Ward and G laser, 

1968) u sin g  the same technique. Under some co n d ition s and in  

c er ta in  Hfr s tr a in s , i t  was concluded, th at r e p lic a t io n  proceeded 

from the o r ig in  o f P r e p lic a t io n .

The r e s u lt s  of most workers, using marker frequency a n a ly s is  

(Berg and Caro 1967» Caro and Berg 1968, 1969» Wolf, Newman and 

G laser, I968; Wolf, Pato, Ward and G laser, 1968;

M asters, 19 7 0 ); seq u en tia l m utagenesis ( Cerda-Olmedo and Hanawalt,

1968; Cerda-Olmedo, Hanawalt and Guerola, 1968) and p er iod ic  in crea ses  

in  the p o ten tia l to  produce c e r ta in  enzymes during the c e l l  c y c le  

(Donachie and M asters, 1966; H elm stetter, 1968; Pato and G laser, I968) 

were a l l  in terp reted  to  show th at in  a m ajority  o f E .c o l i  s t r a in s , both



Hfr and P"*, r e p lic a t io n  proceeded in  a c lockw ise d ir e c t io n  from a 

unique s i t e  s itu a ted  somewhere in  the reg ion  50 to  70 minutes on 

the linkage map (Taylor and T rotter , 1972).

C loser examination o f the PI transdu ction  data, p a r tic u la r ly  

th a t of Caro and Berg (l968) and Masters (l9 7 0 ) revea led  th at there  

was a d is t in c t  depression  in  the marker frequency curve rather than 

the predicted  smooth continuous decrease along the e n tir e  len g th  of  

the chromosome. The p o s s ib i l i t y  th at th is  was due to  b id re c tio n a l  

r e p lic a t io n  of the chromosome from a f ix e d  o r ig in  w ith two r e p lic a t io n  

fork s proceeding in  opposite d ir e c t io n s  to a terminus lo ca ted  somewhere 

in  the opposite  quadrant was considered by Caro and Berg ( l9 6 8 ) .

Indeed, a more ca re fu l a n a ly s is  of the grad ien t of marker frequency  

using severa l markers and an a d d itio n a l s e t  of E .c o l i  s tr a in s  in  which 

the la c  region  was transposed to  various p o s it io n s  on the chromosome, 

revealed  a p attern  which was e n t ir e ly  c o n s is te n t  w ith b id ir e c t io n a l  

r e p lic a t io n  (M asters and Broda, 1 9 7 l) . This fin d in g  was la te r  

su b stan tia ted  by B ird e t .a l  (l9 7 2 ) using  a more d ir e c t  h y b r id iza tio n  

procedure and more recen tly  by Hohfeld and V ielm etter  (l973 ) u sin g  

seq u en tia l m utagenesis by n itrosogu an id in e. B id rectio n a l r e p lic a t io n  

has s in ce  been demonstrated by autoradiography (P rescot and Kuempel, 1972) 

and b iochem ica lly  by u t i l i z in g  the l a b i l i t y  of DNA su b stitu ted  w ith  

bromouracil (McKenna and M asters, 1972).



The exact lo c a t io n  of the o r ig in  i s  s t i l l  the su b ject of 

con troversy . Thus Masters and Broda ( l9 7 l )  suggest th at  

r e p lic a t io n  i s  asymmetric w ith  an o r ig in  a t about 65 m inutes, whereas 

the work of Bird (l9 7 2 ) su ggests  th a t r e p lic a t io n  i s  symmetric

w ith  an o r ig in  s itu a ted  a t 74 m inutes. This la t t e r  estim ate i s  

very  s im ila r  to th a t of Hohfeld and V ielm etter (1973) who p lace the 

o r ig in  a t about 75 m inutes. The accuracy of th ese estim ates w i l l  

of course depend c r i t i c a l l y  on the exact lo c a t io n  o f the g en etic  

markers used, both p h y s ic a lly , in  terms of th e ir  map lo c a t io n  and 

tem porally in  terms of th e ir  r e la t iv e  p o s it io n  in  the r e p lic a t io n  

c y c le .

1 . I I .  THE CONTROL OF CHROMOSOMAL DMA REPLICATION AND ITS

INTEGRATION INTO THE CELL CYCLE 

I t  was suggested by Maal/e that the o v era ll ra te  of DNA 

sy n th es is  in  E .c o l i  i s  determined by the frequency of in i t ia t io n  of 

new rounds of r e p lic a t io n  and the ra te  a t which each r e p lic a t io n  fork  

moves along the DNA duplex (M aal/e 1 9 6 l) . The d is t in c t io n  between 

in i t ia t io n  and the e lon gation  process became ev id en t from the work of 

M aal/e and Hanawalt ( l9 6 l )  in  which they showed th at the increment in  

DNA observed in  E .c o l i  TAU-bar when p ro te in  or RNA sy n th es is  was 

prevented was c lo se  to  the th e o r e t ic a l value derived on the assum ption  

th at rounds o f r e p lic a t io n  which were in i t ia t e d  before the treatm ent



run to  com pletion but th at no new rounds are in i t ia t e d .  This 

however does not always seem to  be the ca se , s in ce  i t  has been shown 

by Doudney ( 1966) th at in  c e r ta in  s tr a in s , the cap acity  fo r  DNA 

sy n th es is  fo llo w in g  sta rv a tio n  d e c lin e s  w ith  in creasin g  sta rv a tio n  

p erio d s. The experim ents o f M aal/e and Hanawalt a lso  demonstrated 

th at p ro te in  and/or RNA sy n th es is  i s  required fo r  in i t ia t io n  of 

chromosome r e p lic a t io n  and t h is  view was la t e r  confirmed by Lark

( 1963) .

In ra p id ly  growing B. sub t i l  i s . the r a t io  of e a r ly  to  la t e  

r e p lic a t in g  markers was found to  be greater  than expected on the  

assumption th at there was one r e p lic a t io n  fork  per chromosome 

(Yoshikawa e t . a l .  1964) . The value of four which was obtained  

in d icated  th at there were three? growing p o in ts  per chromosome and 

demonstrated th a t new rounds o f r e p lic a t io n  can be in i t ia t e d  before  

the com pletion of previous rounds. S o -ca lled  "dichotomous rep lica tio n "  

a t f a s t  growth ra tes  has the obvious advantage of reducing the time 

required fo r  chromosome r e p lic a t io n  under con d ition s in  which the 

tr a n s it  time of a r e p lic a t io n  fork  i s  f ix e d  (O ish i e t . a l .  1964) ,

Pritchard and Lark ( 1964) showed th a t "premature" in i t ia t io n  

can occur in  E .c o l i  a fte r  r e le a se  o f tiie c e l l s  from a period o f thymine 

s ta r v a tio n . However, th e ir  con clusion  th at r e in it ia t io n  occurs a t  

only one o f the two chromosome o r ig in s  has been c r i t ic i s e d  on the  

grounds th at the d ev ia tio n  of the r e s u lt s  from those expected i f
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in i t ia t io n  were to  occur a t both o r ig in s  could be explained i f  

the r e p lic a t io n  v e lo c i ty  in  thy" s tr a in s  was lower than in  thy^ 

s tr a in s  (P ritchard  e t . a l .  1969; Z aritsky and Pritchard 1971).

In f a s t  growing c e l l s ,  DNA sy n th es is  i s  continuous. As 

the growth ra te  i s  reduced however, the fr a c t io n  of c e l l s  in  the  

population  which are not making DNA a t any one time in crea ses  

(M aal/e 1961; Schaechter, Bentzon and Maal/e 1959). This changing

p attern  o f DNA sy n th es is  suggested th at the duration o f the 

r e p lic a t io n  c y c le  was sim ila r  in  c e l l s  growing over a range of r a te s  

(M aal/e 1961; Pritchard 1966). M aal/e and K jeldgaard, (1966) 

suggested th a t, a t a given  temperature, the duration of a round of 

r e p lic a t io n  was indeed con stan t. The development of a technique  

fo r  obta in in g  synchronous cu ltu res  o f E .c o l i  B /r  by s e le c t io n  rath er  

than by induction  (H elm stetter and Cummings 1963, I 964) enabled Clark 

and M aal/e ( 1967) to  t e s t  th is  notion  d ir e c t ly .  They concluded th at  

the observed doubling in  the rate  of DNA sy n th es is  some 20 to  25 

minutes before d iv is io n  in  g lucose grown c e l l s  corresponded to  the  

in i t ia t io n  of a new round of r e p lic a t io n  and thus the r a te  o f 

r e p lic a t io n  per r e p lic a t in g  fork  was con stan t. A more d e ta ile d  study 

using a s im ila r  technique (H elm stetter and Cooper, I968; H elm stetter  

e t . a l .  1968) revea led  that the time taken fo r  one round of r e p lic a t io n  

(c) was a constant o f about 40 to  45 minutes fo r  c e l l s  growing a t  

ra te s  between one and three doublings per hour although l im ita t io n s  in



th e  technique have prevented  an accu ra te  assessm ent of th i s  time 

a t  low er growth r a t e s .  This f in d in g  does no t n e c e s sa r ily  mean 

th a t  the r e p l ic a t io n  v e lo c i ty  of a s in g le  r e p l ic a t io n  complex i s  

c o n s ta n t throughout the r e p l ic a t io n  c y c le .

The im p lic a tio n , then , i s  th a t  the o v e ra ll  r a te  of DNA 

s y n th e s is  i s  determ ined, under th ese  c o n d itio n s , s o le ly  by the  

freq u en cy  of i n i t i a t i o n  of new rounds of r e p l ic a t io n .

I t  had been suggested (P r itc h a rd  1965, 1966) on the b a s is  

o f the o b serv a tio n s  of P r itc h a rd  and Lark ( 1964) and O ish i e t . a l .

( 1964) th a t  i n i t i a t i o n  of r e p l ic a t io n  may re q u ire  the a tta in m en t 

of a c r i t i c a l  c e l l  mass. The r e s u l t s  of H e lm ste tte r and Cooper

( 1968) in d ic a ted  th a t the c e l l  age a t  which i n i t i a t i o n  occurs changes 

p ro g re s s iv e ly  w ith  in c re a s in g  growth r a t e .  I t  had been known fo r  

some time th a t  the  average c e l l  s iz e  of both E .c o l i  and a c lo s e ly  

r e la te d  bacterium . Salm onella typhimurium. in c rease s  e x p o n en tia lly  

w ith  the growth r a te  of the c u ltu re  a t  a co n stan t tem perature 

(Schaechter e t . a l .  1958). On the assum ption th a t  the s iz e  of E .c o l i

changes in  the same manner as th a t  of S.tvnhim urium . Donachie ( 1968) 

has shown by com bination of th ese  two s e ts  of o b se rv a tio n s , th a t  per o r ig in  

c e l l  mass a t  i n i t i a t i o n  i s  "rem arkably c o n s ta n t" . This would ensure 

th a t the frequency  w ith  which the c u ltu re  mass doubles and the frequency  

of i n i t i a t i o n  of new rounds of r e p l ic a t io n  a re  id e n t ic a l .  In  a form al 

Sense, i t  c o n s t i tu te s  a mechanism f o r  th e  co n tro l of DNA s y n th e s is .

‘ ' 8



Pritchard e t . a l .  ( 1969) have proposed a model which would 

account fo r  a p eriod ic  in i t ia t io n  a t a constant mass or volume. They 

argue th at in i t ia t io n  must in volve  a s iz e  measuring d ev ice . T his, . 

th ey  su ggest, could be a tta in ed  by the d ilu t io n  of a f ix e d  pulse of 

an in h ib ito r  during growth. When the concentration  o f th is  

in h ib ito r  reaches a lower th reshold , in i t ia t io n  w i l l  occur and 

subsequently another pulse w i l l  be produced thus preventing r e in i t ia t 

ion  u n t i l  the c e l l  mass has doubled. This form ally  c o n s t itu te s  a 

n egative  con tro l mechanism. Based on the r e s u lt s  o f H elm stetter  

and Cooper ( 1968) and Cooper and H elm stetter (1968), H elm stetter e t . a l .  

( 1968) have proposed a model which in v o lv es  the p o s it iv e  contro l of 

in i t ia t io n  and i s  b a s ic a lly  a m od ifica tion  of the rep lico n  hyp othesis  

(Jacob e t . a l .  1963) .  In th is  model, i t  i s  argued th a t a c r i t i c a l  

amount of an in i t ia t o r  substance per chromosome o r ig in  must be made 

during growth before in i t ia t io n  takes p la c e . As y e t no c r i t i c a l  t e s t  

has been devised to  d is t in g u ish  between n egative and p o s it iv e  contro l of 

in i t ia t io n .  These types of model are d iscussed  in  more d e ta i l  la t e r .  

I t  should be noted here th at the m olecular nature of the in i t ia t io n  

process i s  s t i l l  poorly understood.

The r e s u lt s  o f H elm stetter and Cooper (1 968) ,  in  ad d ition  to  

dem onstrating th at the time taken fo r  one round of r e p lic a t io n  (c) i s  

con stan t, in d ica ted  th a t there i s  a period between the term ination of 

a round of r e p lic a t io n  and subsequent c e l l  d iv is io n  (d) which i s  a lso



a, constant and independent of the growth rate  o f the c e l l s .  This 

period was shown to  be approxim ately 22 m inutes. The model which

they proposed fo r  th e b a c te r ia l c e l l  c y c le , togeth er w ith  the id ea  

th a t in i t ia t io n  occurs a t a constant c e l l  mass, accounted fo r  the 

observation  th a t mean c e l l  s iz e  was a continuous exponential fu n ctio n  

of the growth ra te  (Schaechter e t . a l .  1958), and the behaviour of c e l l  

number, DNA and mass in crease  when a cu ltu re  was sh if te d  from a medium 

which supported a low growth rate  to  one which supported a higher ra te  

of growth (a  sh ift -u p ) (K.ieldgaard e t . a l .  1958). However, i t  has

r e c e n tly  been shown th a t D can vary under c er ta in  circum stances 

( Z aritsky and Pritchard 1973; Meacock and Pritchard manuscript in  

preparation) and thus the E .c o l i  c e l l  cy c le  i s  c e r ta in ly  more 

com plicated than in d ica ted  by the Cooper and H elm stetter model.

1 . I I I .  VARIATION IN THE CHROMOSOME REPLICATION TIME

Although from the work of H elm stetter and Cooper and o th ers , 

i t  was ev ident th a t the r e p lic a t io n  v e lo c ity  ( l /c )  was constant and 

independent o f growth r a te , an e a r lie r  observation  by P riesen  and 

M aal/e (1965) seemed to  co n trad ict th is  con clu sion . When severa l 

thymine req u ir in g  s tr a in s  o f E .c o l i  were pulsed w ith  various  

concentrations o f ^^C-thymine, i t  was d iscovered th a t the ra te  of 

incorporation increased  w ith  in creasin g  thymine concen tration  under 

con d ition s in  which the growth rate  was presumably not a ffe c te d . This
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e f f e c t  the authors s ta te d , could not be a ttr ib u ted  to  le a k in ess  o f  

the thy m utation. In ad d ition  i t  was d iscovered th at the in ter n a l  

dTTP le v e l s  were h igher in  cer ta in  thv^ s tr a in s  than in  th e ir  iso g en ic  

thv*" d e r iv a tiv e s  (Beacham 1968a, b) . These ob servations le d

Pritchard and Z aritsky  (1970) (se e  a lso  Z aritsky and Pritchard 197l) 

to  the con clu sion  th at the r e p lic a t io n  v e lo c i ty  in  thy*" s tr a in s  might 

be lim ite d  by the concentration  of thymine in  the growth medium.

This they demonstrated using both E .c o l i  K12(CR34) and 15T",5 5 5 -7 .Two 

main methods were used . The f i r s t  involved measurement of the DNA: 

mass r a t io  (c/M) of cu ltu res  growing a t the same ra te  but in  the 

presence of d if fe r e n t  concentrations o f thym ine.g/R  can be expressed  

in  terms of C (th e  time taken fo r  one round o f r e p lic a tio n ) and T 

(th e  mass doubling time of the cu ltu re) and i s  independent of the 

period D (P ritchard  and Z aritsky 1970):-

■( 1 - 2  ^ )  — ( 1 )
/  “ kCln2

I t  does depend however on the c e l l  mass a t  in i t ia t io n  (th e  in i t ia t io n  

m ass), k,which i s  not accu ra tely  known. Changes in  g/M in  c e l l s  

growing a t  a f ix e d  ra te  w i l l  th erefore  only y ie ld  r e la t iv e  va lu es  s in ce  one 

value of 0 must be assumed. The actu a l assumed value o f C does not 

s ig n if ic a n t ly  a f f e c t  the ca lcu la ted  change in  C (AC). The value o f  

k was assumed to be constant and independent of the extern al thymine 

con cen tration . The r e s u lt s  presented in  the f i r s t  part of th is  th e s is

11



len d  support to  th is  assum ption. Further support comes from the

ob servation  th a t AC ca lcu la ted  by th is  means and th a t ca lcu la ted  

u sin g  an e n t ir e ly  d if fe r e n t  method which i s  independent of k are 

in  agreement.

The second method depends on the observation  th at removal 

o f a required amino acid  from the growth medium prevents fu rth er  

in i t i a t io n  of rounds of r e p lic a t io n  (M aal/e and Hanawalt I 961) .

Assuming th a t a l l  rounds o f r e p lic a t io n  which are in  progress a t  

th a t time run to com pletion , the increment in  DNA as a percentage 

of the DNA present before removal of the amino a c id , (ag) , i s  g iven  

by (Sueoka and Yoshikawa 19 6 5 ):-

AG = ( 2 ^ .n .ln 2  - I )  1 0 0 -----------------------------------( 2)

( 2 ^ - 1  )

where n = c / ^  T herefore, a t  a g iven  growth r a te , AG w i l l  be uniquely  

defin ed  by C.

Both th ese  methods r e ly  on the v a l id i ty  of the Powell age 

d is tr ib u tio n  fu n c tio n  fo r  an ex p o n en tia lly  growing steady s ta te  batch  

cu ltu re  ( Powell 1 9 5 6 ):-

f ( l )  = (ln2)2^-^ ------------ :---------------  (3)

where 0 ^  x ^ 1  rep resen ts the c e l l  age as a fr a c t io n  of a gen eration .

V aria tion  in  both g/ 0  and AG w ith  thymine concen tration  

in d icated  th a t the r e p lic a t io n  v e lo c i ty  was indeed dependent on the  

extern al thymine con cen tration . Moreover, as has been sta ted  

p rev iou sly , fo r  a g iven  change in  thymine concen tration , the v a lu es  of
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AC obtained by both, methods were in  agreement. I t  was noted  

however th a t the r e la t io n sh ip  between C and the ex tern a l thymine 

con cen tration  varied  in  d if fe r e n t  s tr a in s .

The a b i l i t y  to  change the r e p lic a t io n  v e lo c i ty  by varying  

the concen tration  o f thymine in  the growth medium w ithout a measur

able change in  growth ra te  o f the c e l l s  i s  u t i l i s e d  in  the work 

presented in  th is  t h e s i s .

1 . IV. GENE DOSAGE AND ENZYI-ÎB OUTPUT

Measurement of changes in  the gross macromolecular com position  

of the b a c te r ia l c e l l  a t d if fe r e n t  groifth r a te s  has contributed  s i g n i f i 

c a n tly  to  the present understanding of the con tro l of b a c te r ia l c e l l  

growth. The r e la t io n sh ip  between the r a te s  o f DNA, RNA and p rote in  

sy n th es is  in  E .c o l i  and S . typhimurium growing in  steady s ta te  batch 

cu ltu re  a t  d if fe r e n t  r a te s  has been w e ll ch aracterised  (se e  M aal/e and 

Kjeldgaard 1966). In the case of DNA sy n th e s is , current evidence i s  

c o n s is te n t w ith  the fo llo w in g  (a t  l e a s t  fo r  c e l l s  growing w ith  generation  

tim es of between 22 and 65 m in utes).

a) the time taken fo r  one round of r e p lic a t io n  in  both E .c o l i  

and S.typhimurium (H elm stetter  and Cooper 1968; Spratt and Rowbury 197l) 

i s  a constant of about 41 -  45 m inutes. This i s  independent of the 

growth ra te  of the c e l l s .

b) in i t ia t io n  of r e p lic a t io n  under normal con d ition s occurs a t
* • . r-

a f ix e d  c e l l  mass (Donachie 1968; Pritchard e t . a l .  1969), although under



c e r ta in  co n d itio n s th is  i s  not the case ( e .g .  Worcel 1970)

and c) r e p lic a t io n  of the chromosome i s  seq u en tia l from a 

f ix e d  o r ig in  (se e  se c t io n  I of th is  ch ap ter).

I t  fo llo w s  d ir e c t ly  from the above th at in  a steady s ta te  

ex p o n en tia lly  growing batch cu ltu re , the proportion o f the various  

genes r e la t iv e  to  each other and to the c e l l  mass w i l l  change w ith  

the growth ra te  o f the c e l l s .  Thus in  both B .s u b t i l i s  and E .c o l i  

(Yoshikawa e t . a l .  1964» H elm stetter and Cooper 1968) m u ltifork  or 

dichotomous r e p lic a t io n  has been observed in  f a s t  growing c e l l s  whereas 

in  slow growing c e l l s ,  there i s  a period in  the c e l l  cy c le  during which 

no DNA i s  sy n th esised  (M aal/e 1 9 6 l) . At the le v e l  o f the s in g le  c e l l ,  

changes of th is  nature must occur con tin u ou sly .

That changes in  gene dosage are important in  determ ining  

the ra te  of sy n th es is  of c e r ta in  enzymes during the c e l l  c y c le  has 

been known fo r  some tim e. I t  has been shown fo r  in stan ce th at the 

p o te n tia l to  sy n th es ise  cer ta in  enzymes doubles a t a c h a r a c te r is t ic  

time in  the c e l l  c y c le  in  both B, sub t i l  i s  and E .c o l i  (Masters and 

Pardee 1965» Kuempel e t . a l .  1965» Donachie and Masters 1966). I t  

i s  g en era lly  b e liev ed  th at th is  r e f le c t s  the time in  the c e l l  c y c le  

a t  which the r e sp e c tiv e  stru c tu ra l gene i s  r e p lic a te d . Thus a 

doubling in  sucrase p o ten tia l in  B .s u b t i l i s  occurs a t the same time 

as the doubling in  sucrase transform ing ca p acity  of the DNA (M asters 

and Pardee 1965), and in  E .c o l i . the doubling in  p o ten tia l to  

sy n th es ise  p -g a la cto sid a se  can be prevented by in h ib it in g  r e p lic a t io n
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(Donachie and M asters 1966; Pato and G laser 1968). Measurement of 

the b asal le v e l  of sy n th es is  of a lk a lin e  phosphatase in  both E .c o l i  

and B .s u b t i l i s  (Donachie 1965» Kuempel e t . a l .  1965), p -g a la cto sid a se  

in  E .c o l i  (Kuempel e t . a l .  1965) and sucrase p o ten tia l in  B .s u b t i l i s  

(M asters and Donachie 1966) in d ica tes  a p eriod ic  doubling in  th e ir  

r a te s  of sy n th es is  during the c e l l  c y c le . This a lso  seems to  be 

true fo r  f u l l y  induced and c o n s t itu t iv e  p -g a la cto sid a se  sy n th es is  in  

E .c o l i  (se e  Donachie and Masters 1969) .  As fa r  as can be shown, the 

time in  the c e l l  cy c le  a t which these doublings in  ra te  occur correspond 

to  the tim es a t  which the p o ten tia l to  produce the enzyme doubles. I t  

must be noted here however, th at s in ce  the enzymes are sy n th esised  

contin u ou sly , the maximum d ifferen ce  in  enzyme le v e l s  between a system  

in  which the enzyme i s  syn th esised  a t a contin uously  in crea sin g  ra te  

and one in  which i t  i s  syn th esised  a t a constant ra te  which doubles 

p e r io d ic a lly  i s  6^. In many in stan ces the degree of accuracy of the 

enzyme assays has prevented th is  d is t in c t io n  from being made ( e .g .  Cummings 

1965) .  Data such as th is  support the view th a t under co n d ition s in  

which the degree o f rep ression  or derepression  per gene remains 

con stan t, the ra te  of enzyme sy n th es is  i s  proportional to  gene dosage 

(Donachie and M asters 1969) .  The term gene dosage i s  however 

ambiguous. I t  i s  used in  the l it e r a tu r e  fo r  a t l e a s t  two d if fe r e n t  

parameters (M aal/e 1969» Donachie and Masters 1969; S tetson  and 

Som erville 1971» Revel 1965) and a lso  encompasses a th ir d :-
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a) the f i r s t  may be callecL gene dose and can be d efin ed

as the number of cop ies of a s p e c if ic  gene per c e l l  (F )•

b) the second i s  r e la t iv e  gene dosage and may be d efin ed

as the number of cop ies of a s p e c if ic  gene r e la t iv e  to a l l  genes

(F /5 ) .

c) the th ird  I have c a lle d  gene con cen tration . This I  

have d efin ed  as the number of cop ies  of a s p e c if ic  gene in  u n it  

mass (F /R ).

These three parameters vary in  d if fe r e n t  ways during the 

c e l l  c y c le .  They a lso  vary in  d if fe r e n t  ways when considered as 

population averages in  steady s ta te  batch cu ltu res  growing a t d if fe r e n t  

r a te s  (se e  1. s e c t io n  V I I l) . The magnitude o f th ese  v a r ia tio n s  in  

batch cu ltu res  w ith  growth rate may be q u ite  con sid erab le . Thus in  

E .c o l i  w ith a r e p lic a tio n  time of 45 m inutes, the r e la t iv e  dosage of 

a gene s itu a te d  a t the o r ig in  w i l l  in crease  by 4 ^  as the growth rate  

i s  increased  from 0 .9  to  2 .7  generations per hour, whereas the r e la t iv e  

dosage of a term inal gene w i l l  decrease by 34^ as the growth ra te  i s  

increased  over th is  range. The gene dose, on the other hand, w i l l  

in crease  3»8 -fo ld  fo r  a gene s itu a ted  a t the o r ig in  and fo r  a term inal 

gene there w i l l  be an in crease  of l^ b -fo ld . The corresponding changes 

in  gene concen tration  fo r  a gene s itu a ted  a t  the o r ig in  and a term inal 

gene w i l l  be zero and a decrease of 60^ r e s p e c t iv e ly . These 

ca lcu la tio n s  are based on equations (5 ) ,  ( ? ) ,  and ( l l ) .
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The r e la t iv e  importance of th ese  parameters in  sp e c ify in g  

the ra te  of enzyme sy n th es is  under con d ition s of constant rep ressio n  

or derep ression  has not been determ ined. The assessm ent of enzyme 

output data in  synchronous cu ltu res  in  th is  regard i s  d i f f i c u l t ,  

although i t  i s  of in te r e s t  to  note that i f ,  as i s  g en era lly  b e lie v e d , 

the o v e ra ll ra te  o f p ro te in  sy n th es is  in creases during the c e l l  

c y c le  (Manor and Haselkorn 1967; Ecker and K okaisl 1969; Kubitschek  

1970 and P. Meacock p ers. comm.) and the ra te  of enzyme sy n th es is  per 

gene i s  con stan t, the d if fe r e n t ia l  (or  r e la t iv e )  ra te  o f enzyme 

sy n th es is  must decrease continuously  u n t i l  such time as i t s  s tru ctu ra l 

gene i s  r e p lic a te d  (f ig u re  l ) .  This would su ggest th at the ra te  of 

enzyme sy n th es is  in  th is  case i s  lim ited  by the number of cop ies of  

i t s  s tru c tu ra l gene but does not d is tin g u ish  between the e f f e c t s  of 

a ) ,  b ) , and c) above.

