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ABSTRACT

1. Mutants o f E. c o l i  K12 devoid o f a c e ta te  k in ase  and p h o sp h o tran s- 

a c e ty la se  a c t i v i t i e s  have been i s o la t e d  by s e le c t io n  fo r  r e s is ta n c e  to  

f lu o ro a c e ta te .  The p ro p e r t ie s  o f th e  m utants have been s tu d ie d  and 

th e  r o le  o f the  a c e ta te  k in a se /p h o sp h o transa c e ty la se  system  c l a r i f i e d .

I t  has a  r o le  in  a c e ta te  e x c re tio n  and i t s  c o n tro l p ro p e r t ie s  a re  

c o n s is te n t w ith  a  r o le  in  fe rm en ta tiv e  m etabolism . I t  a lso  has a  r o le  

in  a c e ta te  a c t iv a t io n  a t  h ig h  c o n c e n tra tio n s  o f a c e ta te .

2 . S tu d ies  o f a c e ta te  in c o rp o ra tio n  by a c e ta te  k in ase  and phospho- 

t r ansace ty le ise -n eg a tiv e  m utants o f  E. c o l i  K12 have re v e a le d  th e  

e x is ten ce  of a  second system  capab le  o f  a c e ta te  a c t iv a t io n  i n  t h i s  

organism . This system  has p ro p e r t ie s  c o n s is te n t  w ith  a  r o le  in  th e  

a c t iv a t io n  o f a c e ta te  a t  low c o n c e n tra tio n s . I t  i s  s a tu r a te d  a t  2 mM 

a c e ta te  and i s  a lso  s u b je c t  to  re p re s s io n  by g lu co se . An a c e ta te  

th iokineise a c t i v i t y  cou ld  be d e tec te d  in  c e l l - f r e e  e x tr a c ts  and a 

number o f i t s  p ro p e r t ie s  cou ld  be c o r re la te d  w ith  j j i  vivo o b se rv a tio n s  

on th e  second system . The a c t i v i t y  was induced by a c e ta te  and 

re p re sse d  by g lu c o se . I t  had a low fo r  a c e ta te .  The th io k in a se  

a lso  shows p ro p io n a te  th io k in a se  a c t i v i t y .  A ttem pts to  i s o l a t e  m utants 

m odified in  t h i s  a c t i v i t y  proved u n su c c e ss fu l.

3 . Problems r e l a t in g  to  th e  study  of monocarboxylic a c id  perm eation  

have been review ed. The up take o f a c e ta te  and l a c t a t e  by washed c e l l  

suspensions o f E. c o l i  K12 has been in v e s t ig a te d .  The d a ta  o b ta in ed  

have been co n sid ered  in  th e  l i g h t  o f  c r i t e r i a  re q u ire d  to  e s ta b l i s h  

the  e x is ten c e  o f s p e c i f ic  t r a n s p o r t  system s. Two a c e ta te  up take



V I

p ro c e sse s  have been found. One shows s a tu r a t io n  k in e t ic s  w ith  a K̂ j 

o f approx . 10 ^ M and i t s  a c t i v i t y  i s  re p re s s e d  by g lu c o se . The 

o th e r  o p e ra tin g  a t  h igh  a c e ta te  c o n c e n tra tio n s  i s  a p p a ren tly  non

s a tu r a b le .  The e f f e c t s  o f a  number o f f a c to r s  on a c e ta te  uptake 

were in v e s t ig a te d .  P re lim in ary  evidence t h a t ,  under c e r ta in  c o n d itio n s , 

a  membrane t r a n s p o r t  p ro cess  may be r a t e - l im i t in g  in  a c e ta te  uptake 

was o b ta in e d . The e x is ten c e  o f s p e c i f ic  tr a n s p o r t  system s fo r  D- 

and L - la c ta te  was e s ta b lis h e d . The p ro p e r t ie s  o f  th e se  system s were 

in v e s t ig a te d .  L ac ta te  up take was found to  be induced  by l a c t a t e  and 

re p re s se d  by g lu c o se . L ac ta te  was n o t a c t iv e ly  co n cen tra ted  w ith in  

th e  c e l l ,  b u t uncoupling  ag en ts  p rev en ted  i t s  t r a n s p o r t .  Bie 

p ro p e r t ie s  o f a m utant d e fe c tiv e  in  c a ta b o l i t e  re p re s s io n  o f L - la c ta te  

u t i l i z a t i o n  a re  d e sc rib ed .

4 . Mutants o f  A. aerogenes 1033 devoid o f a c e ta te  k in ase  and phospho- 

t ra n s a c e ty la s e  a c t i v i t i e s  have been i s o la te d  by s e le c t io n  fo r  r e s is ta n c e  

to  f lu o r o a c e ta te .  T heir p ro p e r t ie s  have been compared w ith  those  o f 

the  E. c o l i  m utan ts . The a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  system  

has an a ii^h ib o lic  ro le  in  A. aerogenes. No evidence fo r  the  o p e ra tio n  

o f an a l te r n a t iv e  mechanism o f a c e ta te  a c t iv a t io n  was o b ta in e d . The 

coarse  c o n tro l p ro p e r t ie s  o f th e  a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  

system  were s tu d ie d  under a v a r ie ty  o f c o n d itio n s . The r o le  o f a c e t ic  

a c id  as th e  in d u cer o f th e  enzymes o f  th e  b u tan ed io l-fo rm in g  system  of

A. aerogenes was e s ta b l is h e d . P o ss ib le  r e la t io n s h ip s  between th e  

o p e ra tio n  o f th e  a c e ta te  e x c re tin g  system  and th e  o p e ra tio n  o f the  

b u tan ed io l-fo rm in g  system  a re  d iscu ssed .
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Figure 1

Pathways o f m onocarboxylic a c id  m etabolism  i n  E. c o l i

1. l a c t a t e  dehydrogenase; 2 . D -la c ta te  o x id ase ; 3- L - la c ta te  

oxidase ; 4 .  pyruva te  k in a se ; 3- P E P -syn thase; 6.  pyruvate  fo rm ate- 

ly a se ; ?• py ruvate  dehydrogenase; 8 . p h o sp h o tra n sa c e ty la se ;

9 . a c e ta te  k in a se ; 10. up take system  fo r  p y ru v a te ; 11 . t r ic a rb o x y l ic  

a c id  c y c le .



Table 1

Organism 
E sc h e r ic h ia  
c o l i  *

Mating
type

Growth
req u irem en ts

M etabolic
le s io n s

O rig in

K12 s t r a i n s  :

K1 Hfr m et,th y - la b .  s t r a i n

K1HFAc1 Hfr m et,th y ACK” t h i s  s tudy

K1HFAC2 Hfr m e t,th y ACK" t h i s  s tudy

K1HFAc3 Hfr m et,th y pta“ t h i s  s tudy

K2 F" h i s , t h r , l e u , a r g , 
t r p

- la b .  s t r a i n

K2FAc1 F“ h i s , t h r , l e u , a rg , 
t r p

ACK" th i s  s tudy

K2FAc7 F’ h i s , t h r , l e u , a rg , 
t r p

PTA“ t h i s  s tu d y

K2HFAc3 F“ h i s , t h r , l e u , a r g ,  
t r p

PTA" th i s  s tudy

K2.3 F“ h i s ,a r g , t r p ,a c e PDH“ la b . s t r a i n

K 2.1t F“ h i s , t h r , l e u , a r g PPS” la b . s t r a i n

K2.1.4 F“ a r g , t h r , l e u ,g i t PPS’ ,CS“ la b . s t r a i n

ABI62I - - - R.A. Cooper 
(L e ic e s te r )

ABI62I LLO - - LLO“ R.A. Cooper 
(L e ic e s te r )

1100 - - - I .  P astan  
(B ethesda) [ l ]

5336 - - AC" I .  P astan  
(B ethesda) Cl]

5336 L-laot'* ' - - AC",LOR" t h i s  s tu d y

K12 Hfr L.N. O rnston
(New Haven) [ I I ]



Table 1 (continued)

Organisms M ating Growth
________________ type requ irem en ts

M etabolic
le s io n s

O rig in

Kl2Glc102 H fr USG L.N. O rnston 
(New Haven) [ l l ]

A erobacter
aerogenes
s t r a in s

1033 t

1033 FAc6 

1033 FAc7 

1033 FAc8

-  H .E. Umbarger
(L a fay e tte )  [ I I I ]

PTA" t h i s  s tu d y

ACK/PTA" th i s  s tudy

ACK" th i s  s tu d y

Pseudomonas
aeru g in o sa
s t r a in s

D17

ATI 6 ACT

D. Jones 
(L e ic e s te r )

A .J . S kinner 
(L e ic e s te r )

a l l  s t r a i n s  o f E. c o l i  K12 l i s t e d  have a  requ irem en t fo r  th iam in  
( v i t .  B^)

The fo llow ing  a b b re v ia tio n s  a re  used to  d e sc rib e  m etabo lic  le s io n s :  

ACK = a c e ta te  k in a se ; PTA = p h o sp h o tra n sa c e ty la se ; PDH = pyruvate  

dehydrogenase; PPS = PEP-synthase ; CS = c i t r a t e  sy n th ase ; LLO = L- 

l a c t a t e  o x id ase ; AC = adenyl cy c la se  ; LCR = c a ta b o l i te  re p re s s io n  

o f L - la c ta te  u t i l i z a t i o n ;  USG = uptake system  fo r  g ly c o l la te ;

ACT = a c e ta te  th io k in a s e .
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Table 1 ( continued)

The fo llow ing  a b b re v ia tio n s  a re  used  to  d e sc rib e  growth req u irem en ts : 

h is  = h i s t id in e ;  th r  = th re o n in e ; le u  = le u c in e ; arg  = a rg in in e ; 

t r p  = try p to p h an ; ace = a c e ta te ;  g i t  = g lu tam ate ; met = m eth ionine; 

thy  = thym ine. Amino ac id s  were ro u t in e ly  added to  media a t  

100 pg/m l and thymine a t  40 p,g/ml.

The p rocedures used to  s e le c t  s t r a in s  d e riv ed  in  the  course o f th i s  

s tudy  a re  d e sc rib ed  in  th e  t e x t .

Cl] Perlman & P as tan , I 969

[ 11] O rnston & O rnston, 1970

[ i l l ]  Stjz(rmer, I 967 .

A erobacter aerogenes s t r a in  1033 has been c h a ra c te r is e d  as non -m otile  

and u rease  p o s i t iv e  and may th e re fo re  be c l a s s i f i e d  as a s t r a i n  o f 

K le b s ie l la  aerogenes (see  In te rn a t io n a l  J# S ystem atic  B ac te rio lo g y  (l9 ?0 ) 

20 2 2 1 .) .



INTRODUCTION

Two c la s s e s  o f  c o n tro l mechanism have been d is tin g u is h e d  

i n  l iv in g  organism s. "F ine" c o n tro l  o p e ra te s  to  re g u la te  th e  r a t e  

a t  which a  g iven  enzyme m olecule can c a ta ly s e  a  r e a c t io n ,  w hile 

"co a rse” c o n tro l o p e ra te s  to  r e g u la te  th e  q u a n tity  o f  a  g iven  enzyme 

m olecule in  th e  c e l l  by m odifying i t s  r a t e  o f  sy n th e s is  o r 

deg rad a tio n  (K ornberg, 1963&). The E n te ro b a c te r ia ce ae  have th e  

a b i l i t y  to  use a  wide range o f  compounds as  sou rces  o f carbon and 

energy . This a b i l i t y  i s  expressed  s e le c t iv e ly  and th e  s e l e c t i v i t y  

depends la rg e ly  on th e  o p e ra tio n  o f  h ig h ly  s o p h is t ic a te d  "co arse"  

c o n tro l mechanisms. A number o f  groups o f  co arse  c o n tro l system s 

o p e ra tin g  on m etabo lic  pathways can be d is tin g u is h e d  in  the  

E n te ro b a c te r ia c e a e . The s e le c t iv e  use o f  carbon sou rces i s  norm ally  

managed th rough th e  o p e ra tio n  o f  in d u c ib le  system s. Superimposed on 

th e  in d u c tiv e  mechanism i s  th e  phenomenon o f  c a ta b o l i te  re p re s s io n  

(Paigen & W illiam s, 1970). This i s  though t to  be m ediated in  a  

u n ita ry  fa sh io n  by th e  c o n tro l  o f  3 ',5 * - c y c l ic  AMP le v e l s  in  th e  c e l l .  

These mechanisms serve  to  ensure  th a t  the  p ro te in s  s p e c if ie d  by a  

regu lon  under in d u c ib le  c o n tro l a re  sy n th e s ise d  a t  h ig h  r a t e s  only  

when two c o n d itio n s  a re  f u l f i l l e d :

1. the  compound degraded by th e  pathway i s  p re s e n t in  th e  medium,

2 . th a t  no " b e t te r "  carbon so u rce , such as  g lu co se , i s  p re se n t in  

the  medium.

C ontro l o f  b io s y n th e tic  pathways i s  norm ally  ach ieved  by re p re s s io n . 

Thus, when amino a c id s  a re  su p p lie d  in  th e  grow th medium, p ro d u c tio n  

o f th e  enzymes re q u ire d  fo r  t h e i r  s y n th e s is  i s  reduced (Umbarger, I 969) .  

A th i r d  type o f  c o n tro l which m ight be d is tin g u is h e d  from in d u c tio n



and re p re s s io n  c o n tro l as o u tl in e d  above i s  th a t  which o p e ra te s  to  

c o n tro l fu n c tio n s  whose ex p ress io n  i s  dependent on th e  supply  o f 

oxygen a v a ila b le  to  th e  b acte riu m . A range o f  system s appeals to  be 

c o n tro lle d  i n  t h i s  way, e .g .  l a c t a t e  dehydrogenase, a c e ta te  k in a s e /  

p h o sp h o tran sace ty la se , e th an o l dehydrogenase, fum arate re d u c ta se , and 

enzymes o f  the  t r ic a rb o x y lic  a c id  c y c le , and i t  seems u n lik e ly  th a t  

a  u n i ta ry  mechanism can e x p la in  th e  a v a ila b le  o b se rv a tio n s .

The E n te ro b a c te r ia ce ae  can use  a  range o f  m onocarboxylic a c id s  

as carbon and energy so u rc e s , such as  a c e ta te ,  l a c t a t e ,  p y ru v a te , 

g ly c o l la te  and long  chain  f a t t y  a c id s .  A number o f  th e se  a re  norm ally  

ex cre ted  when th e  b a c te r ia  a re  growing on a  " r ic h "  carbon source such 

as g lu c o se . They a re  reu sed  d ia u x ic a l ly  when th e  g lucose  le v e l  in  

th e  medium becomes g ro w th - lim itin g . Amarasingham and Davis ( 1963) 

have suggested  th a t  t h i s  mode o f growth g iv e s  a s e le c t iv e  advantage 

to  th e  E n te ro b a c te r ia ce ae  in  co m p etitio n  w ith  o th e r  m icrobes. Thus, 

the  co m p etitiv e  organism s may n o t have th e  c a p a c ity  to  ad ap t ra p id ly  

to  th e  range o f  conpounds e x c re ted  by th e  E n te ro b a c te r ia ce ae  during  

th e  ra p id  i n i t i a l  d is s im ila t io n  o f  g lucose  and th e se  p ro d u c ts  a re  

thus a v a ila b le  fo r  r e - u t i l i z a t i o n  by them a t  t h e i r  l e i s u r e .

There a re  two p o s s ib le  methods fo r  ach iev in g  t h i s  e x c re tio n  

follow ed by r e - u t i l i z a t i o n .  In  th e  case  o f  l a c t a t e  u t i l i z a t i o n ,  

two se p a ra te  "pathways" a re  employed, one fo r  th e  e x c re tio n  o f l a c t a t e  

and th e  o th e r  fo r  i t s  u t i l i z a t i o n .  P ro d u ctio n  o f D - la c ta te  during  

fe rm en ta tio n  o f g lucose  i s  ach ieved  by a  so lu b le  NAD-linked l a c t a te  

dehydrogenaise, w hile u t i l i z a t i o n  o f  D L -lac ta te  i s  dependent on th e  

o p e ra tio n  o f two f la v o p ro te in - l in k e d , membrane-bound l a c t a t e  o x id a se s .



I t  i s  th o u g h t th a t  the  s i tu a t io n  i s  s ig n i f i c a n t ly  d i f f e r e n t  in  th e  

case o f  a c e ta te  in  th a t  a  s in g le  system  in v o lv in g  a c e ta te  k in a se  and 

p h o sp h o tran sace ty la se  i s  re sp o n s ib le  b o th  fo r  a c e ta te  p ro d u c tio n  from 

a c e ty l  CoA and fo r  a c t iv a t io n  o f exogenous a c e ta te  to  a c e ty l  CoA.

Thus th e  f in e  c o n tro l p ro p e r t ie s  o f  p h o sp h o tran sace ty la se  

have been d iscu ssed  by Sanwal in  term s o f  t h i s  dual r o le  (Sanwal, 1970).

The u t i l i z a t i o n  o f a c e ta te  a s  a  so le  carbon source i s  

dependent on th e  o p e ra tio n  o f th e  a n a p le ro tic  g ly o x y la te  c y c le . The 

enzymes o f th e  g ly o x y la te  c y c le , i s o c i t r a t e  ly a se  and m alate sy n th ase , 

have been e x te n s iv e ly  in v e s t ig a te d  and shown to  be c lo s e ly  lin k e d  and 

s u b je c t  to  c o -o rd in a te  in d u c tio n  and c a ta b o l i te  re p re s s io n  c o n tro l  

(K ornberg, I 966) .  This system  th u s  p re s e n ts  a  c o n tra s t in g  p ic tu re  

o f th e  c o n tro l  o f a c e ta te  u t i l i z a t i o n .  The co arse  c o n tro l p ro p e r t ie s  

o f th e  a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  system  have n o t been 

c r i t i c a l l y  examined, nor has i t s  m etabo lic  r o le  been adeq u a te ly  d e fin e d . 

The i s o l a t i o n  and study  o f m utants devoid  o f  th e se  enzymes has enab led  

th i s  s i tu a t io n  to  be c l a r i f i e d .

While th e re  e x i s t  many broad s i m i l a r i t i e s  between th e  

m etabo lic  p ro c e sse s  o f  th e  e n te ro b a c te r ia  E sc h e r ic h ia  c o l i  and 

A erobacter aero g en es , th e re  a lso  e x i s t  a  number o f s ig n i f ic a n t  

d if f e r e n c e s .  A number o f  th e se  a re  found in  th e  p a t te r n s  o f 

fe rm en ta tiv e  m etabolism . The most obvious d if fe re n c e  l i e s  in  the  

o p e ra tio n  o f  th e  ac e t  o in /2 ,3 -bu tane  d io l  pathway in  A. aero g en es, bu t 

n o t in  E. c o l i  ( t h i s  d if fe re n c e  c o n s t i tu te s  th e  m etabo lic  b a s is  o f the  

V oges-Proskauer t e s t  fo r  d is t in g u is h in g  th e  aeroform  and co lifo rm  

members o f  th e  E n te ro b a c te r ia c e a e ) .



The o p e ra tio n  o f t h i s  pathway r e s u l t s  in  th e  p ro d u c tio n  

o f th e  n e u tr a l  conpounds a c e to in  and 2 , 3-h u ta n e d io l from pyruvate  

during  th e  fe rm en ta tio n  o f  g lu c o se . I t  m ight be suggested  th a t  

d iv e rs io n  o f carbon and reducing  power in to  n e u tra l  p ro d u c ts  a llow s 

energy p ro d u c tio n  to  con tinue a f t e r  th e  pH le v e l  o f th e  medium has 

dropped to  a  le v e l  a t  which fu r th e r  a c id  p ro d u c tio n  would prove l e t h a l .  

A cetic  a c id , one o f th e  major a c id ic  p ro d u c ts  o f  fe rm en ta tio n , i s  

thought to  p lay  an in p o r ta n t  r o le  i n  th e  in d u c tio n  o f th e  a c e to in /2 , 3 -  

b u tan ed io l pathway (S t/rm e r, 1968a ) .  I t  i s  perhaps s ig n i f ic a n t  th a t  

th e  pK o f a c e t ic  a c id  i s  such th a t  th e  q u a n ti ty  o f f r e e  a c id  w i l l  

vary  s ig n i f ic a n t ly  as  the  pH o f  th e  medium f a l l s  d u ring  fe rm en ta tio n  

(H ickelson & Workman, 1938). A ceta te  i s  a lso  an a c t iv a to r  o f  the  

pH 6 a c e to la c ta te -fo rm in g  enzyme, th e  f i r s t  enzyme in  the  pathway 

(S t/rm e r, 1968b ) .  I t  i s  th e re fo re  p e r t in e n t  to  examine the  

in te r a c t io n  o f  th e  a c e to in /2 , 3-b u tan ed io l-fo rm in g  pathway w ith  th e  

a c e ta te  e x c re to ry  system . An a ttem p t to  id e n t i f y  a c e ta te  uneq u iv o ca lly  

as th e  in d u cer o f the  pathway has been made u s in g  m utants devoid o f 

a c e ta te  a c t iv a t in g  a b i l i t y .  S tu d ie s  o f p o s s ib le  in te r a c t io n s  between 

the  pathways fo r  a c e ta te  p ro d u c tio n  and fo r  a c e to in /2 , 3-b u ta n e d io l 

p ro d u c tio n  have been c a r r ie d  o u t.

S tu d ies  such as th e se  have re v e a le d  th a t  th e  coarse  c o n tro l 

mechanisms o p e ra tin g  in  fe rm en ta tiv e  m etabolism  a re  complex. These 

c o n tro l mechanisms a re  p o te n t ia l ly  in t e r e s t in g  and may show fe a tu re s  

n o t seen in  c l a s s i c a l  in d u c tiv e  and re p re s s iv e  c o n tro l mechanisms.

Thus th e re  e x i s t s  a  group o f  fe rm en ta tiv e  enzymes in  E. c o l i , in c lu d in g  

l a c t a t e  dehydrogenase, a lco h o l dehydrogenase, a c e ta te  k in ase  and



p h o sp h o tra n sa c e ty la se , whose le v e l s  a re  e le v a te d  d u ring  a n a e ro b io s is .

The mechanism o f  t h i s  " in d u c tio n "  i s  unknown, b u t i t  m ight be o f a 

u n i ta ry  type comparable to  th a t  which o p e ra te s  i n  c a ta b o l i te  r e p re s s io n .

I t  i s  l i k e ly  t h a t  th e  c o n tro l o f  t h i s  group o f enzymes can be 

d is t in g u is h e d  from th e  c o n tro l  o p e ra tin g  on, fo r  example, th e  anaerob ic  

" in d u c tio n "  o f fum arate re d u c ta se  i^âyn Jones & L a s c e lle s ,  1967). The 

re p re s s io n  o f c e r ta in  enzymes, n o ta b ly  th o se  o f th e  t r ic a r b o x y l ic  a c id  

c y c le , by a n a e ro b io s is  p re s e n ts  an o th er problem  in  anaerob ic  c o n tro l .

I t  seems l i k e ly  th a t  th e se  mechanisms a re  d i s t i n c t  from c a ta b o l i te  

r e p re s s io n . The problem p re sen te d  by th e  c o n tro l o f  th e  a c e to in /2 ,3 - 

b u ta n ed io l pathway in  A. aerogenes i s  p a r t i c u la r ly  d i f f i c u l t .  In  

t h i s  system , th e  in d u c tio n  i s  dependent on a  number o f  f a c to r s :

1 . th e  p resence  o f  a c e ta te  in  th e  medium (p robab ly  a s  f re e  a c e t ic  a c id ) ,

2 . th e  m etabolism  o f  a g ly c o ly t ic  p re c u rso r , such a s  g lu co se ,

3 * low oxygen le v e l s  in  the  medium.

During b a tch  c u l tu re s  th e se  f a c to r s  w i l l  change and i n t e r a c t  in  a  

complex manner. P re lim in ary  s tu d ie s  have been made o f  the  c o n tro l o f 

enzymes induced  by a n a e ro b io s is  u s in g  b a tch  and fe rm en te r c u l tu r e .

C on tro l o f th e  u t i l i z a t i o n  o f compounds by th e  E n te ro b ac te r iaceae  

i s  f re q u e n tly  e x e r te d  a t  th e  le v e l  o f  membrane t r a n s p o r t .  S p e c if ic  

system s capable  o f  c a ta ly s in g  th e  v e c to r ia l  movement o f  confounds a re  

p re s e n t i n  the  membrane and th e i r  s y n th e s is  i s  f re q u e n tly  under coarse  

c o n tro l .  C e r ta in  c la s s e s  o f  compounds, however, a re  though t to  

e n te r  c e l l s  by f re e  d i f f u s io n .  M onocarboxylic a c id  perm eation  i s  o f 

i n t e r e s t  because o f  c o n f l ic t in g  evidence on th e  mechanism by which 

th i s  c la s s  o f compounds c ro sse s  b io lo g ic a l  membranes. A co n sid e rab le



amount o f work has been c a r r ie d  ou t on m itochondria  and a r t i f i c i a l  

membrane models which su p p o rts  th e  id e a  th a t  m onocarboxylic a c id  

t r a n s p o r t  i s  n o t c a r r ie r - l in k e d .  The o b se rv a tio n s  on m onocarboxylates 

a re  c o n tra s te d  w ith  those  on d i -  and t r ic a rb o x y la te s  (review ed by 

C happell, 1968) .

In  c o n tr a s t  to  m itochondria , th e re  i s  evidence th a t  s p e c i f ic  

system s e x is t  fo r  th e  t r a n s p o r t  o f m onocarboxylates by b a c te r ia .

The e x is ten c e  o f  t r a n s p o r t  system s fo r  p y ru v a te , g ly c o l la te  and long 

chain  f a t t y  a c id s  in  E. c o l i  has been re p o r te d . There have a lso  

been in d ic a tio n s  o f  membrane tr a n s p o r t  p ro c e sses  fo r  a c e ta te .  This 

apparen t d if fe re n c e  between th e  behav iour o f m itochondria  and model 

membranes, and o f  b a c te r ia ,  may r e f l e c t  changes in  i n t r i n s i c  

p e rm e ab ility  due to  d if fe re n c e s  in  membrane s t r u c tu r e .  Thus 

m itochondria  e x i s t  in  an i n t r a c e l l u l a r  environm ent in  which a  h ig h  

and n o n -sp e c if ic  p e rm e a b ility  to  m etabo lic  p re c u rso rs  and end -p roducts 

(f re q u e n tly  m onocarboxylic a c id s )  cou ld  be to le r a te d .  The d if fe re n c e s  

observed m ight, however, sim ply r e f l e c t  d if f e re n c e s  in  th e  methods 

and c o n d itio n s  used  to  s tu d y  perm eation .

In v e s t ig a t io n s  in  th e  broad a re a s  o u tlin e d  above (s h o r t  

chain  f a t t y  a c id  a c t iv a t io n ,  fe rm en ta tiv e  m etabolism  and m onocarboxylate 

perm eation) have fo llow ed  from i n i t i a l  a ttem p ts  to  s tu d y  th e  mechanism 

o f a c e ta te  perm eation  in  E .c o l i . Many o f  th e  in v e s t ig a t io n s  a re  

s t i l l  in  p ro g re s s .



CHAPTER I

The Role o f  A cetate  K inase and P h o sp h o tran sace ty lase  in  K12

In tro d u c tio n

Since the  d e te c tio n  o f a c e ta te  k in ase  (ATP : a c e ta te  

p h o sp h o tra n sfe ra se , E.G. 2 .7 * 4 .3 ) ( r e a c t io n  1) and p h o sp h o tran sace ty la se  

( a c e ty l  CoA : orthophosphate  a c e ty l  t r a n s f e r a s e ,  E .C . 2.3*1*8 )

( r e a c t io n  2) in  E. c o l i  (Kaplan & Ldpman, 1948; Rose e t  a l . , 1954;

G ilv a rg  & D avis, 1956), i t  has been assumed th a t  th e se  two enzymes

a re  in v o lv ed  in  th e  a c t iv a t io n  o f  a c e ta te  to  a c e ty l  CoA.

1 . a c e ta te  + ATP ( —Ï  a c e ty l  phosphate + ADP

2 . a c e ty l  phosphate + C o A ^ = ±  a c e ty l  CoA + P^

Since E. c o l i  can use a c e ta te  as a  s o le  source o f carbon and energy 

t h i s  would im ply t h e i r  a b i l i t y  to  supply  th e  a c e ty l  CoA re q u ire d  

fo r  b io s y n th e tic  and energy m etabolism  d u ring  growth on a c e ta te .  The 

absence o f  any r e p o r ts  o f  a c e ta te  th io k in a se  (a c e ta te  ; CoA l ig a s e  

(AMP), E .C . 6 .2 .1 .1 )  ( r e a c t io n  3) a c t i v i t y  in  E. c o l i  r e in fo rc e s  t h i s  

view.

3* a c e ta te  + ATP + CoA a c e ty l  CoA + PP^ + AMP

(PPj, + H^O >2Pj_)

O ther enzymes capable  o f  c a ta ly s in g  th e  fo rm ation  o f a c e ty l  CoA from 

a c e ta te ,  fo r  exaa^le  CoA t r a n s f e r a s e s ,  have n o t been re p o r te d . The



r o le  o f  th e  a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  system  in  p ro v id in g  

a c e ty l  CoA from exogenous a c e ta te  must be re c o n c ile d  w ith  i t s  ro le  

in  th e  e x c re tio n  o f a c e ta te  by E. c o l i  growing on g lucose  (Wood, I 96I ) .  

Thus, on th e  b a s is  o f a  f a i lu r e  to  d e te c t  any a l t e r n a t iv e  a c t iv a t io n  

system  and th e  ready  r e v e r s i b i l i t y  o f  th e  two enzymes in  E. c o l i , th e  

pathway h as  been co n sid e red  to  be a n ^ h ib o lic  (Sanwal, 1970).

The enzymes a c e ta te  k in a se  and p h o sp h o tran sace ty la se  a re  

examples o f  a  group o f  a c y la te  k in a se s  and p h o sp h o tran sacy lases  which 

a re  c o -o rd in a te ly  d is t r ib u te d  in  many anaero b ic  and f a c u l ta t iv e  

an ae ro b ic  b a c te r i a l  s p e c ie s .  The p ro cess  c a ta ly se d  by th e  a c y la te  

k in a se s  i s  th e  most im p o rtan t e n e rg y -y ie ld in g  re a c t io n  in  anaerobes.

I t  occurs  in  a  wide range o f  C lo s t r id ia  and in  su lp h a te -red u c in g  

b a c te r ia  and has been co n sid ered  to  be a  r e a c t io n  c h a r a c te r i s t i c  o f 

an aero b ic  l i f e  (Decker ^  a l . , 1970). The acy l phosphate s u b s tr a te s  

a re  formed m ainly from a c y l CoA's by p h o sp h o tran sacy la se s . The f re e  

energy r e la t io n s h ip s  o f  th e se  two re a c t io n s  c o n tra s t  w ith  those  o f  an 

a c y la te  th io k in a se  in  which ( in  th e  p resence  o f in o rg a n ic  pyrophosphatase) 

th e  h y d ro ly s is  o f two pyrophosphate bonds i s  in v o lv ed . Systems o f 

th e  a c y la te  k in a se /p h o sp h o tran sacy lase  type have never been id e n t i f i e d  

in  s t r i c t l y  ae ro b ic  organism s.

The b a s ic  k in e t ic  param eters  o f a c e ta te  k in a se  from E. c o l i  

ATCC 4137 have been e s ta b l is h e d  by Rose and h is  co-w orkers (Rose, 19&2).

At pH 7*4 in  the  d i r e c t io n  o f a c e ta te  p h o sp h o ry la tio n , th e  fo r  ATP 

was 2 X 10"^M, w hile  th e  fo r  a c e ta te  was O.3  M and th e  fo r

p ro p io n a te  was 0 .4 7  M. In  th e  re v e rse  d i r e c t io n ,  th e  Kjq fo r  a c e ty l
-3  —3phosphate was 3 x 10 M and th a t  fo r  ADP, I .3  x 10 M. More re c e n t



m ech an is tic  s tu d ie s  o f  a c e ta te  k in a se  from E. c o l i  have been c a r r ie d  

o u t by S a tc h e l l  and White (1970) and by Anthony and S p ec to r (1970). 

There have been no re p o r ts  o f e f f e c to r s  fo r  E. c o l i  a c e ta te  k in a se .