The a c t iv i t y  of basal or c o n s t itu t iv e ly  syn th esised  enzymes 

in  steady s ta te  batch cu ltu res  growing a t d if fe r e n t  ra te s  i s  a lso  

d i f f i c u l t  to  a s se ss  s in ce  i t  i s  not p o ss ib le  to ru le  out v a r ia tio n s  

due to general con tro l mechanisms operating w ith in  the c e l l .  I t  i s  

known fo r  example th at sev era l ind ucib le  enzyme system s are su b jec t to  

c a ta b o lite  rep ressio n  (de Crombrugghe e t . a l .  1969) and the degree of 

th is  rep ression  i s  known to be in fluenced  by the com position of the  

medium in  which the c e l l s  a re grown.

The observation  that the a c t iv i t y  of c er ta in  gene products i s
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FIGURE, 1 .

Diagramnatic rep resen tation  o f the th e o r e tic a l change 

in  the d if f e r e n t ia l  ra te  of syn th esis  (dE/dP) (Monod e t . a l .  1952) 

o f an enzyme such as p -ga lactosid ase  (bottom curve) whose ra te  

o f sy n th es is  in creases in  a stepw ise fash ion  (cen tre  continuous 

curve) • I t  i s  assumed th at the o v era ll rate  of protein  sy n th es is  

in crea se s  in  an exponential fash ion  ( top cu rve)•
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increased  in  m erodiploid s tr a in s  (Jacob and Monod 1961; Jacob e t . a l .

1965» Garen and Garen 1965» P itta rd  and Ramakrishnan 1964»

Sp arling  e t . a l .  1968; C assio 1970; and S tetson  and

Som ervile 1971 ) a ls o  demonstrates the e f f e c t s  of an in crease  in  gene 

number. P rec ise  q u a n tita tio n  of these data however i s  d i f f i c u l t  

fo r  sev era l reason s. In the f i r s t  p lace i t  has not been demonstrated 

th a t the output of a chromosomal gene i s  eq u iva len t to  the output of 

the same gene lo ca ted  on an episome, and secondly, the r e la t iv e  

number o f co p ies  o f the episomal and chromosomal gene i s  in  most 

ca ses  unknown. A f u l l e r  d iscu ssio n  of th is  data w i l l  be found in  

s e c t io n  4 , V II,

1 . V. THE SEX FACTOR F: ITS STRUCTURE AND PROPERTIES

Many sp e c ie s  o f b a c ter ia , in  ad d ition  to th e ir  chromosome, 

carry sm all extrachromosomal gen etic  elem ents which are in e s s e n t ia l  

fo r  the v ia b i l i t y  o f the c e l l .  These g en etic  u n its  are c a lle d  

plasm ids. In c e r ta in  ca ses  they have the a b i l i t y  to  in teg ra te  in to

the b a c te r ia l chromosome. Elements which are able to  undergo in teg r a tio n  

are known as episomes (Jacob and tollm an 1958). Plasmids may be c la s s i f i e d  

in to  two major groups according to  th e ir  a b i l i t y  to  promote -tiieir own 

tra n sfer  from one c e l l  to  another. Those which are able to do th is  

are c a lle d  in fe c t io u s , those which are n o t, are sa id  to  be n o n -in fec tio u s  

plasm ids. In fe c t io u s  plasm ids which are able to  promote tra n sfer  of
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gen etic  m aterial other than th e ir  own are known as sex fa c to r s .

The P p a r tic le  of E .c o l i  i s  such a sex fa c to r  (Jacob and Wollman 

1958), I t  can e x is t  w ith in  a c e l l  as an autonomous u n it or i t  

can in teg ra te  a t a number o f l o c i  on the b a c te r ia l chromosome.

In the former s ta te ,  the c e l l  i s  designated P and in  th is  

configu ration , the P p a r t ic le  i s  able to tra n sfer  chromosomal m ateria l 

w ith low e f f ic ie n c y  in to  a r e c ip ie n t  P~ c e l l .  In the in tegra ted  

s ta te ,  tran sfer  of chromosomal m aterial occurs w ith  high e f f ic ie n c y  

in  a p o larised  manner and c e l l s  having an P p a r t ic le  in  th is  

con figu ration  are c a lle d  Hfr.

Rare events can occur in  which an P p a r t ic le  acquires c er ta in  

chromosomal genes. A p a r t ic le  of th is  type which carried  the genes 

sp ec ify in g  p -ga lactosid ase  was f i r s t  is o la te d  and ch aracterised  by 

Adelberg and Burns (l959) and was termed "P-prime" ( in  th is  c a se , P ’la c ) .

I t  has s in ce  been shown th at many d if fe r e n t  chromosomal genes can be 

carried  by P p a r t ic le s  ( see Low 1972 fo r  a recent review) . The model 

proposed by Campbell fo r  the ly so g en iza tio n  of the b a c te r ia l chromosome 

by bacteriophages such as \  and the generation  of transducing phage 

p a r t ic le s  upon induction  (Campbell 1962) was used to exp la in  the  

form ation of P-prim es. I t  was able to  account fo r  the observation  

th at P-primes g en era lly  carry genes w ith  which they were a sso c ia ted  in  

the Hfr s ta te  (S ca ife  1966) and the generation  of an P-prime, P15,

which was shown to carry both proximal and d is t a l  genes (Broda e t . a l .  1964) .
■ ■
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Two p red ic tio n s  of th is  model are th a t, l ik e  the b a c te r ia l chromosome 

(Jacob and Woilman 1961; Cairns 1965a, b ) , the episome should be 

c ir c u la r , and th at the generation  of F-primes must y ie ld  a chromosome 

w ith  a d e le t io n  corresponding to  the fragment incorporated in to  the 

F-prim e. Both p red iction s have been v e r i f ie d .  Thus in  the s tr a in s  

from which the P-prime fa c to r s  PI 5 ( S ca ife  1966) and PI 4 (P itta rd  and 

Ramakrishnan 1964) were is o la te d , a chromosomal d e le t io n  was demonstrated 

which corresponded to  the fragment incorporated by these P-prim es. The 

c ir c u la r  nature of P-prime p a r t ic le s  has been demonstrated both by 

physico-chem ical stu d ies  (Prei/Lfelder 1968a, b; P r e if fe ld e r  e t .a l .1 9 7 l )  

and by e lec tr o n  microscopy (M artu sce lli e t . a l .  1 9 7 l) , Indeed, the  

observation  th a t other plasmids such as P co lV colB -trp-h is (Hickson e t . 

a l . 1967) ,  sev era l R fa c to r s  ( Cohen and M iller  1969; S ilv e r  and Palkow 

1970) severa l c o l fa c to r s  (Roth and H elinsky 1967; Bazaral and H elinsky  

1968) and many bacteriophages (see  H elinsky and C lew ell 1971 fo r  a 

review) a lso  appear to e x is t  as c ircu la r  s tru c tu res , su ggests th a t  

c ir c u la r ity  i s  à requirement fo r  sustained  r e p lic a t io n  of g en etic  elem ents 

w ith in  a b a c te r ia l c e l l .

- 1-

Estim ates of the s iz e  of P p a r t ic le s  by e lec tro n  microscopy  

su ggest th at i t  i s  about 2-5^ the s iz e  of the b a c te r ia l chromosome w ith  

a m olecular w e i^ t  of between 6 .4  and 6 .6  x 10*̂  dal tons ( Clowes 1972).
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1. VI. THE SEX FACTOR F : ITS REPLICATION

For many types of plasm id, the number of cop ies  

per b a c te r ia l genome equ iva len t i s  sm all (o f  the order o f 1 to  2 ) .  

In sev era l other cases in clu d in g  col E l, th is  number i s  o f the order 

10 to 40 (se e  Clowes 1972). In the former ca se , plasmid 

r e p lic a t io n  i s  sa id  to be s tr in g e n t, and in  the la t t e r ,  re la x ed .

The sex fa c to r  P i s  a member of the former group.

Since the number o f P p a r t ic le s  per c e l l  i s  q u ite  sm all 

and th e ir  inh eritan ce i s  r e la t iv e ly  s ta b le ,  a mechanism must e x is t  

which couples the frequency of P r e p lic a t io n  to  the growth ra te  of 

the h o st c e l l .

Jacob e t . a l .  (1965) proposed th at s ta b le , autonomously 

r e p lic a tin g  u n its  (which they c a lle d  rep lico n s) such as the 

b a c te r ia l chromosome and the P -p a r t ic le ,  were attached to  a 

membrane s i t e .  The attachment s i t e  would tiien con tro l the 

in i t ia t io n  s ig n a l fo r  both chromosome and P r e p lic a t io n  and would 

double once per generation . S tab le transm ission  of both  

chromosome and episome complements, they supposed, would occur 

from one generation  to  the n ex t. Although the model would account 

fo r  the occurrence o f the phenomenon o f in co m p a tib ility  between 

autonomous plasm ids (th a t i s ,  the in a b i l i t y  o f two c lo s e ly  r e la te d

plasmids to  r e s id e  in  a s in g le  c e l l )  (DeHaan and Stouthamer
■ *

1965) by supposing com petition fo r  one attachement s i t e ,  the 

observation  o f in co m p a tib ility  between two P p a r t ic le s  when one i s
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in  an Hfr s ta te  and the other a su p er in fec tin g  autonomous P 

(Dubnau and Maas 1968) i s  d i f f i c u l t  to  exp la in  (P ritchard  

e t . ^ .  1969) .  This observation  would suggest that in  

Hfr c e l l s ,  the P p a r t ic le  i s  a ttach ed  to  the same membrane s i t e

+ I
as i t  i s  in  P or P c e l l s .  P r e p lic a t io n  in  most Hfr s tr a in s ,  

however, seems to be under chromosomal con tro l ( s e c t io n  1. l ) .

I t  would thus be necessary  to  assume th at membrane attachment 

s i t e s  were not the c o n tr o llin g  elem ent in  r e p lic a t io n  but th at  

another le v e l  o f con tro l must operate on the r e p lic a t io n  p ro cess .

G enetic evidence concerning the con tro l o f P r e p lic a t io n  

i s  d i f f i c u l t  to a s s e s s . Mutants have been is o la te d  in  which 

the a b i l i t y  fo r  e ith e r  P r e p lic a t io n  or the in i t ia t io n  o f chromosome 

r e p lic a t io n  i s  impaired a t high temperature (Jacob e t . a l .  1965).

The m utations a f fe c t in g  episom al r e p lic a t io n  can be loca ted  e ith e r  

on the episome or on the h o st chromosome. Other mutants have 

been is o la te d  in  which the th erm o la b ility  o f  a mutant P p a r t ic le  

i s  suppressed. The locu s concerned i s  lo ca ted  on the h o st

chromosome (Yamagata and Uchida 1972). In ad d itio n , i t  has been 

observed th a t a re s id e n t P p a r t ic le  can suppress c er ta in  so -c a lle d  

chromosomal in i t ia t io n  mutants (H irota 1970) by in teg r a tio n

in to  the chromosome. This phenomenon has been c a lle d  in te g r a tiv e  

suppression  (Nishimura e t . a l .  1 9 7 l) . The r e p lic a t io n  o f P i s  

th erefore  not s t r i c t l y  independent o f chromosomal con tro l and under
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some circum stances chromosome r e p lic a t io n  seems to be co n tro lled  by 

an in teg ra ted  episom e.

The nature o f th is  in ter r e la t io n sh ip  i s  a t present u n clear .

I t  i s  known however, th a t un like the episome co1BM t r p ,la c .  (Zeuthen,

Morozow and Pato 1972), P r e p lic a t io n  occurs a t  a s p e c if ic  time in  the  

c e l l  c y c le  (N ish i and Horiuchi 1966; Donachie and Masters 1966) as  

judged by the observed doubling in  the p o ten tia l to  sy n th esise  

p -g a la cto sid a se  s p e c if ie d  by an P*lac p a r t ic le  and th at th is  time can 

be separated from the time in  the c e l l  cy c le  a t which the chromosomal 

la c  gene i s  r ep lic a ted  (Donachie and Masters 1966). The assumption

in  work of th is  nature i s  that the doubling in  the la c z gene r e f le c t s  

the time a t which the whole P lac fa c to r  r e p lic a te s .  I f  P r e p lic a t io n

proceeds a t  the same ra te  as th at of the chromosome, one round of P 

r e p lic a t io n  would take from 2 to 5 minutes and the above assumption 

would be v a lid .

Measurements of the tim ing o f P r e p lic a t io n  in  cu ltu res  of 

E .c o l i  B /r  synchronised by the H elm stetter and Cummings technique 

(H elm stetter and Cummings 1965, 1964) and growing a t  d if fe r e n t  r a te s  

have been in terp reted  in  d if fe r e n t  ways. Zeuthen and Pato ( l9 7 l )  have 

obtained evidence su ggestin g  that a t c e r ta in  growth r a te s , in i t i a t io n  of 

chromosome r e p lic a t io n  and P r e p lic a t io n  occur a t  d if fe r e n t  tim es in  the 

c e l l  c y c le . This would imply th at P r e p lic a t io n  cannot be d ir e c t ly  

coupled to in i t i a t io n  of rounds of chromosome r e p lic a t io n . They
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concluded th a t the P*lac fa c to r  r e p lic a te s  about one h a lf  to  two 

th ird s  o f the way through the c e l l  cy c le  over a wide range of 

growth r a te s .  On the other hand, both Cooper (1972) and Davis 

and H elm stetter  (l973) have concluded th a t, in  the same way as  

chromosome in i t ia t io n ,  P r e p lic a t io n  occurs a t a f ix e d  c e l l  mass.

U sing synchronous cu ltu res which were undergoing a sh ift -u p  

(K.ieldgaard e t . a l .  1958), Cooper concludes th at P r e p lic a t io n  occurs 

s l ig h t l y  before chromosome in i t ia t io n .  Davis and H elm stetter on 

the other hand concluded th at P r e p lic a t io n  occurs a t  the same time 

as chromosome in i t ia t io n  under th e ir  cond ition s (fo r  a more complete 

d isc u ss io n  of th ese  r e s u lt s  see sec tio n  4 . V ).

Purther experiments by Zeuthen and Pato ( l9 7 l)  u sin g  P * la c /  

Alao and P ~ /lac^  d er iv a tiv e s  of a tempe rature s e n s it iv e  in i t ia t io n  

type mutant (dnaC) in d icated  that the c e s sa tio n  of P r e p lic a t io n  occurs 

a t about the same time as the c e ssa tio n  o f chromosomal DNA sy n th es is  

a lth o u ^  the cu ltu re  mass continues to  in c r ea se . This r e s u lt  was 

taken to  in d ic a te  th at P fa c to r  r e p lic a t io n  might be tem porally  

a sso c ia ted  w ith  r e p lic a t io n  of term inal markers on the chromosome and 

might su ggest th at P fa c to r  r e p lic a tio n  i s  coupled to  term ination  of 

a round of chromosome r e p lic a t io n .

Bazaral and H elin sk i (l970) have in v e stig a te d  the k in e t ic s

+ '

of P r e p lic a t io n  and chromosome r e p lic a tio n  in  E .c o l i  CR34 P. during
I , , •

in h ib it io n  o f p ro te in  sy n th es is  by amino acid  s ta rv a tio n . Their
I 25



r e s u lt s  are s im ila r  to those o f Zeuthen and Pato using  the dnaC type 

mutant, and w ere taken to  in d ica te  th at in i t ia t io n  of rounds of 

r e p lic a t io n  of P DNA i s  depressed during the amino acid  sta rv a tio n  

although not as rap id ly  or to  the same ex ten t as in i t ia t io n  of 

chromosome r e p lic a t io n . These apparent d iffe re n c e s  in  the con tro l 

of in i t i a t io n  o f the two rep lico n s  have led  to  the conclu sion  th at  

chromosomal DNA sy n th es is  i s  required fo r  P fa c to r  r e p lic a t io n . The 

r e s u lt s  are c o n s is te n t  w ith  a requirement fo r  term ination of a round 

of chromosome r e p lic a t io n  fo r  P DNA sy n th es is  but do not ru le  out 

the p o s s ib i l i t y  th at P r e p lic a t io n  occurs co in c id en t w ith  in i t ia t io n  

of chromosome r e p lic a t io n  or a t  a f ix e d  c e l l  mass.

The proportion of P DNA in  to ta l  DNA of E .c o l i  C600 was 

however found to  f a l l  w ith  in creasin g  growth ra te  ( C o llin s  and 

Pritchard 1975). This observation  i s  not c o n s is ten t w ith the n otion  

th a t P r e p lic a t io n  occurs co in cid en t w ith  in i t ia t io n  of chromosome 

r e p lic a t io n  or a t  a constant c e l l  mass.

1. V II. PRESENT WORE

The purpose of the work presented in  th is  th e s is  was tw ofold .

In the f i r s t  p la ce , I have tr ie d  to determine what fa c to r s  are important 

in  determ ining the maximal ra te  o f gene output (se e  se c t io n  1 . IV ), 

and second ly , u sin g  the same technique, I  have in v e s tig a te d  the 

p o s s ib i l i t y  th a t P r e p lic a t io n  i s  coupled d ir e c t ly  to  some stage o f the
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chromosome r e p lic a t io n  c y c le .

a) Gene dosage, r e la t iv e  gene dosage, gene concen tration  

and gene o u tm t.

In s e c tio n  1• IV, I described three parameters in v o lv in g  

gene number. Those w ere;- gene dosage, r e la t iv e  gene dosage and 

gene con cen tration . I in d ica ted  th at th ese  three parameters varied  

in  d if fe r e n t  ways both during the c e l l  c y c le  and w ith growth ra te  in  

steady  s ta te  exp on en tia lly  growing batch c u ltu r e s . An assessm ent 

of the importance of th ese  in  determ ining the f u l ly  repressed  or 

derepressed ra te  of sy n th es is  of gene products i s  d i f f i c u l t .  U nfortunately , 

the e f f e c t  o f changes in  th ese parameters w ith  growth ra te  may be modulated 

by general co n tro l mechanisms such as c a ta b o lite  rep ression  operating  

w ith in  the c e l l .

The changes in  chromosome con figu ra tion  which occur on in crea s in g  

the growth ra te  are mediated by an increased  frequency of chromosome 

in i t ia t io n  in  thv^ c e l l s  w ith  a constant r e p lic a t io n  tim e, C. I f  the 

frequency of in i t ia t io n  i s  kept constant, the game changes should occur 

w ith  in crea sin g  r e p lic a t io n  tim es. Both would be predicted  to in crea se  

the number of r e p lic a t io n  fo rk s per chromosome. This i s  shown diagram- 

a t i c a l ly  in  f ig u r e  2 a and b . I t  has been shown, th a t the r e p lic a t io n

time in  thy c e l l s  can be varied  w ithout measurably a f fe c t in g  the mass 

doubling time o f the cu ltu re  (Pritchard and Z aritsky 1970; Z aritsky  and 

Pritchard 1 9 7 l) . Under th ese co n d itio n s, the e f f e c t  of changes in
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FIGURE 2 .

DIAGRAMMATIC REPRESENTATION OF THE RELATIONSHIP
BETWEEN MASS DOUBLING TIME, REPLICATION PORK
TRANSIT TIME AND CHROMOSOME CONFIGURATION.

In  each panel a t t  =  0 , there i s  one in i t ia t io n  mass u n it  

per chromosome o r ig in . I n it ia t io n  of a new round o f r e p lic a t io n

th erefore occurs a t th is  tim e, and again  when the mass reaches two 

in i t ia t io n  mass u n it s .  The th ick  h o r izon ta l l in e s  rep resen t the 

tr a n s it  time o f a r e p lic a t io n  fo rk . In the bottom r ig h t hand 

corner of each panel, I have shown the chromosome con figu ration  

which would occupy 3  in i t ia t io n  mass; u n its  (s in ce  r e p lic a t io n  i s  

b id ir e c t io n a l, on ly  h a lf  o f the chromosome i s  shown). C e ll 

d iv is io n  i s  ignored.

The three l e f t  hand panels demonstrate the e f f e c t  o f  

decreasing  the mass doubling time from 70 minutes (panel a) to  

20 minutes (panel c) w h ils t  m aintaining the tr a n s it  time a t 40 

m inutes. The three; r i ^ t  hand panels show the e f f e c t  of 

in crea sin g  the tr a n s it  time from 40 minutes (panel a) to  120 

minutes (panel b) when the mass doubling time i s  maintained a t  

70 m inutes,

Boüi operations r e s u lt  in  an in crease  in  the r a tio  o f  

o r ig in  to  term inal gen es. I t  can be seen th at whereas the 

concentration  o f  genes s itu a ted  a t the o r ig in  remains con stan t, 

the concen tration  o f term inal genes d ecreases. S in ce , under 

these co n d itio n s , the DNA concentration  (DNA:Mass r a t io )  

d ecreases, the r e la t iv e  dosage of genes s itu a ted  a t the o r ig in  

must in crease  and th at o f term inal genes must decrease. This 

i s  represented  more form ally  in  f ig u re s  4 and 5 .
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gene dosage, r e la t iv e  gene dosage and gene concentration  on gene 

output can be determined w ithout the com plicating and indeterm inate  

changes in  c e l l  metabolism brought about by changes in  growth r a te .

b) F r e p lic a t io n .

Data presented in  the f i r s t  part o f th is  th e s is  demonstrates 

th a t the output of a gene under con d ition s in  which the degree of 

rep ressio n  or derep ression  remains con stan t, i s  proportional to  the 

concentration  of that gene. Further, the magnitude of the change 

in  concen tration  of any gene, fo r  a g iven  change in  r e p lic a t io n  

v e lo c i ty  in  c e l l s  growing a t a f ix e d  r a te , i s  a fu n ctio n  of the  

d istan ce  of the gene from the o r ig in  of r e p lic a t io n  (se e  s e c t io n  1.

V I I l ) . Comparison of the magnitude of the change in  concen tration  

of a chromosomal la c  operon w ith  the change in  concentration  of the  

same operon lo ca ted  on an F-prime fa c to r , in  c e l l s  undergoing a g iven  

change in  r e p lic a t io n  v e lo c i ty  and growing a t  th e  same r a te , should  

enable an e stim ation  of the temporal p o s it io n  o f F r e p lic a t io n  in  the  

c e l l  c y c le , i f  i t  i s  d ir e c t ly  coupled to  the chromosome r e p lic a t io n  

c y c le .  The r e s u l t s  are d iscu ssed  in  the l ig h t  of other data  

concerning the tim ing of F r e p lic a t io n  in  the c e l l  c y c le  (Cooper 1972; 

Davis and H elm stetter  1972; Zeuthen and Pato 1 9 7 l) , the re la t io n sh ip  

between F DNA and chromosomal DNA in  batch cu ltu res  growing a t d if fe r e n t  

r a te s  ( C o llin s  and Pritchard 1975), and the r e la t iv e  con tr ib u tion  to  

to ta l  enzyme from episom ally lo ca ted  genes in  m erodiploid s tr a in s
2b



( e .g .  R evel 1965).

1 . V III. THEORETICAL

In sec tio n  TV, I defin ed  three d if fe r e n t  parameters which 

can be used to  d escrib e d if fe r e n t  a sp ects  of gene number. These 

w ere:-

gene d ose; the number o f cop ies of a s p e c if ic  gene per c e l l .  

gene con cen tration : the number of s p e c if ic  genes per u n it  

mass.

and r e la t iv e  gene d ose; the number of cop ies of a s p e c if ic  

gene r e la t iv e  to  a l l  genes.

Each of th ese  parameters r e fe r s  to  the average value in  a batch cu ltu re  

which i s  in  a steady s ta te  o f growth.

The equation r e la t in g  gene dose (F) to  the mass doubling  

time of the cu ltu re  (t ) and the age in  the c e l l  cy c le  a t which the 

s p e c if ic  gene i s  r ep lic a ted  (a/T ) i s  g iven  b y :- ( C o llin s  and Pritchard  

1973)

F =  (4)

This i s  e s s e n t ia l ly  a m odified form of the equation derived by Sue oka 

and Yoshikawa (l9 6 5 ) and r e l i e s  on the v a l id i t y  of the Powell age 

d is tr ib u tio n  fu n ctio n  (equation  5 ) .  Here ^  has the l im its :  

Y -(c + D )^ a ^ T - D, where D i s  the period between term ination of a round 

of r e p lic a t io n  and subsequent c e l l  d iv is io n  (Cooper and H elm stetter 1968).
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Put in  a more general form, equation ( 4) becomes

^  [ 1 —x ] +D)/y* ————— ——————————— ( 5)

where x i s  the d istan ce  of the gene under con sid era tion  from the o r ig in  

of r e p lic a tio n  as a fr a c t io n  o f the chromosome len gth  (or h a lf  the  

chromosome len g th  i f  r e p lic a t io n  i s  b id ir e c tio n a l (M asters and Broda 

1971; Bird e t . a l .  197 2 )). Thus fo r  a gene a t the o r ig in , x = 0 , 

and fo r  a gene a t  the term inus, x ■ 1.

Since i t  has been shown that the average c e l l  mass (m) v a r ie s  

w ith  the masa doubling time over the range 20 mins to 70 mins, 

according to  the fo llo w in g  eq u a tion :- (P ritchard 1969)

H = -----------------------------(6)

where k i s  a constant (and i s  a measure of the in i t ia t io n  mass (Donachie 

1968) ) .  I t  fo llo w s  th a t the gene concen tration  (p/M) can be found 

by d iv id in g  ( 5) by ( 6 ) .  This g iv e s : -

f / R  = ------------------------------- ( 7 )
k

The change in  gene concentration  (Age) fo r  a g iven  change in  

C w ith ^ co n sta n t, i s  th en :-

Ago = (P /1) /(P/M) =---------------------------------------------------- (8 )
2 f

S im ila r ly , the change in  gene concentration  fo r  a g iven  change in  

(w ith  C constant) i s  given b y :-

Ago = ------------------------------- ( 9)
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The predicted  increase in  gene concentration  fo r  an 

in crease  in  r e p lic a t io n  v e lo c i ty  (a  decrease in  C) on the b a s is  

of equation ( s ) ,  p lo tted  aga in st the map p o s it io n  of the gene i s  

shown in  f ig u re  5 . Note th at Age in crea ses  ex p o n en tia lly  as a 

fu n ctio n  o f the d istan ce  of the gene from the o r ig in . The slop e  

of the curve depends on the d iffe re n c e  in  r e p lic a t io n  v e lo c i ty  and 

not on the absolu te  v a lu es .

To obtain  the corresponding exp ression s fo r  r e la t iv e  gene 

dosage, i t  i s  n ecessary  to  know the average amount of DNA per c e l l  in  

genome eq u iva len ts (g) .  This r e la t io n sh ip  has been derived by 

Cooper and H elm stetter (1968) and i s  g iven  b y :-

^ J Y _  (2(C+D)/Y _ 2®/'»')- 2- ' - )    ( 10)
Cln2

Hence the r e la t iv e  gene dosage can be obtained by d iv id in g

( 5) by ( 10) : -

f / g = Cln2 . 2^(^""^)^  ( 11)

T reating equation ( i t )  in  the same way as ( 7 ) to  obtain  an exp ression  

fo r  the change in  r e la t iv e  gene dosage fo r  a g iven  change in  r e p lic a t io n  

v e lo c i ty ,  we o b ta in :-

Ard = (P/5) /(P/5) = y 2*^1^  ( 12)
2 1 , Cg/r

Cl ( 2  ~l)

And s im ila r ly , fo r  a g iven  change in  : -
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FIGURE 3 ,

PREDICTED CHANGE IN GENE CONCENTRATION AND RELATIVE 
GENE DOSAGE AS A FUNCTION OF GENE LOCATION IN A 
STEP-UP EXPERIMENT.