In  a  r e c e n t  p a p e r , P e lro y  and W hitely (1971) have d e sc rib e d  an a c e ta te  

k in ase  from V e il lo n e l la  a lc a le sc e n s  which shows th e  a l i o s t e r i c  

p ro p e r t ie s  o f  a c t iv a t io n  by a c e ty l  phosphate and in h ib i t io n  by ATP. 

These p ro p e r t ie s  a re  c o n s is te n t  w ith  a  r o le  in  energy g e n e ra tio n .

The extrem ely h ig h  fo r  a c e ta te  shown by a c e ta te  k in ase  from E. c o l i  

m ight su g g est th a t  i t s  prim ary  r o le  was to  o p e ra te  in  th e  d i r e c t io n  

o f a c e ta te  e x c re tio n  r a th e r  than  a c e ta te  a c t iv a t io n .  Thus th e  

c o n ce n tra tio n s  o f a c e ta te  produced in  th e  medium by growth on g lucose  

a re  low compared w ith  th e  ^  fo r  a c e ta te  o f  a c e ta te  k in a se  (Holms & 

B ennett, 1971).

The k in e t ic  p ro p e r t ie s  o f phospho t r ans ac ty la s e  from E. c o l i  B 

have been s tu d ie d  in  some d e t a i l .  The enzyme has been p u r i f i e d  to  

homogeneity by Shimizu e t  a l .  (19&9). A value o f  3 x 10"^ to  

4 X 10 fo r  a c e ty l  phosphate and a  K̂g value  o f 7*2 x 10"^M fo r  CoA 

were determ ined . K in e tic  a n a ly s is  has a lso  been c a r r ie d  o u t by 

S a tc h e ll  and h is  co-w orkers (H ib b ert £ t  a l . , 1971 ; K yrtopoulos & 

S a tc h e l l ,  1972). E f fe c to r  s tu d ie s  on p h o sp h o tran sace ty la se  from 

E. c o l i  B re p o r te d  by Suzuki have re v e a le d  in t e r e s t in g  a l l o s t e r i c  

c o n tro l p ro p e r t ie s  (S uzuki, 1969)-  The enzyme i s  in h ib i te d  by 

n u c le o tid e s . NADH was th e  most pow erful in h ib i to r  t e s t e d .  ADP and 

ATP a lso  in h ib i te d  th e  enzyme, b u t t h e i r  in h ib i to r y  s t re n g th s  were 

r e s p e c tiv e ly  approxim ately  one q u a r te r  and one te n th  o f  th a t  o f  NADH. 

The in h ib i t io n s  were non-com petitive  w ith  re s p e c t  o f  CoA and sigm oidal
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w ith  re s p e c t  to  a c e ty l  p hosphate . Pyruvate  a c t iv a te d  th e  enzyme 

and re v e rse d  th e  in h ib i to r y  e f f e c t  o f  n u c le o t id e s . The a c t iv a t io n  

observed  in  th e  p resence  o f  NADH was co n sid e rab ly  g r e a te r  th an  th a t  

observed  in  th e  n o n - in h ib ite d  s t a t e .  The p o s s ib le  s ig n if ic a n c e  o f 

th e se  a l l o s t e r i c  p ro p e r t ie s  i n  an am phibolic r o le  fo r  th e  enzyme has 

been d iscu ssed  by Sanwal (Sanwal, 1970). The p a t te rn s  can , however, 

be r a t io n a l i s e d  in  term s o f  a  r o le  i n  fe rm en ta tiv e  m etabolism  w ith  

NADH and p y ruva te  seen as  th e  key a n ta g o n is t ic  e f f e c to r s .  These 

two compounds a re  o f  c r u c ia l  in p o r tan ce  fo r  fe rm en ta tiv e  m etabolism . 

Under c o n d itio n s  where th e  NADH le v e l  r i s e s ,  th e  p ro d u c tio n  o f  l a c t a t e  

from p y ru v a te  w i l l  be re q u ire d  to  reduce i t  and enable th e  m aintenance 

o f  a  h ig h  f lu x  th rough th e  g ly c o ly t ic  system . The m etabolism  o f  

py ru v a te  to  a c e ta te  v ia  phospho t r ans ac ty 1as e i s  th e re fo re  in h ib i te d .  

Under c o n d itio n s  where supply  o f  p y ruva te  fo r  l a c t a t e  p ro d u c tio n  i s  

n o t l im i t in g ,  th e  NADH in h ib i t io n  i s  re v e rse d  and the  e n e rg y -y ie ld in g  

m etabolism  o f  py ruvate  to  a c e ta te  can p roceed . Thus th e  c o n tro l 

p ro p e r t ie s  o f p h o sp h o tran sace ty la se  can be used te le o lo g ic a l ly  to  

su p p o rt a  r o le  fo r  th e  enzyme in  fe rm e n ta tiv e  m etabolism .

P h y s io lo g ic a l s tu d ie s  o f  th e  r o le  o f a c e ta te  k in a se  and 

lù o sp h o tra n sa c e ty la se  in  E. c o l i  have been extrem ely  l im i te d .

H alpern e t  a l .  (1964) compared th e  l e v e l s  o f  a c e ta te  k in a se  in  E. c o l i  H 

grown on g lucose  and on su c c in a te  and found h ig h e r le v e l s  in  th e  

succ ina te-g row n  c e l l s .  Although th e  d if fe re n c e  re p o r te d  was sm a ll, 

Paigen and W illiam s (1970) c i te d  th e se  d a ta  in  t h e i r  rev iew  o f  

c a ta b o l i te  re p re s s io n  and r e l a t e d  c o n tro l mechanisms, and in d ic a te d  th a t  

th e  enzyme may be under c a ta b o l i te  re p re s s io n  c o n tro l .
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The work d e sc rib ed  h e re  was c a r r ie d  o u t in  o rd e r to  

c l a r i f y  th e  ro le  o f the  a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  system 

in  E. c o l i  K12. The major p a r t  o f  th e  work in v o lv e d  s tu d ie s  o f 

m utants devoid  o f ,  o r c o n ta in in g  low a c t i v i t i e s  o f ,  a c e ta te  k in ase  

and p h o sp h o tra n sa c e ty la se .

The p ro p e r t ie s  o f m utants devoid o f  a c e ta te  k in ase  and 

p h o sp h o tran sace ty la se  i s o la te d  from B rev ibacterium  flavum have 

p re v io u s ly  been re p o r te d  by S h iio  e t  a l .  ( I 969) .  The m utants were 

o b ta in ed  by s e le c t io n  fo r  g lucose  p o s i t iv e /a c e ta te  n e g a tiv e  organism s.

A la rg e  number o f p h o sp h o tran sace ty la se  n e g a tiv e  m utants were i s o la te d  

and one a c e ta te  k in ase  n eg a tiv e  m utan t. Two double m utants were 

o b ta in e d : one was d e f ic ie n t  in  b o th  a c e ta te  k in a se  and phospho t r a n s 

ace ty la s e  and th e  o th e r  i n  p h o sp h o tran sace ty la se  and i s o c i t r a t e  ly a se  

( L g - is o c i t r a te  g ly o x y la te - ly a se , E .C . 4 .1 .3 - 1 ) -  The m utants were 

a l l  a c e ta te  n e g a tiv e . I t  i s  o f  p a r t i c u la r  i n t e r e s t  th a t  a  mutant 

d e f ic ie n t  in  both  p h o sp h o tran sace ty la se  and i s o c i t r a t e  ly a se  was 

i s o l a t e d .  Given th a t  th e  le s io n  was th e  r e s u l t  o f  a  s in g le  m u ta tio n , 

i t  would su g g est the  genes m ight be under common c o n tro l  and thus 

confirm  th e  r o le  o f  the  a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  system 

in  a c e ta te  u t i l i z a t i o n  fo r  which i s o c i t r a t e  ly a se  i s  e s s e n t ia l  in

B. flavum (S h iio  e t  a l . . I 969) .

The m utants o f  E. c o l i  K12 d e f ic ie n t  in  a c e ta te  k in ase  and 

p h o sp h o tran sace ty la se  d iscu ssed  in  t h i s  th e s i s  were o b ta in ed  by 

s e le c t io n  fo r  r e s is ta n c e  to  f lu o r o a c e ta te .  The c la s s i c a l  s tu d ie s  o f 

P e te rs  and h i s  co-w orkers have shown t h a t ,  i n  many system s, f lu o ro a c e ta te  

e x e r ts  i t s  m ajor to x ic  e f f e c t  a t  th e  le v e l  o f  f lu o r o c i t r a t e  in h ib i t io n
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o f  a c o n ita s e  ( c i t r a t e  C is o c i t r a te ]  h y d ro -ly a se , B.C. 4 .2 .1 .3 )

(P e te r s ,  1952; P e te rs  e t  a l . ,  1953; M orrison & P e te r s ,  1954;

P e te r s ,  1957). R eports o f th e  e f f e c t s  o f f lu o ro a c e ta te  on th e  

grow th o f  E. c o l i  have been p u b lish ed  by Mager a l . (1955). T heir 

work su p p o rts  th e  id e a  th a t  f lu o ro a c e ta te  b locks some s te p s  in  th e  

t r i c a r b o x y l ic  a c id  cy c le  in  E. c o l i . Rose ( 1962) observed  th a t  

f lu o ro a c e ta te  i s  n o t a  s u b s tr a te  fo r  a c e ta te  k in a se , b u t th e  

r e a c t i v i t y  o f  f lu o ro a c e ty l  phosphate in  the  E. c o l i  a c e ta te  k in a s e /  

p h o sp h o tra n sa c e ty la se  system  has been dem onstrated  by Marcus and 

E l l i o t t  ( 1959) .  The i s o la t io n  o f f lu o r o a c e ta te - r e s i s ta n t  m utants 

in  A sp e rg illu s  n id u la n s  has been re p o r te d  by A pirion (19&5) and i n  

T h io b a c illu s  n e a p o lita n u s  by K elly  ( 1968) .

The use o f  f lu o r o a c e ta te - r e s i s ta n t  m utants i s o la t e d  in  

s t r a in s  o f  E. c o l i  K12 has c l a r i f i e d  th e  am phibolic r o le  o f a c e ta te  

k in a se  and p h o sp h o tra n sa c e ty la se  and re v e a le d  some novel f e a tu re s  o f 

a c e ta te  a c t iv a t io n  and e x c re tio n  in  t h i s  organism .

M a te r ia ls  and Methods

Reagents A cety l phosphate li th iu m  s a l t ,  ATP disodium  s a l t ,  Co A and 

NAD were o b ta in ed  from Sigma Chemical C o., S t .  L ouis, Mo., ÏÏ.S .A .

Sodium f lu o ro a c e ta te  was o b ta in ed  from Sigma Chemical C o., o r from 

B r i t i s h  Drug Houses L td . ,  Poo le , D o rse t, England. Sodium p y ru v a te  

was o b ta in e d  from B oehringer C orpora tion  (London) L td . ,  England. 

[2 -^ ^ C ]a ce ta te  sodium s a l t  and [ 2-^^C ]propionate  sodium s a l t  were 

o b ta in ed  from th e  R adiochem ical C en tre , Amersham, Buckingham shire, England.
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C itr a te  syn thase  and m alate  dehydrogenase were o b ta in ed  from 

B oehringer C orpora tion  (London) L td .

O ther chem icals were A.R. grade where a v a i la b le .

Organisms The c h a r a c te r i s t i c s  o f  organism s used in  t h i s  C hapter 

a re  l i s t e d  in  Table 1.

Growth o f  Organisms C e lls  were grown a t  37^ in  d e fin ed  s a l t s  medium 

(Ashworth & K ornberg, 1966). Carbon so u rces  were added a t  25 mM 

u n le ss  o therw ise  s ta t e d .  C e lls  were grown a e ro b ic a l ly  in  e i t h e r  a  

Gallenkamp in c u b a to r  shaker o r in  a  G rant shaking  w ater b a th . C e lls  

were grown a n a e ro b ic a lly  in  two ways:

1 . fo r  th e  p ro d u c tio n  o f  c e l l s  fo r  enzyme a ssa y s , a  sm all 

aero b ica lly -g ro w n  inoculum was t r a n s f e r r e d  to  a  Monax f la s k  com pletely  

f i l l e d  w ith  f r e s h ly  au to c lav ed  c u ltu re  medium. A Subaseal s to p p e r 

was used to  s e a l  th e  f l a s k .  The m aintenance o f  a n a e ro b io s is  was 

m onitored by th e  a d d itio n  o f  a  sm all q u a n ti ty  o f m ethylene b lu e .

2 . fo r  growth s tu d ie s ,  th e  c e l l s  were grown in  250 ml Erlenm eyer 

f la s k s  f i t t e d  w ith  g la s s  sp a rg e rs  and were sparged  co n tin u o u sly  w ith  

95^ : 3% CO^. Samples were removed a t  in te r v a l s  fo r  growth

measurem ents. In  a l l  anaero b ic  experim en ts, 25 mM sodium b ic a rb o n a te  

was added to  th e  normal medium.

Growth was m easured as absorbsince a t  680 nm; an absorbance 

o f 1 corresponded to  0.68  mg dry w eigh t.m l“ ^ .

D ev ia tions from th e  above p rocedu res a re  n o ted  in  th e  

experim ental s e c t io n .
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Assay o f  enzymes For experim ents on ae ro b ic  enzyme l e v e l s ,  c e l l s  

were grown in  50 ml volumes to  an o f approxim ately  1 (co rrespond ing

to  approx . 0 .7  mg dry w eight o f c e l l s .m l  ^ ) .  For experim ents on 

anaerob ic  l e v e l s ,  c e l l s  were grown in  100 ml volumes to  an Agg^ o f 

approxim ately  0 .6 .  C u ltu res  were h a rv e s te d  by c e n tr ifu g in g  th e  

c e l l s  a t  3000g fo r  10 m inutes a t  4^; th e  c e l l s  were washed tw ice  w ith  

10 mM sodium phosphate b u ffe r  pH 7«5 c o n ta in in g  10 mM )%C1^ and 1 mM 

sodium EDTA, were resuspended in  5 ml o f t h i s  b u ffe r  and were so n ic a te d  

fo r  1 .5  m inutes in  a  M .S.E. 100 w a tt s o n ic a to r  a t  maximum o u tp u t.

The beaker c o n ta in in g  th e  c e l l  suspension  was h e ld  in  an ic e  b a th .

The c e l l  e x t r a c t  was c e n tr ifu g e d  fo r  1 h a t  2 5 ,OOOg in  a  M .S.E. l8  

c e n tr ifu g e  in  o rd e r to  remove c e l l  d e b ris  and reduce th e  NADH oxidase 

le v e ls  fo r  the  p h o sp h o tran sace ty la se  a ssa y s .

A cetate  k in ase  was assayed  a t  30^ in  th e  d i r e c t io n  o f 

a c e ta te  p h o sp h o ry la tio n  by th e  method o f  Rose (1955)* L in e a r i ty  o f  

a c e ty l  hydroxamate form ation  w ith  time over th e  p e rio d  o f th e  eissay 

and s to ic h io m e tr ic  dependence o f fo rm ation  on th e  volume o f c e l l - f r e e  

e x tr a c t  added was checked. A s tan d a rd  curve fo r  th e  a ssay  was 

p repared  u s in g  l i th iu m  a c e ty l  phosphate .

P h o sp h o tran sace ty lase  was measured u sin g  a  m o d if ic a tio n  o f 

the  procedure used by Ochoa to  assay  c i t r a t e  syn thase  (Ochoa, 1955)*

The form ation  o f  a c e ty l  CoA from a c e ty l  phosphate and CoA was measured 

as th e  re d u c tio n  o f NAD in  th e  p resence o f  L -m alate , m alate  

dehydrogenase (L -m alate: NAD o x id o reductase  E.G. 1 .1 .1 .3 7 )  and c i t r a t e  

syn thase  ( c i t r a t e  o x a lo a c e ta te ly a se  ( C oA -acety lating) E.G . 4 .1 .3 * 7 )*

The re a c t io n  m ixture c o n s is te d  o f  100 pmoles T ris-G l pH 8 .0 ,
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5 pmoles MgCl^; 0 .5  pmoles NAD; 0 .5  pmoles CoA; 5 pmoles L -m alate; 

12.5 )ig c r y s ta l l in e  m alate  dehydrogenase; 25 Tig c r y s ta l l in e  c i t r a t e  

sy n th ase ; 10 pmoles a c e ty l  phosphate , and a q u a n tity  o f  c e l l - f r e e  

e x t r a c t  i n  a f i n a l  volume o f  1 m l. The assay s  were c a r r ie d  ou t a t  

a  room tem peratu re  o f  22-25°C. Care was taken  to  keep the  r a te s  

o f  NADH appearance w ith in  s to ic h io m e tr ic  l im i t s  by c a r ry in g  ou t 

a ssay s  a t  a t  l e a s t  two c o n ce n tra tio n s  o f  c e l l - f r e e  e x t r a c t .  The

eussay i s  capab le  o f d e te c tin g  approxim ately  a  r a t e  o f approxim ately

0 .03  pmoles NADH.min ^ .

A cety l phosphate phosphatase  a c t i v i t y  was measured by 

fo llo w in g  th e  d isappearance  o f a c e ty l  hydroxam ate-form ing m a te r ia l 

u s in g  th e  method d esc rib ed  by Idpmann and T u ttle  (1945) * The 

phosphatase  a ssay s  were c a r r ie d  o u t a t  e i th e r  pH 5*65 in  0 .09  M sodium 

a c e ta te  b u f fe r  o r in  0 .1  M T ris -C l b u ffe r  pH 7 .4 .  In  b o th  cases th e  

assay  m ix ture  co n ta in ed  5 mM Î%C1^ and 5 mM lith iu m  a c e ty l  phosphate . 

Samples were withdrawn over a  p e rio d  o f  60 min and th e  r e s id u a l  

a c e ty l  phosphate  was m easured.

The p ro te in  co n ten t o f  the  c e l l - f r e e  e x t r a c ts  was measured 

by th e  method o f Lowry e t  a l .  ( 1951) .  C <kjc «. .

Measurement o f  th e  in c o rp o ra tio n  o f la b e l le d  compounds by c e l l s

growing on u n la b e lle d  carbon so u rces : Washed c e l l  suspensions were

in o c u la te d  a t  low c e l l  d e n s i t ie s  in to  media contedning an u n la b e lle d

14carbon source  and a  C CÜla b e l le d  s u b s t r a te .  The in c o rp o ra tio n  o f 

la b e l  in to  th e  c e l l s  du ring  lo g a rith m ic  growth was fo llow ed by 

f i l t e r i n g  0 .5  ml p o r tio n s  o f c e l l  suspension  through n i t r o  c e l lu lo s e  

f i l t e r s  (0 .4 5  pm pore s iz e ,  S a r to r iu s  Membran F i l t e r  GMBH, 34 G o ttingen , 

W. Germany) and washing w ith  5 ml o f c a rb o n -fre e  s a l t s  medium. The
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f i l t e r s  were then  p laced  in  10 ml o f  to luene /m ethano l s c i n t i l l a n t  

(705  ̂ to lu e n e , 30^ m ethanol co n ta in in g  0 .4 ^  PPO ( 2 ,3 -d ip h en y l-o x azo le ) 

and O.O25S POPOP (1 ,4 -d i-(2 (3 -p h e n y l-o x a z o y l))b e n z e n e ) . Sanples 

(0 .05  ml) o f  th e  c u ltu re  were taken  a t  th e  beg inn ing  and end o f each 

experim ent to  a llow  assessm ent o f th e  o x id a tio n  o f th e  added la b e l  to  

COg. These sam ples were a lso  p laced  in  10 ml o f  to luene/m ethano l 

s c i n t i l l a n t  along w ith  a  dry  n i t r o c e l lu lo s e  f i l t e r .  A ll samples were 

counted in  a  Packard 4000 l iq u id  s c i n t i l l a t i o n  sp ec tro m e te r.

E s tim a tio n s  o f a c e ta te  c o n ce n tra tio n s  in  th e  medium Samples fo r  

a n a ly s is  were o b ta in ed  by c e n tr ifu g in g  5 ml p o r tio n s  o f  c u ltu re  fo r  

10 min in  a  M .S.E. bench c e n tr ifu g e  to  remove th e  c e l l s .  The c e l l -  

f r e e  su p e rn a ta n ts  were s to re d  a t  - 20°C u n t i l  analysed  fo r  a c e ta te .  

Samples were taken  a t  v a rio u s  tim es during  lo g a rith m ic  grow th.

A cetate  was e s tim a ted  in  th e  sam ples o f  c u ltu re  medium u sin g  

a  Pye S e r ie s  104 gas chrom atograph (Pye In s tru m en ts  L td . ,  Cambridge, 

E ngland), f i t t e d  w ith  a  DEGA + Z% Ĥ PÔ  ̂ column (10^ d ie th y le n e  g ly c o l 

a d ip a te  on 100/200 mesh phosphoric  a c id - t r e a te d  D iatom ite C) run  a t  

110°C. A flame io n is a t io n  d e te c to r  was f i t t e d  to  th e  in s tru m e n t. 

Argon a t  30 ml.min  ̂ was used as c a r r i e r  g a s . Hydrogen was a lso  

su p p lie d  a t  30 ml.min ^ . A ir was su p p lie d  a t  7 lb . in c h  The 

d e te c to r  oven was s e t  a t  30°C above th e  column tem p e ra tu re . 0 .3  ml 

san g le s  o f c u ltu re  medium were t r e a te d  w ith  O.O6 ml o f  30% o r th o -  

phosphoric  a c id  p r io r  to  a n a ly s is  and s to re d  a t  0°C. S tandard  a c e ta te  

s o lu t io n s  were run  b e fo re  and a f t e r  each s e r ie s  o f e s tim a tio n s . The 

a re a s  under th e  peaks were e s tim a te d  p la n im e tr ic a l ly .
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I s o la t io n  o f  m utants P re lim in ary  t e s t s  o f f lu o ro a c e ta te  to x ic i ty  

in  E. c o l i  Kl2 s t r a in s  Kl and K2 were c a r r ie d  o u t bo th  on p la te s  and 

in  l iq u id  m edia. T o x ic ity  was r e l a t i v e l y  low on g lu co se , g ly c e ro l 

and m alate  w ith  co n sid e rab ly  g re a te r  grow th in h ib i t io n  observed when 

th e  carbon source was p y ru v a te . S e le c t io n s  were th u s  c a r r ie d  ou t 

on p la te s  co n ta in in g  23 mM pyruvate  w ith  e i th e r  10 o r 30 mM sodium 

f lu o r o a c e ta te .  The g re a te r  to x ic i ty  o f  f lu o ro a c e ta te  on p y ruva te  

m ight be r e l a t e d  to  th e  a c t iv a t io n  o f p h o sp h o tran sace ty la se  observed 

by Suzuki ( I 969) .  C u ltu re s  o f  K1 and K2 were grown on Oxoid n u t r i e n t  

b ro th  N0 . I ,  h a rv e s te d  in  a  bench c e n tr i fu g e , washed w ith  c a rb o n -fre e
g

s a l t s  medium and resuspended in  s a l t s  medium. Approxim ately 10 c e l l s  

were p la te d  on th e  s e le c t iv e  m edia. A fte r  48-72 h o f  in c u b a tio n  a t  

37°0, r e s i s t a n t  co lo n ie s  appeared on the  p l a t e s .  A number o f th e se  

co lo n ie s  were p icked  from th e  p la te s  and p u r i f i e d .  S in g le  colony 

i s o l a t e s  from th e se  p u r i f ic a t io n s  were grown up on g lucose  medium and 

te s te d  fo r  the  p resence  o f  a c e ta te  k in ase  and p h o sp h o tra n sa c e ty la se .

The r e s u l t s  o f  th e  assay s  showed in te r e s t in g  s t r a in  

d if fe re n c e s  in  th e  m utants i s o la te d .  K2 m utants r e s i s t a n t  to  10 mM 

flu o ro a c e ta te  were found in  many cases  to  be a c e ta te  k in a se -n e g a tiv e  

w ith  a  sm all number o f  p h o sp h o tra n sa c e ty la se -n eg a tiv e  organism s a lso  

ap p earin g . A c la s s  o f  m utant in  which no le s io n  could  be d e te c te d  in  

e i th e r  a c e ta te  k in ase  o r p h o sp h o tran sace ty la se  under th e  c o n d itio n s  o f 

assay  used was a lso  found. These organism s were a c e ta te -n e g a t iv e .

A ll th e  K2 m utants r e s i s t a n t  to  30 mM f lu o ro a c e ta te  te s te d  proved to  be 

p h o sp h o tra n sa c e ty la se -n e g a tiv e .

When K1 organism s r e s i s t a n t  to  f lu o r o a c e ta te  a t  th e  two



Table 2 A cetate  k in ase  and p h o sp h o tran sace ty la se  le v e l s  in  

E. c o l i  K12 s t r a in s  K2 and K2.3 (PDH ) grown under 

v a rio u s  co n d itio n s

carbon source

s p e c if ic  a c t i v i t y  

a c e ta te  k in ase______ p h o sp h o tran sace ty la se

K2 ae ro b ic

glucose 1.5 1 .2

g ly c e ro l 1.3 1.3

r ib o se 1.3 1 .2

L-m alate 1 .7 1.5

a c e ta te 1 .8 1.3

pyruvate 4 .1 2 .6

D L -lac ta te 3 .7 2 .8

g lu conate 3 .6 2 .3

g lue  o s e /a c e ta te 1.6 2 .0

K2.3 ae ro b ic

g lu c o se /a c e ta te 3 .9 3 .3

K2 anaerob ic

g lucose 4 .2 5 .4

C e lls  were grown, c e l l - f r e e  e x tr a c ts  p rep a red  and enzyme assay s  c a r r ie d  

o u t a s  d e sc rib ed  in  M a te r ia ls  and Methods. K2.3 was grown on 30 mM 

g lu co se /1 0  mM a c e ta te  medium. K2 was grown a n a e ro b ic a lly  on 23 mM 

g lu co se /2 3  mM sodium b ica rb o n a te  medium. S p e c if ic  a c t i v i t i e s  are  

exp ressed  as pmol/min/mg p ro te in .
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d i f f e r e n t  c o n c e n tra tio n s  used were te s te d  none o f  th e  low f lu o ro a c e ta te -  

r e s i s t a n t  organism s te s te d  was found to  be a c e ta te  k in a se -o r  

p h o sp h o tra n sa c e ty la se -n eg a tiv e  under th e  co n d itio n s  o f  a ssay  u sed .

This group was ab le  to  grow ra p id ly  on a c e ta te .  The h ig h  f lu o ro 

a c e t a t e - r e s i s t a n t  group c o n s is te d  e x c lu s iv e ly  o f  a c e ta te  k in a s e - le s s  

o r p h o sp h o tra n sa c e ty la se - le s s  organism s w ith  th e  form er type 

p red o m in a tin g . The r e s id u a l  le v e l s  o f  a c e ta te  k in ase  i n  th e se  K1 

h igh  f lu o r o a c e ta te - r e s i s ta n t  a c e ta te  k in a s e - le s s  s t r a in s  appeared  

to  be s u b s ta n t ia l ly  low er th an  i n  th e  a c e ta te  k in a se -n e g a tiv e  s t r a in s  

i s o la te d  a t  10 mM f lu o ro a c e ta te  in  K2.

No organism s devoid o f  bo th  a c e ta te  k in ase  and phospho

tra n s a c e ty la s e  were d e te c te d  in  th e  course  o f  t h i s  s e le c t io n  fo r  

f lu o ro a c e ta te  r e s i s ta n c e .

R esu lts  and D iscu ssio n

Levels o f  a c e ta te  k in ase  and p h o sp h o tran sace ty la se  in  E. c o l i  K12 

s t r a i n  K2 grown under v a r io u s  c o n d itio n s  As a b a s is  fo r  th e  

exam ination o f  th e  ro le  o f  a c e ta te  k in a se  and p h o sp h o tran sace ty la se  

in  E. c o l i  K12, th e  le v e l s  o f  th e se  enzymes in  c u ltu re s  o f  s t r a i n  K2, 

grown a e r o b ic a l ly  and a n a e ro b ic a lly  on a  v a r ie ty  o f  carbon so u rc e s , 

was m easured (Table 2 ) .  The d a ta  in d ic a te  th a t  th e re  i s  a  degree 

o f  c o -o rd in a te  ex p ress io n  o f th e  enzymes under th e  c o n d itio n s  t e s t e d .

Œhe enzyme le v e l s  found in  a e ro b ic a l ly  grown c e l l s  f a l l  in to  two g roups. 

C e lls  grown on carbon so u rces which can g iv e  r i s e  to  p y ru v a te  w ith o u t
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Figure 2

V a ria tio n  in  a c e ta te  k in ase  and p h o sp h o tran sace ty la se  le v e ls  in  

E. c o l i  K12 s t r a i n  K2 during  growth on ^0 mM g lucose  w ith  v igorous 

a e ra t io n . 500 ml c u ltu re s  were grown in  2 l i t r e  Erlenm eyer f la s k s

shaken a t  approxim ately  300 re v o lu tio n s  p e r  min in  a  New Brunswick 

ro ta ry  sh ak e r. Samples fo r  enzyme assay  were removed a t  i n t e r v a l s .  

Chloramphenicol was added to  g ive a  c o n c e n tra tio n  o f 100 pg/m l and 

the  sample k ep t a t  0°C p r io r  to  s o n ic a t io n . C e l l- f re e  e x tr a c ts  were 

p repared  and enzyme assays c a r r ie d  o u t as d e sc rib ed  in  M a te r ia ls  and 

Methods. Growth #  ; s p e c i f ic  a c t i v i t y  o f p h o sp h o tran sace ty la se

( ^ o l  NADH/min/mg p ro te in )  ■ ; s p e c i f ic  a c t i v i t y  o f a c e ta te

k inase  (-jimol a c e ty l  hydroxamate/min/mg p ro te in )  ▲
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th e  involvem ent o f  the  g ly c o ly t ic  system  (pyruvate  i t s e l f ,  D L -lac ta te  

and g lu c o n a te )  c o n ta in  h ig h e r le v e l s  o f  a c e ta te  k in a se  and phospho

t r a n s a c e ty la s e  th a n  those  grown on carbon so u rces o b l ig a to r i ly  

m e tab o lised  v ia  a t  l e a s t  a  p a r t  o f  th e  g ly c o ly t ic  pathway (g lu c o se , 

r ib o s e  and g ly c e ro l)  o r from which pyruvate  i s  produced v ia  PEP 

(madate and a c e ta te ) .

In  o rd e r to  t e s t  th e  id e a  th a t  py ruvate  might be an 

im p o rtan t m e ta b o lite  in  th e  c o n tro l o f th e se  enzymes under a e ro b ic  

c o n d itio n s , th e  le v e l s  o f th e  enzymes in  K2-3» a pyruvate  

d ehydrogenase-negative  d e r iv a t iv e  o f  K2, grown on g lu c o s e /a c e ta te  

medium, were m easured. H igher le v e ls  o f a c e ta te  kineise and phospho

t ra n s a c e ty la s e  th an  in  th e  p a re n t s t r a in  were observed . P yruvate  

dehydrogenaise-iess m utants e x c re te  py ruvate  in to  th e  medium and 

m ight be expec ted  to  c o n ta in  an e le v a te d  pyruvate  p o o l.

As a  b a tch  c u ltu re  o f  E. c o l i  grows on g lu co se , th e  oxygen 

c o n c e n tra tio n  in  th e  medium, th e  pH o f th e  medium, and th e  l e v e l s  o f 

compounds e x c re te d  in to  th e  medium, w i l l  change. The p o s s i b i l i t y  

th a t  th e se  changes cause in d u c tio n  o r re p re s s io n  o f  a c e ta te  k in a se  and 

p h o sp h o tra n sa c e ty la se  was in v e s t ig a te d .  Samples were tak en  a t  v a rio u s  

s ta g e s  o f  grow th from a  c u ltu re  o f K2 growing on 30 mM g lucose  w ith  

v igo rous a e r a t io n  and th e  s p e c if ic  a c t i v i t i e s  o f a c e ta te  k in a se  and 

phosphotransacety leuse m easured. The r e s u l t s  a re  p re sen te d  i n  F igu re  2.

They show th a t  th e  le v e l s  o f the  enzymes do n o t vary  during  grow th 

under th e se  c o n d itio n s .