The curve fo r  the change in  gene concentration  has been 

c a lcu la ted  from equation (8) u sin g  the fo llo w in g  va lu es: AC =

34 minutes; T  = 55 m inutes. The curve fo r  the change in  

r e la t iv e  gene dosage has been ca lcu la ted  from equation (12)

(th e  broken l in e  rep resen ts  the change in  r e la t iv e  gene dosage 

fo r  a AC of 34 minutes from 81 to 45 m inutes, and the s o lid  l in e  

corresponds to  a AC o f  34 minutes between 101 and 65 m in u tes).
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^2^ / * ^  ̂ 2 ^ ( 1 / ^ -1 A i )   ( 1 3 )

> 2  (2<=/'^--l)

The logarithm ic form of equation ( 12) ,  p lo tted  in  f ig u re  5 

(lower curve), has an in tercep t which i s  a fu n ctio n  of and'Y  •

The slope i s  the same as th at fo r  the gene concentration  curve 

( i . e .  (C ^ -C g )lo g 2 /T ). I t  should be noted however, th at there i s  

an important d if fe r e n c e . The nulül p o in t, or poin t o f zero change, 

w i l l  occur fo r  a gene near the middle of the r e p l ie on in  the case of 

r e la t iv e  gene dosage, but a t  the o r ig in  fo r  gene con cen tration .

Figure 2 shows d ia g ra m stica lly , the eq u iva len t e f f e c t s  of 

in creasin g  the mass doubling time or decreasing the tr a n s it  tim e, on 

the configu ration  of the chromosome. Both, decrease Idie r a t io  of 

chromosomal o r ig in s  to term ini and, in  a sen se , in crease  the degree 

to  which the population average chromosome i s  r e p lic a te d . Q u a lita t iv e ly ,  

th is  has the e f f e c t  of in crea sin g  the concen tration  and r e la t iv e  dosage 

of term inal markers and a t the same tim e, decreasing the r e la t iv e  

dosage of markers s itu a ted  a t the o r ig in . The concen tration  of o r ig in  

markers on the other hand, i f  in i t ia t io n  occurs a t a constant c e l l  mass, 

w il l  remain con sta n t. Q u a n tita tiv e ly , the e f f e c t s  of v a r ia tio n  in  

both C and 'Y  on gene concentration  are very s im ila r  (f ig u r e  4a» b ) .

Their e f f e c t  on r e la t iv e  gene dosage are a lso  comparable (f ig u r e  5a, b ) . 

The equivalence of Y  and C on gene concen tration  depends on both the 

value and the constancy of the in i t ia t io n  mass (k ) .  R e la tiv e  gene
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FIGURE 4 .

a RELATIONSHIP BETNEEN GENE CONCENTRATION, GENE POSITION AND
TRANSIT TDIE.

The curve shown was ca lcu la ted  from equation (?) by s e t t in g  

k =5 1, Y  ” 55 minutes and varying C.Note th at the concen tration  o f  

genes s itu a te d  a t  the chromosome o r ig in  (x  = O) remains constant  

and independant o f C.Note a lso  th at the " sen s it iv ity "  o f gene 

concen tration  to changes in  C becomes more pronounced as x  —̂  1 

( i . e .  the c lo se r  the gene i s  to the term inus).

b RELATIONSHIP BETlfEEN GENE CONCENTRATION, GENE POSITION AND
HASS DOUBLING TIME.

The c a lcu la tio n s  were as in  f ig u re  4a w ith k = 1 . In th is  

ca se , C was g iven  a value o f 45 minutes^ Y  v a r ied . I t  can be seen  

th a t the concentration  of genes a t the o r ig in  i s  a lso  independant 

of Y  * and th a t the " se n s it iv ity "  of gene concentration  to changes 

in  Y  in crea ses  the c lo se r  the gene i s  to the term inus.
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FIGURET 5 ,

RELATIONSHIP BETWEEN RELATIVE GEEE DOSAGE, GENE POSITION 
AND TRANSIT TIME.

The curve -was ca lcu la ted  u sin g  equation ( l l ) ,  s e t t in g  

'Y' = 55 m inutes. I t  can he seen  th a t in  con trast to gene 

concen tration , the r e la t iv e  dosage of genes s itu a ted  at the 

chromosome o r ig in  i s  not independant o f C. Moreover, there i s  

a slow hut d is t in c t  rev ersa l o f the e f f e c t  of changes in  C on the  

r e la t iv e  gene dosage as x -> 1.

h RELATIONSHIP BETWEEN RELATIVE GENE DOSAGE, GENE POSITION
AND MASS DOUBLING TIME.

As fo r  fig u re  5a hut g iv in g  C a value of 45 minutes and 

v a r y in g ‘Y . Again, note th a t the r e la t iv e  dosage of genes 

s itu a ted  a t  the chromosome o r ig in  i s  not independant of Y  » and 

the rev ersa l o f the e f f e c t  o f changes in  Y  on the r e la t iv e  gene 

dosage as x  —> 1.
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dosage i s  however, independent o f t h i s .

Gene dosage (equ ation  5) i s  more d i f f i c u l t  to  q u an tify .

I t  depends on the poorly understood parameter, D. At le a s t  in  

w ild  type E .c o l i  B /r , th is  period i s  b e liev ed  to remain constant  

over a range o f c e l l  growth r a te s , and has a value of 20 to  25 minutes 

a t 57^0 (H elm stetter  and Cooper 1968). The r e la t io n sh ip  between 

C and D would a lso  seem to  remain constant over a range of 

tem peratures (P ieru cc i 1971).

Evidence i s  now accumulating th at in  some thymine req u ir in g  

s tr a in s ,  the magnitude of D changes w ith C (Z aritsky  and Pritchard  

1975). In B /r  fo r  in sta n ce , D decreases fo r  in creasin g  va lu es of C 

(Meacock and Pritchard manuscript in  p rep aration ). In view of these  

com plications concerning D, I have not attempted to in v e s t ig a te  gene 

dosage in  the same way as r e la t iv e  gene dosage or gene con cen tration . 

However, the observation  th a t under cer ta in  co n d itio n s , the c e l l s  used  

in  t h is  study in crease  in  s iz e  contin uously  (see  f ig u r e  17a, and b) has 

enabled me to ru le  out gene dosage as a fa c to r  involved  in  gene output.

37



2 . MATERIALS klTD METHODS

2 . I .  BACTERIAL STRAINS

NUMBER GENOTYPE SOURCE

P162-8 th yA ,d ra,drm ,lacy ,thr, l e u , t h i , str^ R.H. PRITCHARD

RP282/F” la c . t h i . s t r ^ R.H. PRITCHARD

SA85 l a c . i lv .tr n .p h o .s tr ^ .tn a .b g l" S. AHMAD

SA85/1 It It It It It II Jbgl^

JC3272 h is .trp .m a l.g a l,.ly s_ , lacX 74 ,str^ , 
/KLP23 (Ptrp) P.MEACOCK

RP275 la c y .p r o .a r g .th i . recA .str  , /P la c R.H. PRITCHARD

AT5095 trpR65.cvsB14-. tn a i.ph oS I. th i .s t r ^ R. BUXTON

MC5 i s  a la cy ^ d er iv a tiv e  o f PI 62-8 obtained as a spontaneous 

rev er ta n t.

MC6 i s  a pro*~ mutant of HC5 obtained by 2-amino purine m utagenesis 

fo llow ed  by p e n ic i l l in  enrichment.

MC9 con ta in s a d e le t io n  of the la c  operon as judged by i t s  

in a b i l i t y  to  form p -g a lactosid ase  and i t s  low reversion  

frequency ( <  1 in  2 x 10^). I t  was derived by PI trans

duction  u sin g  RP282 as donor and MC6 as r e c ip ie n t .

MC10 i s  an P lac d er iv a tiv e  o f MC9 obtained by in fe c t io n  from RP273#

MC11 was obtained from MC5 by su ccessiv e  reversion  a t the th r . le u . 

and th i  l o c i .
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MC17 i s  a tna*~ mutant of MC11, I t  was derived by P1 transduction  

u sin g  SA85/ I  as donor. In order to enable a s e le c t io n  to be 

made, SA85 was f i r s t  made bgl~  ̂ by s e le c t io n  of c lo n es  th a t were 

able to  grow on A a r b .sa l,p la te s . Using th is  as a donor.bel^

transducta n ts  were se le c te d  by th e ir  a b i l i t y  to  grow on A arb .sa l. 

p la te s . These were then screened fo r  co-transdu ction  of the 

tna lo c u s .

MC32 i s  a trpR mutant of MCI7. I t  was obtained by PI transduction  

using AT5095 as a donor.

MC84 i s  a KLP23 (Ptrp) d er iv a tiv e  of MC17. I t  was obtained by 

in fe c t io n  from JC3272/KLF23.

MC85 i s  a KLF23 d er iv a tiv e  of MC32, obtained by in fe c t io n  from 

JC3272/KLP23.

2 . I I .  MEDIA

Minimal( pH=7.0 - 7 .2 ): containedyNa^HPO^Co.T/),KHgP0^(0.3^); 

NaCl(0.5^) ;NH^Cl(0.1^) ;CaClg(0.002^) and MgSO (0 .0 2 ^ ) .

G lycerol minimal medium contained g ly c er o l a t 0.42&.

This medium was supplemented w ith 0,2fo acid  hydrolysed  

c a se in (D ifco ) (g ly c e ro l cas medium) or w ith  the following^^amino 

a c id s  a t 40pgm /ml:alanine, a r g in in e ,a sp a r ta te ,cy ste in e ,g lu ta m a te , 

h is t id in e ,is o le u c in e ,ly s in e ,m e th io n in e  p h en y la lan in e,p ro lin e , 

ty r o s in e , v a lin e  (g ly c e ro l amino ac id  medium). Where n ecessary , 

threonine( 40pgm/ml), le u c in e ( 40pgm/ml) and thiam ine( 20|igm/ml)

39were added. Thymine was added to g ive the concen tration



shown in  the t e x t .

N utrient broth: contained 2,5^ Oxoid No,2 n u tr ien t broth  

supplemented w ith  40pgm/ml thymine,

TrvDtone broth: (nH=7.0) contained f̂o oxoid tryptone and 

0.5^  NaCl

Minimal agar; the minimal medium was s o l id i f ie d  w ith  1,5^

Davis agar. Carbon sources were added a t  0 ,4 ^ , amino acid  

supplements a t  40pgm/ml and thymine to  the required concen tration .

N utrient agar; n u tr ien t broth was s o l id i f ie d  w ith 1,25$’̂ Davis 

agar.

The Z-agar p la tes  used in  the transduction  procedures 

contain ed , in  a d d itio n , CaCl2( 2 , 5mM) and g lucose ( 0 . 1̂ ) .

Tétrazolium  p la te s  contained , in  ad d ition  to  the n u tr ien t  

agar, tétrazolium  c h lo r id e (0 . 005^ ) .

ElffiO phage p la te s  w ere made by the a d d it io n  o f g lucose  

( 0 .1 25^) and EMB broth (D ifco ) (1 .25^) to n u tr ien t agar.

S o ft  agar; n u tr ien t broth was s o l id i f ie d  w ith 0 .6^  Oxoid No. 1 

agar and contained 2 . 5mM CaClg.

A a rb .sa l, and A B sal.agart S e le c t io n  o f b g l’*' mutants was performed 

on A arb ,sa l p la te s . These were minimal agar contain ing arbutin  

and s a l i c in ,  both a t  0 . 25^ .

The ABsal p la te s  used fo r  screen in g  p o ss ib le  bgrl^ mutants 

were minimal agar contain ing; 0.075^ y east ex tra ct (D ifc o ) ,
40



0,5^  s a l i c in  and 0 , 0 ^  bromothymol blue (S ch a efler  196?)*

2 . I I I .  GENETIC PROCEDURES

a) S e le c t io n  of lacy'*' r ev e r ta n ts .

In  order to reduce background groifth due to  the le a k in e ss

of the lacy"* m utation, a cu ltu re  of P162-8 growing ex p o n en tia lly  in

minimal medium supplemented w ith  40|igm/ml of thymine and the amino acid

2
requirem ents, and con ta in in g  ImMlactose was d ilu te d  10 fo ld  and spread 

onto minimal p la te s  con ta in in g  0.5mM la c to s e .

b) 2-aminopurine m utagenesis and p e n ic i l l in  enrichm ent.

10 ml of n u tr ien t broth supplemented w ith thymine (40pgm/ml) 

and con ta in in g  2-aminopurine a t 500pgm/ml was inocu lated  w ith MC5. Growth 

was allow ed to  continue fo r  6hrs a t 37^C. The p e n ic i l l in  enrichment 

procedure used was e s s e n t ia l ly  th a t of G orini and Kauffman ( 1960) . The 

cu ltu re  was washed and resuspended in  minim a l  medium la ck in g  p ro lin e  but 

conta in in g  thymine, th reo n in e ,leu c in e  and thiam ine. Growth was allowed  

to  continue fo r  30 minutes a t  37°C. P e n ic i l l in  was then added a t 200pgm/ 

ml and the cu ltu re  was grown fo r  a fu rth er  3 hours. The c e l l s  were 

p lated  on n o n -se le c t iv e  minimal p la te s  and subsequently r e p lic a -p la te d  

onto s e le c t iv e  p la t e s .

c) PI transduction  procedure. *

The transduction  procedure used was as fo llo w s; the donor

s tr a in  was grown in  10ml of n u tr ien t broth w ith  bubbling aera tion  a t  37°C
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to an o p tic a l d en s ity  a t 450nm of about 0 .7 .  0.05ml o f a

0.5M CaClg so lu tio n  was then added and aera tio n  was continued fo r  

a fu rth er  10 m inutes. The phage was added to 0.3ml o f the donor

7
to g iv e  a f in a l  t i t e r  of 10 plaque forming u n its  per p la te . The 

mixture was incubated a t  37^0 fo r  20 minutes to  allow  adsorption of 

the phage. S o ft agar was added to the tubes, which were then poured 

onto Z-agar p la te s  and incubated overn ight. The transducing phage 

were is o la te d  by removing the la y er  of s o f t  agar (u su a lly  from 3 p la tes )  

in to  a s t e r i l e  g la s s  cen tr ifu ge  tube. 0.3m l of chloroform and 1ml of

Tg adsorption medium were added to the tube. The mixture was then  

shaken v ig o ro u sly , incubated fo r  15mins a t 37°C and cen tr ifu ged  fo r  

5 mins in  an MSE bench cen tr ifu g e . The supernatant (approxim ately  

10ml) was mixed w ith  1ml of chloroform . The upper aqueous la y er

was removed and cen tr ifu ged  again to  remove c e l l  d eb r is . The r e su lt in g  

transducing preparation was stored  a t 4°C.

The r e c ip ie n t  was grown in  10ml of n u tr ien t broth to  an 

o p tic a l d en sity  a t  450nm of 0 .7 , cen trifu ged  and resuspended in  b u ffer

con ta in in g  50mM CaCl^. Phage were added a t a m u lt ip l ic ity  o f in fe c t io n
O ^

of about' 10 and the mixture was l e f t  a t room temperature fo r  90 m inutes. 

I t  was then cen tr ifu ged  and resuspended in  b u ffer  conta in ing  sodium 

c itr a te  a t  0 .5^  to  a concentration o f  about 10^ c e l l s /m l .  The c e l l s  

were spread onto s e le c t iv e  p la te s .
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d) Mating procedure.

Donor and r e c ip ie n t  were grown to  a d en s ity  of about 

2 X 10^ c e l ls /m l a t 37^0, 1ml of each were mixed and incubated  

w ithout a g ita t io n  fo r  45 mins. In the case of the P lac m atings, 

s in ce  the r e c ip ie n ts  were la c" , the c e l l s  w ere p lated  d ir e c t ly  onto 

la c to se  minimal p la te s .  The r e s u lt in g  co lo n ies  were p u r ified  and 

restreaked onto la c to s e  tétrazolium  p la te s . Only those co lo n ie s

which ex h ib ited  some segregation  were used. In the case  of the

Ptrp(KLP23) m atings, no d ir e c t s e le c t io n  procedure could be used.

A fter mating, th ere fo re , the c e l l s  were p la ted  onto minimal p la te s .

The r e s u lt in g  r e c ip ie n t  co lon iesvere  p u r if ied , patched onto minimal 

p la te s  and r e p lic a  p la ted  onto n u tr ien t agar p la te s .  These were 

then r e p lic a  p la ted  onto ElffiO p la te s  supplemented w ith g lucose and 

each spread w ith phage p or MS2 (approxim ately 10^^ per p la t e ) .  Under 

these co n d it io n s , male c lon es are p a r t ia l ly  ly sed  and appear dark, 

whereas fem ale c lo n es  appear pink.

e) S e le c t io n  of B -glucoside u t i l i z in g  mutants.

S tra in s of E .c o l i  cannot normally u t i l i z e  P -g lu cosid es  

(b g l" ) . Mutants which are able to u t i l i z e  th ese sugars can be r ea d ily  

is o la te d  by p la t in g  the c e l l s  on minimal p la te s  conta in ing  arbutin and 

s a l i c in .

C ultures growing ex p o n en tia lly  in  minimal medium were 

spread onto A a rb .sa l, p la te s . A fter two days, the r e su lt in g  co lo n ies  

were p u r if ied  and te s te d  on ABsal. p la t e s .bgl" co lo n ies  are white^ 4 3



bgl^ co lo n ie s  are yellow  on th ese p la te s .

f ) Screening procedure fo r  tna" transdu ctan ts.

P u r ified  c lon es were grown overnight in  tryptone broth  

conta in ing  thymine (40  pgm/ml) and tryptophan (20 pgm/ml).0.2ml of 

Kovacs reagent (5gm of p-dimethylaminobenzaldehyde in  75 ml of amyl 

a lcoh o l and 25 ml of concentrated HCl) was added to 1 ml o f cu ltu re . 

tna^ c lon es g iv e  a c h a r a c te r is t ic  red co lou ration  to the organic phase. 

tna" c lon es appear y e llo w . (D ifco  Manual Ninth E dition  1 9 7 l) .

g) S e le c t io n  procedure fo r  trpR" transductants of the tna" s tr a in .

The r e c ip ie n t  c e l l s  were p la ted  d ir e c t ly  onto s e le c t iv e  

p la te s  con ta in in g  100 pgm/ml 5-m eth yltr0phan and incubated fo r  2-5  

days. Several la rg e  co lo n ies  were iso la te d  and p u rified  (Cohen and 

Jacob 1959) •

These is o la t e s  were screened in  the fo llo w in g  manner: 

cu ltu res  were grown overnight in  g ly cero l minimal medium con ta in ing  

the required supplem ents, in  the presence of tryptophan (100-200 pgm/ml). 

The cu ltu res  were adjusted to the same o p tic a l d en sity  (OD^^ )̂ and an 

equal volume o f each was cen tr ifu g ed . The p e l le t  was resuspended in  

1ml o f phosphate b u ffer  and 4ml of su b strate  (con ta in in g  2 .0  moles 

in d o le , 400 pmoles D L -serine,500 pmoles T r is-ch lo r id e  b u ffer  (p H -7 .8),

100 pgm pyridoxal phosphate, 0 .15  ml saturated  NaCl and d i s t i l l e d  

water to  a f in a l  volume 4 ml) ( i t o  and Crawford 1965) was added.



A fter 15 m inutes, 1ml was removed in to  0,1m l of 1M NaOH, 1 ml of 

in d o le  reagent (Smith and Yanofsky 1962) was then added. trpR^ 

s tr a in s  g ive  a red co lou ra tion  whereas trpR" s tr a in s  are y e llow .

2 . IV.BACTERIAL GROWTH AND MEASUREMENT OF GROWTH PARAMETERS.

a) O ptical d e n s ity .

The o p t ic a l d en sity  of the cu ltu res  was monitored a t a 

wavelength o f 450nm (OD^^ )̂ w ith  a G ilford  microsample spectro

photometer.

b) C e ll number.

C e ll number was determined u sin g  a C oulter e le c tr o n ic  

p a r t ic le  counter model B, w ith a 50 p o r i f i c e .  Samples o f the 

cu ltu re  were mixed w ith  an equal volume of 0 .4^  formaldehyde in  

iso to n ic  s a l in e .

c) R e la tiv e  amounts of DMA.

Samples of the cu ltu re  grown in  the presence of  ̂^C-thymine 

( s p e c if ic  a c t iv i t y  o f 0 .05  pCi/pgm) were mixed w ith an equal volume of 

10^ TCA ( tr ic h lo r o a c e t ic  acid) a t  4°C. They were l e f t  fo r  a t l e a s t  

50 m inutes before being f i l t e r e d  th ro u ^  a membrane f i l t e r  (S artoriu s  

0 .45  pm pore s i z e ,  27mm diam eter). The f i l t e r e d  samples were washed 

w ith  5 X 10 ml volumes of hot (95^) d i s t i l l e d  water and were dried  

u sin g  in fra -red  lam ps. They were placed w ith  a constant o r ien ta tio n  

in  sm all (-̂ " x 1-2") g la s s  v ia l s .  5.5ml of non-aqueous s c in t i l la t io n
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f lu id  was added to each v ia l  (PPO 5gms,P0P0P 0.5gm in  1 l i t e r  of  

to lu en e) (P ritchard  and Lark 1964). They were placed in  standard 

g la s s  s c in t i l l a t io n  v ia l s  and counted in  a packard liq u id  s c i n t i l 

la t io n  counter.

d) B a cter ia l growth.

Medium was inocu lated  w ith c e l l s  from a minimal agar 

p la te  and the cu ltu re  aerated v ig o ro u sly  a t 57^C in  a New Brunswick 

gyrotory shaking water bath.

The o p tic a l d en sity  o f the cu ltu re  was never allow ed to

exceed 0 .5  during the course o f an experim ent. In gen era l, the

o p t ic a l d e n s ity  of the cu ltu re  was kept between 0 .1 -0 .2  (and 

o c ca s io n a lly  between 0 .0 5 -0 .1 )  by 2 fo ld  d ilu t io n  in to  fr e sh , pre

warmed medium con ta in in g  the required concentration  of thymine. I t  

i s  thus a sim ple m atter to decrease the concen tration  of thymine in  

the growth medium (a  step-down) by decreasing the concentration  of

thymine in  the d ilu t io n  medium, and v ic e  versa (a  s tep -u p ). Samples

were removed p e r io d ic a lly  fo r  o p t ic a l d en sity  measurements, and e ith e r  

DNA measurements or enzyme a ssa y s .

2 . 7 .  CONDITIONS FOR THE ENZYÎ E ASSAYS

a) 6 -G alactosid ase .

The procedure used fo r  estim atin g  the p o ten tia l of the c e l l s  

to  produce p -g a la cto sid a se  was as fo llo w s: 1ml samples were removed from
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the cu ltu re  and induced fo r  a short period o f time ( in  most c a se s ,

10 minutes a t 57°c) w ith iso p ro p y lth io g a la cto sid e  (IPTG) a t a f in a l  

con cen tration  o f 5 x 10"^4. The enzyme was assayed according to  

the method of Pardee ^ . a l ,  ( l9 5 9 ) . The c e l l s  were k i l le d  by the 

ad d itio n  of a l/2 0 th  volume of toluene and incubated w ith shaking a t  

57°C fo r  10 m inutes. The samples were then brought to 28°C and 

0.2m l of a m/Y5 so lu tio n  of o -n itrop h en olga lactosid e  (ONPG) in  

0.25M phosphate b u ffer  (pE=7.0) added. Incubation was continued  

fo r  15-20 m inutes. The rea c tio n  was stopped by the a d d itio n  of 

0 .5  ml of 1M NagCO  ̂ and the o p tica l d en sity  a t 420nm was read a fte r  

cen tr ifu g in g  the samples to  remove any unlysed c e l l s .

Under th ese  co n d itio n s, the r e a c t o f  the enzyme w ith  

su b strate  in  l in e a r  fo r  a t  le a s t  40 minutes (f ig u re  6 ) , and over the 

range o f cu ltu re  mass (OD^^q) used, the enzyme a c t iv i t y  shows good 

p ro p o rtio n a lity  (f ig u r e  7 ) .

Measurement o f basal le v e l s  was carried  out in  the same 

manner w ith  the om ission of the induction  s te p . The rea ctio n  in  

th is  case was allow ed to continue overnight a t 28^0.

One u n it  of enzyme a c t iv i t y  i s  defined as producing 1m 

p-mole of o -n itrophenol per minute a t 28^0.

b) Trvntophanase.

The assay  procedure used was that of Pardee and P restidge
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FIGURE. 6 .

REACTION OF p-GALACTOSIDASE WITH SUBSTRATE.

-4.MC11 was grown in  the presence o f 5 % 10 M IPTG to an 

o p t ic a l  d e n s ity  a t 450 nm o f 0 .2 .  The assay  procedure i s  

described in  M aterial and Methods. The blank has not been 

su btracted .

FIGURE 7 .

PROPORTIONALITY BETWEEN P-GALACTOSIDASE ACTIVITY AND 
CELL CONCENTRATION.

MC11 was grown as above to an 0D:._^ of 0 .5 , k i l le d  w ith  

to luen e and incubated a t 57^C fo r  10 m inutes. The cu ltu re  was 

then d ilu te d  1 in  2,1 in  4 and 1 in  8 .
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( l 9 6 l ) ,  and was as fo llo w s: 1ml samples o f cu ltu re were induced 

(u su a lly  fo r  20 minutes) by the ad d ition  of L-tryptophan ( f in a l  

concentration  o f 0,5m g/m l).0.2m l of the induced cu ltu re  was k i l le d  

by the a d d itio n  of to lu en e, as fo r  p -g a la cto sid a se , and 1ml of 

substrate was added (con ta in in g  per m i l l i l i t e r ,  75 pgm of pyridozal 

phosphate and 2 ,5  mg of L-tryptophan), The mixture was incubated  

a t 37^0 fo r  60 m inutes,0,9m l of E hrlichs reagent was then added (5 

parts of a so lu tio n  of 2,0gm of p-dimethylaminobenzaldehyde in  80ml 

of 99^ ethanol to  12 parts o f a mixture o f l6ml concentrated H^SO  ̂ in  

200 ml of 99^ ethanol) and the o p tica l d en sity  was read a f t e r  20 

minutes a t 568nm, The o p tica l d en sity  readings were m u ltip lied  

by 0 ,027 to  g iv e  p-moles of indole re lea sed  (Pardee and P restid ge 1961).

Under these co n d itio n s, the reaction  of enzyme w ith substrate  

i s  lin e a r  (f ig u r e  8 ) ,  and the enzyme a c t iv i t y  i s  proportional to  the 

o p tica l d en sity  of the cu ltu re  a t 450nm, (f ig u r e  9)*

One u n it of enzyme i s  defined as the amount of enzyme th a t  

causes the form ation of 1 p-mole of ind ole  per minute,

c) D -serin e deaminase.

The assay procedure used was th a t of Pardee and P restid ge  

( 1955) .  A sample of cu ltu re  was induced by the a d d ition  of D -serin e  

(150 pgm/ml) fo r  30 m inutes. Induction was terminated by tr e a tin g  

the c e l l s  w ith  to lu en e,0 ,2m l o f the induced cu ltu re  was mixed w ith
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F I gore: 8 .

REACTION OF TRTPTOPHANASE WITH SUBSTRATE.

Moll was grown to  an OD̂ ^̂  o f 0 .2  and induced fo r  

20 minutes by the a d d itio n  o f L-tryptophan (0 .5  mg/ml). The

enzyme assay  procedure i s  described in  M aterials and Methods. 

The blank has not been su b tracted .

figure: 9 .

PROPORTIONALITY BETWEEN TRYPTOPHANASE ACTIVITY AND 
CELL CONCENTRATION.

MC11 was grown as above to  an OD^̂  ̂ o f 0 .3  and induced fo r  

20 m inutes, d ilu te d  and assayed as described in  M ateria ls and Methods.
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0.2ml of su b strate  (0.04M D -serine,0.01M  sodium formate and 

0.4mg/ml EDTA in  0 . 0 #  phosphate b u ffer , pH 8 .0 ) and incubation  

continued a t 37°C fo r  15 m inutes.0.9m l of a so lu tio n  of 2 ,4 -d in i-  

trophenylhydrazine (0.17mg in  1ml of 1.2N HCl) was added and the 

mixture incubated fo r  20 m inutes. The mixture was incubated fo r  

a fu rth er  10 minutes a f t e r  the ad d ition  of 1.7ml of 2.5N NaOH and 

the o p tic a l d e n s ity  read a t 520nm.

Under these co n d itio n s , the rea ction  o f enzyme w ith  

su bstrate  i s  l in e a r  (f ig u r e  10 ), and the enzyme a c t iv i t y  i s  

proportional to  the o p tic a l d e n s ity  o f the cu ltu re a t 450nm. (f ig u re  11)

d) Trvptonhan syn th eta se .

Tryptophan synth etase was assayed e s s e n t ia l ly  according  

to  L ester and Yanofsky ( i9 6 0 ) .25ml samples were f i l t e r e d  onto a 

membrane f i l t e r  ( Sartorius 0 .4 5  ppore s i z e ) ,  washed w ith  prewarmed 

b u ffer  (0.05M phosphate,pH7.8) and resuspended in  1ml o f sub strate  

conta in ing  0 .4  ji-moles of in d o le ,6 .3mg of D ,L -serine and 10 pgm of 

pyridozal phosphate. The rea c tio n  mixture was incubated a t 37^C 

and the rea c tio n  term inated by the ad d ition  of 0.1ml o f IN NaOH 

fo llow ed  by 4ml o f to lu en e. Samples of the toluene e x tra c t were 

assayed fo r  the disappearance o f in d o le  in  the fo llo w in g  way (Smith 

and Yanofsky 1962): 1.0ml samples o f the to luene ex tra c t were added 

to  4ml of 95^ ethanol and 2ml o f in d o le  reagent (9gm of p-dim ethyl

aminobenz aldehyde d isso lv ed  in  200ml o f 95^ ethanol and made up to
i

250ml w ith 45ml of concentrated HCl and 95^ e th a n o l). The mixture
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FIGURE 1 0 .

REACTION OF D-SERINE DEAMINASE WITH SUBSTRATE.

MC11 was grown to  an OD^ ĝ o f 0 .2  and induced fo r  

30 minutes by the a d d ition  o f D -serine ( l5 0  ugm/ml). The
]

assay  con d ition s are described in  M aterials and Methods.

figure: 11.

PROPORTIONALITY OF D-SERINE DEAMINASE ACTIVITY NITH 
CELL CONCENTRATION.

MC11 was grown to an OD̂ ^̂  o f 0 .3  induced fo r  30 m inutes, 

d ilu te d  and assayed as described in  M aterials and Methods.
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was shaken and l e f t  fo r  20 mins a t room temperature. I t s  

o p tic a l d e n s ity  was then read a t 540nm,

Values in  the te x t  are expressed in  r e la t io n  to the 

cu ltu re  mass (OD^^q) before con cen tration . However, s in ce  the 

percentage y ie ld  a f te r  resuspension  was always the same and did not 

vary w ith the i n i t i a l  con cen tration  of c e l l s ,  the error introduced  

in  doing th is  was n e g l ig ib le ,

A ty p ic a l r ea c tio n  p r o f i le  (f ig u re  12) shows th a t under 

th ese  co n d itio n s , the rea c tio n  of enzyme w ith sub strate  i s  l in e a r ,

e) Thymidine phosphorvlase.

This enzyme was assayed according to  Beacham e t , a l . ( l 9 6 8 ) , 

as fo llo w s; 25ml samples were f i l t e r e d  onto membrane f i l t e r s  

(S artoriu s 0 ,45  ppore s iz e )  and resuspended in  10ml of arsenate b u ffer  

(50mM arsenate,pH 6 ,0 ) ,  The c e l l s  were then k i l le d  by toluene  

treatm ent. For the assay , an equal volume of su b strate  (20mM 

thymidine in  arsenate b u ffer) was added to  the suspension a t 57^0 and 

1ml samples were removed p e r io d ic a lly  in to  1.0ml 0,2N NaOH, A fter  

50 m inutes, the thymine re lea sed  was measured a t 500nm, Values in  

the te x t  are again expressed in  r e la t io n  to the cu ltu re  mass before  

con cen tration .

The rea c tio n  of the enzyme w ith  su b strate  was l in e a r  over 

the period of the assay  as can be seen  from a ty p ica l assay (f ig u r e  

1 5 ). The enzyme a c t iv i t y  was a lso  proportional to  OD̂ ^̂  (f ig u r e  14) ,
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FIGURE 1 2 .

REACJTION OF TRYPTOPHAN SYNTHETASE WITH SUBSTRATE. 

MO52 was grown to  an o f 0 .5 .2 0 0  ml o f cu ltu re

was cen tr ifu ged  and re suspended in  10 ml o f su b stra te . The 

assay i s  described in  M ateria ls and Methods.
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FlgPRE 1 3 .

REACTION OP THYMIDINE PHOSPHORYLASE WITH SUBSTRATE.

MCI7 was grown to an OD^^  ̂ o f 0 .2 .2 5  ml o f c e l l s  were 

f i l t e r e d  and resuspended in  10 m l. o f arsenate b u ffer  (50 mM 

arsenate pH 6 .0 )*  An equal volume of substrate  was added a t  

57^C. Samples were removed a t in te r v a ls  and assayed as 

described in  M ateria ls and Methods.

FICURE 14.

PROPORTIONALITY BETÆEN THYMIDINE PHOSPHORYLASE ACTIVITY 
AND CELL CONCENTRATION.

MCI7 was grown to  an 0D,__ o f 0 .3 .1 0 0  ml. o f cu ltu re was45Ü

f i l t e r e d ,  washed and resuspended in  0.5m l. o f 50 mM. arsenate b u ffer  

pH 6 .0 .  Follow ing incubation  w ith  1 /2 0 th  volume o f to lu en e, the 

cu ltu re  was d ilu te d  and assayed as described  in  M aterials and Methods.

55



0 4 1

02
8

5025

REACTION OF THYMIDINE PHOSPHORYLASE 
WITH SUBSTRATE

TIME (MINS)

PROPORTIONALITY BETWEEN ENZYME 
ACTIVITY AND CELL 
CONCENTRATION

LkJ

O S
RELATIVE CELL
CONCENTRATION



5 . GENE CONCENTRATION, RELATIVE GENE DOSAGE AND GENE OUTPUT 

5 . I .  BALANCED AND STEADY-STATE GROWTH

Balanced growth was defined by Campbell (1957) as a p a r a lle l  

in crease  in  a l l  ex ten siv e  parameters of the growing system . Thus 

in  a cu ltu re  growing in  a balanced exponential manner, c e l l  mass,

DNA,RNA and c e l l  number a l l  increase a t the same r a te . I t  has been 

shown however, ( Z aritsky and Pritchard 1973) th at thymine low req u ir in g  

s tr a in s  of E .c o l i  under c er ta in  co n d ition s, never reach a balanced s ta te  

of growth. Under con d ition s in  which the tr a n s it  time (c) i s  much 

longer than the doubling time ( T ) ,  the mass doubling time i s  le s s  than 

the doubling time of c e l l  number. The c e l l s  th erefore in crease  in  

s iz e  con tin u ou sly . Under th ese  circum stances the DNA:mass r a t io  of 

the cu ltu re  remains con stan t. I t  th erefore seems as th o u ^  c e l l  

d iv is io n  has been uncoupled from c e l l  growth. This phenomenon i s  at  

present poorly  understood. A lth ou ^  under these co n d itio n s, the 

cu ltu re  i s  not balanced, i t  i s  in  a steady s ta te  of groifth. This 

observation , as w i l l  be shown la t e r ,  enables gene dosage (a s  defined  

here) to  be ru led  out as an important fa c to r  in  determ ining gene output.

The c r i t e r ia  which were used to  d efin e  "normal" growth ( Z aritsky  

and Pritchard 197l) a r e :-

l )  an exponential in crease  in  c e l l  mass which i s  independant 

of the thymine concentration  in  the growth medium, 

and 2) a constant DNAImass r a t io .
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a) thymine requirement o f the s tr a in s  used in  these s tu d ie s

In  order to d iscover  the lotir e s t  concentration  of thymine on

which the c e l l s  would grow, overnight cu ltu res  of severa l s tr a in s

were grown w ith  l im it in g  glucose in  o f thymine. These were

2
then d ilu te d  10 fo ld  and 0 ,1  ml o f each spread onto minimal g lucose  

p la te s  con ta in in g  various concentrations o f thymine. The r e s u lt s  

are shown in  ta b le  1 , P-1628 was the o r ig in a l s tra in  used by Z aritsky

and Pritchard ( l9 7 l )  and was found, in  agreement w ith th e ir  r e s u lt s ,  

to  be unable to  grow on 1 pgm/ml of thymine. This le v e l  of thymine 

however, supported growth of the parental s tr a in  from which the 

d e r iv a tiv e s  used in  th is  study were made (although th is  parental s tr a in  

was a lso  thought to  be P -1628), The reason fo r  th is  d iffe re n c e  in  

thymine requirem ent i s  not c le a r . I t  i s  p o ss ib le  th at the parental 

s tr a in  used here was a so -c a lle d  "super-low” thymine req u iring  s tr a in  

(Ahmad and Pritchard 1970) but th is  i s  u n lik e ly  fo r  two reason s. In 

the f i r s t  p la ce , most super-low req u irers are c o n s t itu t iv e  fo r  the . 

enzyme thymidine phosphorylase, and the s tr a in s  used in  th ese s tu d ie s  

produce t h is  enzyme a t  a basal r a te . In the second p la ce , th ese  

s tr a in s  w i l l  not grow on g lucose minimal p la te s  contain ing l e s s  than  

1 ngm/ml of thymine, whereas super-low req u irers w i l l  grow on at l e a s t  

h a lf  th is  con cen tration  under th ese con d ition s (Ahmad and Pritchard  

1970) ,  A second p o s s ib i l i t y  i s  th a t the thy**mutation has become leak y , 

1 have not te s te d  th is  p o s s ib i l i t y  s in ce  the r e s u lt s  presented in  th is  

th e s is  w i l l  not be a ffec ted  by the lea k in ess  of the thy"m utation.
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TABLE 1 THE THYMINE EEQHIREI-IENT OF THE STRAINS USED IN THESE 

STUDIES

s tr a in [th y]
p,gm/ml

5 2 1 0 .3 0 .23 0 .1
VIABLE COUI'IT

PI62-8 270 200 3 - - -

MC9 370 332 36 - -

MC17 270 320 280 88 - -

The experim ental procedures used are described in  the t e x t .
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b) s te a d y -s ta te  growth in  batch cu ltu re  ; DNAîmass r a t io  

In batch cu ltu re  the o r ig in a l parental s tr a in  and i t s  

d e r iy a tiv e s  grow norm ally in  I pgm/ml of thymine fo r  a t  l e a s t  

5 generations e ith e r  in  g ly c e r o l-c a s  medium (supporting a mass 

doubling time o f 30  minutes) or in  g ly cero l amino acid  medium 

(supporting a mass doubling time of 55 m inutes). The DNA'rmass 

r a t io  (5/m) o f such a cu ltu re  oyer 4 gen eration s, growing w ith  a

mass doubling time o f 55 minutes i s  shoïfn in  fig u re  15. This r a tio

remains con stan t over the course of the experim ent. A lso shown in  

fig u re  15 i s  the DNAtmasa r a t io  of the same s tr a in  growing in  

40 pgm/ml o f thymine. The observed in crease  in  g /n  has been shown 

to  r e f l e c t  an in crea se  in  the r e p lic a t io n  v e lo c i ty  (a  decrease in  c) 

in  high thymine (P ritchard  and Z aritsky 1970),

The change in  the tr a n s it  time (AC) was ca lcu la ted  according  

to  Pritchard and Z aritsk y  ( l9 7 0 ) . Changes in  g/M g ive  on ly  r e la t iv e  

valu es of C,To eva lu a te  the ab so lu te  va lu es i t  i s  necessary  to  d efin e  

a s e t  o f growth co n d itio n s (th a t i s ,  growth rate and thymine concen

tra tio n ) under which the absolute r e p lic a t io n  v e lo c i ty  i s  known. In  

p ra ctice  however, th is  absolu te value i s  not c r i t i c a l  in  determ ining  

the magnitude o f AC, and a range o f va lu es may be used w ithout

s ig n if ic a n t ly  a f fe c t in g  the r e s u l t .  In  gen eral, the value o f C, fo r

purposes o f c a lc u la tio n  on ly , was assumed to  be 55 minutes a t  high  

thymiiB con cen tration s (40 pgm/ml) (Z aritsky  and Pritchard 1 9 7 l) . The 

valuœ  of C a t  lower thymine concen trations were ca lcu la ted  from th is
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FIGURE 1 5 .

DNAtMASB RATIO IN HIGH AND LOW THYMINE

Values are expressed in  cpm/ml/OD^^Q x 10”^; (o)

40 pgm/ml.thymine; ( • )  1 pgm/ml, thymine. The c e l l s  were grown

as described in  M ateria ls and Methods, and had a mass doubling  

time o f 55 m inutes. In  th is  experiment, the cu ltu re  did not 

undergo a step -u p , in stead  measurements were made on two separate  

s te a d y -s ta te  batch c u ltu re s .
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referen ce value and the observed changes in  g/M, The va lu es o f 

G/15 fo r  the three s tr a in s  MC11, MCI 7 and MC52 in  1 and 40 pgm/ml 

of thymine w ith id e n t ic a l s p e c if ic  a c t iv i t i e s  of  ̂^C-thymine and 

growing under the same cu ltu ra l co n d itio n s , were id e n t ic a l .  The 

ca lcu la ted  change in  C fo r  a 1-40 pgm thymine step  was 56 m inutes.

c) proteinrmass r a t io .

Although u n lik e ly , i t  could be argued that the pred icted  changes 

in  gene concentration  and r e la t iv e  gene dosage might r e s u lt  in  a change 

in  the d if fe r e n t ia l  ra te  of to ta l  p rote in  sy n th es is  and thus lead  to a 

change in  the proteinrmass r a t io  of the c u ltu re . I t  i s  shown in  

Figure 16 that th is  i s  not the case . A cu ltu re , f u l ly  la b e led  w ith  

^^C -L-histidine ( s p e c if ic  a c t iv i t y  of 0.0015 pCi/pgm) and growing in  

e ith e r  1 or 40 pgm of thymine per ml, was sampled in  the same manner 

as was used in  the determ ination of the DNArmass r a t io s  (se e  sec tio n  

2 .1 7 ) . There i s  no d e tec ta b le  d ifferen ce  between the 1 and 40 ugm 

cu ltu res  under th ese co n d itio n s . The im p lica tio n  here i s  that the 

s p e c if ic  ra te  (ra te  per gene) of p rote in  sy n th es is  must f a l l  as the 

DM concentration  in crea se s .

d) change in  c e l l  s i z e .

The model proposed by Cooper and H elm stetter ( 1968) fo r  the 

b a c te r ia l c e l l  cy c le  lead s to the p red ic tio n  that the average c e l l  

s iz e  (M -  equation 6) w i l l  in crease  w ith decreasing va lu es of C. This 

p red ic tio n  has been v e r if ie d  by Z aritsky and Pritchard ( l9 7 3 ) .
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FIGURE 16 .

PROTEIN:MASS RATIO IN HIGH AND LOW THÏMINE

The experim ental procedures are described in  M aterials and 

Methods. The va lu es are expressed as cpm/ml/OD^^g x 10“^. 

Experimental con d ition s were as in  fig u re  15» (o) 40 pgm/ml.

thymine; ( • )  1 }igm/ml. thymine.
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However, as I have already sta te d , th ese authors have shown th at

under cer ta in  co n d it io n s , c e l l  s iz e  in creases con tin u ou sly , I 

have a lso  observed t h is  phenomenon in  MCI7 and in  an F*lac  

d e r iv a tiv e , MC10 (f ig u r e  17 a and b ) . The in crease  in  c e l l  s iz e  

i s  q u ite  marked when the c e l l s  are grown in  low thymine ( 1 pgm/ml) 

and almost un detectab le  when grown in  high thymine (40  pgm/ml) in

the g ly cero l amino ac id  medium w ith a mass doubling time of 55 m inutes.

Since the DMA concen tration  ( g/ m) remains constant in  low 

thymine (f ig u r e  15)» th is  in crease  in  c e l l  s iz e  has no e f f e c t  on 

gene concen tration  or r e la t iv e  gene dosage because the former i s  

re la te d  to mass and the la t t e r  to to ta l  DMA, I t  does howéver, have 

some bearing on gene dosage (f ) as i t  has been defin ed  e a r l ie r .  The 

observed in crease  in  c e l l  s iz e  (h) must be accompanied by a s im ila r  

in crea se  in  G in  order that g/ m remains con stan t. The dosage of  

any gene, ir r e sp e c t iv e  o f i t s  p o s it io n  r e la t iv e  to  the o r ig in  must 

a ls o  in crease  a t  th e  same r a te ,

5 ,  I I , THE EFFECT OF THYMIME CONCENTRATION ON THE OUTPUT OF

B-GALACTOSIDASB,

The gene sp e c ify in g  P -ga lactosid ase  i s  probably lo ca ted  some 

d istan ce  from the chromosome o r ig in  in  E .c o l i  (M asters and Broda 1971» 

Bird 1972) ,  I t  would th erefore be a n tic ip a ted  th at a change

in  r e p lic a t io n  v e lo c i t y  would lead  to a su b sta n tia l change in  i t s
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FIGURE 1 7 .

CHANGE IN CELL SIZE WITH TIME.

a The change in  c e l l  s iz e  of MCI7 growing w ith a mass

doubling time o f 55 minutes in  ( • )  1 pgm/ml. thymine and (o)

40 pgm/ml. thymine.

b The change in  c e l l  s iz e  of MC10 an F lac d er iv a tiv e ,

growing as above in  1 ^igm/ml.thymine.
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concentration  and might a lso  le a d  to a change in  i t s  r e la t iv e  

dosage.

The f i r s t  experiment was th erefore to  determine whether a 

change in  thymine concentration  in  the growth medium of the thy" 

s tr a in  lead s to  a change in  the d if f e r e n t ia l  ra te  of sy n th es is  

of p -g a la cto sid a se . The r e s u lt s  o f such an experiment are shown

in  f ig u re  18, The sca le  on the a b sc issa  rep resen ts the in crease

t/r t/T'
in  cu ltu re  mass. At t  = 0 ,2  -  I = 0 , a t t  , 2 - 1 = 1  and

1 u n it of mass has been made, p -g a la cto sid a se  u n its  have been 

norm alised to the cu ltu re  mass a t  t  = 0 (tim e of ad d ition  of in d u cer).

I t  can be seen th a t, as expected , the h igher the concen tration  of 

thymine, the higher was the d if f e r e n t ia l  ra te  o f sy n th es is  o f p -g a la cto -  

s id a se , although the growth ra te  (ra te  o f in crea se  in  absorbance) was 

id e n t ic a l in  each growth medium (data not shown),

A more in s tr u c tiv e  way o f demonstrating th is  e f f e c t  i s  to  perform 

an experiment in  which the cu ltu re  i s  "stepped-up" (P ritchard  and ■ 

Z aritsky 1970) from one thymine concen tration  to  a h igher one and the 

tr a n s it io n  from one s te a d y -s ta te  d if f e r e n t ia l  ra te  of sy n th es is  to  

another determined. Such an experiment i s  analogous to  the w e ll

known "shift-up" experiments o f K.ieldgaard e t . a l ,  ( l9 5 8 ) , except th at 

in stea d  of fo llo w in g  a tr a n s it io n  from one growth ra te  to another, the 

tr a n s it io n  from one r e p lic a t io n  v e lo c i ty  to  another i s  fo llo w ed . The
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FIGURE 1 8 ,

EFFECT OF THYMINE CONCENTRATION ON THE DIFFERENTIAL RATE 
OF p-GALACTOSIDASE SYNTHESIS,

The c e l l s  were grown in  g ly cero l Casamino acid  medium 

con ta in in g  1 , ( • )  ; 1 0 ,( n )  and 1 5 ,(o) ^gm/ml, thymine, Inducer

was added a t  t  = 0 , The sca le  on the a b sc issa  i s  a measure of 

the mass in crease  o f the c u ltu r e . The curves are thus a d ir e c t  

measure of the d if f e r e n t ia l  ra te  of sy n th es is  o f p -g a la c to sid a se . 

The le v e l s  o f p -g a la cto sid a se  were corrected  fo r  d iffe re n c e s  in  the  

cu ltu re  mass a t t  = 0 in  these experim ents.

66



2 0

M IC R O G R A M S  
O F  T H Y M IN E

<7>

O

in

O 0.1 0.2 0.3



r e s u lt s  of such an experiment are shown in  fig u re  19. In th is  type 

of experim ent, samples taken a t su ccessiv e  tim es, from a cu ltu re  

growing under s te a d y -s ta te  con d ition s on one thymine concen tration  

were pu lse induced w ith  iso p ro p y lth io g a la cto sid e  (IPTG) and the 

enzyme syn th esised  during the pu lse re la ted  to  the cu ltu re  mass a t  

the time of ad d ition  of inducer. The concen tration  of thymine in  

the growth medium was then increased  and measurement of the ra te  of 

enzyme sy n th es is  fo llo w in g  pulse ind uction  was continued. Average 

determ inations of the i n i t i a l  s te a d y -s ta te  d if f e r e n t ia l  ra te  o f  

sy n th es is  (p o te n tia l)  were thus obtained in  the two thymine 

co n cen tra tion s, based on many determ inations and the average change 

in  output computed. This method provides firm er evidence in  any one 

experiment th at the cu ltu re was in  a s te a d y -s ta te  o f growth w ith  

resp ec t to  the i n i t i a l  d if f e r e n t ia l  ra te  of P -ga lactosid ase  sy n th es is . 

E stim ation of the d if f e r e n t ia l  ra te  of enzyme sy n th es is  in  medium 

con ta in in g  d if fe r e n t  concentrations of thymine by th is  technique i s  

of course only v a lid  because the i n i t i a l  ind u ction  k in e t ic s  (f ig u r e  18) 

are not a ffec te d  by the thymine concen tration .

I t  could be argued that the change in  d if f e r e n t ia l  ra te  of 

sy n th es is  o f p -ga lactosid ase  found in  experim ents of the type shOT-m in  

f ig u r e s  18 and 19 i s  not d ir e c t ly  re la ted  t o  the change in  concen tration  

or r e la t iv e  dosage of the p -g a lactosid ase  gene, but rather t o  changes in
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FIGURE 19.

THE EFFECT OF THYMINE CONCENTRATION AND MASS DOUBLING TIME 
ON THE POTENTIAL FOR SYNTHESIS OF P-GALACTOSIDASE.

a. The e f f e c t  o f thymine concen tration .

MC5 was grown in  low thymine ( l p.gm/ml) g ly c e r o l Casamino 

a c id  medium and d ilu ted  a t  time zero in to  fr e sh , prewarmed medium 

w ith a f in a l  thymine concentration  o f 20 |igm, (©) or 10 pgm, ( o ) .  

The mean va lues in  low thymine have been norm alised w ith  resp ect  

to  each other s in ce  the induction  period used in  each experim ent 

was d if fe r e n t .

b The e f f e c t  o f growth r a te .

C e lls  were grown e ith e r  in  g ly c er o l Casamino ac id  ( • )  or 

g ly cero l minimal medium supplemented w ith sev era l amino a c id s  (o) 

(se e  M ateria ls and Methods) in  the presence o f 1 ^igm/ml. thymine. 

At time zero, both cu ltu res  were d ilu ted  in to  medium co n ta in in g  

thymine to  g ive a f in a l  concentration  o f 20 pgm/ml. The mean 

va lu es in  low thymine were again norm alised to  each o th er .
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c e l l  physio logy  ( e .g .  changes in  the degree of c a ta b o lite  r ep ressio n ). 

This i s  u n lik e ly , s in ce  changes in  th e output of p -g a la cto sid a se  and 

other enzymes are q u a n tita t iv e ly  in  agreement w ith independent 

estim ates o f the changes in  gene concentration  involved (se e  sec tio n  

3 .1 7 . ) .  Moreover, no such step  in  p -ga lactosid ase  output was 

noted in  a A lac/P * la c  d e r iv a tiv e  of th is  s tr a in  (see  s e c tio n  4 # I l ) .

Although in  th ese  s tu d ie s  I was not in ter e sted  in  the k in e t ic s  

of the tr a n s it io n  from one d if f e r e n t ia l  ra te  to another a fte r  a 

step-up , but on ly  in  the i n i t i a l  and f in a l  steady s ta te  v a lu es , i t  i s  

of in t e r e s t  to  note th a t i f  gene concentration  determ ines gene output 

under th ese  co n d it io n s , the time taken fo r  the tr a n s it io n  should, in  

a s im ila r  manner to the tr a n s it io n  from one DNArmass r a t io  to  another, 

be a fu n ctio n  of C^, the tr a n s it  time o f a r e p lic a t io n  fork  in  the 

post step-up  medium (P ritchard  and Z aritsky 1970). In a d d ition , i t  

w il l  a lso  be a fu n ctio n  o f z ,  the d istan ce  of the gene from the o r ig in  

of r e p lic a t io n  as a fr a c t io n  of the to ta l  rep lico n  ( O ^ x  ^ 1  ) .  The 

time taken fo r  the tr a n s it io n  w i l l  be Cx m inutes. Tliis a r is e s  in  

the fo llo w in g  way: An in crease  in  r e p lic a tio n  v e lo c ity  w i l l  r e s u lt  in  

an immediate in crea se  in  the frequency of term ination of rounds of 

r e p lic a t io n , whereas the frequency of in i t ia t io n  remains constant 

( i f  indeed in i t i a t io n  i s  governed by the rate  of mass in c r e a se ) . There 

w il l  thus be a p rogressive  red uction  in  the number of r e p lic a t io n  fork s
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per chromosome u n t i l  such time as the frequency of term ination  i s  

reduced to the frequency of in i t ia t io n .  This time w i l l  correspond  

to  the time taken for  the "youngest" r e p lic a t io n  fork  a t  the time of 

the step  to term inate s in ce  only  a t  th is  time w i l l  the new stead y-  

s ta te  spacing between the forks be reached. The tr a n s it io n  period  

w il l  thus be equal to  the new value of C. However, s in ce  r e p lic a t io n  

of the chromosome i s  p o la r ised  and the change in  concentration  of a 

gene i s  dependant on i t s  p o s it io n  on the chromosome, the c lo se r  the 

gene i s  s itu a ted  to  the o r ig in , the sooner w i l l  the f in a l  s te a d y -s ta te  

concentration  fo r  th is  gene be reached. The upper l im it  occurs fo r  

genes s itu a ted  a t the terminus (z  = l ) ,  the lower l im it ,  fo r  genes 

a t the o r ig in  (x = O). The actual shape of the tr a n s it io n  w i l l  o f  

course depend on the age d is tr ib u tio n  of r e p lic a tio n  fo r k s .