These d a ta  do n o t su g g es t t h a t  th e  a c e ta te  k in ase /p h o sp h o - 

tra n s a c e ty la s e  system  i s  s u b je c t to  what i s  norm ally  und ers to o d  as



Table 3 A cetate  k in ase  and p h o sp h o tran sace ty la se  le v e l s  in  

a c e ta te  k in a s e - le s s  and p h o sp h o tra n sa c e ty la se - le s s  

m utants o f E. c o l i  K12 growing a e ro b ic a l ly  and 

a n a e ro b ic a lly  on g lucose

a e ro b ic

organism

K2

K2FAc1 (ACK") 

K2HFAc3 (PTA“ )

a c e ta te
k in ase

s p e c if ic  a c t i v i t y

1.8

0 .1

1 .7

phospho t r  ans- 
a c e ty la se

2.0

1.9

le s s  th an  0.03

an ae ro b ic K2

K2FAc1 (ACK“ ) 

K2HFAc3 (PTA")

4 .2

0 .4

5 .4

le s s  th an  0.1

C e lls  were grown, c e l l - f r e e  e x tr a c ts  p rep a red , and enzyme assay s  c a r r ie d  

o u t as  d esc rib ed  in  M ate ria ls  and Methods. Anaerobic grow th was on 

23 mM g lucose /20  mM sodium b ica rb o n a te  medium. S p e c if ic  a c t i v i t i e s  a re  

exp ressed  as pmol/min/mg p ro te in .
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c a ta b o l i te  r e p re s s io n .  A p o s s ib le  r o le  fo r  py ruvate  i n  co arse  

c o n tro l i s  i n t e r e s t in g  in  view o f th e  p o s i t io n  o f  th i s  compound a t  

th e  m ajor branch  p o in t  in  fe rm en ta tiv e  m etabolism . The e le v a te d  

le v e ls  o f  th e  enzymes in  a n a e ro b ic a lly  grown c e l l s  a re  c o n s is te n t  

w ith  th e  expected  r o le  o f t h i s  enzyme system  in  a c e ta te  e x c re tio n  

and energy p ro d u c tio n  under anaerob ic  c o n d itio n s .

A cetate  k in a se  and p h o sp h o tran sace ty la se  le v e l s  in  s t r a i n  K2 and 

i t s  m utants K2FAc1 and K2HFAc3 The r e s id u a l  a c e ta te  k in a se  and 

p h o sp h o tran sace ty la se  le v e ls  o f th e  f lu o r o a c e ta te - r e s i s ta n t  m utants 

o f s t r a i n  K2 were measured in  o rd e r to  t e s t  th e  e f f e c t  o f  a  le s io n  

in  one enzyme on th e  le v e l  o f  th e  o th e r .  The p o s s i b i l i t y  th a t  

anaerob ic  isoenzym es m ight e x i s t  was te s t e d  by m easuring th e  le v e l s  

o f a c e ta te  k in a se  and p h o sp h o tran sace ty la se  in  th e  m utants a f t e r  

anaerob ic  growth on g lu c o se . No p le io t r o p ic  e f f e c t s  on enzyme 

le v e ls  o r in d ic a t io n  o f anaerob ic  isoenzym es were o b ta in ed  (T able 3)*

The r e s is ta n c e  o f  K2FAc1 and K2HFAc3 to  f lu o ro a c e ta te  in  l iq u id  

c u ltu re  The o b se rv a tio n  th a t  in  th e  s e le c t io n  o f K2 m utants 

r e s i s t a n t  to  f lu o ro a c e ta te  th e  range o f  le s io n s  o b ta in ed  depended 

upon the  s e le c t iv e  le v e l  o f  f lu o ro a c e ta te  used  prom pted a  co n ^ariso n  

o f the  e f f e c t s  o f  f lu o r o a c e ta te ,  a t  10 and 50 mM, on th e  growth in  

25 mM p y ruvate  m edia, o f th e  m utants K2FAc1 (ACK~) i s o la te d  a t  10 mM 

f lu o ro a c e ta te  and K2HFAc3 (PTA ) i s o la t e d  a t  50 mM f lu o r o a c e ta te .

Both th e  r e s i s t a n t  organism s showed w ild -ty p e  growth r a t e s  a t  th e  

two f lu o ro a c e ta te  c o n c e n tra tio n s  t e s t e d  whereas growth o f  th e  p a re n t
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Figure 3

E ffe c t o f 10 mM and 50 mM sodium f lu o ro a c e ta te  on the  growth o f 

E. c o l i  K12 s t r a in s  K2, K2FAc1 (ACK ) and K2HFAc5 (PTA ) on 25 mM sodium 

p y ru v a te . The organism s were pregrown on p y ru v a te . Growth was

measured as d e sc rib e d  in  M aterisils and Methods. (a) K2 -  no 

a d d itio n  •  ; 10 mM f lu o ro a c e ta te  A ; 50 mM flu o ro a c e ta te  ■ .

(b) K2FAc1 -  no a d d itio n  #  ; 10 mM flu o ro a c e ta te  A ; 50 mM

flu o ro a c e ta te  ■ . (c ) K2HFAc3 -  no a d d itio n  •  ; 10 mM

flu o ro a c e ta te  A ; 50 mM f lu o ro a c e ta te  ■ .



Table 4 Growth o f a c e ta te  k in a s e - le s s  and p h o sp h o transacety lase-

le s s  s t r a in s  o f E. c o l i  K12 on 25 mM a c e ta te  minimal 

medium

organism mean g e n e ra tio n  tim e (h)

K2 2 .8

K2FAc1 (ACK") 6 .0

K2HFAc3 (PTA") 16

K1 2 .6

K1HFAc1 (ACK") 5 .5

K1HFAc3 (PTA") 10

The organism s were grown as  d e sc rib ed  in  M a te ria ls  and Methods.

K2 d e r iv a t iv e s  were pregrown on g ly c e ro l medium. K1 d e r iv a t iv e s  

were tr a n s fe r r e d  from 25 mM g ly c e ro l/1 0  mM a c e ta te  medium. Pregrow th 

on t h i s  medium d id  n o t cause re v e rs io n  o f th e  le s io n s .  The growth 

o f  th e  c u ltu re s  was m easured as  d e sc rib ed  in  M a te r ia ls  and Methods.



Table 5 Growth o f a c e ta te  k in a s e - le s s  and p h o sp h o tran sace ty la se -

l e s s  s t r a in s  o f E. c o l i  K12 on g lu c o se /b ic a rb o n a te  medium 

under anaerob ic  c o n d itio n s

organism  mean g e n e ra tio n  time (h)

K2 1 .8

K2FAc1 (ACK") 1.8

K2HFAc3 (PTA") 3 .8

K1 1.3

KIHFAcI (ACK") 2 .3

K1HFAc2 (ACK") 2 .3

K1HFAc3 (PTA") 4 .3

The organism s were grown as d e sc rib e d  in  M a te ria ls  and Methods. C e lls  

were pregrown a n a e ro b ic a lly  on g lu c o se /b ic a rb o n a te  medium as d e sc rib ed  

fo r  enzyme a ssa y s , h a rv e s te d , washed and resuspended  in  23 mM g lu c o se / 

20 mM sodium b ica rb o n a te  minimal medium. Growth o f th e  c u l tu re s  was 

measured as d esc rib ed  in  M a te ria ls  and Methods.
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s t r a i n  was a lm ost conç)letely  a b o lish ed  under th e se  co n d itio n s  (F igure  3)

Growth s tu d ie s  o f  a c e ta te  k in a se -n e g a tiv e  and p h o sp h o tra n sa c e ty la se -  

n e g a tiv e  m utants

1. A erobic growth on a c e ta te  The growth c h a r a c te r i s t i c s  o f  K2FAc1, 

K2HFAc3i KIHFAcI and K1HFAc3 on 23 mM a c e ta te  medium were compared 

w ith  th o se  o f  th e  p a re n t s t r a i n s .  The mean g e n e ra tio n  tim es a re  shown 

in  Table 4 .  K2FAc1 (ACK ) m ain ta ined  i t s  growth on a c e ta te  a f t e r  

th re e  c y c le s  from a low c e l l  d e n s ity  in  a c e ta te  medium; th e  c e l l s  

rem ain a c e ta te  k in a se -n e g a tiv e . The maximum c e l l  d e n s ity  o b ta in ed  

was low er th an  th a t  o f  th e  p a re n t s t r a i n .  These d a ta  in d ic a te  th a t  

growth on a c e ta te  i s  in ç a i re d  b u t n o t com pletely  a b o lish ed  in  

a c e ta te  k in a se -n e g a tiv e  organism s, b u t th a t  p h o sp h o tra n sa c e ty la se -  

n e g a tiv e  s t r a i n s  are e s s e n t ia l ly  a c e ta te -n e g a t iv e .  This d if fe re n c e

in  grow th p a t te r n  i s  a lso  observed w ith  c e l l s  p la te d  on a c e ta te  

medium.

2 . A naerobic growth on g lucose A cetate  k ine ise-nega tive  and 

p h o sp h o tra n sa c e ty la se -n eg a tiv e  m utants grow w ith  w ild -ty p e  mean 

g e n e ra tio n  tim es a e ro b ic a l ly  on g lu c o se . However, when anaerob ic  

grow th i s  m easured, a  marked in c re a se  in  th e  mean g e n e ra tio n  tim e 

o f th e  p h o sp h o transace ty le ise -n eg a tiv e  m utants i s  observed . An 

in c re a s e  i n  th e  mean g e n e ra tio n  tim e o f  th e  a c e ta te  k in sise -nega tive  

m utants i s  seen  in  th e  K1 d e r iv a t iv e s ,  b u t n o t in  th e  K2 d e r iv a t iv e s .

The d a ta  a re  shown in  Table 3» The slow growth o f  the  p h o sp h o tran s- 

a c e ty la s e - le s s  s t r a in s  under th e se  anaerob ic  c o n d itio n s  may r e f l e c t
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Figure  4

Growth o f E. c o l i  K12 s t r a in s  K2, K2FAc1 (ACK") and K2HFAc3 (PTA") 

on 20 mM d ili th iu m  a c e ty l  phosphate . The s t r a in s  were pregrown on

g ly c e ro l .  Growth o f th e  c u ltu re s  was measured as d e sc rib e d  in  

M ate ria ls  and Methods. K2 #  ; K2FAc1 ▲ ; K2HFAc3 ■
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an accnim ilation o f a  to x ic  m e ta b o lite , p o s s ib ly  a c e ty l  CoA. The 

f a i lu r e  to  observe th e  same degree o f  in h ib i t i o n  in  a c e ta te  k in a se -  

l e s s  s t r a in s  i s  i n t e r e s t in g .

3« A erobic growth on a c e ty l  phosphate E. c o l i  can use  c e r ta in  

hexose phosphates as  carbon sou rces and i t  was th e re fo re  o f i n t e r e s t  

to  t e s t  th e  p o s s ib i l i t y  o f  growth on a c e ty l  phosphate . P e rm e a b ility  

to  phosphory la ted  compounds i s  low u n le ss  s p e c if ic  t r a n s p o r t  system s 

a re  e la b o ra te d . The a b i l i t y  o f  w ild - ty p e , a c e ta te  k in a se -n e g a tiv e  

and p h o sp h o tra n sa c e ty la se -n eg a tiv e  s t r a in s  to  grow on 20 mM a c e ty l  

phosphate was te s t e d ,  (F igure  4 ) .  Slow growth was observed  in  th e  

p a re n ta l  and m utant s t r a i n s .  The slow growth o f  the  pho sp h o tran s- 

a c e ty la s e - le s s  organism  su g g es ts  t h a t  i t  i s  u n lik e ly  t h a t  a c e ty l  

phosphate p e r se i s  being  u sed . A cetyl phosphate i s  s u s c e p tib le  to  

h y d ro ly s is  in  aqueous s o lu t io n  a t  n e u tr a l  pH (Stadtm an, 1955)- The 

p o s s ib i l i t y  th a t  growth o f a  p h o sp h o tra n sa c e ty la se - le s s  s t r a i n  may be 

p o s s ib le  on th e  low c o n ce n tra tio n s  o f a c e ta te  m ain ta ined  by h y d ro ly s is  

o f  a c e ty l  phosphate i s  o f  i n t e r e s t  in  th e  l i g h t  o f in c o rp o ra tio n  

experim ents d esc rib ed  below.

A cetate  e x c re tio n  by K2, K2FAc1 and K2FAc7 growing a e ro b ic a l ly  on 

g lucose and by K1, K1HFAc1. K1HFAc2 and K1HFAc3 growing a n a e ro b ic a lly  

on g lucose  The e f f e c t  o f  le s io n s  in  a c e ta te  k in ase  and phospho trans

a c e ty la se  on a c e ta te  e x c re tio n  by c e l l s  growing a e ro b ic a l ly  and 

a n a e ro b ic a lly  on g lucose  was te s t e d  in  o rd e r to  in v e s t ig a te  t h e i r  

ro le  in  e x c re to ry  m etabolism . The p a r t i c u la r  in p o rtan c e  o f
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Figure 3

A ceta te  e x c re tio n  by a c e ta te  k in a se -n e g a tiv e  and p h o sp h o tran sace ty la se - 

n eg a tiv e  m utants o f K1 and K2 growing a n a e ro b ic a lly  and a e ro b ic a l ly  on 

g lu c o se . A cetate  c o n c e n tra tio n s  in  the  c u ltu re  medium were measured 

as d e sc rib ed  in  M ate ria ls  and Methods. (a) Anaerobic growth on 

25 mM g lucose /2 5  mM sodium b ica rb o n a te  medium. C u ltu re s  were grown 

and growth measured as d esc rib ed  in  M a te ria ls  and Methods. K1 #  ;

K1HFAc1 (ACK’ ) A ; K1HFAc2 (ACK’ ) T  ; K1HFAc3 (PTA’ ) ■

(b) Aerobic growth on 25 mM g lu co se . C u ltu re  growth was measured as 

d e sc rib ed  in  M a te r ia ls  and Methods. K2 •  ; K2FAc1 (ACK ) A ;

K2FAc7 (PTA’ ) ■
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p h o sp h o tran sace ty la se  during  anaerob ic  growth on g lucose  i s  suggested  

by th e  decreased  growth r a te s  observed in  th e  p h o sp h o tran sace ty la se  

m utants (Table 5 ) .  The e f f e c t  o f  th e  le s io n s  in  a c e ta te  k in a se  i s  

le s s  c le a r  c u t .  S tu d ie s  o f a c e ta te  e x c re tio n  in  the  m utants growing 

a n a e ro b ic a lly  on g lucose  su g g est p o s s ib le  reaso n s  fo r  th e  growth 

o b se rv a tio n s . As shown in  F igure  5» th e  p h o sp h o tra n sa c e ty la se -  

n eg a tiv e  m utants e x c re te  e s s e n t ia l ly  no a c e ta te  e i th e r  a e ro b ic a l ly  

o r a n a e ro b ic a lly , b u t th e  th re e  a c e ta te  k in a se -n e g a tiv e  s t r a in s  

te s te d  (two o f  which co n ta in ed  extrem ely  low re s id u a l  le v e l s  o f 

enzyme) showed a  r a t e  o f a c e ta te  e x c re tio n  c lo se  to  th a t  found in  th e  

w ild - ty p e . Two p o s s ib le  ex p lan a tio n s  fo r  th i s  o b se rv a tio n  were 

t e s te d :

1. The organism s e x c re te  a c e ty l  p hosphate . The p resence  o f  a c e ty l  

phosphate in  th e  medium was te s te d  fo r  by th e  method o f Lipmann and 

T u ttle  ( 1945)# None could  be d e te c te d  in  th e  c u ltu re  medium a t  any 

tim e during  the  growth o f the  c u l tu r e s .

2 . There i s  a  s p e c i f ic  a c e ty l  phosphate phosphatase ( a c e ty l  phosphate 

phosphohydrolase, B.C. 3 * 6 .1 .7 )•  C e l l - f r e e  e x tr a c ts  from anaero b ic  a l ly  

grown c e l l s  were te s te d  fo r  a c e ty l  phosphatase  a c t i v i t y .  At pH 7*4

no a c t i v i t y  could  be d e te c te d  and th e  a c id  phosphatase a c t i v i t y  te s te d  

a t  pH 5 «65 could s c a rc e ly  be d e te c te d . The growth c o n d itio n s  used 

a re  known p o w erfu lly  to  r e p re s s  th e  p e rip la s ra ic  a c id  and a lk a l in e  

phosphatases (o rthophosphoric  m onoester phosphohydrolase, E.G . 3*'^»3*'l 

and 2 ) (T o rr ia n i, I 96O; H sie & H ickenberg, 1967) .  High le v e l s  o f 

spontaneous a c e ty l phosphate h y d ro ly s is  were observed a t  37^C and i t  

i s  p o s s ib le  th a t  th i s  h y d ro ly s is  might account fo r  th e  observed
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e x c re tio n  in  th e  a c e ta te  k in a se -n e g a tiv e  m utants (Stadtm an, 1955).

An a ttem p t was a lso  made to  t e s t  th e  p o s s ib i l i t y  th a t  a 

prim ary  phosphate a ccep to r o th e r  th an  ADP m ight be invo lved  in  the  

breakdown o f a c e ty l  phosphate . Anderson and Kamel ( 1966) have 

re p o r te d  th e  p u r i f i c a t io n  o f  an enzyme from A. aerogenes which 

c a ta ly s e s  th e  t r a n s f e r  o f  the  phosphate group from a c e ty l  phosphate 

to  D-glucose to  form D-glucose 6-phosphate  (a c e ty l  phosphate :

D-glucose 6-p h o sp h o tra n s fe ra se ) . This a c t i v i t y  could  n o t be d e te c te d  

in  E. c o l i .

In  view o f  th e  r a p id  spontaneous h y d ro ly s is  o f  a c e ty l 

phosphate , and th e  f in d in g  th a t  le s io n s  in  a c e ta te  k in ase  have only 

a  l im ite d  e f f e c t  on a c e ta te  e x c re tio n  by c e l l s  growing on g lu co se , an 

a ttem p t was made to  t e s t  the  ro le  o f  a c e ta te  k in ase  in  energy 

m etabolism . I f  E. c o l i  cou ld  be grown a n a e ro b ic a lly  on p y ru v a te ,th e  

so le  energy y ie ld in g  p ro cess  a v a ila b le  to  the  c e l l  would be the  

a c e ta te  k in ase  r e a c t io n .  A cetate  k in a s e - le s s  m utants would be 

expected  to  be unable  to  grow a n a e ro b ic a lly  on p y ru v a te . I t  d id  n o t ,  

however, prove p o s s ib le  to  g e t re a so n ab le  growth o f  th e  w ild -ty p e  

under the  c o n d itio n s  te s t e d .

14The in c o rp o ra tio n  o f  [2 -  C] a c e ta te  by a c e ta te  k in a se -n e g a tiv e  and 

p h o sp h o tra n sa c e ty la se -n eg a tiv e  m utants growing on an u n la b e lle d  

carbon source P re lim in a ry  o b se rv a tio n s  (d e sc rib ed  in  C hapter I I I )  

had shown th a t  washed c e l l  suspensions o f a c e ta te  k in a se -n e g a tiv e  and 

p h o sp h o tra n sa c e ty la se -n eg a tiv e  m utants were a b le  to  tak e  up la b e l le d  

a c e ta te  as r e a d i ly  as th e  w ild -ty p e  a t  low c o n c e n tra tio n s  and th a t  th i s
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Figure 6
'\KComparison o f 2 mM sodium C2 CO a c e ta te  in c o rp o ra tio n  by

(a ) glucose-grow n s t r a in s  K2 #  ; K2FAc1 (ACK ) A ;

K2HFAc3 (PTA ) ■ , growing on 23 niM g lu c o se , and (b) g ly c e ro l-  

grown s t r a in s  K2 #  ; K2FAc1 ▲ ; K2HFAc3 ■ , growing

on 23 mM g ly c e r o l .  In c o rp o ra tio n  o f r a d io a c tiv e  la b e l  in to  

c e l l  m a te r ia l  was measured as d e sc rib e d  in  M ate ria ls  and Methods.
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F ig u re  7

In c o rp o ra tio n  o f sodium [2  C3a c e ta te  by E. c o l i  K12 s t r a in  K2,

K2FAc1 (ACK~) and K2HFAc3 (PTA“ ) a t  2 , 3 , 10 and 20 mM. A il 

s t r a in s  were pregrown on g ly c e ro l ,  h a rv e s te d , washed and tr a n s fe r r e d  

to  g ly c e r o l /a c e ta te  medium. In c o rp o ra tio n  o f ra d io a c tiv e  la b e l  

in to  c e l l  m a te r ia l  was measured as  d e sc rib e d  in  M ate ria ls  and Methods.

(a ) K2 -  2 ml4 •  ; 3 niM A ; 10 mM ■ ; 20 mM ▼ ;

(b) K2FAc1 -  2 mM #  ; 3 mM A ; 10 mM *  ; 20 mM V.  ;

(c) K2HFAc3 -  2 mM #  3 mM A ; 10 mM ■ ; 20 mM T  .
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uptake p ro cess  was re p re sse d  by g lu c o se . The p o s s ib i l i t y  o f  a  

second a c t iv a t io n  system  fo r  a c e ta te  was a lso  in d ic a te d  by th e  slow , 

b u t lo g a r ith m ic , growth o f a c e ta te  k in a s e - le s s  m utants on a c e ta te .

In  o rd e r to  s tu d y  th e  e f f e c t  o f le s io n s  in  a c e ta te  k in a se  and 

p h o sp h o tran sace ty la se  upon th e  u t i l i z a t i o n  o f  a c e ta te  under more 

’’p h y s io lo g ic a l’’ c o n d itio n s  th an  were used in  the  s h o r t  term  washed 

c e l l  su spension  experim en ts, a  s e r ie s  o f s tu d ie s  o f a c e ta te  

in c o rp o ra tio n  in to  c u ltu re s  growing lo g a r i th m ic a lly  on an u n la b e lle d  

carbon source was c a r r ie d  o u t. C on^arisons o f  the  in c o rp o ra tio n  o f 

la b e l le d  a c e ta te  a t  2 mM by s t r a in s  K2 , K2FAc1 (ACK ) and K2HFAc3 (PTA ) 

growing on g lu co se  and g ly c e ro l were c a r r ie d  ou t (F igu re  6 ) .  L esions 

in  a c e ta te  k in a se  and p h o sp h o tran sace ty la se  alm ost com pletely  a b o lish  

th e  in c o rp o ra tio n  o f  a c e ta te  when th e  c e l l s  a re  pregrown on g lucose  

and g lucose i s  used  as th e  u n la b e lle d  carbon so u rce . A d i f f e r e n t  

p a t te r n  i s  observed  when g lycero l-g row n  c e l l s  growing on g ly c e ro l a re  

exposed to  2 mM a c e ta te .  The a c e ta te  k in a se -n e g a tiv e  m utant r e ta in s  

the  a b i l i t y  to  in c o rp o ra te  a c e ta te  a t  c lo se  to  w ild -ty p e  le v e l s  and a  

co n sid e rab le  r e s id u a l  a b i l i t y  to  in c o rp o ra te  a c e ta te  i s  a lso  observed 

in  th e  p h o sp h o tra n sa c e ty la se - le s s  organism .

The e f f e c t  o f in c re a s in g  th e  a c e ta te  c o n c e n tra tio n  from 2 

to  20 mM i s  shown in  F igure  7 fo r  g lycero l-g row n  c e l l s  growing on 

C ^^C ]acetate p lu s  g ly c e r o l .  In  the  w ild - ty p e , in c o rp o ra tio n  in c re a s e s  

as  th e  a c e ta te  c o n c e n tra tio n  i s  in c re a se d  (F igure  ?a) whereas in  the  

a c e ta te  k in a s e - le s s  m utant th e re  i s  e s s e n t i a l ly  no in c re a s e  in  a c e ta te  

in c o rp o ra tio n  as  th e  a c e ta te  c o n ce n tra tio n  i s  in c re a se d  (F ig u re  7 b ).

The a b i l i t y  o f  th e  pho sp h o tran saeety 1a se -n e g a tiv e  m utant to  in c o rp o ra te
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lUgure 8

In c o rp o ra tio n  o f sodium [2  C ]a ce ta te  by E. c o l i  K12 s t r a i n  K1, 

K1HFAc1 (ACK") and K1HFAc3 (PTA ) growing on 23 mM g ly c e ro l .  A ll 

s t r a in s  were pregrown on g ly c e ro l ,  h a rv e s te d , washed and t r a n s fe r r e d  

to  f r e s h  g ly c e r o l /a c e ta te  medium. In c o rp o ra tio n  o f r a d io a c tiv e  

la b e l  in to  c e l l s  was measured as d esc rib ed  in  M a te ria ls  and Methods, 

(a ) K1 -  2 mM •  ; 20 mM ■ . (b) K1HFAc1 -  2 mM #  ;

20 mM m . (c ) K1HFAc3 -  2 mM •  ; 20 mM ■ .
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Figure 9

The e f f e c t  o f 25 niM g lucose  a d d itio n  upon the  in c o rp o ra tio n  o f 2 mM 

sodium [2  C ]a ce ta te  by s t r a i n  K2FAc1 (ACK” ) growing on 25 mM g ly c e r o l .  

K2FAc1 was pregrown on g ly c e r o l ,  h a rv e s te d , washed and t r a n s f e r r e d  to  

f re sh  g ly c e r o l /a c e ta te  medium. In c o rp o ra tio n  o f ra d io a c tiv e  la b e l  in to  

c e l l s  was m easured as d e sc rib e d  in  M a te ria ls  and Methods. The g lucose 

a d d itio n  was made a t  th e  p o in t in d ic a te d  by th e  arrow . In c o rp o ra tio n  

by c o n tro l c u l tu re  (no g lucose  a d d itio n )  ■ ; in c o rp o ra tio n  by

c u ltu re  to  which 25 mM g lucose  was added a t  th e  p o in t in d ic a te d  #
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a c e ta te  a c tu a l ly  d ecreases  d ra m a tic a lly  ais th e  a c e ta te  c o n ce n tra tio n  

i s  r a is e d  from 2 to  20 mH (F igure  7 c ) .  This o b se rv a tio n  i s  

c o n s is te n t  w ith  th e  d if fe re n c e  observed in  th e  growth r a t e s  o f a c e ta te  

k in a s e - le s s  and p h o sp h o tra n sa c e ty la se - le s s  m utants on 25 mH a c e ta te  

medium. These o b se rv a tio n s  were confirm ed w ith  a c e ta te  k in a se -  

n eg a tiv e  and phospho t r  ans ac e ty la s e - n e g a t i  ve m utants i s o la te d  from K1 

(F igure  8 ) .  The r e l a t i v e  degree o f  in h ib i t io n  o f  in c o rp o ra tio n  a t  

20 mM a c e ta te  coo^ared w ith  th e  in c o rp o ra tio n  a t  2 mM in  th e  phospho- 

tra n s a c e ty la s e -n e g a tiv e  K1 d e r iv a tiv e  te s te d  (F igure  8c) was le s s  

than  observed  w ith  the  s im ila r  K2 d e r iv a t iv e  (F igure  7 c ) , bu t a 

q u a l i t a t iv e ly  s im ila r  p a t te r n  o f  in c o rp o ra tio n  was observed w ith  the  

w ild - ty p e , a c e ta te  k in a s e - le s s  and p h o sp h o tra n sa c e ty la se - le s s  s t r a in s  

o f  K1 (F ig u re s  8a , b and c ) .

The p o s s i b i l i t y  t h a t  th e  low r a t e s  o f a c e ta te  in c o rp o ra tio n  

a t  2 mH observed  when s t r a in s  la c k in g  a c e ta te  k in ase  oTT phospho trans

a c e ty la se  a re  growing on g lucose  ( a f t e r  pregrow th on g lu co se ) could  

be due to  an in h ib i to r y  e f f e c t  o f g lucose  (o r  some m e tab o lite  d e riv ed  

from g lu co se ) on a  second a c t iv a t in g  system , r a th e r  th an  to  a 

re p re s s iv e  e f f e c t ,  was te s t e d .  The e f f e c t  o f  th e  a d d i t io n  o f 25 mM 

g lucose  to  a  c u l tu re  o f K2FAc1 (ACK ) pregrown on g ly c e ro l and growing 

on 25 mM g ly c e ro l  + 2 mM [2 -  CÜ a c e ta te  upon in c o rp o ra tio n  o f th e  

l a b e l le d  a c e ta te  was measured (F igure  9 ) .  Upon a d d it io n  o f the  g lucose  

th e re  i s  an im m ediate re d u c tio n  in  th e  r a t e  o f a c e ta te  in c o rp o ra tio n , 

b u t th e  r a t e  was n o t reduced to  th e  l e v e l  observed  in  K2FAc1 pregrown 

on g lucose  and growing on 25 mM g lucose  + 2 mM la b e l le d  a c e ta te  

(F igure  6 ) .  As growth proceeds in  th e  p resence  o f  the  added g lucose
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th e re  i s  ev idence o f  a  f u r th e r  d ecrease  in  the  a b i l i t y  to  in c o rp o ra te  

a c e ta te  which may r e f l e c t  re p re s s io n  o f  th e  sy n th e s is  o f the  second 

system  and i t s  d i lu t io n  as th e  c u ltu re  grow s. T his experim ent 

su g g es ts  th a t  th e re  may be bo th  re p re s s io n  and ifa h ib itio n  by g lucose 

o f th e  a l t e r n a t iv e  a c t iv a t in g  system  w ith  th e  form er e f f e c t  being  

q u a n t i ta t iv e ly  more s ig n i f ic a n t .

E f fe c t  o f  exogenous a c e ty l  phosphate upon growth o f  K2 upon a c e ta te  

The e f f e c t  o f  in c re a s in g  a c e ta te  c o n c e n tra tio n  upon a c e ta te  

in c o rp o ra tio n  in  p h o sp h o tra n sa c e ty la se -n eg a tiv e  s t r a in s  su g g ests  the  

p o s s ib i l i t y  t h a t  e le v a te d  a c e ty l  phosphate le v e l s  caused by an 

i n a b i l i t y  to  m etab o lise  a c e ty l  phosphate to  a c e ty l  CoA may in h i b i t  

a c e ta te  u t i l i z a t i o n  perhaps a t  th e  le v e l  o f th e  second a c e ta te  

a c t iv a t io n  system . The a d d itio n  o f 10 mM lith iu m  a c e ty l  phosphate to  

a  c u ltu re  o f  K2 growing on a c e ta te  f a i l s  to  i n h ib i t  grow th. I t  i s  

l ik e ly  t h a t  th e  la c k  o f e f f e c t  o f exogenous a c e ty l  phosphate i s  due 

to  i t s  f a i lu r e  to  g e t in to  th e  c e l l  i n  s p i te  o f the  c o n c e n tra tio n  used.

Dependence o f  grow th r a t e  upon medium a c e ta te  c o n c e n tra tio n  in  K1 

The dependence o f  growth r a t e  o f s t r a i n  K1 upon a c e ta te  c o n ce n tra tio n  

in  th e  medium was measured in  o rd e r to  determ ine w hether i t  would 

r e f l e c t  th e  c o n tra s t in g  p ro p e r t ie s  o f  th e  two a c t iv a t in g  system s 

re v e a le d  by in c o rp o ra tio n  s tu d ie s  w ith  w ild -ty p e  and m utant s t r a i n s .  

The growth r a t e  was measured over a  range o f a c e ta te  c o n ce n tra tio n s  

from 1 to  50 mM. This p re se n te d  co n s id e ra b le  te c h n ic a l  problem s.

Thus in  o rd e r to  observe a  reaso n ab le  pe rcen tag e  change in  c e l l  mass



Table 6 Dependence o f growth r a te  o f E. c o l i  K12 s t r a i n  K1

upon a c e ta te  c o n ce n tra tio n s

c o n ce n tra tio n  o f a c e ta te  mean g en e ra tio n
in  medium (mM) tim e (h)

50 2 .0

20 2 .9

10 4 .1

5 5 .5

3 4 .3

2 4 .7

1 5 .2

C u ltu re s  were grown as d e sc rib ed  in  M a te ria ls  and Methods. 

Pregrowth was on g ly c e r o l /a c e ta te  medium. Growth o f  the  c u l tu re s  

was measured as d e sc rib e d  in  M aterisils and Methods.
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a t  low c o n c e n tra tio n s  o f a c e ta te ,  i t  was n ecessa ry  to  i n i t i a t e  the  

growth a t  a  low w ith  consequent lo s s  o f accuracy  in  the

absorbance d a ta . The growth r a te s  a t  low a c e ta te  c o n c e n tra tio n s  were 

th e re fo re  d i f f i c u l t  to  measure a c c u ra te ly . S tr a in  K1 was pregrown 

on g ly c e r o l /a c e ta te  medium, washed tw ice  w ith  c a rb o n -fre e  b a sa l medium 

and resuspended  in  media co n ta in in g  a c e ta te  a t  d i f f e r e n t  c o n c e n tra tio n s . 

The growth r a t e s  measured a t  v a rio u s  a c e ta te  c o n ce n tra tio n s  a re  shown 

in  Table 6 . The growth r a t e  appears to  be c o n c e n tra tio n  dependent 

a t  h ig h  a c e ta te  c o n c e n tra tio n s , b u t to  have a c o n s ta n t va lue  a t  

a c e ta te  c o n c e n tra tio n s  below 5 mM. The r a t e  observed a t  low a c e ta te  

c o n c e n tra tio n s  i s  s im i la r  to  th a t  observed  fo r  a c e ta te  k in a s e - le s s  

m u tan ts . I t  i s  th u s  p o s s ib le  th a t  th e  growth p a t te r n  r e f l e c t s  the  

h igh  and low c o n ce n tra tio n  a c t iv a t io n  system s suggested  by th e  

in c o rp o ra tio n  experim ents d e sc rib ed  above. The p o s s ib i l i t y  t h a t  

a c e ta te  c o n c e n tra tio n  may a f f e c t  th e  o p e ra tio n  o f  o th e r  system s re q u ire d  

fo r  a c e ta te  grow th, fo r  example in d u c tio n  o f th e  g ly o x y la te  b y -p ass , 

canno t, o f co u rse , be e lim in a te d  in  t h i s  experim ent.

The in c o rp o ra tio n  o f [ 2 - C ]propionate  by a c e ta te  k in a se -n e g a tiv e  

and p h o sp h o tra n sa c e ty la se -n eg a tiv e  m utants growing on g ly c e ro l 

P ro p io n a te  i s  a poor so le  carbon source  fo r  many s t r a in s  o f E. c o l i , 

bu t i t  can be u t i l i z e d  under some c o n d itio n s  (Wegener e t  a l . , I 968) .

I h i s  u t i l i z a t i o n  i s  though t to  inv o lv e  a c t iv a t io n  to  p ro p io n y l CoA.

In  view o f  R o se 's  o b se rv a tio n  th a t  p ro p io n a te  i s  a  s u b s tr a te  fo r  

a c e ta te  k in a se , a l b e i t  a poor one, and th e  o b se rv a tio n  th a t  the  

a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  system  i s  in vo lved  in  a c e ta te
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F igu re  10

The in c o rp o ra tio n  o f 2 and 20 mM sodium [2  C]p ro p io n a te  by 

c u ltu re s  o f E. c o l i  K12 s t r a in s  K1, K1HFAc1 (ACK ) and K1HFAc3 (PTA ) 

growing on 25 mM g ly c e ro l a f t e r  pregrow th on 25 mM g ly c e ro l/2 0  mM 

sodium p ro p io n a te  medium. In c o rp o ra tio n  o f ra d io a c tiv e  la b e l  in to  

c e l l s  was measured as d esc rib ed  in  M atericils and Methods, (a)

K1 -  2 mM e  ; 20 mM "  . (b) K1HFAc1 -  2 mM •  ;

20 mM m . (c ) K1HFAc3 -  2 mM •  ; 20 mM ■ .
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F ig u re  11

In c o rp o ra tio n  o f 2 mM sodium C2^^c3p ro p io n a te  by s t r a in s  K1, 

K1HFAc1 (ACK ) and K1HFAc3 (PTA ) growing on 23 mM g ly c e ro l a f t e r  

growth on 23 mM g ly c e ro l .  C e lls  were h a rv e s te d , washed and 

resuspended in  f r e s h  g ly c e ro l/p ro p io n a te  medium. In c o rp o ra tio n  

o f ra d io a c tiv e  la b e l  in to  c e l l s  was measured as d esc rib ed  in  

M a te ria ls  and Methods. K1 •  ; K1HFAc1 ^  ; K1HFAc3 ■ •
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Figure 12

Growth o f E. c o l i  K12 s t r a in s  K1, K1HFAc1 (ACK ) and K1HFAc3 (PTA ) 

on 25 mM sodium p ro p io n a te  a f t e r  t r a n s f e r  from g ly c e ro l medium. 

Growth o f th e  c u ltu re s  was measured as d e sc rib e d  in  M a te ria ls  and 

Methods. K1 •  ; K1HFAc1 A ; K1HFAc3 ■ .
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a c t iv a t io n  a t  h ig h  a c e ta te  c o n c e n tra tio n s  (F ig u res  6 , 7 and 8 ) , i t  

was decided  to  determ ine w hether th e  enzyme system  p lay ed  a i^  r o le  

in  p ro p io n a te  a c t iv a t io n  in  E. c o l i  K12.

The in c o rp o ra tio n  o f la b e l le d  p ro p io n a te  a t  2 and 20 mM by 

c e l l s  growing on g ly c e ro l a f t e r  pregrow th on e i th e r  g ly c e ro l a lone 

o r g ly c e ro l  + p ro p io n a te  was m easured and th e  r e s u l t s  a re  p re sen ted  

in  F ig u res  10 and 11. These su g g est th a t  th e  a c e ta te  k inase /phospho

tra n s a c e ty la s e  system  does n o t p la y  any ro le  in  p ro p io n a te  a c t iv a t io n  

in  K1 excep t perhaps a n eg a tiv e  one. In d u c tio n  by p ro p io n a te  o f a  

system  a p p a re n tly  re q u ire d  fo r  p ro p io n a te  in c o rp o ra tio n  a f t e r  

t r a n s f e r  from g ly c e ro l  medium i s  observed only  in  th e  a c e ta te  k in a se -  

l e s s  d e r iv a t iv e  o f  K1, and h ig h e r le v e ls  o f in c o rp o ra tio n  a re  observed 

in  th e  a c e ta te  k in a s e - le s s  d e r iv a t iv e  a f t e r  pregrow th in  th e  p resence  

o f p ro p io n a te  th an  in  th e  w ild -ty p e  o r th e  p h o sp h o tran sace ty la se  

s t r a i n .  These o b se rv a tio n s  a re  in  agreement w ith  th e  f in d in g  th a t ,  

a f t e r  t r a n s f e r  from g ly c e ro l minimal medium to  p ro p io n a te  minimal 

medium, KIHFAcI (ACK ) e n te r s  lo g  phase w ith in  2-3 hours whereas K1 

and K2HFAc3 (PTA ) f a i l  to  ad ap t to  growth on p ro p io n a te  minimal 

medium w ith in  9^ hours (F igure  1 2 ). I t  i s  p o s s ib le  th a t  p ro p io n y l 

phosphate l e v e l s  a re  e le v a te d  in  bo th  th e  w ild -ty p e  and phospho

t r a n s a c e ty la s e - le s s  s t r a in  to  th e  e x te n t th a t  p ro p io n y l phosphate 

in h ib i t s  th e  in d u c tio n  o f a  system  re q u ire d  fo r  p ro p io n a te  u t i l i z a t i o n .  

P rop iony l phosphate i s  a poor s u b s tr a te  fo r  p h o sp h o tran sace ty la se  in  

E. c o l i  (H ib b e rt e t  a l . , 1971).
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CHAPTER I I

S tu d ies  o f  a  second a c e ta te  a c t iv a t io n  system  in  E. c o l i  and i t s  

r e l a t io n  to  o th e r  f a t t y  a c id  a c t iv a t in g  system s

In tro d u c tio n

The grow th and in c o rp o ra tio n  experim ents d e sc rib e d  in  the  

p rev io u s  c h ap te r  su g g es t the  e x is ten c e  o f  a  second a c e ta te  a c t iv a t io n  

system  in  E. c o l i  K12. The d a ta  from th e  in c o rp o ra tio n  experim ents 

would su ggest th a t  th i s  system  must have a  number o f p ro p e r t ie s :

1 . I t  would have a  low Kg fo r  a c e ta te .  A cetate  a c t iv a t io n  by the  

second system as evidenced by in c o rp o ra tio n  o f la b e l le d  a c e ta te  i s  

s a tu ra te d  a t  2 mM. The system  th u s  c o n tra s ts  w ith  th e  h ig h  Kg fo r  

a c e ta te  shown by a c e ta te  k in ase  (Rose, 1962).

2 . I t  would be s u b je c t to  g lucose re p re s s io n . A cetate  

in c o rp o ra tio n  i s  h ig h e r i n  g lycero l-g row n  a c e ta te  k in a s e - le s s  m utants 

growing on g ly c e ro l  than  i n  glucose-grow n c e l l s  growing on g lucose  

and t h i s  i s  n o t due s in g ly  to  an in h ib i to r y  e f f e c t  o f  th e  g lu c o se .

3 . I t  would be expected  to  be e s s e n t ia l ly  i r r e v e r s ib le  as a  le s io n  

in  p h o sp h o tran sace ty la se  alm ost t o t a l l y  a b o lish e s  a c e ta te  e x c re tio n .

These d a ta  prompted and gu ided  a sea rch  fo r  an a l t e r n a t iv e  

to  th e  a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  system  fo r  th e  a c t iv a t io n  

o f a c e ta te .  The most l ik e ly  can d id a te  fo r  an a l t e r n a t iv e  a c e ta te  

a c t iv a t in g  system  would be an a c e ta te  th io k in a s e . There have been 

no r e p o r ts  o f a c e ta te  th io k in a se  a c t i v i t y  in  E. c o l i . A cetate  

th io k in a se  i s  found in  c e r ta in  b a c te r ia  and in  an im als and p la n ts



3 1

(B e in e r t e t  a l . , 1953; M illO rd & Bonner, 1954; ELsenberg, 1955,

1957; F u l le r  e t  a l . , 196I ;  B enedict & Rinne, 1964; Hoare &

Gibson, 1964; Pearce  & C arr, 1967; F la v e l l  & Fincham, I 968 ;

Skinner & C la rk e , I 968 ; T ru s t & M i l l i s ,  1971). T h iok inases a re

e s s e n t ia l ly  i r r e v e r s ib l e  in  th e  p resence  o f in o rg a n ic  pyrophosphatase :

a c e ta te  + CoA + ATP ^ " a c e ty l  CoA + AMP + PP^

PP^ + H^O -----> 2 Pj.

An exam ination o f  th e  l i t e r a t u r e  on system s im p lic a te d  i n  th e  

a c t iv a t io n  o f  f a t t y  a c id s  by E. c o l i  has c l a r i f i e d  t h e i r  p o s s ib le  

r e la t io n s h ip s  to  th e  second a c e ta te  a c t iv a t io n  whose e x is ten c e  i s  

suggested  by th e  d a ta  d e sc rib ed  in  C hapter I .

E. c o l i  i s  capable o f a c t iv a t in g  a range o f  s h o r t ,  medium

and lo n g -ch a in  f a t t y  a c id s .  The b e s t  c h a ra c te r iz e d  a c t iv a t in g  enzyme 

i s  th e  acyl-CoA sy n th e ta se  a c t in g  on medium and long  chain  f a t t y  a c id s  

(a c id  : CoA l ig a s e  (AMP) E .C . 6 .2 .1 .3 ) .  I t s  r e g u la t io n  has been th e

s u b je c t  o f in te n s iv e  s tudy  by O verath and h is  co lle ag u es  and by 

W ak il's  group (O verath  e t  a l . ,  1969; K lein  e t  a l . , 1971; Weeks e t  

a l . , 1969) .  T h e ir work i s  in  broad agreem ent. The enzyme i s  

a c tiv e  a g a in s t  s a tu r a te d ,  mono- and p o ly u n sa tu ra ted  a c id s  from 

^8~^20 induced  by f a t t y  a c id s  w ith  more th an  tw elve carbon

atom s. Glucose re p re s s e s  th e  in d u c tio n . The a b i l i t y  o f w ild -ty p e  

s t r a in s  o f E. c o l i  to  use f a t t y  a c id s  as so le  carbon so u rces i s  

determ ined in  p a r t  by the  in d u cer req u irem en ts  o f  th e  a c t iv a t io n  and 

p -o x id a tio n  sy stem s. The s p e c i f ic  a c t i v i t y  o f  th e  enzyme i s  low 

under the  c o n d itio n s  o f measurement used by O verath e t  a l .  ( 1969) .

Samuel, Estroum za and Ailhaud (1970) have re p o r te d  a  p a r t i a l  

p u r i f i c a t io n  o f  an acyl-CoA sy n th e ta se  from an E. c o l i  K12. I t  i s
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a c t iv e  on a c id s . They p re se n te d  evidence fo r  the

e x is te n c e  o f  two enzymes, one a c tin g  on s h o r t  and medium ch a in  f a t t y  

a c id s  and the  o th e r  one on long chain  f a t t y  a c id s . T his f in d in g  

th a t  the  acyl-CoA sy n th e ta se  i s  a c tiv e  a g a in s t  s h o r t  and medium 

chain  a c id s  c o n tr a s ts  w ith  O verath*s f in d in g s  and th e  work o f  W ak il's  

g roup . A ll th e  organism s s tu d ie d  were K12 s t r a i n s .  I t  i s  u n lik e ly  

th a t  the  acyl-CoA syntheteise d e sc rib ed  by th e se  w orkers cou ld  be 

in v o lv ed  in  a c e ta te  a c t iv a t io n  in  E. c o l i  K12.

The mechanisms o f u t i l i z a t i o n  o f  s h o r t  and medium chain  

f a t t y  a c id s  as  so le  carbon sou rces a re  more con^lex th an  th o se  o f 

long chain  a c id s .  G enetic m an ipu la tions have been used  to  c o n s tru c t 

a  v a r ie ty  o f s t r a i n s  ab le  to  grow ra p id ly  on s h o r t  and medium chain  

f a t t y  a c id s . The g e n e tic  p l a s t i c i t y  o f  E. c o l i  i s  s t r ik in g ly  

i l l u s t r a t e d  by th e  ease w ith  which such s t r a in s  can be s e le c te d .

The mechanisms o f  f a t t y  a c id  a c t iv a t io n  have n o t been f u l ly  d e fin ed  

in  any o f th e se  s t r a i n s .

G enetic  evidence fo r  th e  e x is te n c e  o f a  s h o r t  ch a in  f a t t y  

a c id  a c t iv a t in g  system  comes from th e  work o f  S a la n itro  and Wegener 

( 1971a), who have s e le c te d  a  m utant capab le  o f growth on b u ty ra te  

and v a le r a te  by p ro longed  c y c lin g  in  nonanoate medium. In  view o f 

th e  growth p ro p e r t ie s  i t  seems l ik e ly  th a t  th e  organism  has been 

m odified  in  b o th  s h o r t  chain  f a t t y  a c id  a c t iv a t io n  and i n  p -o x id a tio n . 

Thus s p e c i f ic  e l im in a tio n  o f e i th e r  th e  observed  d e rep ressed  p- 

o x id a tio n  a c t i v i t y  o r the  u p ta k e /a c t iv a t io n  system  can be ach ieved . 

S e le c tio n  fo r  o le a te  n e g a t iv i ty  e lim in a te s  th e  d e rep ressed  p -o x id a tio n  

system , w hile s e le c t io n  fo r  4 -p en ten o a te  r e s is ta n c e  d u ring  growth
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on a c e ta te  e lim in a te s  th e  u p ta k e /a c t iv a t io n  p ro c e ss . The f a i l u r e  

to  id e n t i f y  th e  a c t iv a t io n  p ro cess  by d i r e c t  enzyme assay  l im i t s  

th e  u t i l i t y  o f  th e  d a ta . The o b se rv a tio n  th a t  m o d if ic a tio n  o f 

a c t iv a t in g  a c t i v i t y  as evidenced by growth d a ta  has no e f f e c t  on 

a c e ta te  and p ro p io n a te  growth i s  in te r e s t in g  in  r e l a t i o n  to  the  

second a c e ta te  a c t iv a t io n  system . The 4 - p e n te n o a te - r e s is ta n t  

m utants which a re  p robab ly  d e fe c tiv e  i n  a c t iv a t io n  a lso  seem to  be 

u n a ffe c te d  in  t h e i r  growth on a c e ta te  o r p ro p io n a te  a t  20 mM.

O verath has i s o la te d  s t r a in s  (dec 16 b u t 1 and dec 16 b u t 12) 

th a t  a re  capab le  o f  u s in g  b u ty ra te  as so le  carbon source (O verath , 

1969) .  A p a re n t organism  d e rep ressed  fo r  th e  s y n th e s is  o f th e  

enzymes o f  long  ch a in  f a t t y  a c id  d eg rad a tio n  (acyl-CoA sy n th e ta se  

and p -o x id a tio n )  s e le c te d  fo r  growth on decanoate , was used fo r  the 

s e le c t io n  o f b u ty ra te ^  r e v e r ta n ts .  No b u ty ra te  a c t iv a t io n  system

was id e n t i f i e d  in  th e se  organism s. The two m utants d i f f e r  in  th a t

one ( dec 16 b u t 1) p o sse sse s  a  very  h igh  le v e l  o f  th io la s e  and grows 

w ell on b u ty ra te ,  b u t po o rly  on long chain  f a t t y  a c id s  w hile  th e  o th e r 

(dec 16 b u t 12) grows w ell on b u ty ra te  and on f a t t y  a c id s  w ith  more 

than  e ig h t carbon atom s. The r e la t io n s h ip  o f th e  h igh  th io la s e  

(acyl-CoA : acetyl-C oA  C -a c y ltra n s fe ra se  E.G. 2 .3 .1 .1 6 )  a c t i v i t y  to  

th e  growth p ro p e r t ie s  o f dec 16 b u t 1 i s  n o t known. O verath su g g es ts  

th a t  th e  b u ty ra te  a c t iv a t in g  system m ight in v o lv e  a  th io p h o rase  

system  (b u ty ry l : acetate-C oA  tr a n s fe ra s e  E.G. 2 .8 .3 )  o r a b u ty ra te  

k in a se /p h o sp h o tra n sb u ty ry la se  system . Both th e se  system s were f i r s t

id e n t i f i e d  in  G lo s t r id ia  (S tadtm an, 1953» V alen tine  & W olfe, I 960) .

Two r e p o r ts  by Vanderwinkel and co-w orkers have d e sc rib ed
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th e  p ro p e r t ie s  o f m utants capable  o f growth on b u ty ra te  and v a le r a te  

(Vanderwinkel e t  a l . , I 968 ; Vanderwinkel e t  a l . , 1971)* I f  organism s 

capab le  o f growth on b u ty ra te  a re  s e le c te d  from a  w ild -ty p e  s t r a i n ,

KLI6 , they  show slow growth on b u ty ra te  o r v a le r a te  w ith  a  doubling  

tim e o f 3-10 h o u rs . I f  a s t r a i n  c o n s t i tu t iv e  fo r  th e  g ly o x y la te  

c y c le , D3H3G7 , i s  used fo r  th e  s e le c t io n ,  th e  doubling tim e o f  the  

m utants o b ta in ed  f a l l s  to  3-5  h o u rs . I f  th e se  m utants a re  fu r th e r  

m utagenized to  produce a  le s io n  g iv in g  c o n s t i tu t iv e  p -o x id a tio n  

system  a c t i v i t y ,  th e  doubling  tim e f a l l s  to  l e s s  th an  3 h o u rs . The 

common p ro p e rty  o f th e se  b u ty ra te ^  m utants i s  th e  p resence  o f a  CoA 

tra n s fe ra s e  a c t i v i t y  capable o f c a ta ly s in g  th e  r e a c tio n :

a c e ty l CoA + b u ty ra te  a c e ta te  + b u ty ry l CoA

a c e ty l  CoA + v a le r a te  y   a c e ta te  + v a le ry l  CoA

The e le v a te d  le v e ls  o f  t h i s  a c t i v i t y  a re  a s s o c ia te d  w ith  e le v a te d  le v e ls  

o f  th io la s e .  The th io la s e  le v e ls  a lso  seem to  be determ ined in  some 

way by th e  s t a t e  o f  c o n tro l o f the  p -o x id a tio n  system . While the  

p o te n t ia l  ro le  o f  the  CoA tr a n s fe ra s e  in  th e  u t i l i z a t i o n  o f b u ty ra te  

and v a le r a te  i s  e v id e n t, the  ro le  o f th e  th io la s e  a c t i v i t y  i s  le s s  

obvious (O verath , 1969)* I t  i s  l ik e ly  t h a t  th e  g ly o x y la te -s h o r t  chain  

f a t t y  ac id  acy l CoA e s te r  condensing a c t i v i t i e s  p o s tu la te d  by Furmanski 

e t  a l . ,  ( 1967) to  have a  ro le  in  growth on medium chain  f a t t y  a c id s  

were a r te f a c tu a l  being  the  r e s u l t  o f  o p e ra tio n  o f th e  CoA t ra n s fe ra s e  

and mala te  syn thase  (L -m alate g ly o x y la te - ly a se  E.C . 4 .1 .3 * 2 ) .  The 

a v a ila b le  d a ta  on sh o r t-c h a in  f a t t y  a c id  a c t iv a t io n  in  E. c o l i  sug g est 

th a t  none o f the  system s d e sc rib ed  i s  in v o lv ed  in  a c e ta te  o r p ro p io n a te  

a c t i v i t y .
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I t  i s  n o t known how p ro p io n a te  i s  a c t iv a te d  in  E. c o l i .

Rose found th a t  a c e ta te  k in a se  w i l l  c a ta ly s e  the  fo rm ation  o f  p rop iony l 

phosphate from p ro p io n a te  and ATP. The fo r  p ro p io n a te  under the  

assay  co n d itio n s  used was, however, ex trem ely  h igh  (Rose, I 962) .  The

p ro p io n y l phosphate formed i s  a  poor s u b s tr a te  fo r  pho sp h o tran s- 

a c e ty la se  (H ibbert e t  a l . ,  1971)* The in c o rp o ra tio n  experim ents 

d e sc rib ed  in  ch ap te r I  su g g est th a t  th e  a c e ta te  k in a se /p h o sp h o tra n s-  

a c e ty la se  system i s  u n lik e ly  to  be in v o lv ed  in  p ro p io n a te  a c t iv a t io n  

in  E. c o l i  K12. The mechanism o f  p ro p io n a te  m etabolism  in  E. c o l i  

rem ains la rg e ly  obscure in  s p i te  o f  co n sid e rab le  e f f o r t  by A j l 's  

group (Wegener e t  a l . , 19&7; 1968a; 1968b; Kolodzie.j e t  a l . , I 968 ;

Wegener £ t  ^ . , 1969)* None o f t h i s  work id e n t i f i e d  a  p ro p io n a te  

a c t iv a t io n  system .

The work d e sc rib ed  below was c a r r ie d  ou t in  o rd e r b road ly  

to  c h a ra c te r iz e  th e  second a c e ta te  a c t iv a t io n  system and to  d is t in g u is h  

i t  from o th e r  known system s, e .g .  th e  a c e ta te  k in a se /p h o sp h o tra n s-  

a c e ty la se  system and the  b u ty ra te /v a le r a te  a c t iv a t in g  system . Basic 

k in e t ic  param eters were measured u sin g  crude e x tr a c ts  and th e  

re p re s s io n /in d u c tio n  behav iour b r i e f ly  in v e s t ig a te d .  The r e la t io n s h ip  

o f th e  a c t i v i t y  measured ^  v i t r o  to  th e  p h y s io lo g ic a l p ro c e sse s  

measured in  in c o rp o ra tio n  and uptake experim ents was c o n sid e red .

I t  seems l ik e ly  t h a t  p rev io u s  a ttem p ts  to  d e te c t  an a c e ta te  

th io k in a se  in  E. c o l i  may have been u n su ccess fu l fo r  a  number o f 

reaso n s :

1. th e  low s p e c if ic  a c t i v i t y  o f th e  enzyme ( c f .  s p e c i f ic  a c t i v i t y  o f 

long chain  acyl-CoA s y n th e ta s e ) .
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2 . re p re s s io n  o f enzyme a c t i v i t y  by g lu co se ,

3* the  h ig h  le v e ls  o f a c e ta te  k in ase  found in  E. c o l i  grown under

a l l  c o n d itio n s  in te r f e r e  w ith  th e  commonly used hydroxylaraine a ssay . 

A cetyl phosphate r e a c ts  much more re a d i ly  than  acetyl-CoA  w ith  

hydroxylam ine a t  the  pH va lu es  used in  th e  a ssa y s .

In  th e se  s tu d ie s ,  an a c e ta te  k in a s e - le s s  m utant, K1HFAc1,

w ith  extrem ely  low r e s id u a l  a c e ta te  k in ase  le v e ls  was employed. C e lls  

were grown on a g ly c e r o l /a c e ta te  medium and low a c e ta te  c o n ce n tra tio n s  

were used in  the  th io k in a se  a ssa y s . The use o f t h i s  p rocedure 

allow ed the  d e te c tio n  o f a second a c t iv a t in g  system fo r  a c e ta te  i n  

E. c o l i  K12.

M a te ria ls  and Methods

Ethane methane su lphonate  (EHS) was o b ta in ed  from Kodak L td .,  

K irby, L iv erp o o l, England. p -f lu o ro p ro p io n a te  was o b ta in ed  from 

K & K Chem icals, Hollywood, C a l ifo rn ia , U.S.A.

Organisms The organism s used in  t h i s  ch ap te r a re  l i s t e d  in  Table 1.

Enzyme Assays For p re p a ra t io n  o f c e l l - f r e e  e x t r a c ts ,  600 ml c u ltu re s  

o f K1HFAc1 (ACK ) were grown on 30 mM a c e ta te /3 0  mM g ly c e ro l medium 

in  2 l i t r e  Erlenm eyer f la s k s .  A g lycero l-g row n inoculum  was used and 

the  c u ltu re s  were shaken o v e rn ig h t in  a  New Brunswick r o ta r y  shaker a t  

37°0. S ta tio n a ry  phase c e l l s  were h a rv e s te d  by c e n tr i fu g a t io n  a t  

12,000g fo r  10 m inutes in  a M.S.E. 18 p re p a ra t iv e  c e n tr ifu g e , washed
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once w ith  ic e - c o ld ,  c a rb o n -free  b a sa l medium and once w ith  ic e -c o ld  

s o n ic a tio n  b u ffe r  (0 .1  M T r is -C l; 10 mM MgCl^; 1 mM sodium EDTA 

pH 8 .0 ) .  The c e l l s  were f i n a l ly  resuspended in  10 ml o f s o n ic a tio n  

b u f f e r .  The c e l l s  were so n ica te d  fo r  2 x 30 seconds w ith  a  30 second 

in te r v a l  between each s o n ic a tio n  in  a  beaker suspended in  a  m ixture 

o f ic e  and w a ter. A M .S.E. 13O w att so n ic a to r  was used  a t  an 

o u tpu t o f 9-10 p peak to  peak . The so n ic  e x tr a c t  was c e n tr ifu g e d  

fo r  1.3  hours a t  130,000g in  a  M.S.E. 30 Superspeed c e n tr ifu g e  to  

sedim ent NADH oxidase and remove c e l l  d e b r is .

For s tu d ie s  o f  enzyme in d u c tio n  and re p re s s io n , c e l l s  were 

grown in  1 l i t r e  Erlenm eyer f la s k s  in o c u la te d  a f t e r  pregrow th on th e  

a p p ro p ria te  carbon so u rce . Carbon so u rces were added a t  30 mM.

The washed c e l l s  were resuspended in  3 nil o f b u ffe r  fo r  s o n ic a t io n .

The th io k in a se  a c t i v i t y  reco v ered  w ith  v a rio u s  s o n ic a tio n  

b u ffe rs  was te s te d  u s in g  the  hydroxylam ine assay  (d e sc rib ed  below ).

0 .1 M sodium phosphate b u f fe r  pH 6 .8  gave a  co n sid e rab ly  low er a c t i v i t y  

than  0 .1 M T ris -C l/0 .0 1  MgCl^/O.OOl M Na EDTA b u ffe r  a t  pH 7*5 o r 8 .0 . 

The pH 8 .0  b u ffe r  gave optimum a c t i v i t y .  S tu d ies  o f  th e  s t a b i l i t y

o f t h i s  a c t i v i t y  dem onstrated th a t  i t  was more s ta b le  a t  -20^0 than  

a t  0°C and th a t  pH 8 .0  gave b e t t e r  p ro te c t io n  a g a in s t  in a c t iv a t io n  

than  pH 7*5 o r 6 .8 .  C e l l - f r e e  e x tr a c ts  cou ld  be s to re d  deep fro zen  

fo r  up to  a  week in  pH 8 .0  T r is -C l w ithou t lo s s  o f a c t i v i t y .

Three ty p es  o f  assay  were used to  d e te c t  a c e ta te  th io k in a se  

in  c e l l - f r e e  e x tr a c ts  o f  KIHFAcI:

1. Measurement o f a c e ty 1-hydroxamate formed by r e a c t io n  o f  a c e ty l

CoA w ith  hydroxylam ine. dhe absorbance o f a  fe rric -h y d ro x am ate  complex
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i s  measured a t  520 ran in  a c id  s o lu t io n .  This i s  a  s to p  assay  based 

on th e  p rocedure  o f  Jones and Lipmann (Jones & Idpmann, 1953).

2 . Measurement o f  acetyl-C oA  p ro d u c tio n  by a continuous assay  w ith  

m alate dehydrogenase and c i t r a t e  sy n th ase . In  t h i s  m o d if ic a tio n  o f  th e  

Ochoa ( 1955) method fo r  determ in ing  c i t r a t e  sy n th ase , th e  re d u c tio n  o f 

NAD i s  fo llow ed a t  340 nm.

3 . P o la ro g rap h ic  d e te rm in a tio n  o f CoA d isap p earan ce . The decay in  

am plitude o f  th e  s u lfh y d ry l wave o f  CoA o ccu rrin g  as acetyl-CoA  i s  

formed i s  fo llow ed  (Weitzman, I 969) .

A ttem pts to  develop conven ien t r a d io a c tiv e  a ssay s  were 

u n su c c e ss fu l. The measurement o f th e  appearance o f  ab so rp tio n  a t  

233 nm due to  t h i o l - e s t e r  bond fo rm ation  was im possib le  in  th e  presence  

o f th e  c o n c e n tra tio n s  o f ATP re q u ire d  in  th e  a ssa y . This assay  wais, 

however, u s e fu l  in  th e  measurement o f  p h o sp h o tran sace ty la se  a c t i v i ty  

(Bergmeyer, 1963) .

A ll th e  su c c e ss fu l assay s  d id , however, have d isad v an tag es . 

Tie hydroxamate a ssay  i s  in s e n s i t iv e  and th u s  r e q u ire s  prolonged 

in cu b a tio n  and a  la rg e  u t i l i z a t i o n  o f the  s u b s t r a te s ,  a c e ta te  and 

ATP, to  d e te c t  a c t i v i t y .  This p re s e n ts  problem s i f  th e  fo r  a 

s u b s tr a te  i s  h ig h . The coupled assay  i s  n o t s to ic h io m e tr ic  a t  low 

r a t e s .  I t  s u f f e r s  from the  u su a l problem s o f coupled a ssay s  ( fo r  

example, see Bergmeyer, I 965) and re s id u a l  NADH oxidase p re s e n ts  

problem s in  th e  measurement o f  low r a t e s .  The p o la ro g rap h ic  assay  

i s  continuous and s e n s i t iv e  and p rov ided  a  d i r e c t  measurement o f 

s u b s tr a te  d isap p e a ra n ce . The u t i l i t y  o f th e  p o la ro g rap h ic  measurement 

o f CoA d isappearance  i s ,  however, l im ite d  by th e  dependence o f  the
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r e a c t io n  r a t e  on CoA c o n c e n tra tio n . In  o rd e r to  observe the  

d isappearance  o f CoA a  reaso n ab le  p ro p o r tio n  o f th e  added CoA must 

be consumed in  th e  r e a c t io n .  T i is  p re s e n ts  problem s in  a ttem p tin g  

k in e t ic  work.

Hydroxamate assay  The ro u tin e  assay  was c a r r ie d  o u t as fo llo w s.

The re a c t io n  m ixture co n ta in ed  in  a  volume o f 3 nil, I 30 pmoles 

T r is -C l pH 8 .5 ; approxim ately  3OO pmoles N^OH (NH^OH.HCl n e u tr a l is e d  

w ith  NĤ  to  pH 8 .5 ); 15 Timoles MgCl^; 15 ^imoles sodium a c e ta te ;

1 pmole CoA; 10 pmoles ATP disodium  s a l t  and a  q u a n tity  o f c e l l - f r e e  

e x t r a c t .  The re a c t io n  was i n i t i a t e d  by the  a d d itio n  o f ATP. The 

assay  was in cu b ated  fo r  1 h a t  37°C. The re a c t io n  was te rm in a ted  by 

th e  a d d it io n  o f 3 ml o f 2 .5 ^  Fe Cl^ in  10$̂  p e rc h lo r ic  acid/2N  HCl. 