The tr a n s it io n  period in  fig u re  19 i s  o f the co rrect order of  

magnitude. The observed tr a n s it io n  period w il l  be a ffe c te d  by the 

len gth  of the ind uction  p u lse , the longer the induction  p u lse , the 

shorter w i l l  be the observed tr a n s it io n  period . This i s  because the 

c e l l s  are undergoing the tr a n s it io n  during the induction  p eriod . The 

anomalous d ifferen ce  in  tr a n s it io n  tim es during the 1-20 and 1-10 pgm 

thymine step s (f ig u r e  19a) m i^ t  a t l e a s t  in  part be a ttr ib u ted  to  

the fa c t  th at d if fe r e n t  ind u ction  periods were used in  the two 

experim ents, but, a con trib u tory  fa c to r  i s  most c e r ta in ly  the la rg e
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degree of s c a t te r  secu rin g  during th is  period .

In r e la t io n  to la t e r  experim ents, i t  was important to  determine 

whether the b asa l d if f e r e n t ia l  ra te  of sy n th es is  of p -g a la cto sid a se  

responds q u a n tita t iv e ly  in  an id e n t ic a l fa sh io n  to the induced r a te .  

Figure 20 shows the r e s u lt s  of an experiment in  which the b asa l l e v e l s  

of P -g a la cto sid a se  were measured under the same con d ition s as used in  

the experim ents reported in  f ig u re  19 ( • ) •  There i s  good q u a n tita tiv e  

agreement betifeen üie b asa l and induced step s observed ( l ,4 4  fo r  basal 

and 1,45 fo r  induced le v e l s  in  c e l l s  growing with a mass doubling  

time of 30 minutes and undergoing a 1 -  20 |igm thymine step ) • This 

shows th at basa l and induced sy n th es is  are q u a n tita t iv e ly  r e la te d  in  

an id e n t ic a l way w ith gene concentration  or r e la t iv e  gene dosage. I t  

should be noted here th at the response of b asal enzyme a c t iv i t y  to  

changes in  r e la t iv e  gene dosage or gene concentration  should be much 

slower than the response of enzyme p o te n t ia l, reaching the f in a l  

s te a d y -s ta te  le v e l  a sy m to tica lly .

The equations d escr ib in g  the change in  r e la t iv e  gene dosage and 

gene concen tration  (equ ation s 8 and 12 and fig u re  3) p red ic t an in crease  

in  the magnitude o f th is  change fo r  a given change in  C w ith growth r a te .  

The data shown in  f ig u r e  19 are in  accord w ith th is  p red ic tio n . The 

change in  output during a 1 -  20 |igm step  i s  greater  fo r  c e l l s  growing 

w ith a mass doubling time of 30 minutes than fo r  those growing w ith a mass
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FIGURE 20.

the effect of thyi-iine concentration on the basal
ACTIVITY OF P-GALACTOSIDASE.

C e lls  were grown in  g ly cero l Casamino acid  medium and 

stepped-up from 1 ^igm/ml. to 20 pgm/ml. thymine. Values are

expressed as enzyme a c t iv i t y  (arb itrary  units)/ml/OD^^g. The 

su b strate  rea c tio n  was allowed to continue overnight a t 28®C#
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doubling time of 55 m inutes,

3 , I I I .  CHANGES IN THE OUTPUT OF GENES AT OTHER CHROMOSOMAL 

LOCATIONS.

The q u a lita t iv e  r e s u lt s  presented in  the previous sec tio n  

allow  no d is t in c t io n  to  be made between the importance of gene 

concentration  and r e la t iv e  gene dosage in  a f fe c t in g  gene output.

However, as can be seen from equations 8 and 12 and f ig u re  3» the 

measurement of the change in  output from a s e r ie s  of genes in  c e l l s  

growing a t a f ix e d  ra te  and undergoing a given change in  r e p lic a t io n  

v e lo c i ty , should enable a d is t in c t io n  to be made.

I have measured the change in  output of f iv e  genes during 

a step-up from low to  high thymine. These were the genes sp e c ify in g  

tryptophanase (a t  75*5 minutes on the standard E. c o l i  linkage map) 

(Taylor and T rotter 1972), thsnnidine phosphorylase (8 9 .5 ) ,  

p -g a lactosid ase  ( 9) ,  tryptophan synth etase ( 27) and D-Serine 

deaminase ( 4 4 , 5) ,

As in  the case o f p -g a la c to s id a se , I measured the i n i t i a l  

d if f e r e n t ia l  ra te  of sy n th es is  of tryptophanase and D -serine deaminase 

fo llo w in g  the ad d ition  of in d u cer . In  the case of thymidine phosphory

la s e , I measured the b asa l d i f f e r e n t ia l  ra te  of sy n th es is  and in  the 

case of tryptophan syn th etase , a c o n s t itu t iv e  ( t m  R~) s tr a in  was used .
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I t  was necessary  to  measure the b asal le v e l  of thymidine phosphorylase 

because the s tr a in  used in  these s tu d ie s  was deoxyribomutase ( drm ) 

negative  and thymidine phosphorylase i s  not in d u cib le  in  such mutants 

(Barth 1968). In  the case of tryptophan syn th etase , the

method commonly used to  derepress th is  enzyme (v iz :  the ad d ition  of 

3-m eth y lan th ran ilic  acid ) would be inappropriate because such treatm ent 

might s ig n if ic a n t ly  change the growth rate  and th erefore in te r fe r e  w ith  

the comparison I wished to  make between the observed r a te s  of enzyme 

sy n th es is  and the pred icted  gene concentration  or r e la t iv e  gene dosage 

under co n d itio n s  of uniform growth r a te .

R epresen tative in d u ction  curves fo r  tryptophanase and D -serin e  

deaminase in  c e l l s  growing in  d if fe r e n t  thymine concentrations are 

shown in  f ig u r e  21. R esu lts  fo r  th ese enzymes from experiments 

s im ila r  to  those shown in  f ig u re  19 fo r  p -g a la cto sid a se  Eire presented  

in  f ig u r e s  22 and 23.

The r a t io  of the enzyme le v e l s  in  high thymine to  those in  low  

thymine fo r  a l l  f iv e  enzymes in  c e l l s  undergoing a step —up from 

1-40 pgm per ml of thymine are shown in  fig u re  24 and ta b le  2 . Also 

included in  ta b le  2 are data from a s im ila r  s e r ie s  of experim ents 

employing a 1 -  20 pgm thymine s te p . Figure 24 c le a r ly  shows th at 

the e f f e c t  of a g iven  change in  r e p lic a t io n  v e lo c i ty  on gene output 

depends on the p o s it io n  o f the gene on the chromosome. The pattern  

obtained i s  q u a l ita t iv e ly  c o n s is te n t w ith a b id ir e c tio n a l mode of
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FIGURE 2 1 .

THE EFFECT OF THYMINE CONCENTRATION ON THE DIFFERENTIAL 
RATE OF SYNTHESIS OF D-8ERINE DEAMINASE AND TRYPTOPHANASE.

The c e l l s  were grown in  g ly cero l amino acid  medium 

( = 55 mins) in  1 ,(# )  and 2 0 ,(o) jigm/ml• thymine• Inducer was

added a t t  = 0 ,

Tryptophanase*

b D -serine deaminase•
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FIGURE 2 2 .

THE EFFECT OF THYMINE CONCENTRATION ON THE SYNTHESIS 
OF TRYPTOPHANASE,D-SERINE DEAMINASE AND THYMIDINE 
PHOSPHORYLASE*

a Tryptophanase. (MC 11 )

lo D -serin e deaminase. (MCII)

jo Thymidine phosphorylase. (MCI?)

The a ssay  con d ition s fo r  th ese enzymes have been

described in  M ateria ls and Methods. S tead y-sta te  cu ltu res  

growing in  1 (#) or 40 (o) pgm/ml.thymine were employed rather  

than fo llo w in g  the enzyme le v e ls  during a "step-up".
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FIGURE 2 3 .

EFFECT OF THYMINE CONCENTRATION ON THE LEVELS OF 
TRYPTOPHAN SYNTHETASE*

a The le v e l s  o f tryptophan synthetase in  MC32 (trp  R )

(two separate experim ents) and MCI7 ( trn R^) ( • )  growing 

in  1 pgm/ml. thymine*

Jb The le v e l s  of tryptophan synthetase in  MC32 (D ,a) and

MCI7 ( o ) ,  growing in  40 pgm/ml*thymine*

I t  should be noted here th at the a c t iv i t y  of tryptophan 

synth etase shown has been ca lcu la ted  sim ply as the number o f  

nmoles o f in d o le  used during the r e a c tio n  period, and the 

incubation  time i s  not considered* The truR" ex tra c ts  were 

incubated w ith su b strate  fo r  30 mins whereas the truR^ e x tra c ts  

were incubated w ith  su b strate  fo r  90 mins
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FIGDRE 24,

CHANGE, IN GENE OUTPUT AS A FUNCTION OF GENE 
LOCATION.

The p o in ts corresponding to p -g a la cto sid a se  and 

D -serine deaminase are averages obtained from MC5,MCTj1 and 

MC17» no s ig n if ic a n t  d iffe re n c e s  were found e ith e r  in  enzyme 

le v e l s  or mass doubling time in  these s tr a in s .  The p o in t  

corresponding to tryptophanase was obtained from MC11 (two 

experim ents) and th at fo r  thymidine phosphorylase, from MC17 

(one experim ent)• Tryptophan synth etase was measured in  

MO32 (two experim en ts). A ll s tr a in s  had a mass doubling time 

o f 55 mins in  the medium used .

The lower curve i s  the th e o r e tic a l curve fo r  the 

change in  r e la t iv e  gene dosage ca lcu la ted  from equation ( 12) . 

The va lues used are the same as those fo r  the upper curve w ith  

C in  h i ^  thymine assumed to  be 45 m inutes. The error bars 

in d ic a te  the standard error o f the mean o f each measurement.
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chromosome r e p lic a t io n  from an o r ig in  c lo se  to the gene sp e c ify in g  

tryptophanase. This conclusion  i s  v a lid  on e ith e r  a gene 

concentration  or r e la t iv e  gene dosage model fo r  gene output s in ce  

both models p red ict th at a minimum change (e ith e r  zero or negative  

r esp e c tiv e ly )  w i l l  occur in  gene output fo r  genes s itu a ted  a t  the 

o r ig in . The fa ilu r e  to  d etec t a s ig n if ic a n t  negative change in  

output fo r  any of the genes te s ted  however, su g g ests  th at a gene 

concentration  rather than a r e la t iv e  gene dosage model i s  the more 

l ik e ly .

5 . IV. THE CHAITGB IN REPLICATION VELOCITY AlTD THB LOCATION OF 

THE ORIGIN.

I f  -tiie observed change in  gene output i s  due to  a corresponding  

change in  gene concentration , i t  i s  p o ss ib le  to  c a lc u la te  both the 

lo c a tio n  of the o r ig in  of r e p lic a t io n  and the change in  r e p lic a t io n  

v e lo c i ty  imposed under the cond ition s used .

I t  fo llo w s  from equation ( 8 ) th at the r a t io  of the change in  

gene concentration  of two d if fe r e n t  genes fo r  a g iven  change in  

r e p lic a t io n  v e lo c i ty  i s  a measure of th e ir  r e la t iv e  d ista n ces  from 

the o r ig in : -

log(A gc)^/log(A gc)^  = ---------------( 14)

where (Agc)^ i s  the change in  gene concen tration  of a gene a whose 

r e la t iv e  d istan ce  from the o r ig in  i s  x^ and (Agc)^ i s  the change in  

gene concentration  of a gene _b whose r e la t iv e  d istan ce  from the o r ig in

i s  X , .  This r a t io  i s  independent of the ab so lu te  va lu es of the
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time as long as th ese  remain constant from experiment to experiment#

I t  i s  a lso  p o ss ib le  to  obtain  an independent expression  

r e la t in g  x^, x^ and the map d istan ce  between the two genes# I 

assume here th a t r e p lic a t io n  i s  b id ir e c t io n a l and symmetrical and 

d efin e  a value ^  as the sh o rtest d istan ce  between two genes# Because 

the E .c o l i  chromosome i s  c irc u la r  and i s ,  by convention d iv ided  in to  

90 map m inutes, there are of course co n stra in ts  on d, such th at _d ^

45 map minutes#

The two genes can be lo ca ted  on opp osite  arms (th a t  i s ,  one 

on each r e p lic a t in g  u n it) or on the same arm of the chromosome#

I f  they are s itu a ted  on opp osite  arms, there are tifo p o ss ib le  va lu es  

fo r  x^ + x^ (th a t i s ,  the sum of th e ir  d ista n ces  from the o r ig in ) : -

%a + =b =----------------------------------------- --------------------- ( 15)

or X 4" X . — 90 — d ————————— ( 16)a b '

I f  they are lo ca ted  on the same arm of the chromosome, there are

again t:fO valu es

or x^ “ x^ — 90 *" d — ———————————— ( 10)

However, i f  r e p lic a t io n  i s  b id ir e c t io n a l and sym m etrical, 

each arm would be eq u iva len t to  45 map minutes and i f  gene Jb i s  c lo se r  

to  the o r ig in  than gene ^  ( s e t t in g  x >  x, ) ,  th en :-

0 ^  x^ — x^ ^  45 ( 19)

Since _d ^  45 m inutes, equation ( I 8) can only y ie ld  a meanings 

f u l  so lu tio n  i f  x^ -  x^ = d = 45. This would in d ica te  th at gene ^
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was lo ca ted  a t the o r ig in  and gene ^  a t the terminus and i s  

obviou sly  a lim it in g  c a se . Vfe are thus l e f t  w ith  three l ik e ly  

so lu tio n s  fo r  any pair  of genes. The s ig n if ic a n c e  of equations  

( 15) ; ( 16) ,  ( 17) and ( I 8) i s  shown sch em atica lly  in  f ig u re  25 .

I f  we use the observed changes in  gene output as a measure 

of the changes in  gene concen tration , we can, by pairvrise combinations 

of the genes, obtain  sep arate, although not com pletely  independent 

estim ates fo r  the p o s it io n  o f the o r ig in . In order to c la r i f y  the 

treatm ent, I w i l l  take as an example the changes in  output of thymidine 

phosphorylase r e la t iv e  to th at of p -g a la cto sid a se  during a 1 -  40 pgm 

thymine s te p . Using the va lues in  tab le  2 ; -

log(A go)^^ /loe(A go)^ pp = = 1 .4 8  (20)

I f  both genes are on opposite  arms of th e  chromosome then from 

equations (15) and (1 6 ) ; -

X .  +  X .  = 9 .5  or 80.5   (2 l)lac tpp

S olv ing  fo r  x . y ie ld s  values of about 5 .5  and 32.m inutes.tpp

This places the origin at 3 or 57.5 minutes.

I f  both genes are on the same arm and tun i s  c lo se r  to the 

o r ig in  than la c  (^j^^c^^tpp ^  then from equation

=lao -  =tpp = 9-5  — ---------------------------- (22)

Again, so lv in g  fo r  tun using equations (20) and (22) y ie ld s  a 

value of about W minutes and p laces the o r ig in  a t  70 m inutes.
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FIGURE 25,

POSSIBLE CONFIGURATION OF TWO GENES IflTH RESPECT 
TO THE ORIGIN.

jâ The two genes are on opp osite  arms o f the chromosome and

the sum of th e ir  d ista n ces  from the o r ig in  i s  l e s s  than 45 map 

m inutes.

b The two genes are on opp osite  arms o f the chromosome and

the sum of th e ir  d is ta n ces  from the o r ig in  i s  greater  than 45 map 

m inutes.

jc The two genes are on the same arm o f the chromosome.
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Comparison o f th e se  v a lu e s  w ith  the  r e s u l t s  from o th e r  l o c i  should  

y ie ld  a  unique s o lu t io n  f o r  th e  lo c a t io n  of the o r ig in  i f  th e  

assum ption th a t  the  change in  gene o u tp u t i s  p ro p o r tio n a l to  the  

change in  gene c o n c e n tra tio n  i s  c o r r e c t .

The r e s u l t s  of th ese  c a lc u la tio n s  are presented in  tab le  3*

A ll p o ss ib le  com binations are shown except those in v o lv in g  

tryptophanase, s in ce  the change in  output in  th is  ca se  i s  too small 

to  measure a ccu ra te ly . I t  can be seen  th at one of the so lu tio n s  

fo r  each of the pairvrise combinations te s te d  f a l l s  between 63.5 and 

70.5  minutes on the standard E .c o l i  linkage map. The average 

value being about 67 m inutes. This estim ate l i e s  between those  

obtained fo r  the o r ig in  by Masters and Broda (1971) and Bird e t . a l .  

( 1972) (65 and 74 minutes r e s p e c t iv e ly ) ,  both groups u sin g  e n t ir e ly  

d if fe r e n t  techn iq ues.

We are  now in  a p o s it io n  to estim ate the change in  tr a n s it  time 

(ac) which occurs over the range of thymine concentrations used h ere. 

Using the observed change in  gene output, the observed mass doubling  

time of the cu ltu res  and the p o s it io n  of the o r ig in  which has been 

determined above to  c a lcu la te  the value x in  equation ( s ) ,  we can 

c a lcu la te  AC during the thymine s te p . The r e s u lt s  fo r  each locu s  

during a 1 -  40 pgm thymine step  are shown in  ta b le  4 , The change 

in  gene output fo r  a l l  genes except tryptophanase, corresponds to a 

AC of about 34 m inutes. As sta ted  p rev iou sly , the anomolous r e s u lt s  

fo r  tryptophanase are not unexpected s in c e , i f  th is  locu s i s  near the
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TABLE 3 LOCATION OF TEŒ CHROMOSOME ORIGIN DETERMEÎ IED FROM THE 

RELATIVE CHANGE IN OUTPUT OF PAIRS OF GEIŒS WITH 

KNOV/N MAP POSITION

a) 1-40 pgm thym ine s te p

X a tT£ la c

la c t m dsd dsd dsd

X  + X , -  d a b 18 10 38 3 .3 3 0 .8 66

63.5 63 .0 72 5 9 5 63.3 23

-  =b = 4 -
- 70.3 70 - -

b ) 1-20 pgra thymine s te p

X la c

X, dsd b

32

X^ + X  ̂ = 90-d 66

=a -  *b = 4 -

The f ig u r e s  a re  th e  e s tim ated  lo c a t io n s  o f  th e  o r ig in .  The f i r s t  row 

assumes th a t  th e  o r ig in  l i e s  between th e  two genes on th e  s h o r te s t  a r c .  

Row 2 assumes th a t  th e  o r ig in  l i e s  between th e  two genes on th e  lo n g e s t 

a rc  and rwo 3 assumes th a t  bo th  genes l i e  on th e  same Eire o f  th e  chromo

some. The most c o n s is te n t  s o lu t io n s  a re  u n d e r lin e d . 8  b



TABLE 4,

ESTIMATION OF AC FROM THE CHANGE IN OUTPUT OF FIVE GENES

LOCUS

las. trp dsd im

AC: 34.5 30 32 34 12

The va lu es g iven  are fo r  AC in  minutes ca lcu la ted  from 

a 1-40  pgm.thymine step  assuming th at the chromosome o r ig in  

i s  a t  map p o s it io n  67 m inutes.
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o r ig in , i t  w i l l  undergo only a sm all change in  concentration  and 

thus be su b ject to  a large  percentage erro r . The ca lcu la tio n s  

presented above are again based on the assumption th a t gene output 

i s  proportional to  gene con cen tration . This assumption would be 

fu rther corroborated i f  i t  could be shown that AC ca lcu la ted  by th is  

method i s  concordant w ith an independent estim ate o f AC. An 

independent estim ate has been obtained (s e c t io n  3.1 ) by measurement 

of the change in  g/ m during the same thymine step and fo r  c e l l s  growing 

at the same r a te . The value obtained was about 36 minutes and i s  in  

good agreement w ith those ca lcu la ted  from the change in  gene output on 

a gene concentration  model.

Figure 24 (upper curve) shows the th e o r e tic a l change in  gene 

concen tration . I t  assumes an o r ig in  a t 67 m inutes, a mass doubling

time of 55 minutes and a change in  tr a n s it  time of 34 minutes (th e  

value obtained from the enzyme measurements).

3 . V. GENE DOSAGE. RELATIVE GENE DOSAGE AND. GEITE CONCENTRATION

I have shown so fa r  th a t the data are in  c lo se  q u a n tita tiv e  

agreement w ith the id ea  that gene output i s  proportional to  gene 

concen tration . I have n ot, however, in d ica ted  to  what degree the

data are incom patible w ith a gene dosage or r e la t iv e  gene dosage model.

As has been noted p rev iou sly  (s e e  sec tio n  3.1 ) c e l l  s iz e  in  

these s tr a in s , growing w ith a mass doubling time of 55 minutes in  

1 "pgm per ml of thymine, in crea ses  continuously  a t a ra te  approxim ately
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8 X OD^^o/lO c e l l s  p e r  100 m inutes ( t h i s  va lue  was ob ta in ed  from a 

l e a s t  squares f i t  to  th e  d a ta  in  f ig u r e  17 a), I f  gene o u tp u t were 

r e la te d  to  gene dosage, one would expect the  enzyme/mass r a t i o s  f o r  

c e l l s  growing in  low thymine ( f o r  example, th e  l e f t  hand s e c tio n  of 

f ig u r e s  19 and 20) to  in c re a s e  a t  the  same r a t e ,  s in c e  th e  dosage of 

any gene, i r r e s p e c t iv e  o f p o s i t io n ,  must a lso  in c re a s e  a t  th i s  r a t e .  

Comparison of the l e f t  hand s e c t io n  of f ig u r e s  19 and 20 w ith  f ig u r e  

17a, shows th a t  th i s  i s  n o t the  case and thus i t  may be concluded 

th a t  gene dosage i s  n o t a  c o n tr ib u to ry  f a c to r  in  gene o u tp u t.

In  c o n tr a s t  to  a  gene c o n c e n tra tio n  model, c a lc u la t io n s  of 

AC on th e  b a s is  of the assum ption  th a t  gene o u tpu t i s  determ ined  by 

r e l a t i v e  gene dosage, r e q u ir e s  th a t  the  a b so lu te  v a lu e  of C a t  one of 

the  thymine c o n c e n tra tio n s  used  be known. This can be seen by 

in s p e c tio n  of eq u a tio n  ( l 2 ) .  The t r a n s i t  time of the  s t r a i n  used 

in  th e se  experim ents in  medium c o n ta in in g  h igh  thymine (40  pgm/ml) i s  

u n l ik e ly  to  be o u ts id e  th e  range 45 -  65 m inutes (Z a r itsk y  and 

P r i tc h a rd  197l), and I  have th e re fo re  c a lc u la te d  th e  change in  r e l a t i v e  

gene dosage as a fu n c tio n  of the  map p o s i t io n  fo r  a change in  t r a n s i t  

tim e from 45 to  81 m inutes and from 65 to  101 m inu tes . The r e s u l t s  

of th i s  c a lc u la t io n  a re  shown in  the low er two curves of f ig u r e  3 , The 

s im i la r i ty  of the  tiro cu rves shows th a t  the expected  change in  r e l a t i v e  

gene dosage i s  ve ry  in s e n s i t iv e  to  e r r o r s  in  th e  assumed v a lu e  of C 

a t  h igh  thymine c o n c e n tra t io n s . ‘
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The gene con cen tration  and r e la t iv e  gene dosage curves are 

q u ite  d i s t in c t .  I f  gene output were governed by the r e la t iv e  gene 

dosage, one would expect there to  be a decrease in  the output of 

genes s itu a ted  on ju s t  under h a lf  of the r ep lic o n . In terms of 

f ig u r e  24 , th is  would mean th a t we would expect a minimum value of 

about -0 .0 7  to -0 .0 8  fo r  a gene s itu a ted  a t the o r ig in  (low er cu rv e). 

The experim ental va lu es are in  very  poor agreement w ith  those pred icted  

on the hyp othesis th a t gene output i s  a fu n ctio n  of the r e la t iv e  gene 

dosage.

3 . 71 . THB EFFECT OF CHANGES IN CONCENTRATION ON THB OUTPUT OF A

GETTE SUBJECT TO REGULATION BY AN INTRACELLULAR EFFECTOR 

Since the average DNA con cen tration  in  a s te a d y -s ta te  exponentia l 

cu ltu re  can be s ig n if ic a n t ly  reduced by d ecreasing the r e p lic a t io n  

v e lo c i ty  w ithout any a f f e c t  on the mass doubling time of th e  cu ltu re ,  

the to ta l  ra te  of p ro te in  sy n th es is  must be independent of the 

o v e ra ll gene con cen tration  provided of course th at the absorbancy 

accu ra te ly  r e f le c t s  the amount of p ro te in  per u n it volume of cu ltu re  

(se e  f ig u r e  I6) .  Presumably th ere fo re , the decrease in  concen tration  

of those genes which con trib u te  s ig n if ic a n t ly  to  to t a l  p ro te in  i s  

compensated by a p roportion al in crea se  in  the ra te  o f sy n th es is  per 

gene copy o f th e ir  products. In other words, the m ajority  of genes 

must norm ally be under some degree o f rep ressio n  by s p e c if ic  in ter n a l  

e f f e c t o r s .

89



I have te s te d  th is  n otion  in  the case of the gene sp ec ify in g  

tryptophan sy n th eta se . A decrease in  the tr a n s it  time of 34 

minutes r e s u lt s  in  a 40^ in crease  in  the d if f e r e n t ia l  ra te  of 

sy n th es is  of tryptophan synthetase in  a truR d er iv a tiv e  of these  

s tr a in s  (f ig u r e  23 and 24) .  I f  the d if fe r e n t ia l  ra te  of sy n th es is

of th is  enzyme i s  measured in  the iso g en ic  trhR^ parent growing in  

the same medium (which conta in s no tryptophan), w ith a comparable 

mass doubling time and over the same range o f thymine con cen tration s, 

no change can be d etected  (f ig u r e  2 3 ) . This d ifferen ce  in  the 

behaviour of trhR" and trnR*̂  s tr a in s  shows con v in cin g ly  th at in  the 

trhR^ s tr a in s , the output of tryptophan synth etase i s  being modulated 

by the in tr a c e llu la r  concen tration  of tryptophan and i s  buffered  

ag a in st changes in  gene con cen tration .

The le v e l s  of tryptophan synth etase shown in  fig u re  23 have 

been ca lcu la ted  sim ply as tlie number of pmoles of in d ole  used during  

tlie rea c tio n  period , and the incubation  time i s  not considered . Since  

I am concerned' only w ith  the r e la t iv e  a c t iv i t i e s  th is  has no e f f e c t  

on the in ter p r e ta tio n  o f the r e s u l t s .  In th is  regard however, i t  

should be noted th at the trpR*" e x tra c ts  were incubated w ith  sub strate  

fo r  30 minutes whereas the tr jjl*̂  e x tr a c ts  were incubated fo r  90 m inutes. 