P r e c ip i ta te d  p ro te in  was removed by c e n tr i fu g a t io n  in  a  bench 

c e n tr ifu g e  and the  absorbance was measured a t  520 nm w ith  a  Unicam 

SP6OO spectropho tom eter w ith in  30 min o f com pletion o f th e  a ssa y .

The l im i t s  o f  s to ic h io m e tr ic  dependence on enzyme a d d itio n  and 

l i n e a r i t y  w ith  tim e were determ ined . The assay  was found to  be 

l in e a r ly  dependent upon enzyme a d d itio n  up to  a  r a t e  o f approxim ately

2 pm oles/^ and l in e a r  w ith  tim e over a t  l e a s t  1 h . L ithium  a c e ty l  

phosphate weis used to  p rep a re  a  s tan d a rd  curve fo r  th e  a ssa y . Blanks 

w ithou t CoA and ATP were p rep a red  fo r  each s e t  o f d e te rm in a tio n s .

The CoA-independent r a t e  i s  p robab ly  a  r e f l e c t io n  o f  r e s id u a l  a c e ta te  

k in ase  a c t i v i ty  and th e  a c e ta te  th io k in a se  a c t i v i ty  dependent on 

endogenous CoA. For assay  o f  p ro p io n a te  a c t iv a t io n ,  3OO pmoles o f 

sodium p ro p io n a te  were s u b s t i tu te d  fo r  th e  sodium a c e ta te .  The 

e x tin c t io n  o f propionyl-hydroxam ate was assumed to  be th e  same as th a t  

fo r  ace ty l-hydrcoxam ate .
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S pectropho tom etric  coupled  assay  This was c a r r ie d  ou t i n  e s s e n t ia l ly  

th e  same way as  th e  p h o sp h o tran sace ty la se  assay  d e sc rib ed  p re v io u s ly  

excep t th a t  a c e ta te  and ATP were s u b s t i tu te d  fo r  a c e ty l  phosphate .

10 pmoles o f ATP were used  p e r 1 ml a ssa y .

P o la ro g rap h ic  a ssay  A ceta te  th io k in a se  was assayed  p o la ro g ra p h ic a lly  

by fo llow ing  th e  a c e ta te -d ep e n d e n t CoA d isappearance  ( a t  -0 .3  V v ersu s  

a  s a tu ra te d  calom el e le c tro d e  meeisured a t  a  dropping mercury e le c tro d e )  

in  a  Radiom eter P04 P o la r i t e r  (Radiom eter L td . ,  Copenhagen, Denmark).

The assay s  co n ta in ed  in  1 ml, 100 pmoles T r is -C l pH 8 .5 ; 5 pmoles

MgCl^; 10 pmoles ATP disodium  s a l t  and vary ing  q u a n t i t ie s  o f  a c e ta te  

and CoA.

EHS M utagenesis EMS m utagenesis was c a r r ie d  ou t as fo llo w s . Log 

phase c e l l s  growing on n u t r i e n t  b ro th  were h a rv e s te d , washed and 

resuspended in  c a rb o n -fre e  b a sa l medium. 2 .5  ml o f th e  c e l l  suspension  

was added to  2 .45  ml o f b a sa l medium in  which 0 .05  ml o f EMS had been 

d is so lv e d . The su sp en sio n  was shaken in  th e  p resence  o f EMS fo r  

1 .5  h a t  37°C. The c e l l s  were th en  h a rv e s te d  and p la te d  on s e le c t iv e  

m edia.

R esu lts  and D iscu ssio n

D etec tio n  o f a c e ta te  th io k in a se  a c t i v i t y  i n  c e l l - f r e e  e x t r a c ts  o f 

KIHFAcI A ceta te  th io k in a se  was d e te c te d  in  c e l l - f r e e  e x tr a c ts

p rep a red  from KIHFAcI (ACK ) grown on g ly c e r o l /a c e ta te  medium by a l l  

th re e  assays d e sc rib e d  i n  th e  Methods s e c t io n .  The requ irem en ts  fo r



Table 7 (a ) Requirem ents fo r  a c e ta te  th io k in a se  in  c e l l - f r e e

e x tr a c ts  o f g ly c e r o l /a c e ta te  grown E. c o l i  K12 s t r a in  

K1HFAc1 (ACK” )

s p e c if ic  a c t i v i ty

complete 34 .3

- a c e ta te 0 .8

-CoA 0 .8

-ATP 0

-MgCl^ 32.1

-MgCl^ + 3 .3  mM EDTA 0 .8

+ 2 -m ercap toethanol 3 «3 mM 44.4

-ATP + 3 .3  mM GTP 3 .7

+ 10 mM potassium  c h lo rid e 36 .2

+ 1.6  mg/ml T r ito n  X-100 33.3

(b) D is tr ib u tio n  o f a c e ta te  th io k in a se  a c t i v i t y  between 

membranes and su p e rn a ta n t in  a  c e l l - f r e e  e x tr a c t  p repared  

from g ly c e ro l/a c e ta te -g ro w n  s t r a in  K1HFAc1 (ACK )

% t o t a l  a c t i v i ty  

membrane f r a c t io n  4

su p ern a tan t 96

C e ll- f r e e  e x tr a c ts  were p rep a red  and a c e ta te  th io k in a se  assays c a r r ie d  

ou t as d esc rib ed  in  M a te r ia ls  and Methods w ith  th e  excep tion  th a t  5 mM 

sodium a c e ta te  was used in  the  a ssay s  o f membrane and su p e rn a ta n t a c t i v i ty .  

S p e c if ic  a c t i v i t y  i s  exp ressed  as nmol a c e ty l  hydroxamate formed/nrLn/mg 

p r o te in .  Membrane and su p e rn a ta n t f r a c t io n s  were p rep ared  as d e sc rib ed  

in  th e  t e x t .
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a c t i v i t y  were te s te d  u sin g  the  hydroxamate s to p  a ssa y . Table 7 shows 

th e  r e s u l t s  o f experim ents to  determ ine th e  dependence o f a c t i v i t y  

on a c e ta te ,  ATP, CoA and and th e  e f f e c t  o f a  number o f compounds

which m ight be expected  to  in f lu e n c e  th e  a c e ta te  th io k in a se  a c t i v i t y .

Thus O verath*s ( I 969) work suggested  an exam ination o f  th e  e f f e c t s  o f  

2 -m ercap toethanol and T r ito n  X-100 and r e s u l t s  o b ta in ed  w ith  mammaliain 

a c e ta te  th io k in a se  (W ebster, I966) suggested  th a t  the  e f f e c t  o f io n s  

be a lso  te s te d ;  s im i la r ly ,  th e  a b i l i t y  o f GTP to  re p la c e  ATP was 

a lso  te s t e d .  The r e s u l t s  in d ic a te  a  r e a c t io n  dependence c h a r a c te r i s t i c  

o f an a c y la te  th io k in a s e . Omission o f  MgCl^ from th e  assay  (MgCl^ i s ,  

however, p re s e n t in  th e  son ic  e x tr a c t )  r e s u l t s  in  an approxim ately  40^ 

in h ib i t io n  o f a c t i v i t y .  The a d d itio n  o f  3 «3 mM EDTA d r a s t i c a l ly  

reduces a c t i v i t y  to  approxim ately  y/o o f  th a t  found in  th e  c o n tro l .

Tius a  s tro n g  dependence on d iv a le n t  m etal io n s  fo r  a c t i v i t y  i s  observed . 

2 -m ercaptoethanol e x e r ts  a  sm all in h ib i to r y  e f f e c t  a t  3-3  mM whereas 

O verath found 2 -m ercap toethanol to  s tim u la te  th e  a c t i v i t y  o f acyl-CoA 

sy n th e ta se . T r ito n  X-100 i s  w ithou t e f f e c t  on e i th e r  membrane-free 

o r m em brane-containing son ic  e x t r a c t s .  The a c e ta te  a c t iv a t in g  

a c t i v i t y  observed in  th e se  crude e x tr a c ts  i s  thus c le a r ly  d is tin g u is h e d  

from th e  a c e ta te  k in a s  e/pho spho t r  ans ac e t y l  as e system  by the  requ irem en t 

fo r  CoA to  observe fo rm ation  o f ace ty l-hyd roxam ate . A ceta te  k in ase

c a ta ly s e s  th e  CoA independent fo rm ation  o f a c e ty l  phosphate (CoA i s  

w ithou t e f f e c t  on a c e ta te  k in ase  a c t i v i t y  under th e  c o n d itio n s  t e s t e d ) . 

A cetyl phosphate i s  c o n sid e rab ly  more r e a c t iv e  tow ards hydroxylam ine 

than  i s  acetyl-CoA  a t  th e  pH used  in  th e  a ssa y . Thus no CoA-dependent 

ro le  fo r  p h o sp h o tran sace ty la se  can be env isaged . The s a tu r a t io n  curve



Table 8 E f fe c t  o f pH on a c e ta te  th io k in a se  a c t i v i ty  in  a

c e l l - f r e e  e x t r a c t  p rep a red  from g ly c e r o l /a c e ta te -  

grown s t r a i n  K1HFAc1 (ACK )

pH____________________________ s p e c if ic  a c t i v i ty

7 . 3  17

8.0  33

8.5 39

9 . 0  3 6

C e ll- f r e e  e x tr a c ts  and enzyme assay s  were c a r r ie d  out as d e sc rib ed  

i n  M a te ria ls  and Methods w ith  the  excep tion  th a t  T r is -HCl b u ffe rs  o f 

th e  above pH 's were used and th e  hydroxylam ine-hydrochloride was 

t i t r a t e d  to  th e  a p p ro p ria te  pH w ith  co n cen tra ted  ammonia s o lu t io n .  

S p e c if ic  a c t i v i t i e s  a re  ex p ressed  as nmol a c e ty l  hydroxamate/min/mg 

p ro te in .
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o f  a c e ty l  hydroxamate fo rm ation  v e rsu s  enzyme a d d itio n  fo r  the  a c e ta te  

th io k in a se  assay  r e f l e c t s  th e  low r e a c t i v i t y  o f  acetyl-CoA  towards 

hydroxylam ine. The s l i g h t  in h ib i to r y  e f f e c t  o f  2-m ercap toethanol 

c o n tra s ts  w ith  O v e ra th 's  o b se rv a tio n  o f  s t im u la tio n  o f  lo n g -ch a in  

acyl-CoA sy n th e ta se  a c t i v i t y  as does th e  la c k  o f e f f e c t  o f  T r ito n  X-100.

E f fe c t o f pH on a c e ta te  th io k in a se  a c t i v i t y  The d if fe re n c e  between 

a c e ta te  k in ase  and th e  a c e ta te  th io k in a se  a c t i v i t y  was fu r th e r  

e s ta b lis h e d  by a  s tudy  o f th e  dependence o f  a c t i v i t y  on pH (Table 8 ) .

For th e  hydroxamate assay  used h e re , sançïles o f  hydroxylam ine 

h y d ro ch lo rid e  were n e u tr a l is e d  w ith  co n cen tra ted  ammonia to  the  

a p p ro p ria te  pH. The measurements were c a r r ie d  ou t in  T r is -C l b u f f e r .  

Care was taken  to  check th e  s t a b i l i t y  o f the  a c t i v i ty  under the  

d i f f e r e n t  pH c o n d itio n s  and to  check th e  assay  s a tu r a t io n  s in ce  th e  

r e a c t iv i t y  o f acetyl-C oA  w ith  hydroxylam ine i s  pH -dependent. The pH 

optimum o f 8 .5  d i f f e r s  from th a t  o f  a c e ta te  k in ase  (y .4 )  and su c c in a te  

th io k in a se  (? .2 )  (su c c in a te  : CoA l ig a s e  (ADP) E .C . 6 .2 .1 .5 ) .  The 

value i s  s im ila r  to  th a t  o b ta in ed  by O verath fo r  th e  long  chain  f a t t y  

acyl-CoA sy n th e ta se  (O verath , I 969) .

L ocation  o f a c e ta te  th io k in a se  a c t i v i t y  The lo c a t io n  o f  th e  a c t i v i t y

in  so lu b le  and membrane f r a c t io n s  was examined. A c e l l - f r e e  e x tr a c t
a rd

was p rep ared  by th e  s tan d j[so n ica tio n  p ro ced u re . C e ll d e b r is  and 

unbroken c e l l s  were removed by c e n tr ifu g a tio n  a t  5»000g fo r  5 m inutes 

in  a  M .S.E. 18 c e n tr i fu g e .  The membrane f r a c t io n  was th en  i s o la te d  by 

a  1 hour sp in  a t  l8 ,000g  and resuspended in  th e  initiauL  volume o f b u f f e r .



Table 9 Dependence o f th e  r a t e  o f a c e ta te  th io k in a se  a c t i v i t y  in

a c e l l - f r e e  e x tr a c t  p rep a red  from g ly c e ro l/a c e ta te -g ro w n  

s t r a i n  K1HFAc1 (ACK ) upon a c e ta te  c o n c e n tra tio n  over the 

range 2 .5  to  50 mM

mM sodium a c e ta te __________________________ s p e c if ic  a c t i v i t y

2 .5 28

3 .0 31

10.0 32

25 .0 32

50 .0 31

C e l l - f r e e  e x tr a c t  was p rep a red  and a c e ta te  th io k in a se  a c t i v i t y  assayed  

as d e sc rib e d  in  M a te r ia ls  and Methods. S p e c if ic  a c t i v i t y  i s  exp ressed  

as nmol a c e ty l  hydroxamate f ormed/min/mg p ro te in .
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Figure 13

Dependence o f r a t e  o f a c e ta te  th io k in a se  a c t i v i t y  in  a  c e l l - f r e e  

e x tr a c t  p repared  from c e l l s  o f E. c o l i  K12 s t r a in  K1HFAc1 (ACK ) 

grown on g ly c e r o l /a c e ta te  medium (see  M a te ria ls  and Methods) on 

CoA c o n c e n tra tio n . The d a ta  a re  p re se n te d  in  th e  form o f a  

Lineweaver-Burk p l o t .  The r a t e  o f a c e ty l  hydroxamate form ation  

was determ ined as d e sc rib ed  in  M a te ria ls  and Methods a t  v a rio u s  

CoA c o n ce n tra tio n s  in  th e  p resence  o f f ix e d  c o n ce n tra tio n s  o f 

sodium a c e ta te  (20 mM) and ATP (3-3  mM). v i s  exp ressed  as nmol 

a c e ty l  hydroxamate formed/min/mg p ro te in .  The assay s  were c a r r ie d  

ou t a t  37^C.
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Figure 14

Dependence o f r a t e  o f a c e ta te  th io k in a se  a c t i v i t y  in  a  c e l l - f r e e  

e x tr a c t  p rep ared  from c e l l s  o f E. c o l i  K12 s t r a i n  K1HFAc1 (ACK ) 

grown on g ly c e r o l /a c e ta te  medium (see  M a te ria ls  and Methods) on 

ATP c o n c e n tra tio n . The d a ta  a re  p re se n te d  in  th e  form o f a  

Lineweaver-Burk p lo t .  The r a t e  o f a c e ty l  hydroxamate form ation  

was determ ined as d e sc rib ed  in  M a te r ia ls  and Methods a t  v a rio u s  

ATP co n ce n tra tio n s  in  th e  p resence o f f ix e d  c o n ce n tra tio n s  o f 

sodium a c e ta te  (20 mM) and CoA (0 .33  mM). v i s  exp ressed  as nmol 

a c e ty l  hydroxamate formed/min/mg p ro te in .  The assays were c a r r ie d  

out a t  37°C.
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The p ercen tage  o f th e  t o t a l  a c t i v i t y  reco v ered  i n  th e  su p e rn a ta n t 

and membrane f r a c t io n s  i s  shown in  Table 7» The membrane f r a c t io n  

WEIS n o t washed in  o rd e r to  minimize any lo s s  o f p o s s ib ly  loosely -bound  

enzymes and th e  r e s id u a l  a c t i v i t y  in  th e  membrane f r a c t io n  may 

re p re s e n t  con tam ination  w ith  s u p e rn a ta n t. S o n ica tio n  i s  a  v igorous 

p rocedure fo r  d is ru p tin g  c e l l s  and i t  rem ains p o s s ib le  th a t  the  

a c t i v i t y  m ight be lo o se ly  bound ( c f .  long  chain  acyl-CoA s y n th e ta s e ) .

K in e tic  psurameters o f a c e ta te  th io k in a se  Apparent K^ v a lu es  fo r  

a c e ta te ,  CoA suid ATP were measured a t  f ix e d  c o n ce n tra tio n s  o f the  

o th e r  two s u b s t r a te s .  The r e l a t i v e  i n s e n s i t i v i t y  o f th e  hydroxylam ine 

assay  p re se n te d  problem s in  th a t  a  co n sid e rab le  q u a n tity  o f  s u b s tr a te  

must be consumed in  o rd e r to  d e te c t  a c t i v i t y .  This c o n s id e ra tio n  i s  

unim portan t in  th e  case o f CoA which a c ts  c a t a ly t i c a l l y  under th ese  

assay  c o n d itio n s , b u t poses te c h n ic a l  problem s in  th e  cases  o f ATP 

and o f a c e ta te .  The u t i l i t y  o f th e  assay  in  e s tim a tin g  k in e t ic  

param eters  i s  th u s  dependent on th e  v a lu es  o f th ese  param eters s in ce  

the  minimum q u a n ti ty  o f s u b s tr a te  u sab le  i s  o f th e  o rd e r o f  1 pmole. 

This r e s t r i c t i o n  allow ed e s tim a tio n  o f  the  fo r  ATP, b u t n o t fo r  

a c e ta te  by th i s  method. Thus, w ith in  th e  range o f  c o n c e n tra tio n s  

u seab le  in  th e  hydroxylam ine assa y , th e  dependence o f  r a t e  upon a c e ta te  

c o n ce n tra tio n  was ex trem ely  low (Table 9 ) .  Apparent v a lu es  were, 

however, o b ta in ed  fo r  CoA suid ATP. The fo llow ing  vsuLues were 

determ ined . The Kjq fo r  CoA a t  3*3 mM ATP and 20 mM sodium a c e ta te  was 

2 X 10*^ M and th e  Vqqx 100 nmoles.min ^.mg p ro te in   ̂ and th e  %  fo r  

ATP a t  0 .3  mM CoA and 20 mM sodium a c e ta te  was 1 mM w ith  a  V^ax o f  100

nm oles.m in ^.mg p r o te in   ̂ (F ig u res  13 and 14 ).
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Fip^ure 15

Dependence o f r a t e  o f a c e ta te  th io k in a se  a c t i v i t y  assayed  i n  a  

c e l l - f r e e  e x tr a c t  p repared  from g ly c e ro l/a c e ta te -g ro w n  c e l l s  o f 

s t r a i n  K1HFAc1 (ACK ) (see  M ate ria ls  and Methods) on sodium 

a c e ta te  c o n c e n tra tio n . The d a ta  a re  expressed  in  th e  form o f a

linew eaver-B urk p lo t .  The r a te s  were measured u sin g  the

spec tro p h o to m etric  coupled assay  d e sc rib ed  in  M a te ria ls  and Methods. 

V arious c o n ce n tra tio n s  o f sodium a c e ta te  were te s te d  a t  f ix e d  

c o n ce n tra tio n s  o f ATP (5 mM) and CoA (0 .5  mM). v i s  expressed  

as nmol NADH formed/min/mg p r o te in .  The assays were c a r r ie d  ou t 

a t  25°C.
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One o f th e  prim ary i n t e r e s t s  in  de term in ing  k in e t ic  

param eters  fo r  t h i s  a c t i v i ty  was to  e s tim a te  th e  apparen t and 

v a lu es  fo r  a c e ta te  and compare them w ith  th e  Kjq and v a lu es

o b ta in ed  fo r  a c e ta te  uptake by washed c e l l  su sp en sio n s. A ccurate 

d e te rm in a tio n  o f  v a lu es  proved im p ossib le  la rg e ly  because o f  th e  low 

IQn fo r  a c e ta te .  A tten ^ ts  w ere, however, made to  use bo th  the  

sp ec tro p h o to m etric  coupled a s s ^  and th e  p o la ro g rap h ic  a ssa y . The 

r e s id u a l  NADH oxidase le v e ls  in  th e  c e l l - f r e e  e x tr a c t  proved 

p a r t i c u la r ly  troublesom e in  a t te n ^ ts  to  measure r a t e s  a t  low a c e ta te  

c o n c e n tra tio n s . The r e s u l t s  o b ta in ed  in d ic a te d  th a t  th e  fo r  

a c e ta te  was low. The d a ta  a re  p re sen te d  in  F igure  15 a lthough  they  

a re  q u a n t i ta t iv e ly  u n r e l ia b le .  P o la ro g rap h ic  e s tim a tio n  o f CoA 

d isappearance  p ro v id es  a  d i r e c t  measure o f  r e a c tio n  r a t e  and th u s  

avo ids th e  problem s o f th e  coupled a ssa y . The measurement o f s u b s tr a te  

d isappearance  does, however, l im i t  th e  u se fu ln e ss  o f the  a ssa y . At 

low a c e ta te  c o n c e n tra tio n s , s in ce  th e  amount o f CoA consumed in  th e  

re a c t io n  must be a  su b s ta n tia il  p a r t  o f th e  totsQ. p re s e n t ,  th e  amount 

o f CoA which can be added i s  low. S ince th e  fo r  CoA i s  r e l a t i v e ly  

h ig h , th e  r e a c t io n  r a t e  w i l l  be l in e a r  fo r  only  a  s h o r t  p e r io d .

I n i t i a l  i n s t a b i l i t y  in  th e  p o la rog raph  makes i t  d i f f i c u l t  to  o b ta in  

acc u ra te  v a lues fo r  th e se  i n i t i a l  r a t e s .  The p o la ro g rap h ic  r e s u l t s  

d id , however, confirm  th e  low fo r  a c e ta te  ( t h i s  was e s tim a te d  to  

be below 10*^ M). Thus t h i s  a c e ta te  th io k in a se  a c t i v i t y  appears  to  

have a low ^  fo r  a c e ta te  which would a llow  i t  to  f u l f i l l  th e  

p o s tu la te d  ro le  o f a c e ta te  a c t iv a t io n  a t  low a c e ta te  c o n c e n tra tio n s .
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Figure 16

The e f f e c t  o f 10 mM sodium pyruvate  upon th e  in c o rp o ra tio n  o f 2 mM
14 —sodium [2  CÜacetate by E. c o l i  Kl2 s t r a in s  K2 and K2HFAc3 (PTA )

growing on 23 mM g ly c e ro l .  The s t r a in s  were pregrown on 23 mM

g ly c e ro l ,  h a rv e s te d , washed and t r a n s fe r r e d  to  f r e s h  medium.

In c o rp o ra tio n  o f ra d io a c tiv e  la b e l  in to  c e l l  m a te r ia l  was measured

as d e sc rib ed  in  M a te r ia ls  and Methods (C hapter I ) .  K2 -  no

a d d itio n  •  ; + 10 mM sodium pyruvate  ■ .

K2HFAc3 -  no a d d itio n  O ; + 10 mM sodium pyruvate  □
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S tu d ie s  o f p o te n t ia l  e f f e c to r s  o f a c e ta te  th io k in a se  In c o rp o ra tio n  

experim ents u s in g  growing c u l tu re s ,  and uptake experim ents u s in g  washed 

c e l l  su spensions (see  C hapter I I I ) ,  su g g est th a t  a t  l e a s t  two e f f e c to r s

might be in v o lv ed  in  c o n tro l l in g  a c e ta te  a c t iv a t io n  by th e  second system .

-5I^ ru v a te , a t  c o n ce n tra tio n s  down to  10 M, i s  a  p o te n t in h ib i to r  o f  

a c e ta te  uptake and a c e ta te  in c o rp o ra tio n  i s  a ls o  t o t a l l y  b locked i n  

K2HFAc3 (PTA"") by 10 mM pyruvate  (h ig h e r c o n c e n tra tio n s  must be used 

as py ruvate  i s  consumed during  the  in c o rp o ra tio n  experim ent) (F igure  I6 b ) . 

The c o n tro l  o f a c e ta te  u t i l i z a t i o n  by p y ruva te  (o r compounds c lo se  to  

py ru v a te ) through m odulation o f th e  g ly o x y la te  c y c le , has been 

e x te n s iv e ly  s tu d ie d  (Ashworth & Kornberg, 19^3; Kornberg, 1963b ).

I t  i s  th e re fo re  in te r e s t in g  to  see an o th er p o te n t ia l  r o le  fo r  py ruvate  

in  th e  c o n tro l o f a c e ta te  u t i l i z a t i o n .

Evidence fo r  a p o s s ib le  in h ib i to r y  e f f e c t  o f  a c e ty l  phosphate 

upon th e  second a c t iv a t io n  system  comes from o b se rv a tio n s  o f th e  

in h ib i t io n  o f a c e ta te  in c o rp o ra tio n  observed in  p h o sp h o tra n sa c e ty la se -  

le s s  organism s as th e  a c e ta te  c o n ce n tra tio n  i s  in c re a se d  (see  ch ap te r I ) .  

I t  m ight be suggested  th a t  the  in h ib i t io n  r e s u l t s  from p ro d u c tio n  o f 

an e le v a te d  le v e l  o f a c e ty l  phosphate w ith in  th e  c e l l  ( t h i s  compound 

cannot be m etabo lised  in  th e  m u tan t). Exogenous a c e ty l  phosphate i s  

n o t to x ic  to  E. c o l i  (see  ch ap te r I ) ,  bu t t h i s  i s  n o t s u rp r is in g  

s in ce  phosphory la ted  compounds w il l  p e n e tra te  th e  c e l l  membrane only  

po o rly  in  the  absence o f a  s p e c i f ic  t r a n s p o r t  system s.

In  an e f f o r t  to  lo c a l i s e  f u r th e r  th e  s i t e  o f in h ib i t i o n ,  

the  e f f e c t s  o f py ruvate  and o f a c e ty l  phosphate on a c e ta te  th io k in a se  

a c t i v i t y  were te s t e d .  I ^ u v a t e  f a i l e d  to  i n h i b i t  a c t iv a t io n  a t



Table 10 A ction o f p o te n t ia l  e f f e c to r s  on a c e ta te  th io k in a se

a c t i v i t y  in  a  c e l l - f r e e  e x tr a c t  p repared  from g ly c e r o l /  

ace ta te-g ro w n  s t r a i n  KIHFAcI (ACK )

a d d itio n ____________________________ % c o n tro l a c t i v i ty

pH 8 .3  none 100

10 mM sodium p y ru v a te  95

10 mM PEP 110

10 mM sodium pyrophosphate 66

10 mM sodium pyrophosphate + 10 mM 101
MgCl^

pH 7 .0

10 mM sodium phosphate 99

1 mM ADP 100

1 mM AMP 83

1 mM NADH 81

10 mM glucose  6-phosphate 23

10 mM sodium py ruvate 90

10 mM PEP 100

C e l l - f r e e  e x t r a c t  was p rep a red  and a c e ta te  th io k in a se  a c t i v i ty  assayed 

as d e sc rib e d  in  M a te ria ls  and Methods w ith  the  excep tion  th a t  30 mM 

sodium phosphate b u ffe r  was s u b s t i tu te d  fo r  T r is -HCl b u ffe r  in  the  assays 

c a r r ie d  ou t a t  pH 7*0. c o n tro l a c t i v i t y ” i s  th e  % o f the  a c t i v i t y

observed  i n  th e  absence o f any a d d it io n  (100%).
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10 mM when te s t e d  u s in g  the  hydroxamate assay  both  a t  pH 8 .5  and 

pH 7 .0 . PEP a lso  f a i l e d  to  in h ib i t  under the  c o n d itio n s  u sed .

Evidence th a t  pyruvate  i t s e l f  i s  th e  in h ib i to r  o f the  second a c e ta te  

a c t iv a t io n  system  i s  p re sen ted  in  ch ap te r I I I .  A cetyl phosphate 

canno t, o f co u rse , be in c lu d ed  in  th e  hydroxamate assay  and an 

a ttem p t was made to  o b ta in  a  q u a l i t a t iv e  id e a  o f i t s  e f f e c t  on a c e ta te  

th io k in a se  a c t i v i t y  by means o f  th e  coupled a ssay ; a  c e l l - f r e e  

e x tr a c t  p rep ared  from a p h o sp h o tra n sa c e ty la se - le s s  s t r a i n ,  K2HFAc3i 

was used  as  source o f th io k in a s e . No in h ib i t io n  o f  a c e ta te  th io k in a se  

a c t i v i t y  by a c e ty l  phosphate was observed . The a c tio n  o f  a number 

o f o th e r  p o te n t ia l  e f f e c to r s  was a lso  te s te d  (Table 10).

Glucose 6-phosphate was the  only compound to  produce a 

major e f f e c t  on the  a c e ta te  th io k in a se  a c t i v i t y .  This in h ib i t io n  i s  

in te r e s t in g  in  view o f the  o b se rv a tio n  th a t  g lucose and 2-deoxyglucose 

produce in h ib i t io n  o f a c e ta te  uptake in  sh o rt- te rm  experim ents 

(d e sc rib ed  in  ch ap te r I I I ) .  None o f th e  o th e r minor in h ib i to r y  

e f f e c t s  observed i s  l i k e ly  to  be o f s ig n if ic a n c e  in  th e  c o n tro l o f the  

a c t i v i t y .  The f a i lu r e  to  observe a c e ty l  phosphate in h ib i t io n  o f 

a c e ta te  th io k in a se  a c t i v i t y  su g g es ts  th a t  i t  may produce an e f f e c t  a t  

some o th e r p o in t  in  th e  pathway o f  a c e ta te  m etabolism .

In  th e se  experim en ts, py ruvate  d id  n o t i n h ib i t  a c e ta te  

th io k in a se  a c t i v i t y ;  t h i s  may have a  number o f e x p la n a tio n s :

1 . th e  a c e ta te  th io k in a se  a c t i v i t y  d e te c te d  in  v i t r o  may n o t be 

invo lved  in  a c e ta te  a c t iv a t io n  v iv o ,

2 . i t s  in  v ivo  s t a t e  d i f f e r s  from th a t  in  v i t r o , fo r  example, in  

membrane a tta ch m en t,



Table 11 (a ) Monocarboxylic a c id  a c t iv a t io n  by a  c e l l - f r e e

e x tr a c t  p repared  from g ly c e ro l/a c e ta te -g ro w n  s t r a i n  

K2HFAc1 (ACK“ )

s p e c if ic  a c t i v i t y

5 mM sodium a c e ta te  15*8

100 mM sodium form ate 0

100 mM sodium g ly c o l la te  0 .7

100 mM sodium p ro p io n a te  7*0

100 mM sodium b u ty ra te  0

(b) A b il i ty  o f m onocarboxylic a c id s  to  i n h i b i t  a c t iv a t io n  

o f a c e ta te  by a  c e l l - f r e e  e x tr a c t  p rep a red  from g ly c e r o l /  

ace ta te-g row n  s t r a i n  KIHFAcI (ACK )

s p e c if ic  a c t i v i t y

5 mM sodium a c e ta te  15 «8

5 mM sodium a c e ta te  + 100 mM sodium form ate 14.2

5 mM sodium a c e ta te  + 100 mM sodium g ly c o l la te  14.4

5 mM sodium a c e ta te  + 100 mM sodium p ro p io n a te  12.0

5 mM sodium a c e ta te  + 100 mM sodium b u ty ra te  12.5

C e l l - f r e e  e x t r a c t  was p rep ared  and enzyme assay s  c a r r ie d  ou t as 

d e sc rib e d  in  M a te r ia ls  and Methods excep t fo r  the  m o d if ica tio n s  

d e sc rib e d  above and th e  use o f 0 .2 2  mM CoA. S p e c if ic  a c t i v i t y  i s  

ex p ressed  as nmol a c e ty l  hydroxamate formed/min/mg p ro te in .
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Figure 17

Thermal d é n a tu ra tio n  a t  o f a c e ta te  and p ro p io n a te  th io k in a se

a c t i v i t i e s  in  a  c e l l - f r e e  e x tr a c t  p rep ared  from g ly c e r o l /a c e ta te -  

grown c e l l s  o f s t r a in  KIHFAcI (ACK ) (see  M ate ria ls  and M ethods). 

A c t iv i t ie s  were measured u sin g  the  hydroxamate assay  d e sc rib e d  in  

M ate ria ls  and Methods and a re  expressed  as p e rcen tag es  o f th e  

i n i t i a l  a c t i v i ty  which rem ained a f t e r  a  g iven  tim e . ^ a c e t a t e  

th io k in a se  a c t i v i t y  #  ; ^ p ro p io n a te  th io k in a se  a c t i v i t y  ■
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3 . th e  s i t e  o f th e  pyruvate  in h ib i t io n  may n o t be a t  the  le v e l  o f 

a c e ta te  a c t iv a t io n .

This l a s t  p o in t can, however, be d e a l t  w ith . The t o t a l  in h ib i t io n  o f 

a c e ta te  in c o rp o ra tio n  caused by pyruvate  in  K2HFAc3 c o n tra s ts  w ith  the  

p a r t i a l  in h ib i t io n  observed in  th e  p a re n t s t r a in  which p o sse sse s  an 

i n t a c t  a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  system (F igure  l 6a ) .  The 

m ajor problem ra is e d  by the  f i r s t  p o s s ib i l i t y  can only re a d i ly  be 

re so lv ed  by th e  i s o la t io n  o f m utants d e fe c tiv e  in  the  second a c t iv a t io n  

system .

The a b i l i t y  o f c e l l - f r e e  e x tr a c ts  co n ta in in g  a c e ta te  th io k in a se  

a c t i v i t y  to  a c t iv a te  m onocarboxylic a c id s  and th e  in h ib i t io n  o f 

a c e ta te  a c t iv a t io n  by p o te n t ia l  analogues The a b i l i t y  o f an e x tr a c t  

o f K2HFAc1 (ACK ) p repared  from g ly c e ro l/a c e ta te -g ro w n  c e l l s  to  a c t iv a te  

a  number o f sh o r t chain  m onocarboxylic a c id s  was te s te d  ( Table 11) .

A co n sid e rab le  a b i l i t y  to  a c t iv a te  p ro p io n a te  was observed and evidence 

fo r  a l im ite d  a c t iv a t io n  o f g ly c o l la te  was o b ta in ed . B u ty ra te  was 

n o t s ig n i f ic a n t ly  a c t iv a te d  by th i s  system . The p o s s ib i l i t y  th a t  

the  p ro p io n a te  a c t iv a t io n  was n o t c a r r ie d  ou t by th e  same enzyme th a t  

c a r r ie d  th e  a c e ta te  a c t iv a t io n  was te s te d  by a  s tudy  o f  the  e f f e c t s  o f 

therm al d é n a tu ra tio n . C oordinate lo s s  o f p ro p io n a te  and a c e ta te  

a c t iv a t in g  a b i l i t y  was observed (F igu re  1 ? ). This su g g ests  th a t  both  

a c t iv a t io n s  a re  c a ta ly se d  by the  same enzyme. A r o le  fo r  t h i s  enzyme 

in  p ro p io n a te  a c t iv a t io n  m ight p rov ide  a  means o f s e le c t in g  m utants 

m odified  in  th e  second a c e ta te  a c t iv a t in g  system .

The a b i l i t y  o f  a  m onocarboxylic a c id , added a t  100 mM, to  i n h ib i t



Table 12 Levels o f  a c e ta te  th io k in a se  a c t i v i t y  in  c e l l - f r e e

e x tr a c ts  o f s t r a i n  KIHFAcI (ACK ) grown on v a rio u s  

carbon so u rces

carbon source  s p e c i f ic  a c t i v i ty

25 mM sodium a c e ta te /2 3  mM g ly c e ro l 22

50 mM sodium su c c in a te  7

50 mM g ly c e ro l 4

30 mM g lucose 1

C u ltu re s  were grown, c e l l - f r e e  e x tr a c ts  p rep a red , and a c e ta te  th io k in a se  

a c t i v i t y  assayed  as d e sc rib ed  in  M a te ria ls  and Methods w ith  the  

ex cep tio n s  th a t  3 mM sodium a c e ta te  and 0 .2 2  mM CoA were used in  the  

a s s a y s . S p e c if ic  a c t i v i t y  i s  exp ressed  as nmol a c e ty l  hydroxamate 

formed/min/mg p ro te in .
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th e  a c t iv a t io n  o f 3 mM a c e ta te  by c e l l - f r e e  e x tr a c t  was a lso  te s te d  

(Table 11 ). There i s  some evidence o f  in h ib i t io n  by a l l  the  a c id s  

te s te d ,  b u t t h i s  m ight re p re s e n t  an e f f e c t  o f in c re a se d  io n ic  s tre n g th . 

I t  seems l ik e ly  th a t  p ro p io n a te  i n h ib i t s  a c t iv a t io n  s in ce  th e  t o t a l  

hydroxamate formed i s  co n sid e rab ly  le s s  than  th e  sum o f the  

independen tly  measured p ro p io n a te  and a c e ta te  a c t iv a t io n .  These d a ta  

may be compared w ith  th e  r e s u l t s  o f uptake experim ents in  which 

in h ib i t io n  by p o te n t ia l  analogues was s tu d ie d  (p re sen ted  in  ch ap te r 

I I I ) .

Coarse c o n tro l o f a c e ta te  th io k in a se  a c t i v i t y  The le v e ls  o f 

a c e ta te  th io k in a se  in  c u l tu re s  grown on d i f f e r e n t  carbon sou rces were 

measured. The r e s u l t s  in d ic a te d  th a t  the  a c t i v i t y  was induced by 

a c e ta te  and re p re sse d  by g lucose  (T able 12 ). S ucc inate  f a i l e d  to  

induce th e  a c tiv i ty ,w h ic h  confirm s th a t  th e  a c t i v i t y  i s  n o t sim ply 

a r e f le c t io n  o f  su cc in a te  th io k in a se  a c t i v i t y  which i s  known to  be 

induced in  E. c o l i  by growth on s u c c in a te . These coarse  c o n tro l 

p ro p e r t ie s  su ggest a  r o le  in  a c e ta te  a c t iv a t io n  and c o n tra s t  w ith  

those  observed fo r  th e  a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  system .

Attem pts to  s e le c t  m utants in  th e  second system  The d a ta  p re sen te d  

above p rov ide  only  i n d i r e c t  evidence th a t  the  a c e ta te  a c t iv a t in g  

a c t i v i ty  d e te c te d  in  c e l l - f r e e  e x tr a c ts  i s  in v o lv ed  in  th e  a c t iv a t io n  

o f  a c e ta te  in  v iv o . While the  o b se rv a tio n s  on and V^ay v a lu e s , 

the  p a t te r n  o f  in h ib i t io n  by analogues, and th e  co arse  c o n tro l 

p ro p e r t ie s  a re  in  l in e  w ith  in  v ivo  o b se rv a tio n s , d e f in i t iv e  evidence



49

o f th e  p h y s io lo g ic a l ro le  o f the  th io k in a se  r e q u ire s  th e  i s o la t io n  

o f m utants d e f ic ie n t  o r m odified  in  t h i s  a c t i v i t y .  A v a r ie ty  o f 

approaches to  t h i s  problem have been t r i e d  b u t none has proved 

su c c e ss fu l as y e t .

The most obvious approach was to  va ry  th e  co n d itio n s  o f 

f lu o ro a c e ta te  r e s is ta n c e  s e le c t io n  in  o rd e r to  o b ta in  c o n d itio n s  under 

which to x ic i ty  was s t i l l  observed in  m utant d e f ic ie n t  in  th e  a c e ta te  

k in a se /p h o sp h o tra n sa c e ty la se  system . The o r ig in a l  s e le c t io n  used 

pyruvate  as a  carbon source to  o b ta in  maximum to x ic i ty ,  b u t py ruvate  

appears to  in h ib i t  the  second system  vivo  and i t  i s  u n lik e ly  th a t  

i t s  use would a llow  s e le c t io n  o f  m utants in  i t .  I t  thus seemed 

p o s s ib le  th a t  i f  an a l te r n a t iv e  carbon source  to  py ruvate  on which 

f lu o ro a c e ta te  was a lso  to x ic  could be found, th en  r e s e le c t io n  fo r  

f lu o ro a c e ta te  r e s is ta n c e  o f a c e ta te  k in a se -n e g a tiv e  m utants might 

y ie ld  organism s d e f ic ie n t  in  the  second system . I t  was found th a t  

reaso n ab le  f lu o ro a c e ta te  to x ic i ty  (growth in h ib i t io n  a t  30-1CX) mM) 

could be o b ta in ed  w ith  th e  w ild -ty p e  u s in g  23 mM D L -lac ta te  as carbon 

so u rce , b u t th a t  a c e ta te  k in a s e - le s s  and p h o sp h o tra n sa c e ty la se - le s s  

organism s were r e s i s t a n t  to  f lu o ro a c e ta te  under th e se  c o n d itio n s .

The o b se rv a tio n  th a t  p ro p io n a te  i s  a  s u b s tr a te  fo r  th e  a c e ta te  

th io k in a se  a c t i v i t y  v i t r o  and th a t  le s io n s  i n  a c e ta te  k in ase  and 

ph o sp h o tran sace ty la se  d id  n o t a f f e c t  a b i l i t y  to  in c o rp o ra te  la b e l le d  

p ro p io n a te ,su g g e s ted  th a t  s e le c t io n  o f p ro p io n a te -n e g a tiv e  s t r a in s  

might r e s u l t  in  th e  i s o la t io n  o f organism s d e fe c tiv e  in  th e  second 

a c e ta te  a c t iv a t in g  system . I f  organism s devoid o f a c e ta te  k in ase  or 

p h o sp h o tran sace ty la se  were used , th e  second system  would be th e  so le



50

means o f a c e ta te  a c t iv a t io n .  The low growth r a te s  o f K12 s t r a in s  

o f E. c o l i  on p ro p io n a te  make co n v en tio n a l s e le c t io n  w ith  m utagenesis 

fo llow ed by p e n ic i l l i n  c o u n te r - s e le c t io n  d i f f i c u l t .  An a l te r n a t iv e  

approach uses s e le c t io n  fo r  r e s is ta n c e  to  p -f lu o ro p ro p io n a te . This 

compound was found to  be to x ic  to  K1HFAc1 (ACK” ) and K1HFAc3 (PTA” ) a t  

30 mM on g lucose  o r g ly c e ro l .  The e f f e c t  o f p -f lu o ro p ro p io n a te  on 

T h io b ac illu s  n e ap o litan u s  has been re p o r te d  by K elly  (1970).

Organisms r e s i s t a n t  to  f lu o ro p ro p io n a te  were i s o la te d  a f t e r  pro longed 

in c u b a tio n  on g lucose  and g ly c e ro l p la te s  co n ta in in g  30 mM p - f lu o ro -  

p ro p io n a te  w ith  bo th  K1HFAc1 and K1HFAc3. These organism s have n o t y e t 

been adequate ly  c h a ra c te r iz e d , bu t may w ell p rov ide  in fo rm a tio n  on the  

p o o rly  understood  mechanism o f  p ro p io n a te  u t i l i z a t i o n .  P re lim in ary  

d a ta  sug g est th a t  they  rem ain capable  o f  a c e ta te  and p ro p io n a te  

a c t iv a t io n .

In fo rm atio n  on th e  p h y s io lo g ic a l ro le  o f an enzyme system  

may be o b ta in ed  n o t only  by the  s e le c t io n  o f m utants la c k in g  a fu n c tio n , 

b u t a lso  by the  s e le c t io n  o f m utants d e rep ressed  in  th a t  fu n c tio n .

Two approaches to  t h i s  end have been employed. ühe a ttem p t to  s e le c t  

a m utant ab le  to  grow more ra p id ly  upon a c e ta te  than  th e  p a re n t s t r a i n  

K2FAc1 (ACK ) ,  which grows slow ly on a c e ta te ,  was u n su c c e ss fu l. No 

f a s t  grow ers on a c e ta te  were o b ta in ed  a f t e r  a  number o f c y c le s  through 

a c e ta te  minimal medium. S im ila r ly , no fa s t-g ro w in g  c o lo n ie s  were 

d e te c te d  above the  background when a c e ta te  k in a s e - le s s  s t r a in s  were 

p la te d  on a c e ta te  medium even when th e  c u l tu re s  were m utagenized w ith  

EMS. Acetate"^ re v e r ta n ts  o f  PTA s tra iin s  could  be s e le c te d :  th e se

were found to  be PTA^. This i s  n o t s u rp r is in g  s in ce  th e  second a c e ta te
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a c t iv a t io n  system  i s  in h ib i te d  a t  th e  h ig h  a c e ta te  c o n ce n tra tio n s  

used fo r  th e  s e le c t io n .

The p o s s i b i l i t y  th a t  th e  i n a b i l i t y  o f K2 s t r a in s  to  grow on 

p ro p io n a te  was due to  a  f a i lu r e  to  a c t iv a te  p ro p io n a te  a t  a  s u f f i c i e n t ly  

ra p id  r a te  was in v e s t ig a te d .  K2 d e r iv a t iv e s  capable o f p ro p io n a te  

growth on p la te s  were s e le c te d  and te s te d  fo r  e le v a te d  le v e l s  o f 

a c e ta te  th io k in a se  a c t i v i t y .  No in c re a se  in  le v e l  was d e te c te d  in  

th ese  organism s.

The ro le  o f th e  second a c e ta te  a c t iv a t io n  system  in  p ro p io n a te  

a c t iv a t io n  by E. c o l i  K12 The m etabolism  o f p ro p io n a te  in  E. c o l i

i s  im p e rfe c tly  unders to o d . L i t t l e  work on i t s  mechanism o f  a c t iv a t io n

has been c a r r ie d  o u t and i t s  r e la t io n s h ip  to  a c é ta te  a c t iv a t io n  i s  

unknown. In  some organism s, fo r  example, R hodospirillum  rubrum 

(ELsenberg, 1955) and P ro to th e ca  z o p f i i  (C a lle ly  & Lloyd, 1964), 

p ro p io n a te  and a c e ta te  a re  thought to  be a c t iv a te d  by th e  same th io k in a s e , 

Skinner and Clairke ( 1968) re p o r te d  i s o la t io n  o f m utants o f  Pseudomonas 

aerug inosa  which lack ed  a c e ta te  th io k in a se  a c t i v i t y .  Out o f  e ig h t 

m utants i s o la te d ,  f iv e  were p ro p io n a te -n e g a tiv e , b u t th re e  grew 

norm ally  on p ro p io n a te . The au th o rs  concluded th a t  p ro p io n a te  was 

a c t iv a te d  by a c e ta te  th io k in a se  i n  t h i s  organism .

The common id e n t i ty  o f a c e ta te  and p ro p io n a te  th io k in a se  

a c t i v i ty  i s  su g g ested  by the  therm al in a c t iv a t io n  d a ta  p re se n te d  in  

F igure  17- The fo r  p ro p io n a te  was determ ined u sin g  a  c e l l - f r e e  

e x tr a c t  o f K2HFAc1 grown on g ly c e r o l /a c e ta te  medium. I t  was found to  

to  r e l a t iv e ly  h ig h  (10 ^ M) compared to  th e  fo r  a c e ta te  ( le s s  th an
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Figure 18

Dependence o f r a te  o f p ro p io n a te  th io k in a se  a c t i v i ty  assayed  in  a 

c e l l - f r e e  e x tr a c t  p rep ared  from g ly c e ro l/a c e ta te -g ro w n  c e l l s  o f 

s t r a i n  K1HFAc1 (ACK ) (see  M ate ria ls  and Methods) on sodium 

p ro p io n a te  c o n c e n tra tio n . The r a t e s  were determ ined u sin g  the  

hydroxamate assay  d esc rib ed  i n  M ate ria ls  and Methods. V arious 

c o n ce n tra tio n s  o f sodium p ro p io n a te  were te s te d  a t  f ix e d  

c o n ce n tra tio n s  o f CoA (0 .33  mM) and ATP (3»3 mM). v i s  exp ressed  

as nmol p ro p io n y l hydroxamate formed/min/mg p ro te in .  The assays 

were c a r r ie d  ou t a t  37°C.
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10*^ M) (F igure  18) .  S tu d ies  w ith  a c e ta te  k in a s e - le s s  and phospho

tr a n s a c e ty la s e - le s s  m utants f a i l e d  to  dem onstrate a  r o le  fo r  the  

a c e ta te  k insL se/phosphotransacety lase  system  in  p ro p io n a te  u t i l i z a t i o n .  

The la c k  o f a c t iv a t io n  by t h i s  system  i s  p robably  due to  th e  

in e f fe c t iv e n e s s  o f p h o sp h o tran sace ty la se  in  m e tab o lis in g  p ro p io n y l 

phosphate (H ibbert e t  a l . , 1971), s in c e  s ig n i f ic a n t  CoA-independent 

fo rm ation  o f propionyl-hydroxam ate was observed in  s tan d a rd  p ro p io n a te  

th io k in a se  assays w ith  w ild -ty p e  c e l l s .

The in c o rp o ra tio n  d a ta  p re se n te d  in  ch ap te r I  suggested  th a t  

p ro p io n a te  was capable o f  inducing  a system  re q u ire d  fo r  p ro p io n a te  

in c o rp o ra tio n  in  KIHFAcI, an a c e ta te  k in a s e - le s s  s t r a i n .  The 

p o s s ib i l i t y  th a t  p ro p io n a te  might be ab le  to  induce an a c t iv a t in g  enzyme 

was te s te d  by conçaring  the le v e ls  o f a c e ta te  and p ro p io n a te  th io k in a se  

in  KIHFAd grown on g ly c e ro l o r g ly c e ro l + 50 mM sodium p ro p io n a te .

No d if fe re n c e s  in  a c t i v i t y  were observed . C e lls  grown on p ro p io n a te  

as so le  carbon source s im ila r ly  d id  n o t show e le v a te d  le v e l s  o f the  

a c t iv a t in g  a b i l i t y .  I t  seems l ik e ly  th a t  the  p ro p io n a te  th io k in a se  

a c t i v i t y  i s  a  r e f l e c t io n  o f a  system which norm ally  a c t iv a te s  a c e ta te .  

This i s  in d ic a te d  by th e  h igh  Kg fo r  p ro p io n a te  coinpared to  a c e ta te  and 

the  f a i lu r e  o f p ro p io n a te  to  induce th e  a c t i v i t y  to  any d eg ree .

The d a ta  p re sen ted  in  ch ap te r I  dem onstrate a r o le  fo r  th e  

a c e ta te  k inase /p h o sp h o tre in sace ty lase  system  in  a c e ta te  e x c re tio n  and 

su pport th e  e x is ten c e  o f a  second a c e ta te  a c t iv a t io n  system  in  E. c o l i  

K12. The d a ta  p re sen te d  in  t h i s  c h ap te r were g a th ered  in  an a ttem p t 

to  il lu m in a te  th e  p ro p e r t ie s  o f  the  second system  w ith  in  v i t r o  s tu d ie s .  

The r e s u l t s  may be summed up as fo llo w s . An a c e ta te  a c t iv a t in g  system
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w ith  th e  p ro p e r t ie s  o f an a c y la te  th io k in a se  which d i f f e r s  from 

p re v io u s ly  re p o r te d  f a t t y  a c id  a c t iv a t in g  system s in  E. c o l i  has been 

dem onstrated in  c e l l - f r e e  e x tr a c ts  o f E. c o l i  K12 s t r a d n s .  I t s  

p rim ary s p e c i f i c i ty  appears to  be fo r  a c e ta te  and a  number o f the  

p ro p e r t ie s  o f t h i s  a c t i v i t y  a re  c o n s is te n t  w ith  a  ro le  i n  a c e ta te  

a c t iv a t io n  under c e r ta in  co n d itio n s  ( i t  m ight be o f p a r t i c u la r  

im portance when th e  a c e ta te  c o n ce n tra tio n  in  th e  medium was low ). In  

th e  absence o f m utants devoid o f the  a c t i v i t y  i t s  p h y s io lo g ic a l ro le  

cannot be firm ly  e s ta b l is h e d . The f a i lu r e  to  observe in h ib i t io n  o f 

the  a c t i v i t y  by pyruvate  ^  v i t r o  c le a r ly  r a i s e s  q u e s tio n s  about the  

r e la t io n s h ip  o f th e  a c t i v i t y  measured v i t r o  to  th a t  suggested  by 

th e  vivo experim en ts. C ontro l o f th e  system  by py ruvate  would be 

te le o lo g ic a l ly  c o n s is te n t  w ith  o b se rv a tio n s  on th e  c o n tro l o f  the  

g ly o x y la te  sh u n t.

I t  i s  l i k e ly  th a t  the  second a c e ta te  a c t iv a t in g  system  i s  

in vo lved  in  p ro p io n a te  a c t iv a t io n .  Taken to g e th e r , th e  f in d in g s  th a t  

the  a c e ta te  k in a se /p h o sp h o tran sace ty laae  system  and th e  b u ty ra te  system  

have no ro le  in  p ro p io n a te  a c t iv a t io n ,  th e  case fo r  an o th er system  

capable o f s h o r t-c h a in  f a t t y  a c id  a c t iv a t io n  i s  s tro n g . While the  

a c e ta te  a c t iv a t in g  system  d e sc rib ed  above has p ro p e r t ie s  c o n s is te n t  

w ith  o b se rv a tio n s  on a c e ta te  and p ro p io n a te  m etabolism  in  E. c o l i , 

f i n a l  p ro o f o f i t s  r o le  w il l  p robab ly  aw ait th e  i s o la t io n  o f m utants 

d e fe c tiv e  in  p ro p io n a te  a c t iv a t io n .
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CHAPTER I I I

C arboxylic Acid Perm eation in  E^__cojd

In tro d u c tio n

In  th e  course o f my work on the  mechanism o f a c e ta te  

perm eation  in  E. c o l i  K12 i t  became apparen t to  me t h a t ,  i n  c e r ta in  

s tu d ie s  o f m onocarboxylic a c id  perm eation , too  l i t t l e  a t t e n t io n  has 

been p a id  to  m eeting th e  experim en tal c r i t e r i a  re q u ire d  to  d e fin e  th e  

e x is te n c e  o f s p e c if ic  t r a n s p o r t  system s : th e  p o s s ib i l i t y  e x is t s  th a t

some monocarboxylic a c id s  may e n te r  th e  c e l l  i n  the  absence o f s p e c i f ic  

t r a n s p o r t  system s. In  o rd e r to  c l a r i f y  t h i s  s i tu a t io n ,  I  have 

a ttem p ted  to  review  t h i s  f i e l d  in  th e  in tro d u c tio n  to  t h i s  c h a p te r , 

and, p a r t i c u la r ly ,  to  e v a lu a te  the  experim en tal c r i t e r i a  re q u ire d  fo r  

e s ta b l is h in g  the  e x is ten c e  o f b a c te r i a l  t r a n s p o r t  system s. The 

p o s s ib i l i t y  th a t  sim ple d if fu s io n  m ight be invo lved  in  m onocarboxylate 

perm eation i s  co n sid ered  a g a in s t  the  background o f d a ta  o b ta in ed  from 

s tu d ie s  o f m ito ch o n d ria l perm eation .

T h e o re tic a l c o n s id é ra tio n s  B io lo g ic a l membranes have many fu n c tio n s , 

b u t perhaps th e  most obvious i s  to  p rov ide  a  p e rm e a b ility  b a r r ie r  which 

se p a ra te s  l iv in g  c e l l s  from th e i r  e x te rn a l environm ent. Their 

s e le c t iv e  p e rm e a b ility  p ro p e r t ie s  thus c o n tro l  th e  com position o f the  

in t e r n a l  environm ent. S ince th e  fo rm u la tio n  o f  the  membrane th eo ry  

o f c o n tro l o f c e l l  p e rm e a b ility , much work has been c a r r ie d  ou t to  

e lu c id a te  th e  r e la t io n s h ip  o f  s t ru c tu re  to  fu n c tio n  in  membranes.
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The b a s ic  concept o f membrane s t ru c tu re  advanced by 

D a n ie l l i  and Davson in  1935 has rem ained c e n tr a l  to  th in k in g  about 

membrane s t r u c tu r e  up to  the  p re se n t tim e (D a n ie ll i  & Davson, 1935).

They p ic tu re d  b io lo g ic a l  membranes as c o n s is tin g  o f b im o lecu lar 

p h o sp h o lip id  la y e r s  w ith  p ro te in  adsorbed on th e i r  s u r fa c e s . While 

many o f th e  b a s ic  p ro p e r t ie s  o f a  wide range o f b io lo g ic a l  membranes 

can be ex p la in ed  in  term s o f re fin em en ts  o f  such a  model, th e re  a re  

la rg e  q u a n t i ta t iv e  v a r ia t io n s  in  c e r ta in  membrane p r o p e r t ie s ,  fo r  

example, p e rm e a b ility . Large d if fe re n c e s  in  p r o t e in / l i p id  r a t i o s ,  

p h o sp h o lip id  and s t e r o l  com position have been observed in  s tu d ie s  on 

m yelin , e ry th ro c y te  membranes, in n e r  and o u te r  m itochondrieil membranes 

and b a c te r i a l  membrane, b u t th e  r e la t io n s h ip  o f th ese  d if fe re n c e s  to  

fu n c tio n a l d if fe re n c e s  i s  im p e rfe c tly  understood  (Korn, I 969) .

In  g e n e ra l , th re e  c la s s e s  o f mechanism by which substsuices 

can c ro ss  membranes a re  d is tin g u is h e d :

1. sim ple d if fu s io n ,

2 . f a c i l i t a t e d  d if fu s io n ,

3 . a c tiv e  t r a n s p o r t .

Simple d if fu s io n  occurs in  th e  absence o f any s p e c i f ic  t r a n s p o r t  

qystem. In  th e  two extreme models o f d if fu s io n  a c ro ss  b io lo g ic a l  

membranes, m olecules a re  con sid ered  e i th e r  to  d is so lv e  i n  the  

b im o lecu lar l i p i d  la y e r  o r to  move through w a te r - f i l l e d  "p o re s" . 

F a c i l i t a t e d  d if fu s io n  in v o lv es  th e  o p e ra tio n  o f a  s p e c if ic  t r a n s p o r t  

system  in  th e  membrane; movement o f th e  tra n s p o r te d  compound w i l l  be 

to  d is s ip a te  an e x is t in g  e lec tro c h e m ic a l g ra d ie n t .  A ctive tr a n s p o r t  

in v o lv es  the  s p e c i f ic  t r a n s p o r t  o f a  compound a g a in s t  an e lec tro ch em ica l 

g ra d ie n t ,  which re q u ire s  an in p u t o f f re e  energy . Both f a c i l i t a t e d
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and a c tiv e  t r a n s p o r t  a re  g e n e ra lly  co n sid ered  to  in v o lv e  h ig h ly  

s p e c if ic  in te r a c t io n s  o f  th e  perm eant w ith  membrane p ro te in s  (S te in ,

1967).
The i n t r i n s i c  p e rm e a b ility , ( i . e .  the  p e rm e ab ility  in  th e  

absence o f  s p e c if ic  t r a n s p o r t  sy stem s), o f a  number o f membrane system s 

has been s tu d ie d  in  some d e t a i l .  Im portan t d if fe re n c e s  have been 

re v e a le d . Thus th e  re d  c e l l  membrane i s  i n t r i n s i c a l l y  very  perm eable 

to  sm all an ions and l ip id - s o lu b le  m onocarboxylic a c id s  and i s  l e s s  

perm eable to  l a r g e r  an ions and d ic a rb o x y lic  a c id s  (Whittam, 1964).

These g e n e ra l f e a tu re s  a re  a lso  found to  h o ld  fo r  s k e le ta l  m uscle, 

nerve and c e r ta in  p la n t  c e l l s .  The in n e r  m ito ch o n d ria l membrane on 

th e  o th e r hand i s  i n t r i n s i c a l l y  impermeable to  a l l  an ions and c a tio n s  

(C happell, 1968; M itch e ll & Moyle, I 969) .  An even more dram atic  

d if fe re n c e  i s  found between th e  p e rm e a b ility  p ro p e r t ie s  o f  the  in n e r  

and o u te r  m ito ch o n d ria l membranes. Under th e  co n d itio n s  norm ally  

used fo r  s tudy  th e  o u te r  membrane does n o t a c t  as a p e rm e a b ility  b a r r i e r  

to  low m olecu lar w eight compounds (K lingenberg , 1970). There i s  no 

reaso n  to  b e lie v e  th a t  a l l  membranes have c lo se ly  r e la te d  s t r u c tu r e s  

and i t  seems l i k e ly  t h a t  th e  s t r u c tu r a l  v a r ia t io n s  observed a re  

r e f le c te d  in  d if fe re n c e s  in  p e rm e a b ility  p ro p e r t ie s .

A number o f f a c to r s  w i l l  be im p o rtan t in  de term in ing  w hether 

a  g iven  a c id  can c ro ss  a  membrane by sim ple d if f u s io n .  F i r s t l y ,  the  

s t ru c tu re  o f th e  membrane would seem to  be im p o rtan t as in d ic a te d  by 

th e  observed v a r ia t io n s  in  i n t r i n s i c  p e rm e a b ility  o f d i f f e r e n t  

membranes. S te in  ( I 967) has summarised the  s t r u c tu r a l  fe a tu re s  o f a  

perm eant m olecule which a re  l ik e ly  to  c o n tro l  i t s  d if fu s io n  a c ro ss  a
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c l a s s i c a l  D an ielli-D avson  membrane. Three f a c to r s  a re  co n sid ered  

to  be im p o rtan t:

1. s iz e ,

2 . hydrogen bonding c a p a c ity ,

3 . u n sh ie ld ed  -CH^- g roups.

Both in c re a se d  s iz e  and hydrogen bonding a b i l i t y  w i l l  reduce th e  r a t e

o f d if fu s io n  a c ro ss  a  membrane w hile  th e  p resence  o f unscreened

a l ip h a t ic  chain s w i l l  in c re a se  l i p i d  s o lu b i l i t y  and enhance th e  r a te

o f d if fu s io n  a c ro ss  th e  hydrophobic re g io n  o f th e  membrane. In

cases where only  th e  f re e  a c id  can c ro ss  th e  membrane, th e  pH o f  the

medium and th e  pK o f th e  a c id  w i l l  have c ru c ia l  ro le s  in  c o n tro l l in g

the  r a t e  o f perm eation . Thus th e  requ irem en t fo r  s p e c i f ic  anion

tr a n s p o r te r s  fo r  d i -  and tr ic a rb o x y lic  a c id s , b u t n o t m onocarboxylic

a c id s  in  m itochondria  has been a sc r ib e d  to  th e  d if fe re n c e  between th e

r a t i o  o f an ion  to  f r e e  a c id  a t  n e u tra l  pH. Thus between the

homologues a c e ta te  (pK 4 .8 6 ) and su c c in a te  (pKs 4 .1 9  and 3 .4 8 ) th e re  i s

a  d if f e re n c e  in  t h i s  r a t i o  o f 10^. I t  i s ,  however, l i k e ly  t h a t  o th e r

fa c to r s  must c o n tr ib u te .  Thus th e  perm eation  o f  model membranes by

t r i c h lo r o a c e ta te ,  which has an ex trem ely  low pK (O .7 ) ,  i s  ra p id

(com parable w ith  th a t  o f  m onoch lo roaceta te , pK 2 .8 6 ) , even though th e
2

r a t i o  o f f re e  a c id  to  an ion  w i l l  d i f f e r  by a t  l e a s t  a  f a c to r  o f 10 .

In  p h y s io lo g ic a l s i tu a t io n s ,  a  la rg e  d if fe re n c e  between th e  i n t r i n s i c  

p e rm e a b ility  o f membranes to  a c e ta te  (pK 4 .8 6 ) and p y ruva te  (pK 2 .48) 

might be expected  on the  b a s is  o f  th e  f r e e  ac id  perm eation  model.

A d if fe re n c e  i s  observed in  model s tu d ie s ,  bu t t h i s  i s  n o t as la rg e  as 

m ight be p re d ic te d  (McGivan, I 968) .  C o n sid era tio n s  o f  th e  k ind
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o u tl in e d  above a re  im p o rtan t in  a  p re lim in a ry  assessm ent o f l ik e ly  

perm eation  mechanisms.