I f  th is  i s  talcen in to  account, then the enzyme a c t iv i t i e s  in  the 

trpR^ s tr a in  are between 10 and 20p o f the le v e l s  in  the iso g en ic  

trpR** s tr a in . The r e la t iv e  le v e l s  are in  agreement with those found
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by I to  and Crawford ( 1965) and Rose, H o ste lle r  and Yanofsky (1970) 

fo r  trpR*“ and trpR^ s tr a in s  growing in  the absence of tryptophan.
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3 .  DISCUSSION

Kacser (19^3) has underlined the importance in  the e lu c id a tio n  

of b io lo g ic a l behaviour of "determining the causal connections of a 

system w ithout is o la t in g  the s te p s  of which i t  i s  composed". He 

argues th a t, although is o la t io n  of the component elem ents y ie ld s  

inform ation concerning the stru ctu re of the system, the behaviour 

of the system cannot be considered sim ply as the sum of the behaviour 

of the in d iv id u a l parts s in ce  in ter a c tio n s  between elem ents w i l l  lead  

to  m od ifica tion s in  behaviour.

This p r in c ip le  has been recognised  and applied fo r  many years 

in  s tu d ies  on the control of b a c te r ia l c e l l  growth ( e .g .  Schaechter  

e t . a l .  1958) and, as described in  se c tio n  1.I I  and IV, i t  has y ie ld ed  

u se fu l inform ation concerning the r e la t io n sh ip  between d if fe r e n t  

c la s s e s  of macromolecule w ith in  the b a c te r ia l c e l l .  In th is  way,

i t  has been shown th at fo r  E .c o l i  growing w ith doubling tim es of l e s s  

than 70 m inutes, the ra te  of chromosomal DNA sy n th esis  i s  determined 

prim arily  by the frequency of in i t ia t io n  of new rounds of r e p lic a t io n  

and th a t th is  in  turn i s  governed by the ra te  of mass in crease  

(Donachie 1968; Pritchard e t . a l .  I969) ,  A more fundamental problem 

i s  the way in  which the ra te  o f mass in crease  i s  maintained in  a 

medium of a p a rticu la r  com position.

One approach to th is  problem i s  to analyse the r a te  o f sy n th es is  

of various gene products as a fu n ctio n  of growth r a te . There would 

seem to  be two important fa c to r s  to consider here. The f i r s t ,  and
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p o ss ib ly  the most im portant, i s  the change in  the a c t iv i t y  of general 

and s p e c if ic  con tro l mechanisms operating both a t the le v e l  o f the 

gene ( e .g .  feedback rep ression ) and a t the le v e l  of enzyme a c t iv i t y  

( e .g .  feedback in h ib it io n ) .  These Maal/e ( 1969) has c a lle d  

"fine adjustm ents". The second i s  the "number" of cop ies of the 

in d iv id u a l genes. As described  in  se c t io n  1 .IV and V III, gene 

number may be equated w ith  three separate and q u ite  d is t in c t  

parameters: gene dosage, gene concentration  and r e la t iv e  gene dosage, a l l  

of which change in  d if fe r e n t  ways w ith growth r a te . Q uantitation  of 

the "fine adjustments" which "determine and s t a b i l i s e  the growth rate  

c h a r a c te r is t ic  o f a p a r ticu la r  growth medium" (H aal/e I969) are 

u n fortu n ately  com plicated by changes in  the chromosome con figu ration  

which are n e c e ssa r ily  a sso c ia ted  w ith changes in  the growth r a te . The 

e f f e c t  of changes in  the chromosome con figu ration  on the three  

q u a n tit ie s  d escr ib in g  gene number and the e f f e c t  of the changes in  

th ese q u a n tit ie s  on gene output has not p rev iou sly  been in v e s t ig a te d .

Any a n a ly s is  of the co n tr ib u tion  of " fine adjustments" to the 

maintenance of growth must take these e f f e c t s  in to  account. Conversely, 

q u a n tita tio n  of the e f f e c t s  o f changes in  gene dosage, gene concentration  

and r e la t iv e  gene dosage on gene output w ith  growth ra te  i s  com plicated  

by changes in  the a c t iv i t y  of the con tro l mechanisms operating.

In order to separate th ese tifo fa c to r s , and to determine whether 

gene output i s  depfendant on gene dosage, r e la t iv e  gene dosage or gene 

concen tration , I have made use of the fa c t  th at changes in  chromosome
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con figu ration  analogous to those brought about by changes in  the 

growth r a te , may be obtained by changes in  the chromosome r e p lic a t io n  

v e lo c i ty .  This can be achieved without concom itant changes in  the 

growth ra te  or a s ig n if ic a n t  change in  the com position of the growth 

medium. The r e s u l t s  obtained from measurement of the d if f e r e n t ia l  

ra te  o f sy n th esis  of p rote in s sp e c if ie d  by genes which are maximally 

repressed  or derepressed are in  good q u a n tita tiv e  agreement w ith the 

hyp othesis th at the d if f e r e n t ia l  ra te  of sy n th es is  i s  proportional 

to  the average gene concentration  in  a random population of c e l l s  in  

a s te a d y -s ta te  o f exponential growth. They are not c o n s is te n t w ith  

the hypotheses th a t the d if fe r e n t ia l  ra te  of sy n th es is  i s  a ffe c te d  by 

r e la t iv e  gene dosage or by gene dosage.

A fundamental assumption underlying th is  c onclusion  i s  th at 

the in i t ia t io n  mass i s  not a ffe c te d  by the concen tration  of thymine 

in  the growth medium. Evidence th at th is  i s  not the c a se  has been 

presented p rev iou sly  ( Z aritsky and Pritchard 1971) and the absence of  

a s ig n if ic a n t  e f f e c t  of thymine concentration  on the d if f e r e n t ia l  ra te  

of sy n th es is  of tryptophanase len d s fu rth er  q u a lita t iv e  support to  

th is  assumption, s in ce  the gene sp e c ify in g  th is  enzyme i s  c lo se  to  

the chromosome o r ig in  as determined by Masters and Broda ( l9 7 l ) ,  Bird  

j ^ . ^ .  ( 1972) and Hohfeld and V ielm etter (1973),

Since the s p e c if ic  ra te  of sy n th es is  ( th a t  i s ,  the ra te  per gene) 

of p ro te in s sp e c if ie d  by genes in  a f u l l y  induced or f u l l y  repressed  

s ta te  i s  not a ffec ted  by changes in  th e ir  concen tration  or r e la t iv e
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dosage, i t  can be deduced th a t the concentration  of any ra te  lim it in g

element involved in  tr a n scr ip tio n  or tr a n s la tio n  which i s  shared by

a l l  genes i s  s im ila r ly  not a f fe c te d . This im p lies th at the

m ajority of genes which con tribu te s ig n if ic a n t ly  to  net p rote in

sy n th es is  during c e l l  growth must be su b ject to reg u la tio n  by

s p e c if ic  cytoplasm ic e f fe c to r s  such th at an in crease in  th e ir

concentration  or r e la t iv e  dosage i s  counterbalanced by an increase

in  the degree o f rep ression  which operates on them. I f  th is  were

not so , then one would expect the change in  r e la t iv e  aene dosage 

r e su lt in g  from a change in  r e p lic a t io n  v e lo c i ty  to change the

r e la t iv e  proportions of the various gene products. A lte r n a tiv e ly ,

i f  a l l  common elem ents involved  in  tra n scr ip tio n  and tra n s la tio n  were

present in  satu ratin g  con cen tration s, the same conclusion  would be

v a lid  s in c e , in  th is  case , an in crease  in  the DNA concentration  would

lead  to an increase in  the o v e ra ll ra te  of p rote in  sy n th es is  u n less

the m ajority of genes were reg u la ted . This point i s  perhaps more

e a s i ly  seen  by r e c a ll in g  (Z aritsk y  and Pritchard 197l) that in  E .c o l i

151", a decrease of nearly  50^ in  to t a l  DNA concentration  can be

imposed by reducing the concentration  o f thymine in  the growth medium

w ithout a d etec ta b le  reduction  in  the ra te  of mass in crea se . C learly ,

the m ajority  of gene products cannot normally be undergoing sy n th es is

a t the maximal a tta in a b le  ra te  per gene and must be under some degree

*
of rep ressio n . •

i In the case of tryptophan syn th etase , a 4-0̂  in crease  in  gene
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concentration  in  a trnR* s tr a in  lea d s to no d e tec ta b le  change in  

the d if f e r e n t ia l  ra te  of sy n th es is  of the enzyme (f ig u r e  2 5 ). The 

in crease  in  gene concen tration  must th erefore  have le d  to an 

in crease  in  the in tr a c e llu la r  le v e l s  of tryptophan and a  reduction  

in  the s p e c if ic  ra te  of tra n scr ip tio n  and/or tr a n s la tio n . In th is  

context i t  i s  in te r e s t in g  to r e c a l l  th at cer ta in  of the e a r ly  

enzymes in  the trn  b io sy n th etic  pathway are a lso  su b ject to  feedback  

in h ib it io n  by tryptophan ( Trudinger and Cohen 195^; Moyed and 

Friedman 1959), The absence of any d e tec ta b le  d ifferen ce  in  the 

d if fe r e n t ia l  ra te  o f sy n th es is  of tryptophan synth etase when the 

gene concentration  i s  increased  im p lies  th at feedback in h ib it io n  

does not p lay  an important r o le  in  determ ining the s te a d y -s ta te  

ra te  o f sy n th es is  of tryptophan when th is  amino acid  i s  not present 

in  the growth medium. I f  i t  were to do so , then the in crease  in  

in tr a c e llu la r  concen tration  of tryptophan which le d  to an unchanged 

rate  o f sy n th es is  of the enzyme would have reduced the f lu x  of 

tryptophan and hence the growth r a te . An obvious explanation  fo r  

th is  i s  that feedback in h ib it io n  i s  important in  b u ffer in g  the c e l l  

a g a in st short term flu c tu a tio n s  in  the environment whereas feedback  

rep ression  becomes more important in  the long  t  erm in  s itu a t io n s  in  

which the mean c o n s t itu t io n  of the environment changes. The 

"relaxation  time" of the former mechanism being much shorter than 

th at of the la t t e r .

' With regard to the estim ate of the lo c a t io n  of th e  o r ig in  of
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r e p lic a t io n  (s e c t io n  3*rv), I should l ik e  to emphasise th a t the 

ca lcu la tio n s  do not take in to  con sid era tion  the standard error  

of the mean of each p o in t shown in  fig u re  24, For the purposes 

of the arguments concerning gene concentration  and gene output, 

th is  om ission i s  unimportant. As I have in d ica ted , c a lc u la tio n  

based on the mean va lu es r e s u lt s  in  a s e r ie s  of e stim a tes  having  

a spread of some 8 map m inutes. The method used in  th is  

c a lc u la tio n  makes an estim ate of the errors involved d i f f i c u l t .

An a lte r n a tiv e  way in  which the error might be estim ated i s  by 

l in e a r  reg ress io n  a n a ly s is . However, i t  would be inappropriate  

to  f i t  sep a ra te ly , a s tr a ig h t l in e  to p o in ts  on each "arm" of the 

map sin ce  there are too few data . In order to obtain  a more 

accurate estim ate of the p o s it io n  of the o r ig in , i t  would be necessary  

to  measure the change in  output o f severa l a d d ition a l genes.
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To summarise, I have compared the ra te  of enzyme sy n th es is  

from f iv e  genes in  a f u l l y  repressed or induced s ta te  and one in  an 

autogenous s ta te  (Kuempel e t . ^ .  1965) in  cu ltu res  growing a t  the 

same ra te  but having d if fe r e n t  tr a n s it  tim es. The data permit the 

fo llo w in g  conclusions:

(1) The in i t ia t io n  mass i s  independent of the tr a n s it  time of 

a r e p lic a t io n  fork  a t one growth r a te .

( 2) The chromosome o r ig in  i s  near the gene coding fo r  

tryptophanase and the terminus near the gene sp ec ify in g  tryptophan  

sy n th eta se . R ep lica tio n  i s  b id ir e c t io n a l.  The data p lace the  

o r ig in  in  the reg ion  o f 67 minutes on the E .c o l i  lin kage map.

( 5) The output of genes in  a f u l l y  induced or f u l l y  repressed  

s ta te  i s  proportional to  gene concentration  and independent of 

r e la t iv e  gene dosage.

( 4) The output per gene under con d ition s when i t  i s  su b jec t to  

reg u la tio n  by a cytoplasm ic e f fe c to r  decreases as i t s  concen tration  i s  

in creased .

The data provide a firm  foundation fo r  s tu d ies  in  which gene 

concen tration  i s  estim ated from gene output and the technique i s  used  

to  in v e s t ig a te  the nature o f the co n tro l of F r e p lic a t io n  in  the 

fo llo w in g  s e c t io n .
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4 .  THE REPLICATION OF THE SEX FACTOR P .

4 .1 .  SOME CONSIDERATIONS ON THE CONTROL OF F REPLICATION.

The number of cop ies o f the F episome per c e l l  i s  known to be sm all 

(Frame and Bishop 1 9 7 l) . F i s  th erefore a member of th a t  c la s s  of 

plasmid whose r e p lic a t io n  i s  sa id  to  be under s tr in g e n t contro l 

(Kontomichalou e t . a l .  197o). An important c h a r a c te r is t ic  of 

F r e p lic a t io n  i s  th a t  i t  occurs a t a d is t in c t  time in  the c e l l  

c y c le , rather than in  a random manner, as judged by the d isc r e e t  

doubling in  the p o te n tia l to  produce p -g a la cto sid a se  sp e c if ied  by an 

Plac p a r t ic le  in  a synchronous population o f an Plac. s tr a in  (Donachie 

and Masters 1966; Zeuthen and Pato 1 9 7 l) . The s ig n a l fo r  F 

r e p lic a t io n  thus occurs w ith  a d e f in ite  p e r io d ic ity  during the 

c e l l  c y c le .

A p r io r i ,  there are sev era l mechanisms by which the phasing of 

F r e p lic a t io n  in to  the c e l l  cy cle  might occur. I w i l l  consider  

three in  d e ta i l  here:

a) F r e p lic a t io n  i s  coupled to  some stage  of the chromosome 

r e p lic a t io n  c y c le . For example, to in i t ia t io n  o f new rounds of 

r e p lic a t io n  or to term ination .

b) F r e p lic a t io n  occurs a t a constant c e l l  mass or m u ltip le  

of th at mass, in  a manner s im ila r  to the in i t i a t io n  of chromosome 

r e p lic a t io n .

or c) F r e p lic a t io n  occurs when the surface area of th e  c e l l  

a tta in s  a c r i t i c a l  value (M a r v in  1968 ) ,  9 9



These three modes of phasing F r e p lic a t io n  in to  the c e l l  

cy c le  lead  to  d is t in c t iv e  p red iction s as to the behaviour of F 

under d if fe r e n t  c u ltu ra l co n d itio n s .

F concentration  as a fu n ction  of the chromosome r e p lic a t io n  v e lo c i t y .

I have shown p rev iou sly  how, in  s tea d y -s ta te  batch c u ltu res , 

growing a t a f ix e d  r a te , an in crease  in  the chromosome r e p lic a t io n  

v e lo c i ty  w i l l  lea d  to an in crease in  the average concentration  of 

most genes, the magnitude of the increase  being dependent on the 

lo c a tio n  of the gene on the chromosome. Assuming tliat the time 

taken to r e p lic a te  F i s  much sm aller than C, then fo r  purposes of 

a n a ly s is , F may be considered as a chromosomal gene.

Consequently, i f  the r e p lic a tio n  o f F were coupled d ir e c t ly  to the 

chromosome r e p lic a t io n  c y c le , th is  temporal a sso c ia tio n  would be 

r e f le c te d  in  the magnitude of the in crease in  F concentration  

(f ig u re  4a) and can be q u an tified  (S ec tio n  I .V I I l ) .  I f  F 

r e p lic a t io n  were coupled to term ination of a round of chromosome 

r e p lic a t io n , the F p a r t ic le  would behave as a term inal gene, and as 

such would undergo a maximal change in  con cen tration . I f ,  on the 

other hand, F r e p lic a t io n  were coupled to in i t ia t io n  of new rounds 

of chromosome r e p lic a t io n , i t  would behave as a gene s itu a ted  at 

the o r ig in  and would undergo no change in  con cen tration . In th is

even t, no d is t in c t io n  could be made between a) and b) above, s in ce  

both lead  to  the same prediction a t a f ix e d  growth r a te . This can

be seen more c le a r ly  from the equations r e la t in g  the average gene
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TABLE 5

dou blin gs/h r. (mins) diam eter
(microns)

r e la t iv e
surface
area.

le n g th /
width

surface  
a rea / 
mas a .

r e la t iv e  c e l l  
mass.COD^jo/

10^ c e l l s ) .

2.75 22 1.43 19.05 1.94 3.12 6.1

1.85 32 1.22 12.44 1.69 3 .76 3 .3

1 .0 60 0 .9 3 8.61 2.11 4 .7 8 1 .8

The data are taken from Schaechter e t . a l .  (1 9 5 8 ). R e la tiv e  surface  

areas were ca lcu la ted  assuming th a t  the c e l l  i s  c y lin d r ic a l w ith two 

hem ispherical ends. The c e l l  shape i s  d efin ed  by the length /w idth  r a t io .  

This r a t io  remains f a i r ly  constant with growth r a te , and a lso  with  

r e p lic a t io n  v e lo c i ty  i f  the c e l l s  are in  a balanced s ta te  of growth 

(Z aritsky  and Pritchard 1973)# I t  does not remain constant ho^fever, 

under con d ition s o f unbalanced but "normal" growth ( Z aritsky and Pritchard  

1973).
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concen tration  to the tr a n s it  time of a r e p lic a t io n  fork  and the 

r e la t iv e  p o s it io n  o f the gene on the chromosome (x) (equation  7) 

For a gene a t the o r ig in , x = 0, and the equation reduces t o : -

o

Thus the concen tration  of genes a sso c ia ted  w ith  the o r ig in  i s  

independent of both C and ^  • This i s  sim ply a restatem ent of  

the assumption th a t in i t ia t io n  of chromosome r e p lic a t io n  occurs 

a t a f ix e d  c e l l  mass.

S im ila r ly , i f  the F p a r t ic le  behaves as an independent rep lico n  

in  the sense th a t i t s  r e p lic a tio n  i s  not d ir e c t ly  coupled to any 

s p e c if ic  stage of the chromosome r e p lic a t io n  c y c le  ( in  other words, 

i f  F r e p lic a t io n  obeys the same r u le s  as in i t ia t io n  of chromosome 

r e p lic a tio n )  then the concentration  o f F p a r t ic le s  i s  sim p ly:-

(p /h)j, = l/k p --------------------------------------------------(24)

where i s  a measure of th e  in i t ia t io n  mass of F . The r a tio  of 

F p a r t ic le s  to  chromosome o r ig in s  i s  th en :-

(p/M )y/(P/B)^ = k/kp ----------- — ----------------  ( 25)

and w i l l  r e f le c t  the r a tio  of th e ir  r esp ec tiv e  in i t ia t io n  m asses.

For the case where F r e p lic a t io n  i s  coupled to  or co in cid en t w ith

chromosome in i t ia t io n ,  th is  r a tio  would be u n ity . I f  F r e p lic a t io n

does not occur a t  the time in  the c e l l  cy c le  as chromosome in i t ia t io n ,

then th is  r a t io  would be greater than u n ity  i f  i t  occurs before or

l e s s  than u n ity  i f  i t  occurs a fte r  chromosome in i t ia t io n .

In case c) above, k^ w i l l  be a fu n ctio n  of c e l l  s i z e .  In th is  
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regard, i t  i s  o f in t e r e s t  to note that according to  equation (6 ) ,  

mean c e l l  s iz e  i s  a fu n ction  of the tr a n s it  time (c) in  add ition  

to  the mass doubling time , and in  accord w ith th is ,  i t  has 

been shown (Z aritsk y  and Pritchard 1973) th a t under cond ition s  

of balanced growth, an increase in  C r e s u lt s  in  an in crease  in  

mean c e l l  s ize#  Under these co n d itio n s, a step-up in  r e p lic a tio n  

v e lo c i ty  would be predicted  to in crease  the surface area: mass r a t io  

and thus i f  P r e p lic a t io n  (were a fu n ction  of surface area, one 

would observe an in crease  in  P concen tration . I t  was fu rth er  

noted by Z aritsky and Pritchard (l973) th at under c e r ta in  co n d itio n s, 

the doubling time fo r  c e l l  number was greater  than th at fo r  mass. 

Consequently the c e l l s  never reach a balanced s ta te  of growth but 

in crease  in  s iz e  contin uously  (see  fig u re  1 7 ), The concentration  

of P p a r t ic le s  would consequently be pred icted  to  f a l l  con tin u ou sly . 

U nfortunately, u n lik e  the change in  c e l l  s iz e  which occurs w ith  

growth r a te , th a t brought about by changes in  r e p lic a t io n  v e lo c i ty  

a lso  r e s u lt s  in  changes in  c e l l  shape, and thus i t  i s  d i f f i c u l t  to  

make q u a n tita tiv e  estim ates of th e  change in  surface area: mass 

r a t io .

F concentration  as a fu n ctio n  o f the mass doublin? time of the cu ltu re .

Changes in  chromosome con figu ration  analogous to those brought 

about by in creasin g  the r e p lic a t io n  v e lo c i ty  can be b r o u ^ t about

by d ecreasing the growth ra te  of th e  cu ltu re  (s e c t io n  1 .V III and
-

fig u re  4 b ) . Thus the p red iction s concerning the behavbur of F w ith
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in crea s in g  or decreasing tr a n s it  time on the three models above 

should a lso  be true fo r  decreasing or in creasin g  growth r a te .

In ad d ition , s in ce  the changes in  c e l l  s iz e  a sso c ia ted  with  

changes in  growth ra te  do not seem to be accompanied by s ig n if ic a n t  

changes in  c e l l  shape (see  Table 5) f q u a n tita tiv e  estim ates of the  

change in  surface area: mass r a t io  become p o ss ib le .

Although no ca re fu l measurements of th e  v a r ia t io n  in  c e l l  s iz e  

w ith  growth ra te  have been published fo r  E .c o l i . data have been 

published fo r  a c lo s e ly  re la ted  organism. Salm onella tvphimurium 

(Schaechter e t . a l .  1958) from which i t  i s  p o ssib le  to ca lcu la te  

r e la t iv e  surface area . Assuming th at the c e l l  s iz e  changes are 

s im ila r  in  both organisms, th at the c e l l  i s  a simple cy lin d er  w ith  

tifo hem ispherical ends and th at c e l l  mass as measured by the o p t ic a l  

d en sity  of the cu ltu re a t 450 nm i s  proportional to the c e l l  volume,

I have ca lcu la ted , u sin g  the data from Schaechter e t . a l .  ( l9 5 8 ) , the 

r e la t iv e  surface area and the surface area:mass r a t io s  fo r  c e l l s  

growing over the range of mass doubling tim es from 22 to  60 m inutes. 

The r e s u lt s  of these ca lcu la tio n s  are presented in  ta b le  5 . I t  can 

be seen  th a t a decrease in  the mass doubling tim e from 60 to 22 

minutes r e s u lt s  in  a decrease in  the r e la t iv e  surface area:mass r a t io  

of approxim ately 35^* One would thus expect the average 

concen tration  of P and consequently the r a t io  of P concentration: 

concen tration  of chromosome o r ig in s  to decrease by th is  degree over 

th is  range of doubling tim es i f  F r e p lic a t io n  were coupled to a
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constant surface area.

F concentration  durin? a s h i f t  un in  groifth r a te .

The k in e t ic s  of the change in  macromolecular com position  

fo llo w in g  a sh ift-u p  in  growth ra te  (Kjeldgaard ^ . a l .  1958) has 

been w e ll ch aracterised  and have been analysed form ally  (Bleecken  

1969) .  Thus the s p e c if ic  ra te  of mass increase assumes i t s  new 

value alm ost imm ediately fo llo w in g  the s h i f t ,  the s p e c if ic  ra te  

of DNA sy n th es is  a fte r  a period equal to the tr a n s it  time C, and 

the s p e c if ic  ra te  of in crease  in  c e l l  number a fte r  a period equal 

to  C + D m inutes.

The concentration  of genes a sso c ia ted  w ith the chromosome 

o r ig in  of course remains constant and i f  F r e p lic a t io n  were coupled  

to  or co in c id en t w ith in i t ia t io n  of chromosome r e p lic a t io n  or i f  i t  

occurred a t a constant c e l l  mass, the r a t io  (f/ m)^ /( f/ h)^ should 

remain constant throughout the s h i f t .  I f  however, F r e p lic a t io n  

were d ir e c t ly  coupled to a la t e r  stage of the r e p lic a t io n  c y c le ,  

th is  r a t io  would be pred icted  to f a l l  and reach i t s  f in a l  steady- 

s ta te  value Cx minutes a fte r  the s h i f t .  S im ila r ly , i f  F 

r e p lic a t io n  were coupled to  a constant surface area, i t s  concentration  

would f a l l ,  presumably reaching a f in a l  s te a d y -s ta te  value a fte r  

C + D minutes (the time a t  which the new surface area:mass r a tio  

i s  presumably a tta in e d ) .

The experiments presented in  se c tio n  4 . II  were designed to t e s t  

whether F r e p lic a t io n  i s  d ir e c t ly  coupled to any sta g e  of the
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chromosome r e p lic a t io n  cy cle  making use of the th e o r e tic a l  

p red ic tio n s o u tlin ed  above.

4 . I I .  THE EFFECT OF CHANGES IÏÏ REPLICATION VELOCITY ON THE OUTPUT

OF p-GALACTOSIDASB SPECIFIED BY AN P lac PARTICLE

The data presented in  the previous chapter show that a change 

in  gene concen tration  r e s u lt s  in  a proportional change in  the 

d if f e r e n t ia l  ra te  of syn th esis  of c er ta in  enzymes i f  th e ir  

stru ctu ra l genes are sub ject to a constant degree of rep ression  or 

d erep ression . At a given growth r a te , any change in  F concentration  

would thus be p red icted  to r e s u lt  in  a proportional change in  enzyme 

output from an ep isom ally  sp e c if ie d  gene which i s  s im ila r ly  su b ject  

to  a constant degree of rep ression  or d erep ression . Since fo r  a 

given change in  r e p lic a t io n  v e lo c ity , the change in  concentration  

of any gene i s  dependent on i t s  temporal p o s it io n  in  the r e p lic a tio n  

c y c le , comparison of the change in  output from a chromosomal gene 

in  a f u l l y  repressed  or derepressed s ta te  with that from the same 

gene when lo ca ted  on an F p a r t ic le  during a tr a n s it io n  from one 

r e p lic a t io n  v e lo c i ty  to  another, should allow  a determ ination to  be 

made of the p o s it io n  in  the r e p lic a t io n  cy c le  ( i f  any) a t  which F 

r e p lic a te s .  I f  F r e p lic a te s  a f te r  the chromosomal gene, then the 

change in  output of the episomal gene w i l l  be greater  than th at of 

the chromosomal gene and v ic e  v ersa .