C arboxylic a c id  perm eation  in  m ito ch o n d ria l and model system s In  a  

d isc u ss io n  o f l i k e l y  mechanisms o f c a rb o x y la te  perm eation  in  E. c o l i , 

th e  most u s e fu l a v a i la b le  com parison i s  w ith  the  p ro p e r t ie s  o f th e  

in n e r  m ito ch o n d ria l membrane. This membrane has a  number o f  s i m i l a r i t i e s  

w ith  b a c te r ia l  membranes. The p resence  o f c a r d io l ip in  as a  major 

p h o sp h o lip id  may be im p o rtan t in  de term in ing  th e  i n t r i n s i c  p e rm e a b ility  

p ro p e r t ie s  o f th e  membrane. Thus sm ectic  mesophstses o f l e c i t h in  

and c a r d io l ip in  a re  r e l a t i v e l y  impermeable to  sm all an ions when con^ared 

w ith  sm ectic  mesophases o f l e c i t h i n  and d ia c e ty l  phosphate (McGivan,

1968) .  Extrem ely low i n t r i n s i c  p e rm e a b ility  to  sm all io n s  seems to  be 

a fe a tu re  o f th e  in n e r  m ito ch o n d ria l membrane. A requ irem en t fo r  

ex trem ely  low p e rm e a b il ity  i s  presum ably a s s o c ia te d  w ith  the  ro le  o f 

the  membrane in  energy c o n se rv a tio n . Many b a c te r ia l  membranes have 

s im ila r  ro le s  to  t h a t  o f the  in n e r  m ito ch o n d ria l membrane in  energy 

tra n s d u c tio n .

The perm eation  o f m itochondria  by ca rb o x y lic  a c id s  heus been 

e x te n s iv e ly  s tu d ie d  by C h ap p e ll 's  group (Chappel], I 968) .  The most 

w idely used tech n iq u e  has been th a t  o f i s o to n ic  sw e llin g  in  which a  

s e m i-q u a n tita t iv e  measure o f p e rm e a b ility  i s  o b ta in ed  by fo llow ing  the  

r a t e  o f l i g h t  s c a t te r in g  changes due to  sw e llin g  o f th e  m itochondria  in  

ammonium s a l t s  o f  th e  a c id s  (C happell e t  a l . , I 968) .  This s u f f e r s  

from th e  d isadvan tage  th a t  th e  c o n c e n tra tio n  o f perm eant to  which th e  

m itochondrion i s  exposed i s  n e c e s s a r i ly  h ig h . S tu d ie s  o f perm eation
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a t  low c o n c e n tra tio n s  to  o b ta in  acc u ra te  k in e t ic  d a ta  p re se n t te c h n ic a l 

problem s and have been used only to  p rov ide  con firm atio n  o f r e s u l t s  

o b ta in ed  u sin g  is o to n ic  sw e llin g  o r o th e r  in d i r e c t  tech n iq u es  in  a 

l im ite d  number o f  c a s e s . There th u s  e x is t s  the  p o s s ib i l i ty  t h a t , i n  

some c a se s , th e  mechanisms o p e ra tin g  a t  h igh  co n ce n tra tio n s  m ight 

d i f f e r  from th o se  o p e ra tin g  a t  low er, more "p h y s io lo g ic a l" , 

c o n c e n tra tio n s . K in e tic  d a ta  o b ta in ed  fo r  d ica rb o x y la te  perm eation 

u sing  th e  in h ib i to r  s to p  techn ique h a s , however, amply confirm ed th e  

e a r l i e r  s e m i-q u a n tita t iv e  a n a ly s is  (P a lm ieri e t  a l . , 1971).

C onsiderab le  success has been ach ieved  in  d e fin in g  th e  anion 

perm eation system s o p e ra tin g  in  m itochondria . M onocarboxylates appear 

to  c ro ss  th e  membrane as the  f re e  a c id s  by sim ple d if fu s io n  under the  

co n d itio n s  s tu d ie d . There rem ains some q u es tio n  about the e x is ten c e  

o f a s p e c i f ic  t r a n s p o r te r  fo r  p y ru v a te . Thus Papa e t  a l .  (1971) have 

p re sen te d  evidence fo r  a  s a tu ra b le  pyruva te  perm eation mechanism in  r a t  

l i v e r  m itochondria  and H ansford (1972) has commented upon the  einomalous 

n a tu re  o f  p y ruvate  t r a n s p o r t  in  b low fly  f lig h t-m u sc le  m itochondria .

L ard y 's  group h a s , however, ch a llenged  th e  in te r p r e ta t io n  o f P apa’s 

d a ta  and su g g est t h a t  they  can be ex p la in ed  in  term s o f a d so rp tio n  

r a th e r  th an  t r a n s p o r t  (Z ah lten  e t  a l . , 1972). D i- and t r ic a rb o x y la te s  

a re  tra n s p o r te d  by exchange d if fu s io n  c a r r i e r s  ( a n t ip o r te r s )  (review ed 

by C happell, I 968) .  Thus, th e  d ic a rb o x y la te  c a r r i e r  exchanges 

d ica rb o x y la te  an ion  fo r  d ica rb o x y la te  an ion  or phosphate and the  

t r ic a rb o x y la te  c a r r i e r  exchanges tr ic a rb o x y la te  anion fo r  d ica rb o x y la te  

an ion .

Experim ents w ith  model membranes a lso  sup p o rt th e  id e a  th a t
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m onocarboxylates can c ro ss  membranes by sim ple d if fu s io n  as  f r e e  a c id s , 

whereas d i -  and tr ic a rb o x y la te s  cannot (ïfcGivan, I 968) . In  th e  case 

o f bo th  m itochondria  and model system s, th e re  i s  a  r e la t io n s h ip  between 

th e  r a t e  o f sw e llin g  in  i s o to n ic  s o lu tio n s  o f ammonium s a l t s  and th e  

pK o f the  m onocarboxylate. To summarize, i n  th e  case o f  m itochondria  

th e re  i s  much evidence to  su p p o rt the  id e a  t h a t ,  a t  l e a s t  at h ig h  

c o n c e n tra tio n s , most m onocarboxylates c ro ss  the  membrane a s  f r e e  a c id s  

by a  n o n -s p e c if ic  d if fu s io n  p ro c e ss , whereas d i -  and t r ic a rb o x y la te s  

a re  tra n s p o r te d  by s p e c if ic  system s. Some doubt rem ains about th e  

mechanism o f p y ruva te  perm eation . This s i tu a t io n  must by c o n tra s te d  

w ith  th a t  d e sc rib e d  fo r  E. c o l i  and o th e r  b a c te r ia .

C arboxylic a c id  perm eation  in  b a c te r ia  E. c o l i  i s  capab le  o f  growth

on a range o f  c a rb o x y lic  a c id s  and th e re  i s  evidence th a t  th e  movement

o f a t  l e a s t  some o f th e se  a c id s  a c ro ss  th e  c e l l  membrane re q u ire s  the  

o p e ra tio n  o f s p e c i f ic  t r a n s p o r t  system s. The c r i t e r i a  used by workers 

s tu dy ing  b a c te r i a l  perm eation  m erit d e ta i le d  a t t e n t io n .  The s tu d ie s  

can be p laced  in  two broad groups :

1. those  in  which d i r e c t  evidence fo r  th e  e x is ten c e  o f a  s p e c i f ic

tr a n s p o r t  system  was p re se n te d ,

2 . th o se  in  which i t s  e x is te n c e  wais p o s tu la te d  on th e  b a s is  o f  l e s s  

d i r e c t  ev id en ce .

E s ta b lish in g  d i r e c t  evidence fo r  th e  e x is te n c e  o f a  t r a n s p o r t  system  

in v o lv es  s tu d y in g  th e  uptake o f a  compound i s o la te d  from fu r th e r  

m etabolism . The s e p a ra tio n  o f movement a c ro ss  th e  membrane from 

subsequent m etabolism  i s  f re q u e n tly  achieved  in  b a c te r i a l  s tu d ie s  by 

the i s o la t io n  o f m utants w ith  a p p ro p ria te  m etabolic  le s io n s .  In
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c e r ta in  cases in  which a compound has many p o s s ib le  m etabo lic  f a te s ,  

e .g .  p y ru v a te , t h i s  may n o t be p o s s ib le .  The use o f s p e c if ic  

in h ib i to r s  to  i n h i b i t  f u r th e r  m etabolism  i s  a ls o  p o s s ib le  under 

c e r ta in  c ircu m stan ces . This approach was used  in  s tu d ie s  o f c i t r a t e  

t r a n s p o r t  by Lawford and W illiam s (1971). Another approach to  th e  

i s o la t io n  o f t r a n s p o r t  from m etabolism  depends on th e  use o f analogues. 

S u ccessfu l use w i l l  depend on the  tr a n s p o r t  s te p  having a  d i f f e r e n t  

s p e c i f i c i ty  from th a t  o f subsequent enzymic s te p s .

Having succeeded in  i s o la t in g  t r a n s p o r t  from m etabolic  

u t i l i z a t i o n  c e r ta in  p ro p e r t ie s  o f th e  t r a n s p o r t  p ro cess  can be examined. 

The most commonly examined p ro p e r t ie s  a re :

1. dependence o f r a t e  o f p e n e tra t io n  on c o n c e n tra tio n . The r a te  

i s  n o t expected  to  be d i r e c t ly  p ro p o r tio n a l to  c o n c e n tra tio n , b u t to  

reach  a l im i t in g  ( s a tu ra t io n )  va lue  e l s  th e  c o n ce n tra tio n  i s  in c re a se d  

in  th e  case o f sp e c if ic a lly -m e d ia te d  t r a n s p o r t ,

2 . e f f e c t  o f s t r u c tu r a l  analogues on perm eation  r a t e s .  Analogues 

may be expected  to  compete w ith  perm eants i f  s p e c i f ic  t ra n s p o r t  system s 

o p e ra te ,

3 . e f f e c t  o f p ro te in  re a g en ts  on the  r a t e  o f perm eation ,

4 . s tudy  o f c o u n te r - tr a n s p o r t ,  in  which movement o f  a  s t r u c tu r a l ly  

r e la te d  compound i s  d riv en  a g a in s t  an e lec tro c h e m ic a l g ra d ie n t by 

f a c i l i t a t e d  movement down an e lec tro ch em ica l g ra d ie n t o f th e  perm eant.

An im p o rtan t c r i t e r io n  a v a ila b le  p r in c ip a l ly  i n  in v e s t ig a t io n s  

o f b a c te r ia l  and fungal s tu d ie s  i s  th e  i s o la t io n  o f m utants s p e c i f ic a l ly  

d e fe c tiv e  in  th e  t r a n s p o r t  o f  a  confound. The i s o la te d  m utant must be 

shown to  be m odified  only  in  perm eation . I s o la t io n  o f  m utants which
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a re  sim ply d e fe c tiv e  in  the  uptake o f a la b e l le d  compound can be 

m is lead in g . Thus, in  d if fu s io n  o r f a c i l i t a t e d  d if fu s io n  system s 

in  which th e re  i s  no accum ulation o f  tra n s p o r te d  m a te r ia l  w ith in  the  

c e l l ,  c e r ta in  m etabo lic  le s io n s  w i l l  r e s u l t  in  th e  appearance o f 

d e fe c tiv e  t r a n s p o r t .  I s o la t io n  o f  t r a n s p o r t  m utants does n o t in  

i t s e l f  e s ta b l i s h  th a t  th e  r a t e - l im i t in g  p ro cess  measured under c e r ta in  

c o n d itio n s  o f uptake i s  o ccu rrin g  a t  th e  membrane l e v e l .  O ther 

c r i t e r i a  may be re q u ire d  to  e s ta b l i s h  t h i s .

A number o f in d i r e c t  c r i t e r i a  used  in  th e  s tu d y  o f carb o x y lic  

a c id  perm eation  w i l l  be d iscu ssed  in  d e t a i l  in  view o f  th e  d o u b tfu l 

u t i l i t y  o f  some o f them. The o b se rv a tio n  o f s a tu r a t io n  k in e t ic s  fo r  

o v e ra l l  uptake o f r a d io a c t iv e ly  la b e l le d  perm eant in to  c e l l  m a te r ia l  

by waished c e l l  suspensions has been e x te n s iv e ly  used  as evidence to  

support th e  e x is ten c e  o f s p e c if ic  t r a n s p o r t  system s ( e .g .  K lein  e t  a l . , 

1971 ; S a la n itro  & Wegener, 1971b; Vanderwinkel e t  a l . , 1971» Wagner 

e t  auL., 1972) .  The p o s s ib i l i t y  th a t  th e  p ro cess  being  measured in  

th i s  type o f experim ent does no t re p re s e n t  a r a te - l im i t in g  membrane 

s tep  must be considered  very  s e r io u s ly ,  p a r t i c u la r ly  in  th e  case  o f 

compounds which m ight be susp ec ted  to  c ro ss  membranes by sim ple 

d if fu s io n .  At a  more s o p h is t ic a te d  le v e l ,  th e  k in e t ic  p aram eters  

fo r  th e  uptake p ro cess  have been con^ared w ith  those  o f the  i n i t i a l  

enzyme o f th e  pathway fo r  u t i l i z a t i o n  o f  th e  compound (K lein  ,

1971) .  O v e ra th 's  group has used evidence o f t h i s  type to  su p p o rt 

the  e x is ten c e  o f a  perm eation system  fo r  long chain  f a t t y  a c id s  in  

E. c o l i  K12. The p o s s ib i l i t y  th a t  th e  v ivo  p ro p e r t ie s  o f  the

enzymes w i l l  d i f f e r  from those  which can be measured ^  v i t r o  rem ains 

a  problem . This d i f f i c u l ty  i s  p a r t i c u la r ly  acu te  i n  th e  case o f
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membrane-bound enzymes ( c f .  O verath e t  a l . , 1969). The use o f 

com petition  d a ta  i s  a lso  inadequate  u n le ss  th e  t a r g e t  o f  th e  in h ib i t io n  

i s  c le a r ly  d e fin ed . In  th i s  c a se , a  d i s t in c t io n  between the  p ro p e r t ie s  

o f com petition  a t  th e  perm eation  s te p  and a t  th e  i n i t i a l  m etabo lic  

s te p  i s  l ik e ly  to  be j u s t i f i e d  as only th e se  two p ro cesses  w i l l  have 

c lo se ly  r e la te d  s p e c i f i c i ty  p r o p e r t ie s .  However, in  th e  absence o f 

an a ttem p t to  s tudy  bo th  p ro cesses  th e  use o f co m petition  d a ta  to  

sup p o rt the  ex is ten c e  o f t r a n s p o r t  system s i s  n o t j u s t i f i e d .  A 

number o f o th e r  approaches to  the  s tudy  o f t r a n s p o r t  system s in  which 

th e  f a te  o f added la b e l  i s  in ad eq u a te ly  d e fin ed  may be c i t e d .  The 

o b se rv a tio n  o f coarse  c o n tro l o f  uptake may r e f l e c t  changes in  the  

le v e ls  o f m etabolic  enzymes r a th e r  th an  in  a  t r a n s p o r t  system .

S im ila r ly , th e  a c t io n  o f  in h ib i to r s  on uptake may r e f l e c t  e f f e c t s  

on requ irem en ts  fo r  energy to  c a ta ly se  f lu x  through a  m etabolic  pathway 

o r i n t e r f e r e  w ith  th e  p o o lin g  o f a  compound remote from th a t  w ith  which 

th e  c e l l s  a re  challenged  r a th e r  than  a  d i r e c t  e f f e c t  on membrane 

perm eation . With adequate c o n tro ls  t h i s  approach can y ie ld  u s e fu l 

d a ta . Knowles and Smith (1971) have used  in h ib i to r s  and uncouplers 

o f  energy m etabolism  in  s tu d ie s  o f l a c t a t e  uptake by A zotobacter 

v in e la n d i i . The e f f e c t  o f th e se  compounds on th e  o x id a tio n  o f 

D L -lac ta te  by whole c e l l s  was congared w ith  the  e f f e c t  i n  c e l l - f r e e  

e x t r a c t s .  Uncouplers had a pow erful in h ib i to r y  e f f e c t  on o x id a tio n  

in  whole c e l l s ,  b u t n o t in  c e l l - f r e e  e x t r a c t s .  This su g g es ts  th a t  

th e  uncouplers can a f f e c t  a  membrane t r a n s p o r t  p ro c e ss , a lthough  

a l te r n a t iv e  ex p lan a tio n s  might be e n te r ta in e d . The use o f  osm otic 

shock e f f e c t s  on uptake as  a  c r i t e r io n  fo r  th e  e x is te n c e  o f a  membrane
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t r a n s p o r t  p ro cess  can be c r i t i c i s e d  in  cases where th e  f a te  o f  the  

la b e l  i s  no t adeq u a te ly  d e fin ed  (S a la n itro  & Wegener, 1971b). Thus 

osm otic shock i s  known to  have a number o f e f f e c t s  b e s id e s  re le a s e  o f 

b ind ing  p ro te in s  (Neu & Heppel, I 963 ; H eppel, I 969) .  R elease o f 

so lu b le  components, such as n u c le o tid e  p o o ls , from th e  c e l l  might be 

expected  to  i n te r f e r e  w ith  m etabo lic  a c t i v i t y .  Thus in  a  f a c i l i t a t e d  

d if fu s io n  system , th e  removal o f la b e l le d  compound from th e  medium 

might be in h ib i te d  in d i r e c t ly  and t h i s  would be r e f le c te d  in  th e  observed 

r a te  o f u p tak e .

A more s u c c e ss fu l c r i t e r io n  fo r  e s ta b lis h in g  th e  e x is ten c e  

o f a t r a n s p o r t  system  was used in  many e a r ly  s tu d ie s  (Campbell & S tokes, 

1951 ; Kogut & Podoski, 1953; S h ilo  & S ta n ie r ,  1957; C larke &

Meadow, 1959). I t  depends on e s ta b l is h in g  th a t  th e  fs d lu re  o f an 

organism to  u t i l i z e  a  g iven  compound i s  caused by a la c k  o f p e rm e a b ility  

towards i t  r a th e r  than  th e  la c k  o f a  c a p a c ity  to  m etabo lize  i t .  Many 

e a r ly  s tu d ie s  o f th e  tr a n s p o r t  o f TCA cy cle  in te rm e d ia te s  depended on 

th i s  method. R ecen tly , methods have become a v a ila b le  fo r  s p e c i f ic a l ly  

m odifying membrane p ro p e r t ie s  and t h i s  approach may be used  to  t e s t  the  

p o s s ib i l i t y  th a t  th e  p ro cess  being measured in  sim ple uptake experim ents 

d e te c tin g  t o t a l  la b e l  appearance in  th e  c e l l  i s  r a te - l im i te d  by a 

membrane p ro c e ss . A number o f approaches may be used  (review ed by 

Cronan & Vagelos, 1972). The e f f e c t  o f  phosp h o lip id  phase changes 

on t r a n s p o r t  a c t i v i t y  has been s tu d ie d . A rrhenius p lo ts  fo r  the  

tr a n s p o r t  o f g lu c o s id es  and g a la c to s id e s  a re  b ip h a s ic  w ith  th e  b reak  

in  th e  curve corresponding  to  v i t r o  X-ray s c a t te r in g  o b se rv a tio n s  

o f changes in  the  o rd e r o f p h o sp h o lip id  b i la y e r s .  This f in d in g  has
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many a p p lic a t io n s  p a r t i c u la r ly  i f  th e  l i p i d  com position o f th e  membrane 

i s  m anipu lated  by u sin g  m utants d e fe c tiv e  i n  th e  sy n th e s is  and 

d eg rad a tio n  o f f a t t y  a c id s .  Thus O verath ^  (1970) have te s te d

the  e f f e c t  o f te n ^ e ra tu re  on the  up take  o f g ly c e ro l  and found no break  

in  th e  tem p era tu re  p r o f i l e .  This in d ic a te s  th a t  perm eation  i s  n o t 

th e  r a t e - l im i t in g  s te p  in  g ly c e ro l up take  under the  c o n d itio n s  t e s t e d .

The e x is te n c e  o f a  s p e c if ic  t r a n s p o r t  system  has been su g g ested , b u t 

the  e q u i l ib r a t io n  o f g ly c e ro l a c ro ss  th e  membrane i s  known to  be 

ex trem ely  ra p id  (Sanno £ t  a l . , I968) . Another approach to  the  

d e te c tio n  o f  membrane e f f e c t s  on t r a n s p o r t  i s  to  s tudy  th e  e f f e c t  o f 

p le io t ro p ic  membrane le s io n s  on u p ta k e . Von Meyenburg (1971) has 

i s o la te d  m utants o f E. c o l i  B /r which re q u ire  in c re a se d  n u t r ie n t  

c o n c e n tra tio n s  fo r  half-m axim al grow th r a t e .  This requ irem en t i s  

a sso c ia te d  w ith  a p le io t ro p ic  e f f e c t  on t r a n s p o r t  a f f i n i t i e s .  I t  i s  

thus l ik e ly  th a t  compounds whose up take  i s  m odified  by le s io n s  o f t h i s  

type w i l l  be dependent upon s p e c if ic  membrane t r a n s p o r t  fo r  t h e i r  

u t i l i z a t i o n -

When p u b lic a t io n s  on ca rb o x y lic  a c id  tr a n s p o r t  in  b a c te r ia  

are  co n sid ered  i t  i s  obvious th a t  most o f  th e  d i r e c t  evidence fo r  

carb o x y lic  a c id  t r a n s p o r t  system s comes from work on d i -  and tr ic a rb o x y lic  

a c id  u t i l i z a t i o n .  There a r e ,  however, two re p o r ts  which d i r e c t ly  

confirm  th e  e x is te n c e  o f m onocarboxylate t r a n s p o r t  system s in  E. c o l i .

A problem  w ith  s tu d ie s  o f  ca rb o x y la te  t r a n s p o r t  in  E. c o l i  i s  th a t  the  

a c id s  do n o t appeeur to  accum ulate to  any g r e a t  e x te n t w ith in  th e  c e l l .

Thus th e  i s o l a t i o n  o f m utants devoid o f  s p e c i f ic  t r a n s p o r t  a c t i v i t y
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p ro v id es  the  most s a t i s f a c to r y  method o f  d e f in in g  th e  e x is ten c e  o f 

a t r a n s p o r t  system . M onocarboxylic a c id s  may w ell be capable o f 

n o n -sp e c if ic  p e n e tra tio n  o f the  c e l l  membrane a t  the  h igh  c o n ce n tra tio n s  

norm ally  used fo r  growth s tu d ie s  and m utant s e le c t io n .  Thus th e  

i s o la t io n  o f m utants by d i r e c t  methods o f m utagenesis, enrichm ent and 

p la t in g  on s e le c t iv e  media may n o t work as s a t i s f a c t o r i l y  as in  many 

o th e r c a se s . Although th e re  a re  a  r e l a t i v e l y  la rg e  number o f r e p o r ts  

o f t ra n s p o r t  system s fo r  d i -  and t r i c a r b o x y l ic  a c id s  in  b a c te r ia ,  th e re  

a re  few o f m onocarboxylic a c id  t r a n s p o r t  system s. This i s  due to  the 

d i f f i c u l t i e s  in  d e fin in g  the  p a ram eters  o f  m onocarboxylate t r a n s p o r t .

I t  i s  in te r e s t in g  th a t  t h i s  s i tu a t io n  c o n tr a s ts  w ith  th a t  found w ith  

s tu d ie s  o f carb o x y la te  perm eation  in  m ito ch o n d ria .

Evidence has been p rov ided  fo r  th e  ex is ten c e  o f t r a n s p o r t  

system s fo r  TCA cycle  in te rm e d ia te s  in  a  v a r ie ty  o f b a c te r ia l  s p e c ie s .

Many e a r ly  s tu d ie s  o f Pseudomonas spp . u s in g  c r y p t ic i ty  method dem onstrated  

the  e x is ten c e  o f d i -  and t r ic a rb o x y lic  a c id  t r a n s p o r t  system s (Campbell 

& S to k es , 1951 ; Kogut & Podoski, 1953; C larke & Meadow, 1959)* S h ilo  

and S ta n ie r  (1957) dem onstrated  t a r t r a t e  perm eases in  Pseudomonas spp .

More re c e n t ly ,  s tu d ie s  o f c i t r a t e  t r a n s p o r t  in  two Pseudomonas sp ec ie s  

by Lawford and W illiam s (1971) who used f lu o r o c i t r a t e  to  reduce 

o x id a tio n  o f c i t r a t e  and th u s  i s o l a t e  e n try  from f u r th e r  m etabolism .

They o b ta in ed  evidence fo r  accum ulation  o f la b e l  which was shown to  be 

p re se n t e n t i r e ly  as  c i t r a t e .  As w e ll as c h a ra c te r is in g  c i t r a t e  t ra n s p o r t  

in  Pseudomonas f lu o re s c e n s , Lawford and W illiam s a lso  i s o la te d  a 

Pseudomonas sp ec ie s  capable o f  growth on t r i c a r b a l l y l i c  a c id . They
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examined the  exchange p ro p e r t ie s  o f t r ic a rb o x y la te  tr a n s p o r t  in  th i s  

organism . No evidence o f an a n t ip o r te r  mechanism r e la te d  to  th a t  

found in  the  in n e r  m ito ch o n d ria l membrane was o b ta in ed . S tu d ies  o f 

c i t r a t e  t r a n s p o r t  in  A erobacter aerogenes have been re p o rte d  

(V illa re a l-Ifo g u e l & R u iz-H errera , 1969; W ilkerson & Eagon, 1971). 

S p e c if ic  t ra n s p o r t  system s were i d e n t i f i e d ,  bu t th e re  i s  a  d isagreem ent 

in  th e  d a ta  on p oo ling  o f c i t r a t e .  TJncouplers in h ib i te d  u p tak e . 

W illecke and Pardee (1971) c h a ra c te r iz e d  c i t r a t e  tr a n s p o r t  in  the  Gram- 

n eg a tiv e  bacterium  B a c illu s  s u b t i l i s . A co n itase -n eg ativ e  m utants were 

used to  i s o la te  t r a n s p o r t  from m etabolism . Kie system  was in d u c ib le  

and s u b je c t to  g lucose re p re s s io n . The system  was capable o f 

c o n ce n tra tin g  c i t r a t e  100 tim es and could  m ain ta in  an in te r n a l  c i t r a t e  

c o n ce n tra tio n  o f 86 mM.

D icarboxy late  accum ulation by B. s u b t i l i s  i s  s im ila r ly  

c h a ra c te r iz e d  by h igh  pool l e v e l s .  132- f o ld  accum ulation vas  found in  

a  su cc in a te  dehydrogenase-negative s t r a i n  (Ghei & Kay, 1972). Kay and 

Kornberg (1969; 1971) examined th e  d ic a rb o x y lic  a c id  t r a n s p o r t  system 

in  E. c o l i  K12. I t  was found to  be highly s p e c i f ic ,  -a c id s  o th e r  than

s u c c in a te , m a la te , fum arate , a s p a r ta te  and m aleate  were taken  up p o o rly . 

M utants devoid o f th e  a b i l i t y  to  t r a n s p o r t  -a c id s  were is o la te d  and 

mapped. The s tudy  o f m utants w ith  le s io n s  in  TCA cy cle  enzymes re v e a le d  

th a t  th e re  i s  very l i t t l e  accum ulation o f la b e l le d  m a te r ia l  in  the  

absence o f fu r th e r  m etabolism . S tu d ies  o f d ica rb o x y la te  t r a n s p o r t  

have a lso  been re p o r te d  fo r  A zotobacter v in e la n d ii  and a  S trep to co ccu s sp, 

(Eepaske e t  a l . , I 96O; London & Meyer, 1970).

D ire c t evidence fo r  th e  e x is te n c e  o f  s p e c i f ic  system s fo r
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m onocarboxylate perm eation  i s  much more l im ite d .  Only two d e f in i t iv e  

r e p o r ts  a re  a v a ila b le  a t  the  p re se n t tim e . Kornberg and Smith ( I 967) 

have re p o r te d  the  i s o la t io n  o f m utants o f E. c o l i  K12 s p e c i f ic a l ly  

d e fe c tiv e  in  p y ruvate  t r a n s p o r t  (USP ) .  No e f f e c t  o f th e  le s io n  on 

th e  uptake o f o th e r  a -oxoacids was observed . The m utants were i s o la te d  

by a r e s is ta n c e  tech n iq u e . A P E P -sy n th ase -less  s t r a in  was used as 

th e  p a re n t organism  and m utants capable  o f ra p id  growth on a c e t a t e /  

py ruva te  medium were s e le c te d .  A number o f th e se  were found to  be 

d e fe c tiv e  in  p y ruvate  t r a n s p o r t .  S e le c tio n  fo r  r e s is ta n c e  to  pyruvate  

r a th e r  than  th e  i n a b i l i t y  to  grow on py ruvate  i s  probab ly  im portan t in  

en su rin g  i s o la t io n  o f th e  m utan ts . I t  i s  perhaps s ig n i f ic a n t  th a t  

the  pK o f pyruvate  i s  low (2 .4 8 ) . No fu r th e r  d a ta  on the  p ro p e r t ie s  

o f py ruvate  t r a n s p o r t  were p re se n te d . O rnston and O rnston (1970) have 

re p o r te d  th e  p ro p e r t ie s  o f g ly c o l la te  uptake by m utant s t r a in s  o f 

E. c o l i  K12. They i s o la te d  one m utant which had l o s t  th e  a b i l i t y  to  

o x id ise  g ly c o l la te ,  one which was impermeable to  the  compound and a 

t h i r d  which had undergone a  lo s s  in  p e rm e a b ility  and which was in  

a d d itio n  d e fe c tiv e  in  e i th e r  g ly o x y la te  re d u c tase  o r m alate syn thase  G. 

R esu lts  from the  m utant blocked in  g ly c o l la te  o x id a tio n  suggested  a 

s ix - f o ld  accum ulation o f i n t r a c e l l u l a r  g ly c o l la te ,  b u t th e  n a tu re  o f  the  

poo l m a te r ia l was n o t determ ined . G ly c o lla te  t r a n s p o r t  seems n o t to  

be induced by in te r n a l  g ly c o l la te  s in ce  the  i n i t i a l  r a t e  o f g ly c o l la te  

up take in  th e  g ly c o l la te  o x id a tio n  mutant i s  only  about 2 .5 ^  o f the  

induced  r a te  in  the  w ild - ty p e . I t  i s  in te r e s t in g  th a t  g ly c o l la te  i s  th e

in d u cer o f m alate syn thase  G, b u t n o t o f  i t s  own t r a n s p o r t  system . A ll 

s tu d ie s  o f la b e l le d  g ly c o l la te  uptake were c a r r ie d  o u t in  th e  presence
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o f 10 mM im la b e lle d  a c e ta te .  A cetate  i s  a p o te n t ia l  analogue o f

g ly c o l l a t e .

The only o th e r d a ta  which p rov ide  d i r e c t  evidence fo r  

t r a n s p o r t  system s fo r  m onocarboxylates come from s tu d ie s  o f pheny l- 

s u b s t i tu te d  m onocarboxylates. Cook and Fewson (1972) have p re sen te d

p re lim in a ry  d a ta  upon th e  tr a n s p o r t  o f benzoate  and m andelate by a 

b a c te r i a l  s t r a i n ,  N .C .I.B . 8250. Various degrees o f p e rm e a b ility  

b a r r i e r  to  m andelate were observed a f t e r  grow th under c o n d itio n s  which 

d id  n o t induce the  enzymes fo r  m andelate o x id a tio n . No m andelate pool 

was id e n t i f i e d  in  w ild -ty p e  organism s induced  fo r  m andelate u t i l i z a t i o n ,  

b u t ,  under non-inducing  c o n d itio n s , o r in  m utants la ck in g  L-m andelate 

dehydrogenase, th e  la b e l  in  the  c e l l s  could  be id e n t i f i e d  as m andelate . 