The la c  operon i s  loca ted  some tvTo th ird s of -the len gth  of 

the rep lico n  from the o r ig in , as judged from the data in  f ig u re  24
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and the estim ates o f oth ers (Masters and Broda 1971; Bird  

e t . a l .  1972) .  I t s  average output changes q u ite  considerab ly  

fo r  a change in  tr a n s it  time of about 54 m inutes. I have 

compared the change in  output of p -g a la cto sid a se  sp e c if ie d  by 

a la c  gene on an F *lac p a r t ic le  with the changes observed when 

the gene i s  s itu a ted  on the chromosome during a step-up from low  

to  high thymine. For th is  purpose I have employed tifo s tr a in s :  

a male harbouring an autonomous F*lac and c arrying a d e le t io n  of 

the cliromosomal la c  region  (IÎCIO), and an iso g en ic  fem ale which 

has a f u l ly  fu n ctio n a l chromosomal la c  region  (I-IC5) . The 

procedures used here are tlie same as those used in  the experiments 

described in  the previous chapter. The r e s u lt s  from an experiment 

w ith IIC10 growing in  g ly cero l cas medium during both a 1-10 and 

1-20 pgm thymine step  are shovm in  f ig u re  26a and sim ila r  r e s u lt s  

are shown in  fig u re  26b fo r  a I-40  pgm thymine step  in  c e l l s  growing 

in  the g ly c er o l amino ac id  medium. R epresentative r e s u lt s  from 

the female s tr a in  have been presented p rev iou sly  (f ig u re  19) .  The 

most s tr ik in g  d ifferen ce  betifeen the two s e t s  of r e s u l t s  i s  th at  

there i s  no d etec ta b le  in crease  in  the le v e l s  of p -g a la cto sid a se  

during the step  when the la c  operon i s  s itu a ted  on the episome, 

whereas, the change in  output o f p -g a la cto sid a se  in  the fem ale 

s tr a in  i s  q u ite  considerab le  (about 40^ when growing in  g ly c er o l  

cas medium and undergoing a thymine s te p  of 1-20 pgm and about 

5 ^  when grovm in  g ly c er o l amino acid  medium during a I -40  pgm
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FIGURE 2 6 .

EFFECT OF THYMINE CONCENTRATION ON THE POTENTIAL FOR 
SYNTHESIS OF P-GALACTOSIDASE SPECIFIED BY AN Flao  
PARTICLE.

The experim ental cond itions were the same as those in  the 

experim ents shown in  f ig u r e  19.

^  M010, growing in  g ly cero l Cas amino acid  medium

( T  = 50 mins) and undergoing a step-up from 1-10 pgm/ml (o) and

from 1-20 pgm/ml.thymine ( • ) .

^  MC10, growing in  g ly cero l amino acid  medium ( T  = 5 5  mins)

and undergoing a step-up from 1-40 pgm/ml. thymine.
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thymine s t e p ) • I t  i s  of in te r e s t  to note here that

the absence of any e f f e c t  of thymine concentration  on 

p -g a la cto sid a se  output in  the male re in fo rces  the e a r lie r  

conclusion  th at the in crease  in  gene output in  the fem ale 

s tr a in  i s  a r e s u lt  of an in crease  in  the concentration  of 

the la c  operon rather than any d ir e c t  e f f e c t  of thymine 

concentration  on i t s  exp ressio n .

The r e s u lt s  presented in  fig u re  26 th erefore preclude 

the p o s s ib i l i t y  th a t F r e p lic a t io n  i s  coupled to any part of 

the chromosome r e p lic a t io n  cy c le  other than to in i t ia t io n .

They do not however, d is t in g u ish  between coupling to in i t ia t io n  

or to a constant c e l l  mass.

Since there i s  a decrease in  c e l l  s iz e  fo llo w in g  a 

step-up from low to high thymine, and th erefore an in crease  in  

the surface area: mass r a t io ,  i t  might seem u n lilcely  th at F 

r e p lic a t io n  i s  coupled to a constant surface area. However, 

s in ce  the c e l l  s iz e  in crea ses  contin uously  in  low thymine 

(f ig u re  17) ,  and th is  i s  accompanied by a change in  c e l l  shape 

( Z aritsky and Pritchard 1973)» i t  i s  d i f f i c u l t  to a scer ta in  the 

s iz e  of the change in  F concen tration  predicted  on a model in  

which F r e p lic a t io n  i s  coupled to a constant surface area. I t  i s  

p o ss ib le  th ere fo re , th at a change in  F concentration  does indeed
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occur b u t t h a t  i t  i s  obscured by the  r e s o lu t io n  of th i s  

te ch n iq u e .

In  o rd e r to  d is t in g u is h  between co u p lin g  to  i n i t i a t i o n ,  

to  a c o n s ta n t c e l l  mass o r to  a c o n s ta n t su rfa c e  a re a , i t  

would be n e ce ssa ry  to  o b ta in  a d i r e c t  measure of the  

r a t i o  o r ig in  ^ fu n c tio n  of th e  mass doub ling

tim e of th e  c u l tu r e .  S ince c e l l  s iz e  and shape v a ry  in  

a p re d ic ta b le  way w ith  growth r a t e  (S ch aech te r e t . a l .  1958), 

i t  i s  then  p o s s ib le  to e s tim a te  the  change in  su rfa c e  a re a : 

mass r a t i o .

Although I  have n o t as y e t  o b ta in ed  e s tim a te s  of

(p /S ) .V (? /n )  . . , an in d i r e c t  method i s  e v id e n t from  the
\  /  /p ' 'o r i g i n '

s tu d ie s  on gene c o n c e n tra tio n  and gene o u tp u t. I t  assumes 

th a t  th e  o u tp u t of a  gene i s  independent of i t s  p o s i t io n  

w ith  r e s p e c t  to  th e  episome o r chromosome o r , more s p e c i f i c a l ly ,  

th a t  any change in  the  degree of re p re s s io n  o r d e re p re s s io n  

b rough t about by a change in  the  growth r a t e  a f f e c t s  th e  

gene e q u a lly  w hether i t  be lo c a te d  on th e  chromosome o r on 

the  episom e. I t  would then  be p o s s ib le  to  compare, f o r

exam ple, the  l e v e l s  of p -g a la c to s id a se  in  an F * la c /Alac
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+s t r a i n  w ith  th o se  in  an iso g en ic  la c  fem ale s t r a i n  growing a t  the  

same r a t e  and under the  same c o n d it io n s , Tliis should  g ive a  

measure of the  c o n c e n tra tio n  of the  episome r e l a t i v e  to  th a t  

of the cliromosomal la c  gene. From eq u a tio n  ( ? ) ,  i t  can be 

seen th a t  gene c o n c e n tra tio n  i s  dependant on the th re e  v a r ia b le s  

C,x and 'T  , I f  b o th  male and fem ale s t r a in s  a re  thy~^, C may 

be e s tim a ted  to  be a c o n s ta n t of about 43 m inutes (Cooper and 

H e lm s te tte r  1968), x may be e s tim a te d  from a knowledge of the  

p o s i t io n  of the  o r ig in  and 'T  w i l l  be known. I t  i s  thus p o s s ib le  

to  e s tim a te  the  c o n c e n tra tio n  of the  chromosomal la c  operon in  

term s of k . I f  th e  o u tpu t of a gene i s  p ro p o r tio n a l to  i t s  

c o n c e n tra tio n  then  we can w r ite

-C x / y

dE/dMoo F /m o r dE/dll = k l2   (26)
k

where dz/dll i s  the d i f f e r e n t i a l  r a te  of enzyme sy n th e s is  and k*, 

the  c o n s ta n t of p r o p o r t io n a l i ty .  In  p h y s ica l term s k* i s  a 

fu n c tio n  of the  degree of re p re s s io n  o r d e re p re s s io n  a c tin g  on the  

gene. Knowing d3/dI'î,C,x and T  i t  i s  thus p o s s ib le  to  o b ta in  a 

va lue  f o r  k* /k  and th u s  a  measure of th e  expected  le v e l  of 

p -g a la c to s id a se  f o r  x = 0 ( i , e ,  i f  th e  la c  operon were s i tu a te d  a t  

the  chromosome o r i g i n ) , S im ila r ly , the  c o n c e n tra tio n  o f F 

p a r t i c l e s  in  term s of the le v e l  of p -g a la c to s id a se  w i l l  b e : -  

(dE/dM)p = k ’ '( f / n ) j ,   ̂ (27)
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where k* * i s  a  measure of the  degree of re p re s s io n  o r d e re p re s s io n  

a c t in g  on th e  episom al la c  operon . I f  k* = k '* ,  then  the  le v e l  

of p -g a la c to s id a se  s p e c if ie d  by th e  episome compared to  th a t  

c a lc u la te d  to  be s p e c if ie d  by th e  chromosomal la c  operon i f  i t  

were lo c a te d  a t  th e  o r ig in  w i l l  g ive a  measure of th e  r e l a t iv e

c o n c e n tra tio n  of F w ith  r e s p e c t  to  the chromosome o r ig in ,  and, as

shown in  s e c t io n  4*1> th i s  r e la t io n s h ip  as a fu n c tio n  of growth 

r a te  w i l l  behave in  a  p re d ic ta b le  way on bo th  a su rfa c e  a re a  and 

a c o n s ta n t mass m odel. However, p u b lish ed  evidence concern ing  

the  r e l a t i v e  v a lu e s  of k* and k** i s  in c o n c lu s iv e  and i t  cannot be 

assumed th e re fo re ,  th a t  th ey  a re  equal over a ran g e  of growth r a t e s .  

F u r th e r , in  o rd e r to  equate  th e  r e l a t i v e  le v e l s  of p -g a la c to s id a se  

w ith  the  r e l a t i v e  c o n c e n tra tio n s  of the  re s p e c tiv e  genes, as a 

fu n c tio n  of growth r a t e ,  even ta k in g  in to  account th a t  k* and k * * 

may have d i f f e r e n t  v a lu e s , i t  would be n ecessa ry  to  assume th a t  the  

v a lue  k**/k* rem ains c o n s ta n t w ith  growth r a t e ,  th a t  i s ,  i f  k* were 

to  change w ith  growth r a t e ,  th e re  must be a p ro p o r tio n a l change in  

k * ',

4 , I I I ,  THE EFFECT OF F ON THE INITIATION MASS OF THE CHROMOSOME

AHD ON THE OUTPUT OF A CHROMOSOMAL GEHE,

The e x is te n c e  of an i n t e r a c t io n  betifeen the  mechanism which 

c o n tro ls  F r e p l i c a t io n  and th a t  which c o n tro ls  the  r e p l ic a t io n  of 

the  b a c te r i a l  chromosome has  been w e ll documented. I t  i s  known f o r
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example, th a t  when an F p a r t i c l e  i s  in te g ra te d  w ith in  th e  b a c t e r i a l  

chromosome, i t s  r e p l i c a t io n  in  g en e ra l proceeds p a s s iv e ly  under the  

c o n tro l  of chromosome r e p l i c a t io n  and th a t  F p a r t i c l e s  whose 

r e p l i c a t io n  i s  p rev en ted  a t  h ig h  tem pera tu res  can be re scu ed  by 

in te g r a t io n  in to  th e  h o s t chromosome (C uzin and Jacob 1964), I t  

has r e c e n t ly  been shown, in  a d d it io n , th a t  an in te g ra te d  F p a r t i c l e  

i s  ab le  to  suppress  a tem p era tu re  s e n s i t iv e  i n i t i a t i o n  le s io n  

(dnaA) in  the  h o s t  c e l l ,  e n a b lin g  r e p l ic a t io n  of th e  b a c te r i a l  

chromosome to  p roceed  a t  th e  non-perm issive  tem p e ra tu re . T h is 

phenomenon has been  c a l le d  in te g r a t iv e  su p p ress io n  (iTishimura e t , a l .  

1971) ,  Presum ably in  th e se  s t r a i n s ,  a t  the  non -perm issive  

tem p era tu re , chromosome r e p l i c a t io n  i s  to  some degree under th e  

c o n tro l of the F r e p l i c a t i o n  system . The mechanism o p e ra tin g  h e re  

rem ains obscure a t  p re s e n t .

The c o n tro l of r e p l i c a t io n  of one re p lic o n  by th e  o th e r  would 

seem to  re q u ire  t h a t  F be in te g ra te d  w ith in  the  b a c t e r i a l  chromosome. 

However, i t  seemed p o s s ib le  th a t  the in tro d u c tio n  of an F p a r t i c l e  

in to  a c e l l  m ight in  some way a f f e c t  chromosome r e p l i c a t io n .  Indeed , 

i f  f o r  example, th e  in tro d u c t io n  of F a f f e c t s  the i n i t i a t i o n  mass of 

the  chromosome, t h i s  would s e r io u s ly  a f f e c t  the  i n t e r p r e ta t io n  of 

d a ta  from  experim ents in  which th e  gene c o n c e n tra tio n  of F r e l a t i v e  

to  th a t  o f . th e  chromosomal genes was compared in  F* and F s t r a i n s .

The in tro d u c tio n  of F m ight a lso  a f f e c t  the ex p re ss io n  of
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chromosomal genes, an e f f e c t  w h ich >would be im p o rtan t in  experim ents 

in  which gene c o n c e n tra tio n  i s  e s tim a te d  by m easuring the  o u tp u t of 

a  s p e c i f ic  gene in  h a p lo id  and m erod ip lo id  s t r a i n s .

I t  w i l l  be no ted  th a t  th e  DNA c o n c e n tra tio n  of a  c u ltu re  i s  

dependant on b o th  C and 'V  (e q u a tio n  l ) .  I t  i s  a lso  a fu n c tio n  

of the  chromosome i n i t i a t i o n  mass (k) • Thus i f  th e  in tro d u c tio n  

of F has an e f f e c t  on th e  i n i t i a t i o n  mass of the chromosome, t h i s  

should  be r e f le c te d  in  a d if f e r e n c e  in  the  DNA c o n c e n tra tio n  

betw een c u l tu re s  of the male and fem ale s t r a i n  i f  they  a r e  bo th  

growing a t  the  same r a te  w ith  i d e n t i c a l  v a lu es  of C, I  have 

compared th e  DNA:mass r a t i o s  of tifo iso g en ic  s t r a in s  (TIC17 and 

MC84) one of which c a r r ie d  th e  F ' t r p  episome ELF25 (KC84) , growing 

a t  the same r a t e  in  higii thym ine. The r e s u l t s  a re  p re sen ted  in  

f ig u r e  2 7 , A lthough the  degree of s c a t t e r  i s  q u ite  h ig h , the  

mean v a lu e s  f o r  th e  DNA:mass r a t i o s  a re  in  c lo se  agreem ent 

( 2 8 ,7  f o r  -Qie F and 29 .7  f o r  th e  F * trp  s t r a i n ) .  I  th e re fo re  

conclude th a t  F has no m easurable e f f e c t  on the chromosome 

i n i t i a t i o n  m ass. T his c o n c lu s io n  r e l i e s  on th e  assum ption  th a t  C 

in  b o th  s t r a in s  i s  the same s in c e  n e i th e r  C no r k in  eq u a tio n  (1) 

a re  known. The c o n tr ib u tio n  of F DNA in  the  male s t r a i n  to  t o t a l  

DNA would be q u ite  sm all (based  on the  approxim ate map d is ta n c e  

covered by the  episom e, i t  would be of the o rd e r of 5 ^  .

The e f f e c t  of F on th e  o u tp u t of p -g a la c to s id a se  s p e c if ie d
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f ig d r e : 2 7 .

EFFECT OF THE HIESBNCE OF AN F PRIME FACTOR ON THE 
CHROMOSOIffi INITIATION MASS,

MCI7 (®) and i t s  F * trp  d e r iv a t iv e ,  MC84 (o ) ,  were grown 

in  g ly c e ro l amino a c id  medium in  h i ^  thymine (40  pgm/ml) , The 

experim en tal p rocedure  was th e  same as  f o r  th e  experim ent shown in  

f ig u r e  15# The d a ta  i s  expressed  as cpm/ml/OD^^Q x 10"^. Both 

s t r a in s  had id e n t i c a l  masa doub ling  tim es .

The DNA:Mass r a t i o  from the  F trn  d e r iv a t iv e  m ight be 

expec ted  to  be s l i g h t l y  h ig h e r  th an  th a t  from MC17 due to  th e  

p resence  o f th e  F p a r t i c l e .
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bÿ a chromosomal gene has a lso  been stu d ied . I  have compared both 

the basa l and induced le v e l s  of th is  enzyme in  MCI? and in  MC84#

The r e s u l t s  a re  p re se n te d  in  f ig u r e s  28 and 29. A gain, as in  

the case  of the  DNA:mass r a t i o s ,  th e re  i s  no s ig n i f ic a n t  d if f e re n c e  

between the b a sa l a c t i v i t i e s  (2 .4 2  in  the  P , 2 .43 in  th e  P ' t r p  s t r a in )  

or betvreen the  induced le v e l s  (5 .5 9  in  the  P , 5 .34  in  th e  P ' t r p  

s t r a in )  and i t  can th e re fo re  be concluded th a t  the  in tro d u c t io n  of 

P has no e f f e c t  on th e  o u tp u t of p -g a la c to s id a se  s p e c if ie d  by the  

chromosomal gene. In  re g a rd  to  f ig u r e s  28 and 29, the  v a lu es  

shown a re  n o t exp ressed  s t r i c t l y  in  term s of enzyme u n i t s  b u t sim ply 

as OD^^^/OD^^Q, s in ce  I  was in te r e s te d  on ly  in  r e l a t i v e  v a lu e s .

As was th e  case w ith  the com parison of the  DNA:mass r a t i o s ,  

th i s  co n c lu s io n  r e l i e s  on th e  assum ption th a t  C and 'Y  a re  the same 

in  bo th  s t r a in s  under th e se  c o n d it io n s . S ince the  d i f f e r e n t i a l  

r a te  of enzyme s y n th e s is  w i l l  be a f fe c te d  by changes in  C ,k ’ , k ’ ' 

and k (e q u a tio n  26) and a l l  th re e  a re  unlcnown q u a n t i t i e s ,  i t  i s  

p o ss ib le  th a t  th e  in tro d u c t io n  of F r e s u l t s  in  changes in  any or 

a l l  th e se  p a ram e te rs . The changes m ight be such th a t  th e i r  

e f f e c t s  on enzyme le v e l s  n eg a te  each o th e r  and r e s u l t  i n  equal le v e ls  

in  both  s t r a i n s .

I  f e e l  th a t  the  c lo se  agreem ent betr-jeen th e  enzyme' l e v e l  

measurements and the measurements of th e  DNA:mass r a t i o s  in  th ese

s t r a in s  argues a g a in s t  any such e f f e c t  of P on tJie o ü tp u t of
. ■
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FIGURE 2 8 .

EFFECT OF AN F tr p  ON THE OUTPUT OF CHROMOSOIIAL 
p-GALACTOSIDASE;BASAL LEVELS.

MCI 7 ( • )  and MC84 (o) were grown i n  g ly c e ro l ami no a c id  

medium in  h i ^  thymine (40  pgm /m l.). D ata i s  exp ressed  as enzyme 

a c t i v i t y  ( a r b i t r a r y  units)/m l/O D ^^Q . The s u b s tr a te  r e a c t io n  was 

allow ed to  co n tin u e  o v e rn ig h t a t  28°C.
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FIgORE 29.

THE EFFECT OF AH Ftrp PARTICLE ON THE OUTPUT OF 
CHROMOSOMAL P-GALACTOSIDASE: POTENTIAL.

The growth con d ition s used were id e n t ic a l  to  those used  

in  the experim ents shown in  f ig u r e s  27 and 28.MC17 ( • ) ;  MC84 ( 0) .  

The in d u ction  procedure i s  described in  M ateria ls and Methods.

118



I
LU

O
I

5 0 IOC ISO
TIME (MINS)



p -g a lactosid aae, on the chromosome r e p lic a t io n  v e lo c i ty  or on the 

chromosome in i t ia t io n  mass.

4 .  IV . THE LBV3LS OP TltYFTOHIMT SYITTHETASS ITT A t r n R "  A.ITD 

trpR~*~ HERODIPLOID

I t  has been shown that the le v e l  of tryptophan synth etase in  

a w ild  type (trpR"*") s tr a in , d ip lo id  fo r  the trp operon was increased  

when compared to the haploid parental s tr a in  (S te tso n  and 

Som erville 197l)* This observed d ifferen ce  in  tryptophan synthetase  

le v e l s  i s  d i f f i c u l t  to reco n c ile  w ith my fin d in g  (see  sec tio n  3 .VI 

and fig u re  25) th at a decrease in  the tr a n s it  time of a r e p lic a t io n  

fork of about 54 minutes does not r e su lt  in  a change in  the le v e ls  

of the enzyme in  a trpR^ s tr a in , fo r  in  both cases there i s  an 

in crease in  the concentration  of the trp operon. Indeed, i f  the 

mass doubling tim es of the haploid  and m erodiploid s tr a in s  a re the 

same, the le v e l s  of tryptophan synthetase might a lso  be expected  

to be equal s in ce  i t  could be argued th at the increased concentration  

of the trp operon in  the m erodiploid would lea d  to an increased  

degree of rep ression  v ia  the trpR gene product. This would 

consequently reduce the rate of tryptophan synthetase production  

per trn gene.

The magnitude of the in crease  in  tryptophan synth etase upon 

the in trod u ction  of an Ftrp p a r t ic le , i t  was argued (S te tso n  and 

Som erville 1971), in d icated  th at the ep iso n a lly  located  trn genes 

tend to sp e c ify  more enzyme than do chromosomal genes. The 1 1 . 9



v a l id i t y  of th is  con clu sion , as I w i l l  d iscu ss  la t e r ,  depends on 

the number of episom al trp genes compared to  chromosomal genes.

In an attempt to  reso lv e  the discrepancy between the two s e ts  o f  

r e s u lt s ,  I have measured the le v e l s  of tryptophan synthetase in  

both a _trpR**"/Ftrp m erodiploid s tr a in  (MC84) and an iso g en ic  

trpR /F trp  d e r iv a tiv e  (MC85) and have compared th ese le v e l s  to  

the enzyme le v e l s  in  th e ir  F parents under the same experim ental 

con d ition s as were used in  the experim ents sho^m in  fig u re  25.

The r e s u l t s  of th ese  experim ents are presented in  fig u re  50,

I t  can be seen  th a t although the enzyme le v e l  in  MC85 i s  

higher than in  i t s  F” parent (upper tv;o c u rv es), the le v e l s  in  

both the w ild  type parenta l s tr a in  and i t s  Ftrp d er iv a tiv e  are the 

same. Thus under the con d ition s used in  th is  study, an in crease  

in  the concentration  o f the trp operon obtained e ith e r  by an 

in crease  in  the r e p lic a t io n  v e lo c i ty  (f ig u r e  25) or by the 

in trod u ction  of an Ftrp p a r t ic le ,  causes an in crease  in  the le v e l  

of tryptophan syn th etase in  the trpR~ s tr a in s  but has no e f f e c t  

on the le v e l s  of th is  enzyme in  the w ild  type ( trpR^) s tr a in s .

There are severa l exp lanations which might account fo r  the  

d ifferen ce  between the r e s u lt s  presented here and those of S tetso n  

and S om erv ille , I t  might be due, fo r  in stan ce  to  a d iffe re n c e  in  

the behaviour o f th e  episomes used, or to a d iffe re n c e  in  growth 

co n d it io n s . The Ftrp episome which was used by these authors
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FIGURE 5 0 .

TRyPTOPHAR SYNTHETASE IN ISOGENIC trpR^/Ftrp and F~ AND 
tm R V F tm  F“ STRAINS.

MC17 ( * ) ,  i t s  Ftrp d er iv a tiv e  MO 84 (o ) ,  MC32 ( trpR"") ( a )  

and i t s  Ftrp d er iv a tiv e  MG85 ( a ) were grown in  g ly cero l amino 

acid  medium in  h i ^  thymine. The enzyme assay con d ition s were the 

same as used in  the experim ents reported in  fig u re  25 . The data  

h ere, un lik e those in  fig u re  25 do take in to  account the d ifferen ce  

in  the incubation  time used fo r  th e  trpR and trpR** s tr a in s .
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was the  P*colVcolB t r p  of F red e rio q  (F re d e ricq  I 969) and t h a t  

used  h e re  was KLF23 (see  Low 1975). I t  has been ^ow n th a t  

FcolVcolB t r p  can c o -e x is t  i n  th e  same c e l l  as the  c l a s s i c a l  F 

f a c to r  w ith o u t dem onstrable in c o m p a ta b ility  ( Jackson  and Yanofsky 

quoted in  S te tso n  and S om erv ille  1 9 7 l) . The behav iour of th i s  

episome i s  th e re fo re  somewhat d i f f e r e n t  from th a t  of the c la s s ic  

F and F prime fam ily  of p lasm ids, and the  number of co p ies  per 

c e l l  m ight be s ig n i f ic a n t ly  d i f f e r e n t .  Secondly, the  growth 

c o n d itio n s  used here  were n o t s t r i c t l y  comparable to  those  used 

by S te tso n  and S o m erv ille . These au tlio rs  used s ta t io n a r y  phase 

c u l tu re s  (a lth o u g h  they  s t a t e  t h a t  s im ila r  r e s u l t s  were o b ta in ed  

w ith  e x p o n e n tia lly  growing c u ltu re s )  whereas measurements were 

made in  th i s  s tudy  on c e l l s  growing e x p o n e n tia lly  in  a s te a d y -  

s t a t e  and a t  a  com parative ly  low c o n c e n tra tio n  (0,1 ^ 0 D ^ ^ q ^ 0 , 2 ) ,

Although in  my experim ents, the mass doubling time of the 

trpR /F trp  and F s tr a in s  were id e n t ic a l ,  i t  was noted th at there  

was a d is t in c t  d ifferen ce  in  the mass doubling tim es of the trpR /  

Ftrp and F s tr a in s . I t  i s  th erefore  not p o ss ib le  to r e la te  the 

d ifferen ce  in  enzyme le v e ls  in  the trpR" s tra in s  to the r e la t iv e  

con trib u tion s of th e  enzyme sp e c if ie d  by the chromosomal or 

episomal genes w ith any confid en ce.

Further in v e s t ig a tio n  revealed  th at the mass doubling time of 

the trpR /F trp  s tr a in  was dependant on the thymine concentration  in
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th e  growth medium. For c e l l s  growing in  a  g iven  medium a t  

57°C, th e  mass do u b lin g  time was found to  in c re a s e  w ith  

in c re a s in g  thymine c o n c e n tra tio n . The r e s u l t s  a re  p re sen te d  

in  f ig u r e  51• Over the  range of thymine c o n c e n tra tio n s  from 

1 to  40 ugm p e r  ml, the  mass doub ling  time of the  c u l tu re  

in c re a se d  from  65 to  74 m in u tes . The mass do u b lin g  tim e of 

t h i s  s t r a i n  growing in  1 pgm of tliymine p e r ml was s ig n i f i c a n t ly  

lo n g e r th an  th a t  of the iso g en ic  F p a re n t growing under the  same 

c o n d itio n s  in  h ig h  o r low thymine ( T  = 55 m in u te s ) , I  have n o t 

c a r r ie d  t h i s  in v e s t ig a t io n  f u r th e r .

I t  i s  perhaps of i n t e r e s t  to  sp e c u la te  as to  th e  mechanism

underlying th is  behaviour. The le v e l  of tryptophan synth etase

in  a trpR ” m utant i s  approx im ate ly  f iv e  to  te n  fo ld  h ig h e r  th an  

+in  i t s  trpR c o u n te rp a r t  growing in  medium w ith o u t try p to p h an  

(see  f ig u r e  2 5 ) . This in c re a se  has l i t t l e  e f f e c t  on the  growth 

r a t e  of the c e l l s  (s e e  f o r  example Rose e ^ , 1970). The

in tro d u c tio n , o f an F tr p  p a r t i c l e  in to  the  trpR "  background f u r th e r  

in c re a s e s  the  le v e l  o f try p tophan  s y n th e ta se  and a lso  in c re a s e s  

the  mass do u b lin g  tim e of th e  c e l l s .  T h is in c re a se  in  mass 

d oub ling  time must r e s u l t  from th e  in c re a se  in  th e  le v e l  of 

try p to p h an  sy n th e ta se  or more s p e c i f i c a l ly ,  th e  enz3rmes of the  

t r p  operon s in c e  b o th  enzyme le v e l s  and mass do u b lin g  tim es of 

th e  F trp  and F~wild type s t r a in s  a re  id e n t i c a l  under th e se  c o n d it io n s .
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FIGURE 31

EFFECT OF THYMINE CONCENTRATION ON THE GROWTH RATE 
OF MC85.

The c e l l s  were grown in  g ly cero l amino acid  medium 

con ta in in g  various concen trations o f thymine. Growth was fo llow ed  

fo r  a t  l e a s t  three g en era tion s.
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There would seem to  be two p o ss ib le  explanations fo r  th is :

a) th a t the in crease  in  tryptophan synthetase j)reduction  

s ig n if ic a n t ly  reduces the fr a c t io n  of to ta l  energy a v a ila b le  to  

the c e l l  fo r  other b io sy n th e tic  r ea c tio n s .

or b) th at the in crease  in  enzyme le v e l s  lead s to an in crease  

in  the in tr a c e llu la r  concentration  of an interm ediate in  the 

b io sn th e s is  of tryptophan which i s  in liib ito ry  fo r  growth.

On e ith e r  h y p oth esis, the greater  the d if f e r e n t ia l  ra te  o f 

enzyme sy n th es is , the greater would be the predicted in crease  in  

mass doubling tim e. This i s  indeed what i s  observed. An 

in crease  in  r e p lic a t io n  v e lo c i ty  r e s u lt in g  from an in crease  in  

thymine concentration  in creases the concentration  (and th erefore  

the d if f e r e n t ia l  ra te  of sy n th es is  of tryptophan enzymes) of the 

chromosomal trp  operon (f ig u re  25) w h ils t  not a f fe c t in g  the 

concentration  of the episomal genes (f ig u r e  2 6 ). The corresponding  

in crease  in  mass doubling time tends to reduce the concentration  of 

the chromosomal trp  operon. This e f f e c t  i s  greater the higher the 

r e p lic a t io n  v e lo c i t y  and, from fig u re  31, seems to approach a 

minimum a sy m to tica lly .
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4 .  DISCUSSION.

Present knowledge concerning the molecular mechanisms which 

govern r e p lic a t io n  of the b a c te r ia l chromosome and th at of sta b le  

autonomously r e p lic a t in g  episomes i s  lim ite d . Several models have been 

proposed to exp la in  various asp ects of the p rocesses lead in g  to  

in i t ia t io n  of rounds of r e p lic a t io n . Three such models have 

been b r ie f ly  ou tlin ed  previously  (s e c t io n  1 .I I  and V l) . They can 

be d iv ided  in to  two b asic  typ es. The f i r s t  c la s s  of model 

proposes that in i t ia t io n  i s  co n tro lled  in  a p o s it iv e  manner. I t  

in c lu d es membrane s i t e  models such as the rep lico n  h yp othesis of 

Jacob e t . a l .  ( l9 ^ 3 )î " in it ia to r ” accumulation models such as th at 

of H elm stetter e t . a l .  (1958), and a m od ification  of the la t t e r  

which proposes a requirement fo r  the maturation of an in i t ia t io n  

complex fo r  in i t ia t io n  to take place (Bleecken 1969). The second  

c la s s  proposes that in i t ia t io n  i s  co n tro lled  in  a negative fa sh io n .

The in h ib ito r  d ilu tio n  model of Pritchard e t . a l .  ( 1969) 3.nd the 

" s ite  territory"  model (iTarvin 1968) f a l l  in to  th is  category .

A premise f i r s t  formulated in  the rep lico n  h yp othesis and 

subsequently encompassed in  more form al models of both a p o s it iv e  

and negative nature, i s  th at in i t ia t io n  of chromosome r e p lic a t io n  

and th at of episomes such as P are co n tro lled  by sim ila r  p ro cesses .

In other words, the r e la t io n sh ip  between the number of cop ies o f P 

and the number of chromosome o r ig in s  should remain constant a t a l l  

tim es both under s tea d y -s ta te  con d ition s and during tr a n s it io n s  J[ 2  6  

from one s tea d y -s ta te  of growth to another. A d ir e c t  demonstration



of the v a l id i t y  of t h is  premise i s  thus necessary  before the 

m erits of any of the above models can be a scer ta in ed . Since  

current evidence i s  c o n s is te n t w ith  the h yp oth esis that the 

in i t ia t io n  mass o f the chromosome remains constant over a range 

of c e l l  growth r a te s  (Cooper and H elm stetter 1968; Donachie 1968), 

i t  might be expected lik e w ise , th at P r e p lic a t io n  would occur at  

a constant mass over th is  range. This would preclude coupling  

between P r e p lic a t io n  and any phase of the chromosome r e p lic a t io n  

cy c le  other than in i t ia t io n .  The data shown in  fig u re  26 lend  

support to  th is  notion  but do not preclude the p o s s ib i l i t y  th at  

P r e p lic a t io n  i s  coupled to in i t ia t io n  or to  the r e p lic a t io n  of  

genes located  c lo se  to the o r ig in .

One approach to analysing the r e la t io n sh ip  between P 

r e p lic a t io n  and the c e l l  cy c le  has been the use of synchronous 

c u ltu r e s . P r e p lic a t io n  i s  gen era lly  monitored by n otin g  the 

time in  the c e l l  cy c le  a t which the p o te n tia l to  sy n th esise  

ep isom ally  s p e c if ie d  p -g a la cto sid a se  dou bles. Some e a r ly  

experim ents o f N ish i and H oriuchi (1966) u sin g  E. c o l i  

synchronised by the f i l t r a t i o n  method of Haruyama and Yanagita 

( 1956) and growing in  g ly c er o l minimal medium suggested that 

P r e p lic a t io n  in  th is  medium occurred rather e a r ly  in  the c e l l  

c y c le .  The v a l id i t y  of th is  con clu sion  i s  qu estion ab le  s in ce  

under th e ir  co n d itio n s , n e ith er  p -g a la cto sid a se  nor D -serin e deaminase 

p o te n tia l in  the P parent, nor D -serine deaminase in  the P*lac
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d e r iv a tiv e  increased in  the expected stepw ise fa sh io n . The 

p o s s ib i l i t y  that a r te fa c ts  were introduced by the synchronisation  

procedure th erefore cannot be exdluded, Donachie and Masters 

( 1966) however have a lso  concluded th at F r e p lic a t io n  occurs 

e a r ly  in  the c e l l  c y c le . Using a sucrose gradient cen tr ifu g a tio n  

procedure to obtain synchronous c e l l s  (M itchison and Vincent 1965), 

they found two stepw ise in crea ses  in  p -g a la cto sid a se  p o ten tia l 

during the c e l l  cy c le  in  an F lac / la c ’̂  s tr a in  whereas in  the F" 

parent under the same co n d ition s, they could d e te c t only a s in g le  

s te p . This ad d ition a l step  in  p o ten tia l occurred ea r ly  in  the 

c e l l  c y c le .

Experiments using  the membrane e lu tio n  technique (H elm stetter  

and Cummings 1963, I964) have y ie ld ed  data which have been in terp reted  

in  d if fe r e n t  ways. Z eu then and Pato ( l 9 7 l ) ,  u sin g  an B. c o l i

b /r A lac/F lac s tr a in , concluded contrary to the fin d in g s  of Donachie 

and Masters ( 1966) ,  that F r e p lic a t io n  occurs la te  in  the c e l l  cy c le  

over a range of growth rates* Their data however can be in terp reted  

in  a number of ways. The sc a tte r  o f the data i s  such that they  

are c o n s is ten t with F r e p lic a tio n  occurring co in c id en t with  

term ination  of a round of chromosome r e p lic a t io n  in  a l l  but f a s t  

growing c e l l s  ( 'V = 24 m inutes). Equally, as argued by Davis 

and H elm stetter (1973), the data are c o n s isten t w ith  tlie idea  th at 

F r e p lic a t io n  occurs a t a s im ila r  c e l l  age to th a t a t w h ich '. 

chromosome in i t ia t io n  tak es place but th a t in  c e l l s  growing with
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doubling t in e s  g rea ter  than 50 m inutes, P r e p lic a t io n  occurs 

s ig n if ic a n t ly  e a r l ie r .  Data from a sim ila r  s e r ie s  of experiments 

by Davis and H elm stetter  (1973) have been in terp reted  to  show that 

F r e p lic a t io n  in  c e l l s  growing w ith generation  tim es of le s s  than 

55 minutes occurs a t  approximately the same time as in i t ia t io n  of 

chromosome r e p lic a t io n , and again, in  c e l l s  growing w ith doubling  

tim es greater than t h is ,  i t  occurs s ig n if ic a n t ly  e a r l ie r .  Both 

s e t s  of data are shown in  fig u re  32 and, as can be seen , are in  

good agreement.

Cooper ( 1972) has in v e stig a te d  the p attern  of F r e p lic a t io n  

in  a s im ila r  way. He has used the membrane e lu tio n  technique, 

but in  ad d itio n , has subjected  the membrane bound c e l l s  to  a 

sh ift -u p  in  growth r a te . Although the synchrony i s  poor, and 

thus h is  data rather d i f f i c u l t  to analyse, he has concluded th at 

the v a r ia t io n  in  c e l l  age a t  which F r e p lic a t io n  occurs during the 

s h i f t  i s  s im ila r  to the v a r ia tio n  in  c e l l  age a t which chromosome 

in i t ia t io n  occu rs. Again, in  slow growing c e l l s ,  F r e p lic a t io n  

occurs e a r lie r  than in i t ia t io n  of chromosome r e p lic a t io n . He a lso  

concludes th at F r e p lic a t io n  occurs p ro g ress iv e ly  e a r lie r  in  the 

c e l l  cycle  than chromosome in i t ia t io n  as the growth rate  i s  

decreased . In other words, the in i t ia t io n  mass fo r  F r e p lic a tio n  

in crea ses  p ro g ress iv e ly  w ith  growth r a te . In regard to  

experim ents of t li is  nature, i t  should be noted th at the e lu t io n  

technique becomes l e s s  accurate a t both ends o f the growth ra te
129
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FIGURE 3 2 .

TIMING OF F REPLICATION IN THE CELL CYCLE.

 ----- - ,  th e o r e tic a l time in  the c e l l  c y c le  a t  which new

rounds o f r e p lic a t io n  occur; —------ — — > th e o r e t ic a l time in

the c e l l  c y c le  a t  which term ination o f rounds o f r e p lic a t io n  

occu rs. The data are taken from Zeuthen and Pato ( l9 7 l)

( ®  , a  ) and from Davis and H elm stetter (1975) ( $ ,o ) .  The

c lo sed  symbols represent the estim ated time in  the c e l l  cy c le  a t  

which F r e p lic a te s ,  as judged by the doubling in  ep isom ally  sp e c if ie d  

p -g a la c to s id a se . The open symbols represent the estim ated  time in  

the c e l l  cy c le  a t  which chromosome in i t ia t io n  occu rs.
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of data however, i s  th a t tlie c e l l  age at which F r e p lic a t io n  

occurs changes in  a manner s im ila r  (but not n e c e ssa r ily  id e n t ic a l)  

to chromosome in i t ia t io n .

A second approach to  determ ining the tim ing of F r e p lic a t io n  

in  r e la t io n  to chromosome in i t ia t io n  has been to measure the 

number o f cop ies of F r e la t iv e  to other c e l l  parameters in  steady  

s ta te  batch c u ltu r e s . Frame and Bishop ( l9 7 l)  u sin g  an RNAzDNA 

h yb rid iza tion  procedure, have estim ated th at F *8(gal) DM in  c e l l s  

growing w ith  a doubling time of between 50 and 55 m inutes, 

comprises some 4/̂  o f to t a l  DM. This i s  equ ivalen t to  

approxim ately 1 ,4  cop ies per genome equivalent of chromosomal DM 

or, assuming C+D to be 70 m inutes, and 'y  = 50 m inutes, 0 ,8  

cop ies per chromosome o r ig in . This value i s  in  good agreement 

w ith  the estim ates made by C o llin s  and Pritchard (1975) of the  

number of cop ies of an F*lac p a r t ic le  per chromosome o r ig in  in  

c e l l s  growing a t a comparable r a te . Using the measured contour 

len g th  to  estim ate the m olecular weight of the episome and a 

DM:DM h y b rid iza tio n  procedure to estim ate the percentage of 

F DM in  to ta l  DNA, they found th at the number of cop ies of the 

sex fa c to r  per chromosome o r ig in  decreased from 0 ,9  in  c e l l s  growing 

w ith  a doubling tim e of about 60 minutes to  0 ,5  in  c e l l s  growing 

w ith  a doubling time of about 22 m inutes. This f in d in g  i s

not co n s is ten t with th e.v iew  that F r e p lic a t io n  occurs a t a  

constant c e l l  mass over a range of growth ra tes  and i s  q u a lita t iv e ly
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in  agreement w ith the r e s u lt s  of Cooper (1972).

In ad d ition  to estim atin g  the number of cop ies of F *8(gal) 

by h y b rid iza tio n . Frame and Bishop (1971) were able to  show th at  

the a c t iv i t y  of galactokinase and ga lactose-I-p h osph ate u r id y l  

tran sferase  in  c e l l s  w ith and without episom al and chromosomal ■ 

^al genes was proportional to the number of ^al genes present 

i f  the gra tu itou s inducer D-fucose was used . I f  the 

observation  of p ro p o rtio n a lity  between gene dosage (or more 

s t r i c t ly ,  gene concentration) and gene output i s  v a lid  in  the 

case of other enzyme systems in  which i t  i s  p o ss ib le  to control 

e x te rn a lly  the degree of rep ression  or derepression  operating  

and i f  th is  i s  a lso  true over a range of growth r a te s , then, as  

d iscu ssed  in  sec tio n s  4 .1  and 4 . I I ,  measurements o f enzyme 

a c t iv i t y  in  haploid  and m erodiploid s tr a in s  might prove u se fu l  

fo r  in v e s t ig a t in g  not only F r e p lic a t io n  but the r e p lic a t io n  o f  

other b a c te r ia l plasm ids.

I t  has been noted th at the in trod u ction  of an F prime fa c to r  

does not n e c e ssa r ily  give r i s e  to a tw ofold in crease  in  enzyme 

a c t iv i t y  in  the r e su lt in g  m erodiploid s tr a in . In some cases  

the increase i s  l e s s ,  and in  others more than tw ofold . This 

has been a ttr ib u ted  to a change in  the tra n scr ip tio n  and/or 

tra n s la tio n  frequency of the gene when lo ca ted  on the episome 

(s te tso n  and S o m erv ille , 1971 ) •  Even i f  the ra te  ,of enzyme 

sy n th es is  were independant of the lo c a t io n  of the gene, (w ith
132



resp ect to  episome or chromosome) one would not n e c e ssa r ily  expect 

to  observe a tw ofold  in crease in  the m erodiploid s tr a in . The

magnitude of the increase  w i l l  depend on severa l fa c to r s . In

the f i r s t  p la ce , one would not expect p ro p o rtio n a lity  between 

gene concen tration  and gene output i f  the gene in  q u estion  were 

regu lated  by in ter n a l e f fe c to r s  (see  sec tio n  4 .IV ), and secondly, 

the magnitude of the in crease  w i l l  depend on the concentration  

of the episom al gene r e la t iv e  to  the concentration  o f the 

chromosomal gene. This in  turn w i l l  be dependant on the growth 

ra te  of the c e l l s  (and the r e p lic a t io n  v e lo c i ty ) ,  the lo c a tio n  of 

the gene on the chromosome and the mode of F r e p lic a t io n . With 

th is  in  mind, i t  may be of in te r e s t  to  analyse severa l s e t s  of 

published data concerning the expression  of genes in  m erodiploid  

s tr a in s ,  I w i l l  consider only enzymes which are in d u cib le  or 

which are produced a t basal le v e l  or c o n s t itu t iv e  l e v e l s .  I t  i s  

assumed throughout th a t : -  a) enzyme output in  th ese  s itu a t io n s  

i s  proportional to  gene concentration  and does not depend on the 

lo c a t io n  o f the gene w ith resp ect to  episome or chromosome,

b) the chromosome o r ig in  i s  lo ca ted  a t 67 or 75 minutes on the 

E .c o l i  lin kage map (Taylor and T rotter 1972). C a lcu la tion s based 

on the la t t e r  value are placed in  brackets, c) th at r e p lic a t io n  i s  

b id ir e c t io n a l and symmetric and, d) th at the tr a n s it  time of a 

r e p lic a t io n  fork  i s  45 m inutes,
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C assio ( 1970) have reported th at E .c o l i

carrying the episome F*32(dsd~ )̂ and growing in  n u tr ien t broth  

shows an increased  b asal le v e l  o f D -serine deaminase of 1 .77  fo ld  

compared to  the iso g en ic  female s tr a in . I f  i t  i s  assumed th a t  

both the male and fem ale s tra in s  grow a t the same rate  w ith a 

doubling time of about 25 m inutes, c a lc u la tio n  shows th at the 

number of cop ies o f F32 compared to the chromosomal dsd locu s  

i s  0 .7 7  ( 0 . 76) and the number of cop ies per chromosome o r ig in  

i s  0.41 ( 0 . 55) .  In g lucose minimal medium, the male was found 

to have basa l D -serine deaminase le v e l s  2 .0  fo ld  higher than the  

fem ale. I f  a generation  time of 60 minutes i s  assumed fo r  

E .c o l i  2 grov^ing in  th is  medium at 57^C, then the r a t io  of F52 

to  chromosomal dsd lo c i  i s  1,05 ( 1 .O5) and the number per chromosome 

o r ig in  i s  0 ,8  (0 ,7 5 ) .  These r e s u lt s  are q u a lita t iv e ly  in  agreement 

w ith those of C o llin s  and Pritchard ( l9 7 5 ) .

In a paper by Garen and Garen ( 1963) concerned w ith  

complementation between stru ctu ra l mutants of a lk a lin e  phosphatase, 

i t  was shown th at fo r  E .c o l i  growing in  L ,broth , the a c t iv i t y  of 

a lk a lin e  phosphatase in  a. F * nho/nho^ m erodiploid s tr a in  was 2 .4  fo ld  

higher than in  the iso g en ic  fem ale. In th is  case the proportion  

of F” segregants was shovm to  be l e s s  than 5a'* I f  we assume that 

in  L .b roth , the c e l l s  grow w ith a generation  time of about 22 

m inutes, then the number of cop ies of the F prime compared to the
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chromosomal phosphatase stru ctu ra l gene i s  1*4 (l* 4 ) and the 

r a t io  of P* to chromosome o r ig in s  i s  0 ,49  ( 0 ,6 ) ,

Several estim ates have been made concerning the a c t iv i t y  of 

P -g a la cto sid a se  in  haploid  and m erodiploid s t r a in s .  Revel ( 1965) 

found th a t in  c e l l s  growing in  a g ly cero l amino acid  medium w ith  a 

doubling time of between 56 and 60 minutes (Revel e t . a l .  1961) ,  

there was approxim ately a 2.1 fo ld  d ifferen ce  in  the le v e l s  of 

f u l ly  induced p -g a la cto sid a se  between haploid  and m erodiploid  

s tr a in s . This corresponds to a r a t io  of episom al to chromosomal 

la c  genes o f 1.1 ( 1 .I )  and a r a tio  of episome to chromosome o r ig in s  

of 0 .76  (0 . 82) ,  Both the enzyme and h yb rid iza tion  data have been 

p lo tted  in  f ig u re  55 . I t  can be se e n  that both types of data are 

in  accord w ith n otion  that the number of cop ies  of the episome per 

chromosome o r ig in  decreases w ith in crea sin g  growth r a te .

Q u a lita tiv e ly , i t  i s  the behaviour expected i f  in i t ia t io n  of 

chromosome r e p lic a t io n  occurs a t a constant c e l l  mass and P 

r e p lic a t io n  were coupled in  some way to  the surface area of the c e l l ,  

or i f  i t  were d ir e c t ly  coupled to the r e p lic a t io n  of chromosomal 

genes lo ca ted  some d istan ce  from the o r ig in  (s e c t io n  4 . I and I I ) .

The curve drawn in  fig u re  55 shows the change in  surface area:mass 

r a t io  w ith  growth r a te . The values are taken from ta b le  5 and 

have been norm alised to  a value o f 0 .8  fo r  c e l l s  growing w ith a mass 

doubling time of 60 m inutes.

One way in  which the notion  of coupling of P r e p lic a t io n  to  a
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FIGURE

VARIATION OF THE ITOMBER OF COPIES OFF PER CHROMOSOME 
ORIGIN WITH GROWTH RATE.

The methods used to ca lcu la te  the number o f F p a r t ic le s  

per o r ig in  are d iscu ssed  in  the t e x t .  The curve shown i s  the 

th e o r e t ic a l change in  the surface area:mass r a t io  (Schaechter e t . a l .  

1958).

Data are taken from: C o llin s  and Pritchard (l9 7 3 ) (o'
Revel ( 1965) (oj
Frame and Bishop ( l9 7 l )  (A.
C assio ( 1970)
Garen and Garen (1965) (A;
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co n stan t  su rface  a re a  mi{;ht be t e s t e d  i s  to  use the observed s ize  

changes in  tliy'” c o l l s  w ith  thymine con cen tra t io n  as a means of 

changing the surface  area:mass r a t i o  in  a manner independant of 

growth r a t e .  In  p ra c t ic e  however, as noted in  s e c t io n  4 . II» 

i t  i s  d i f f i c u l t  to q u a n t i ta te  the change in  surface  a rea .

Consequently, the p red ic ted  change in  F con cen tra t io n  on a surface  

a rea  model cannot be estim ated ,

A f u r th e r  approach to  the question  o f  the co n tro l  of F 

r e p l i c a t i o n  has been to observe the r e la t io n s h ip  between F and 

chromosome r e p l i c a t io n  fo llow ing  trea tm en ts  such as amino ac id  

s ta r v a t io n  (Bazaral and Helinsky 1970) or a f t e r  s h i f t i n g  a 

temperature s e n s i t iv e  i n i t i a t i o n  mutant ( dnaA or c) to the non- 

perm issive temperature (Zeuthon and Pato 197 l) .

Bazaral and Helinsky (1970) have concluded th a t ,  fo llow ing  

amino acid  s ta r v a t io n  of H.o o l i   ̂ Cdpq F , chromosomal and F 

sy n th es is  remain in  p ro p o r t io n .  They suggest th a t  the  i n i t i a t i o n  

of F f a c to r  sy n th es is  i s  dependant on chromosome r e p l i c a t io n  through 

a mechanism which does not depend on p ro te in  sy n th e s is .

The r e s u l t s  obtained us ing  a temperature s e n s i t iv e  i n i t i a t i o n  

mutant (Zeuthen and Pato 197l) are  concordant with those obtained 

with amino ac id  s ta r v a t io n .  Following a s l i i f t  to the non-permissive 

tem perature, F r e p l i c a t io n  (as  judged by the cap ac ity  to sy n th es ise  

episom ally  sp ec if ie d  p -ga lac to s idasc )  continues u n t i l  chromosomal fllA 

sy n th es is  ceases . Fpisome r e p l i c a t io n  resumes soon a f t e r  1 3 7



r e tu rn in g  the c u l tu re  to the perm issive tem perature.

To summarise then, i t  vrould seen, on p resen t evidence, th a t  

F r e p l i c a t i o n  re q u ire s  chromosomal I)ÎIA s^nithesis . This does 

not seen to  be a s p e c i f ic  requirement fo r  chromosome i n i t i a t i o n ,  

s ince  F r e p l i c a t io n  continues  fo r  some t in e  a f t e r  chromosome 

i n i t i a t i o n  has been in h ib i te d .  Nor does i t  seen to be a 

requirem ent f o r  te rm in a tio n  s in ce ,  on re tu rn in g  a dnaC/Plac 

c u l tu re  from the n o n -p em iss iv e  to the permissive tem perature,

F r e p l i c a t io n  proceeds almost immediately. The c e l l  age a t  

which F r e p l i c a t io n  occurs has been shown to  vary with growth 

r a t e ,  and may or may not coincide w ith i n i t i a t i o n  of chromosome 

r e p l i c a t i o n .  Data concerning t h i s  p o in t i s  a t  p resen t 

in co n c lu s iv e .  Experiments u t i l i z i n g  synchronous c u l tu re s  can be 

in te rp re te d  to show th a t  the r e la t io n s h ip  between F r e p l i c a t io n  

and i n i t i a t i o n  of chromosome r e p l i c a t io n  i s  in v a r ia n t  with growth 

r a t e .  On the o ther hand, sev e ra l  s e t s  of da ta ,  both d i r e c t  and

i n d i r e c t ,  from ezpe rinen ts  w ith  s te a d y -s ta te  batch c u l tu re s  suggest 

th a t  the i n i t i a t i o n  mass f o r  F r e p l i c a t io n  nay in c rease  with growth 

r a t e .  This would be the behaviour expected i f  F r e p l i c a t i o n

were coupled d i r e c t l y  to  the r e p l i c a t i o n  of chromosomal genes 

lo ca ted  some d is tan ce  from the o r ig in .  The da ta  p resen ted  in  

s e c t io n  4 . I I  p rec ludes  such a p o s s i b i l i t y ,  bu t does not preclude 

coupling to chromosome i n i t i a t i o n  or to r e p l i c a t io n  of genes 

lo ca ted  c lose  to the chromosome o r ig in .  U nfortunate ly , te ch n ica l
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d i f f i c u l t i e s  have prevented the u t i l i z a t io n  of the observed 

c e l l  s iz e  changes (f ig u re  17) w ith thymine concentration  as 

a means of in v e s t ig a t in g  the notion  th at F r e p lic a t io n  i s  

coupled to a constant surface area. U n til the r e la t io n sh ip  

between chromosome in i t ia t io n  and P r e p lic a tio n  has been more 

com pletely documented, i t  would seem premature to d iscu ss the 

behaviour of F w ith  regard to  the proposed models described  

at the beginning o f th is  s e c t io n .
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STUDIES ON BACTERIAL GROWTH AND REPLICATION - PH.D. THESIS - M.G. CHANDLER

SUMMARY

Previous work in this laboratory has indicated that in thymine low requiring 

strains of Escherichia coli, the transit time of a replication fork can be varied 

without an appreciable effect on the growth rate, simply by varying the thymine 

concentration in the growth medium. This results in a change in the DNA concentra

tion and therefore changes the dosage of most genes. I have defined three more 

precise parameters which have previously been encompassed in the term gene dosage. 

These I have called gene concentration, relative gene dosage, and gene dosage.

On theoretical grounds, these three parameters change in separate and distinct 

ways as a function of the replication velocity and as a function of the relative 

-position of the gene on the chromosome. In order to distinguish'the relative 

importance of each of them in determining the overall rate of protein synthesis,

I have compared the rate of enzyme synthesis from five genes in a fully repressed

or induced state and one in an autogenous state in cultures growing at the same

rate but having different transit times.

The data permit the following conclusions;

(1) The initiation mass is independent of the transit time of a replication

fork at one growth rate.

(2) Replication is bidirectional. The chromosome origin is near the gene 

coding for tryptophanase and the terminus near the gene specifying tryptophan 

synthetase. The data place the origin in the region of 67 minutes on the E.coli 

linkage map.

(3) The output of a gene under conditions when it is subject to regulation 

by a cytoplasmic effector decreases as its concentration is increased.

In addition, I have used the observed differential effect of changes in 

replication velocity on gene concentration to determine if the replication of the 

sex factor F is directly coupled to any stage of the chromosome replication cycle. 

The data preclude the possibility that F replication is coupled to any part of the 

chromosome replication cycle other than to initiation (or to the replication of 

genes close to the origin) or, at the growth rate used here, that it occurs at a
r p r | e + - Q n f  n o i l