With the  m utant la ck in g  L-m andelate dehydrogenase grown in  th e  p resence  

o f p h en y lg ly o x y la te  the  e q u i l ib ra t io n  o f m andelate a c ro ss  th e  membrane 

was r a p id .  No p e rm e ab ility  b a r r i e r  to  benzoate  could  be d e tec te d

even in  uninduced c e l l s  b u t evidence fo r  th e  o p e ra tio n  o f a f a c i l i t a t e d  

d if fu s io n  system was o b ta in ed  from e x i t  coun terflow  experim en ts. Thus 

a d d itio n  o f benzoate to  c e l l s  co n ta in in g  s a l i c y la t e  caused sin e f f lu x  o f 

s a l i c y la t e  a g a in s t a c o n ce n tra tio n  g ra d ie n t .  Benzoate a lso  

c o m p e titiv e ly  p reven ted  th e  appearance o f 4 -f lu o ro b en zo a te  in s id e  the  

c e l l .  Thus, in  s p i te  o f  in d ic a t io n s  th a t  perm eation  i s  ex trem ely  ra p id , 

i t  i s  suggested  th a t  benzoic a c id  (sis the  f r e e  ac id  a r a th e r  hydrophobic 

m olecule) p e n e tra te s  th e  c e l l  membrane by f a c i l i t a t e d  r a th e r  than  sim ple 

d i f f u s io n .  This case might be analogous to  th a t  suggested  by Lin fo r

g ly c e ro l perm eation in  E. c o l i  (Sanno a t  ^ . , I 967) .  C o n flic tin g  

evidence on th e  n a tu re  o f m andelate perm eation  in  Pseudomonas p u tid a
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has been p re se n te d . Hegeman ( 1966) found no evidence fo r  a  m andelate 

t r a n s p o r t  system in  P s. p u tid a  in  a  s tudy  o f r a t e s  o f e q u i l ib r a t io n  in  

induced  and uninduced c e l l s .  The T^ fo r  e q u i l ib r a t io n  was le s s  than  

f iv e  seconds a t  30°C. R ecen tly , H iggins and Mandelstam (1972) have 

d e sc rib ed  some s tra n g e  fe a tu re s  o f m andelate t r a n s p o r t  in  th e  seime 

organism . They a lso  found e q u i l ib r a t io n  i r r e s p e c t iv e  o f th e  s t a t e  o f 

in d u c tio n  o f th e  system s fo r  m andelate u t i l i z a t i o n ,  bu t found th a t  the  

s ix - f o ld  accum ulation o f f re e  m andelate was observed only in  induced c e l l s ,

Many more s tu d ie s  which claim  to  have examined tra n s p o r t  o f 

m onocarboxylates i n d i r e c t ly  have been re p o r te d . F req u en tly , th e se  have 

used  th e  term s uptake and t r a n s p o r t  in te rch an g eab ly  and a  s im ila r  

con fusion  has a r is e n  in  th e  in te r p r e ta t io n  o f the  d a ta  p re se n te d , b u t 

w ith  s u i ta b le  c o n tro ls  in d i r e c t  methods w i l l  p rov ide  s a t i s f a c to r y  

ev idence fo r  th e  e x is ten c e  o f a t r a n s p o r t  system .

C larke and Meadow (1959) s tu d ie d  the  a b i l i t y  o f washed 

suspensions aind c e l l - f r e e  e x tr a c ts  o f Pseudomonas aeru g in o sa  to  o x id ise  

a c e ta te  a f t e r  growth on m ala te . A la g  in  o x id a tiv e  a b i l i t y  was 

observed in  th e  case o f washed suspensions bu t n o t in  th e  crude e x t r a c t s .  

The la g  observed was sh o r t (approxim ately  10 m in u te s ). The 

o b se rv a tio n  o f a la g  i s  in te r p r e te d  as in d ic a t in g  th a t  the  c e l l  a lre ad y  

c o n ta in s  a  sm all amount o f the  t r a n s p o r t  system b u t th e  amount i s  so 

low as  to  make th e  e n try  r a t e - l im i t in g .  The p o s s ib i l i t y  th a t  o x id a tio n  

in  whole c e l l s  may be c o n tro lle d  by th e  p resence  o f  th e  g ly o x y la te  

shun t Sind th a t  i t s  in d u c tio n  may modify o x id a tio n  r a te s  i s  n o t co n sid e red . 

Kogut and Podoski (1953) found s im ila r  in d ic a t io n s  o f a s p e c i f ic  a c e ta te  

t r a n s p o r t  system  in  Pseudomonas spp . u s in g  th i s  c r y p t ic i ty  tech n iq u e .
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Knowles and Smith (1971) a lso  used a  c r y p t i c i ty  approach which prov ided  

evidence fo r  a  l a c t a t e  t r a n s p o r t  system  in  A zotobacter v in e la n d i i .

Two g e n e ra l s tu d ie s  o f c a rb o x y lic  a c id  perm eation  in  E. c o l i  

which touch on th e  problem o f m onocarboxylate perm eation  have been 

re p o r te d . Both have used th e  p la sm o ly sis  techn ique  which n e c e s s i ta te s  

th e  use o f h igh  c o n ce n tra tio n s  o f perm eant. B ovell, Packer and 

H elgerson ( I 963) used  l i g h t  s c a t te r in g  tech n iq u es  to  fo llow  e q u i l ib r a t io n  

o f o rgan ic  compounds ac ro ss  th e  c e l l  membrane o f E. c o l i  B. Sodium 

form ate e q u il ib ra te d a c ro s s  the  membrane r a p id ly .  No evidence on 

w hether t h i s  e q u i l ib r a t io n  was m ediated by a  s p e c i f ic  system  was 

p re se n te d . P lasm olysis  has a lso  been used by M itch e ll and Moyle 

( 1936a ; 1936b) to  fo llow  perm eation . They examined th e  e f f e c t  o f h ig h

c o n c e n tra tio n s  o f the  s a l t s  o f m onocarboxylic a c id s  on E. c o l i .

Sodium a c e ta te  was found to  p e n e tra te  th e  c e l l s  only  slow ly , w hile 

ammonium a c e ta te  p e n e tra te d  ra p id ly  p a r t i c u l a r ly  a t  lower pH. The 

a b i l i t y  o f ammonium a c e ta te  to  p lasm olyse th e  c e l l s  v a r ie d  from c u ltu re  

to  c u l tu re .

A number o f s tu d ie s  on th e  u p ta k e / tr a n s p o r t  o f a l ip h a t ic  

m onocarboxylic a c id s  has r e c e n tly  been c a r r ie d  out and in  some cases 

th e  a u th o rs ' i n t e r p r e ta t io n  o f  the  d a ta  p re se n te d  in  t h e i r  p apers  i s  

open to  q u e s tio n . Wagner e t  a l .  (1972) have s tu d ie d  la b e l le d  a c e ta te  

uptake by washed c e l l  suspensions o f E. c o l i  W: in d eed , t h e i r s  a re

th e  only  d a ta  re p o r te d  on a c e ta te  uptake i n  E. c o l i  a t  th e  p re s e n t tim e .

A number o f p ro p e r t ie s  o f th e  uptake system  were re p o r te d . B iphasic 

s a tu r a t io n  k in e t ic s  fo r  la b e l le d  a c e ta te  up take  were observed . The

fo r  th e  f i r s t  phase o f uptake was found to  be 6 .0  pM and th a t  fo r  the
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second phase found to  be 0.74 mM. Com petitive in h ib i t io n  o f uptake 

by p ro p io n a te , b u t no t b u ty ra te ,  was observed . P r io r  growth on g lucose  

re p re sse d  th e  a b i l i t y  o f washed c e l l  suspensions to  take  up la b e l le d  

a c e ta te .  No p o o lin g  o f a c e ta te  w ith in  the  c e l l  was d e te c te d . Although 

th e se  d a ta  th u s  d e sc rib e  some o f th e  f a c to r s  governing the  e n try  o f 

a c e ta te  in to  m etabo lic  pathw ays, th ey  f a i l  to  p rov ide  evidence about 

th e  n a tu re  o f the  a c e ta te  perm eation  p ro cess  p e r  s e . The m ajor 

problem i s  th a t  in  none o f th e  experim ents re p o r te d  can th e  t r a n s p o r t  

o f  a c e ta te  be d is s o c ia te d  from i t s  subsequent m etabolic  f a t e .

Two re c e n t s tu d ie s  have d e sc rib ed  the  p ro p e r t ie s  o f uptake 

system s fo r  s h o r t  chadn f a t t y  a c id s  in  E. c o l i  K12. S a la n itro  and 

Wegener ( 1971b) have p re sen te d  some evidence fo r  th e  e x is ten c e  o f 

s p e c if ic  t ra n s p o r t  system s. They have i s o la te d  m utants capable o f 

growth on b u ty ra te  and v a le r a te  (see  C hapter I I ) .  They su ggest th a t  

th e  a b i l i t y  to  grow on th ese  a c id s  i s  dependent on th e  in tro d u c tio n  o f 

a  m uta tion  which p e rm its  e n try  o f s h o r t  chain  a c id s .  Two c la s s e s  o f  

m utant were o b ta in ed ; one tak es  up sh o r t  chain  f a t t y  a c id s  

c o n s t i tu t iv e ly  w hile th e  o th e r  shows in d u c ib le  beh av io u r. The n a tu re  

o f th e se  le s io n s  i s  n o t adequate ly  c l a r i f i e d .  A h y p o th esis  i s  proposed 

in  which th e  uptake system  i s  a complex, sy n th e s is  o f which i s  c o n tro l le d  

by a re g u la to ry  gene and which c o n s is ts  o f two components: (1) a 

d if fu s io n  component and (2) aui a c t iv a t io n  component o r components.

The d if fu s io n  component i s  re q u ire d  fo r  th e  perm eation  o f th e  f a t t y  

a c id  an ion  a t  pH 7» b u t no t fo r  p e n e tra t io n  o f th e  u n d is so c ia te d  a c id  

a t  pH 3- I t  th e re fo re  seems l ik e ly  th a t  a  s p e c i f ic  o r f a c i l i t a t e d  

d if fu s io n  component i s  being invoked b u t th e  bu lk  o f S a la n itro  and 

Wegener’s evidence f a i l s  to  il lu m in a te  t h e i r  h y p o th e s is . D em onstration 

o f s a tu r a t io n  k in e t ic s ,  e f f e c t  o f osm otic shock and com p etitio n  d a ta
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a re  a l l  capable o f equivocauL in t e r p r e ta t io n .  Evidence o f s p e c if ic  

perm eation  mechanisms i s  p rov ided  by th e  pH-dependence o f e q u i l ib r a t io n  

a c ro ss  th e  membrane. There i s  ap p aren t ra p id  e q u i l ib r a t io n  a t  pH 5 

b u t n o t a t  pH 7« T his i s  in te r p r e te d  in  term s o f a  h igh  i n t r i n s i c  

p e rm e a b ility  to  th e  f re e  a c id , b u t n o t th e  an io n . Perm eation o f the  

an ion  th u s  r e q u ir e s  th e  p resence  o f a  s p e c i f ic  system . I t  i s  

u n fo r tu n a te  t h a t  th e  la b e l le d  m a te r ia l  p re s e n t in s id e  th e  c e l l  in  th e se  

e q u i l ib r a t io n  experim ents i s  n o t c h a ra c te r iz e d . S im ila r evidence 

comes from th e  pH-dependence o f p en ten o a te  growth in h ib i t io n  in  th e  

w ild -ty p e  organism . An in te r e s t in g  o b se rv a tio n  i s  th a t  n o n -sp e c if ic

uptake a t  pH 7 in c re a s e s  w ith  chain  le n g th  when medium chain  f a t t y  

a c id  up take i s  examined. Thus, w hile  some evidence fo r  an uptake 

system i s  p re s e n te d , claim s th a t  th e  a c id s  a re  co n cen tra ted  by th e  c e l l  

a re  n o t j u s t i f i e d  and many o b se rv a tio n s  are  eq u iv o ca l; The work o f

Vanderwinkel e t  a l .  (1971) s im i la r ly  dem onstrates a  s a tu ra b le  system  

fo r  the  up take o f s h o r t  chain  f a t t y  a c id s  in  E. c o l i  K12. The 

e x is ten c e  o f  a  s p e c i f ic  e n try  system  i s  assumed.

O verath*s group has re p o r te d  the  p ro p e r t ie s  o f a  tra n s p o r t  

system  fo r  long  ch a in  f a t ty  a c id s  in  E. c o l i  K12. The system  i s  

re p o r te d  to  be in d u c ib le  under the  same c o n d itio n s  re q u ire d  fo r  the  

in d u c tio n  o f th e  enzymes o f f a t t y  a c id  d eg rad a tio n  and to  have a chain  

le n g th  s p e c i f i c i t y  s im ila r  to  th a t  o f  th e  acyl-CoA s y n th e ta se .

V arious le s io n s  in  f a t t y  a c id  d eg rad a tio n  were found to  reduce the  

r a t e  o f u p ta k e . Thus m utants la ck in g  acyl-CoA sy n th e ta se  were unable 

to  tak e  up f a t t y  a c id s  to  any s ig n i f ic a n t  e x te n t .  Tbe evidence fo r  

the  e x is te n c e  o f a s p e c i f ic  f a t t y  a c id  tr a n s p o r t  system  i s  th a t  f a t t y
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a c id  uptake shows s a tu r a t io n  k in e t ic s  w ith  k in e t ic  param eters 

d i f f e r in g  from th o se  o f th e  acyl-CoA s y n th e ta se . I t  i s  suggested  by 

K lein  e t  a l .  (1971) th a t  the  acyl-CoA sy n th e ta se  may be v e c to r ia l ly  

in v o lv ed  in  f a t t y  a c id  t r a n s p o r t .  The t i g h t  coupling  between m etabolism  

and uptake i s  viewed in  term s o f feedback in h ib i t io n ,  perhaps to  p rev en t 

th e  accum ulation  o f long chain  acyl-CoA d e r iv a t iv e s  which have d e te rg e n t 

p r o p e r t ie s .  The more sim ple minded view th a t  th i s  i s  p re c is e ly  th e  

behaviour expec ted  o f a  n o n -sp e c if ic  o r f a c i l i t a t e d  d if fu s io n  system 

i s  n o t co n sid e red . The j u s t i f i c a t i o n  fo r  invoking  the  e x is ten c e  o f 

a  s p e c i f ic  t r a n s p o r t  system  w ithou t fu r th e r  evidence i s  l im ite d .

One o f th e  most in te r e s t in g  p ie ce s  o f in d i r e c t  evidence on 

th e  mechanism o f  m onocarboxylate perm eation  comes from the  work o f 

von Meyenburg (1971). Using a  q u a l i t a t iv e  techn ique based on th e  

growth r a te  o b ta in ed  over a  c o n ce n tra tio n  g ra d ie n t o f a  n u tr ie n t  

e s ta b lis h e d  on a  p la t e ,  i t  was p o s s ib le  to  observe d if fe re n c e s  in  th e  

c o n c e n tra tio n  dependence o f growth on pyruvate  and a c e ta te  between th e  

w ild -ty p e  and th e  mutant p le io t r o p ic a l ly  a f fe c te d  in  membrane p r o p e r t ie s .  

The a m p lif ic a tio n  o f  t h i s  type o f s tu d y  would p rov ide  convincing 

evidence th a t  a  membraine t r a n s p o r t  p ro cess  in  in vo lved  in  th e  u t i l i z a t i o n  

o f a l ip h a t ic  m onocarboxylic a c id s .

The evidence fo r  th e  e x is ten c e  o f  ca rb o x y la te  t ra n s p o r t  

system s m ^  be summarised as fo llo w s . In  a  range o f b a c te r ia l  sp ec ie s  

th e re  i s  s tro n g  evidence fo r  th e  presence  o f s p e c if ic  tra n s p o r t  system s 

fo r  d i -  and t r ic a rb o x y l ic  a c id s . The evidence fo r  such system s a c tin g  

on m onocarboxylates i s  more equ ivoca l and th e  bulk  o f th e  work has been 

c a r r ie d  ou t on E. c o l i .  The evidence from m utant and d i r e c t  t ra n s p o r t
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s tu d ie s  along w ith  c o n s id e ra tio n s  o f th e  r e l a t io n  o f s t r u c tu r e  to  

l i k e ly  mode o f perm eation  would su g g est p y ru v a te , g ly c o l la te  and 

m andelate a re  tra n s p o r te d  by s p e c i f ic  system s. C o n sid era tio n s  o f 

s t r u c tu r e  and pK would su ggest th a t  l a c t a t e ,  g ly c e ra te  and g ly co x y la te  

would f a l l  in  th e  same group. (There i s  l i t t l e  doubt th a t  lo n g er 

chain  p o ly s u b s ti tu te d  m onocarboxylates such as g lu conate  would re q u ire  

s p e c i f ic  t r a n s p o r t  sy stem s). The case o f th e  a l ip h a t ic  mono

ca rb o x y la te s  i s  more open to  q u e s tio n . There i s  no m utant evidence 

to  suggest the  e x is ten c e  o f s p e c i f ic  system s, b u t th i s  may r e s u l t  from 

th e  in h e re n t d i f f i c u l t i e s  in  i s o la t in g  such m u tan ts . I t  i s  p o s s ib le  

th a t  a t  h igh  c o n ce n tra tio n s  sim ple d if fu s io n  w i l l  p lay  an inqportant 

r o le  in  perm eation and slow growth w i l l  s t i l l  be p o s s ib le  in  the  

absence o f a  t ra n s p o r t  system . At th e  low er c o n c e n tra tio n s  which 

might be encountered  in  a  n a tu ra l  environm ent, th e  scavenging fu n c tio n  

o f a  t r a n s p o r t  system  might be very  s ig n i f i c a n t .  Thus the  evidence 

fo r  t h e i r  e x is ten c e  i s  b u i l t  on in d i r e c t  s tu d ie s  none o f which can be 

s a id  to  s e t t l e  th e  problem d e c is iv e ly . I t  m ight be suggested  th a t  

th e  w eight o f th e  evidence favours th e i r  e x is te n c e . This c o n tra s t  

w ith  the  m ito ch o n d ria l s i tu a t io n  may be a  r e f l e c t io n  o f a  number o f 

f a c to r s  :

1. requ irem en t fo r  a  h ig h e r r a t e  o f f lu x  a c ro ss  th e  membrane in  

b a c te r ia  than  in  m itochondria . This does n o t seem l ik e ly  in  view o f 

th e  r a t e s  measured fo r  d ica rb o x y la te  f lu x  in  m itochondria  (P a lm ieri 

^  a l . ,  1971) .

2 . Requirement fo r  ra p id  f lu x  a t  lower c o n ce n tra tio n s  in  b a c te r ia  

which norm ally  l iv e  o u ts id e  th e  c e l l .
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3 . D iffe ren ces  in  i n t r i n s i c  p e rm e a b ility  due to  d if fe re n c e s  in  

membrane s t r u c tu r e .  This a re a  rem ains la rg e ly  unexplored  a t  the  

p re s e n t tim e .

The io n ic  r e la t io n s h ip s  o f an ion  t r a n s p o r t  in  b a c te r ia  a re  

no t w ell u n derstood . Much work has been c a r r ie d  ou t on anion t r a n s p o r t  

in  m itochondria  where t r a n s p o r te r s  fo r  phosphate , su lp h a te , d i -  and 

t r ic a rb o x y la te s ,  g lu tam ate  and a s p a r ta te  have been id e n t i f ie d  

(M itc h e ll, 1970) .  T h e o re tic a l a sp e c ts  o f th e  problem have been 

d efin ed  and d iscu ssed  in  g re a t  depth  by M itch e ll ( 1967) .  Two types 

o f io n ic  r e la t io n s h ip s  sure p o s s ib le  :

1. a n io n -c a tio n  sym port,

2 . an ion -an ion  a n t ip o r t .

Both types o f system  a re  observed in  e u ca ry o tic  c e l l s .  Thus m ito

ch o n d ria l phosphate perm eation  i s  thought to  in vo lve  p ro to n  sym port, 

w hile d i -  and tr ic a rb o x y la te  perm eation in v o lv es  an ion -an ion  a n t ip o r t  

(review ed by M itc h e ll, 1970). Recent work has dem onstrated  p ro to n  

f lu x e s  a s s o c ia te d  w ith  p -g a la c to s id e  tr a n s p o r t  in  E. c o l i  b u t much o f 

the  evidence fo r  th e  ro le  o f p ro to n  sym porters i s  in d i r e c t  coming from 

s tu d ie s  o f the  e f f e c t s  o f uncouplers (p ro to n  conducto rs) and ionophoric  

a n t ib io t ic s  on t r a n s p o r t  (M itc h e ll, 1970; H arold , 1970; West, 1971; 

M itch e ll 8c West, 1972). The com plexity  o f anion tra n s p o r t in g  system s 

may w ell be co n sid e rab le  as ex ten s iv e  lin k ag e  between sym porters and 

a n t ip o r te r s  i s  p o s s ib le  as i s  found in  m itochondria . Thus, phosphate 

m ight be a n tip o r te d  in  exchange fo r  an o th er anion and i t s e l f  recovered  

by a  p ro to n  symport system . The p o s s ib i l i t y  th a t  endogenous anion 

p ro d u c tio n  might p la y  a  ro le  in  an ion  t r a n s p o r t  has n o t been e x te n s iv e ly
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co n sid e red . Our knowledge o f th e se  p ro cesses  thus rem ains p r im itiv e  

a t  th e  p re se n t tim e .

A co n sid e rab le  p a r t  o f th e  work to  be d esc rib ed  below was 

c a r r ie d  ou t in  o rd e r to  c l a r i f y  th e  mechanism o f a c e ta te  perm eation 

in  E. c o l i . P rev ious s tu d ie s  o f  a l ip h a t ic  monocarboxylic a c id  

perm eation  in  b a c te r ia  have f a i l e d  to  re so lv e  t h i s  problem , w hile  the  

e x c e lle n t  s tu d ie s  o f m ito ch o n d ria l t r a n s p o r t  d eal w ith  a very  d i f f e r e n t  

p h y s io lo g ic a l s i tu a t io n .  The te c h n ic a l  problem s o f s tu d y in g  a c e ta te  

perm eation  have proved d i f f i c u l t  to  overcome and i t  has been n ecessa ry  

to  r e s o r t  to  in d i r e c t  m ethods. Some o th e r  s tu d ie s  o f  carb o x y la te  

t r a n s p o r t  in  l e s s  r e f r a c to r y  system s a re  a lso  d e sc rib e d .

M a te ria ls  and Methods

Lithium  D -la c ta te  and carbonylcyan ide m -chlorophenylhydrazone 

(CICCP) were o b ta in ed  from Calbiochem C orp ., London. Lithium  L - la c ta te ,  

l i th iu m  D L -lac ta te , f re e  D- and L - la c t ic  a c id s  and g ram ic id in  D were 

o b ta in ed  from Sigma Corp.

[2 ^^ C ]ch lo ro ace ta te  sodium s a l t ,  [ l^ ^ C ]g ly c o lla te  sodium 

s a l t ,  C l^^C ]D L -lactate sodium s a l t  and [1 ,4 ^ ^ C ]D L -ta rta ric  a c id  were 

purchased  from th e  Radiochem ical C en tre .

Organisms The organism s used in  th i s  ch ap te r a re  l i s t e d  in  Table 1
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Measurement o f  uptake o f la b e l le d  compounds by washed c e l l  suspensions 

C e lls  fo r  use in  uptake experim ents were ro u tin e ly  grown a t  37°C in  

a  shaking w ater b a th . They were h a rv e s te d  in  l a t e  lo g a rith m ic  phase 

u sin g  an M .S.E. bench c e n tr ifu g e  and washed tw ice w ith  the  b u ffe r  to  

be used in  th e  uptake experim ent ( in  most cases  th i s  was phosphate 

b u ffe re d  b a sa l medium w ithou t a  carbon so u rce , pH 7«0). C e lls  were 

resuspended to  g ive  an o f  approxim ately  0 .5 .  C e ll suspensions

were shaken fo r  10 m inutes a t  th e  tem peratu re  to  be used fo r  th e  uptake 

(37°C u n le ss  o therw ise  s ta te d )  p r io r  to  th e  a d d itio n  o f th e  la b e l le d  

m a te r ia l .  At in te r v a l s  a f t e r  th e  a d d itio n  o f l a b e l ,  sam ples were

withdrawn and ra p id ly  f i l t e r e d  through 0 .45  pm pore s iz e  S a r to r iu s  

f i l t e r s .  The f i l t e r s  were washed w ith  a 5 ml o f th e  uptake b u ffe r

which was k e p t a t  th e  tem peratu re  used fo r  th e  u p tak e . F i l t e r s  were 

p laced  in  B ra y 's  f lu id  (Bray, 1960) o r to luene /m ethano l s c i n t i l l a n t  

(see  above) and counted in  a Packard Model 4000 l iq u id  s c i n t i l l a t i o n  

sp ec tro m e te r. For d e te rm in a tio n  o f t r i c h lo r o a c e t ic  a c id  (TCA)- 

in so lu b le  m a te r ia l ,  p o r tio n s  o f c e l l  suspension  were added to  an equal 

volume o f 10^ TCA l e f t  fo r  I5 m inutes and then  f i l t e r e d  through a 

S a r to r iu s  f i l t e r .  The f i l t e r  was washed w ith  5^ TCA and counted as 

d esc rib ed  above.

E x tra c tio n  and a n a ly s is  o f poo l m a te r ia ls  For e x tra c t io n  and a n a ly s is  

o f so lu b le  la b e l le d  m a te r ia l p re s e n t in  c e l l s  a f t e r  exposure to  a 

la b e l le d  compound, c e l l s  were ra p id ly  f i l t e r e d  through a  47 mm diam eter 

M lllip o re  f i l t e r  o f 0 .8  pm pore s iz e  and washed w ith  10 volumes o f 

b u f f e r .  The f i l t e r  was then  p laced  in  2 ml o f an ic e - c o ld  to lu e n e /
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w ater m ix ture  (5 : 95) and deep fro zen  o v e rn ig h t. The m ixture was 

subsequen tly  thawed and the  c e l l s  detached from the  f i l t e r  by v o rte x  

m ixing. The c e l l s  were removed by c e n tr i fu g a t io n  and th e  su p e rn a ta n t 

s o lu t io n  ev ap o ra ted  to  d ryness a t  room tem peratu re  under a s tream  o f 

a i r .  The d r ie d  m a te r ia l was re d is so lv e d  i n  w ater and a p o r tio n  a p p lie d  

to  a  300 pm s i l i c a  g e l G th in  la y e r  p l a t e .  Chromatography was c a r r ie d  

o u t in  e i th e r  ethanol/am m onia/w ater (80 : 16 : 4 ) fo r  m onocarboxylic 

a c id s  o r e thanol/w ater/am m onia (100 : 12 : 16) fo r  d ic a rb o x y lic  a c id s  

(R anderath , 1963)-  A uthentic  la b e l le d  m a te r ia ls  were used as s ta n d a rd s . 

R a d io a c tiv ity  was d e tec te d  e i th e r  by rad ioau tog raphy  on Kodak ’’Blue 

Brand” X-ray f ilm  o r by scanning  w ith  a  Panax TLC p la te  scan n e r.

P re p a ra tio n  o f  sp h e ro p la s ts  C e lls  in  mid lo g  phase were h a rv e s te d  

by c e n tr i fu g a t io n  a t  12,000 g fo r  5 m inutes in  a  M.S.E. 18 c e n tr i fu g e .

The c e l l s  were washed tw ice w ith  0.01 M T r is -C l b u ffe r  pH 8 .0  a t  5°C.

The washed c e l l s  were suspended in  O.O3 M T r is -C l b u ffe r  pH 8 .0  

co n ta in in g  20^  sucrose  a t  a  c e l l  c o n ce n tra tio n  o f  1 g wet w eight p e r  

80 ml o f b u f f e r .  Sodium EDTA was added to  g ive  a  c o n c e n tra tio n  o f 

0.01  M, lysozyme to  O.5  mg.ml ^ , and deoxyribonuclease  to  10 pg.m l \

Hhe c e l l  su spension  was s t i r r e d  g e n tly  a t  room tem peratu re  fo r  30 

m inutes and th e  sp h e ro p la s ts  c o lle c te d  by c e n tr ifu g a tio n  a t  l 6,000  g 

fo r  10 m inu tes. The sp h e ro p la s ts  were washed in  20 mM potassium  

PIPES (p ip e raz in e -N ,N '-b isC 2 -e th an e -su lp h o n ic  a c id ] ) /2 0 ^  su crose  b u ffe r  

pH 7 . 0 . The c e l l  d e n s ity  was a d ju s te d  to  an A^g^ o f approx im ately  I5 .
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Iso -o sm o tic  sw e llin g  Sw elling  o f sp h e ro p la s ts  in  iso -o sm o tic  

s o lu t io n s  o f th e  s a l t s  o f carb o x y lic  a c id s  b u ffe re d  a t  pH 7 .0  w ith  

potassium  PIPES was follow ed a t  680 nm in  a  H ilg e r-G ilfo rd  re co rd in g  

sp ec tro p h o to m ete r. 0.1  ml o f sp h e ro p la s t suspension  was added to  

2 .4  ml o f th e  iso -o sm o tic  s a l t  s o lu t io n  in  a  3 nil g la s s  c u v e tte  a t  

room tem peratu re  and changes in  absorbance m easured. Decrease in  

A^8o m easured o f th e  sw e llin g  o f the  s p h e ro p la s ts . Sw elling  i s  

dependent on th e  sp h e ro p la s ts  being  perm eable to  th e  suspending ssuLt.

The e f fe c t iv e n e s s  o f  th e  p rocedure fo r  p re p a rin g  the  sp h e ro p la s ts  

was te s t e d  by fo llo w in g  th e i r  sw e llin g  in  d i s t i l l e d  w a ter.

Oxygen e le c tro d e  measurements o f s u b s tr a te  o x id a tio n  C e lls  fo r  

oxygen e le c tro d e  s tu d ie s  were grown eis d e sc rib ed  fo r  uptake experim en ts. 

Washed c e l l  suspensions were p rep ared  as d e sc r ib e d . Endogenous 

s u b s tr a te  o x id a tio n  was reduced by le av in g  the  c e l l s  suspended in  

b u ffe r  a t  room tem peratu re  fo r  4 -5  hours p r io r  to  u se . Oxygen 

consumption was measured a t  37°C in  a  C lark oxygen e le c tro d e  f i t t e d  w ith  

a  w ater ja c k e t and a m agnetic s t i r r e r .
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Figure 19
l4T4)take o f 0 .1  mM sodium [2  CÜa c e ta te  by g lycero l-g row n  E. c o l i  Kl2

s t r a in  K2 . Measurement o f th e  uptake o f la b e l le d  materiaü. weis
1 ?c a r r ie d  out as d e sc rib ed  in  M ate ria ls  and Methods. 10 mM C C ]a c e ta te  

was added a t  the  p o in t in d ic a te d  by th e  arrow  (20 m in).

•  totfiil up take o f la b e l le d  a c e ta te ,  ■ in c o rp o ra tio n  o f  

la b e l  in to  TCA -insoluble form.
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R e su lts  and D iscussion

A cetate  Uptake in  E. c o l i  K12

G eneral P ro p e r tie s  The work c a r r ie d  out on a c e ta te  uptake 

and perm eation can be d iv id ed  in to  two main p a r t s .  The f i r s t  desils 

w ith  the  p ro p e r t ie s  o f a c e ta te  uptake in  w ild -ty p e  c e l l s  and a  v a r ie ty  

o f mutant s t r a i n s .  The second d e a ls  w ith  a ttem p ts  to  r e l a t e  th e  

observed p ro p e r t ie s  to  th e  mechanism o f  a c e ta te  perm eation in  E. c o l i .

Washed c e l l  suspensions o f  w ild -ty p e  E. c o l i , grown on 

g ly c e ro l ,  take  up ra d io a c tiv e ly  la b e l le d  a c e ta te  from th e  medium ra p id ly ,  

l i n e a r  i n i t i a l  r a t e s  can be o b ta in ed  and in c o rp o ra tio n  o f la b e l  in to  

TCA-insoluble m a te r ia l  i s  low. The r a te  o f uptake o f la b e l  d ecreases  

a f t e r  a  tim e and a t  t h i s  p o in t th e re  i s  a  co n sid e rab ly  h ig h e r 

c o n ce n tra tio n  o f la b e l  in s id e  the c e l l s  than  in  the  surround ing  medium

(F igure  19). This la b e l  can be ’’chased” from th e  c e l l s  by excess

co ld  a c e ta te  (F igure  19) o r th e  pool d ischarged  by th e  a d d itio n  o f

sodium a z id e . The ra p id  e f f lu x  o f la b e l  from the  c e l l s  upon th e

a d d itio n  o f excess u n la b e lle d  a c e ta te  to  the  medium i s  co n sid ered  to  

re p re se n t e q u i l ib r a t io n  o f  th e  i n t r a c e l l u l a r  pool w ith  th e  u n la b e lle d  

a c e ta te .  These p ro p e r t ie s  m ight su g g est th a t  a c e ta te  i s  

accum ulated w ith in  th e  c e l l ;  i t  was thus e s s e n t ia l  to  check the  

i n t r a c e l l u l a r  f a te  o f th e  la b e l le d  a c e ta te .

Two approaches were u sed . In  th e  f i r s t ,  the  a b i l i t y  o f 

a  c i t r a t e  s y n th a s e - le s s  s t r a i n  (which cannot m etabo lise  a c e ta te  v ia  

th e  t r ic a rb o x y lic  a c id  cy c le ) to  tak e  up a c e ta te  was conpared w ith  th a t  

o f th e  p a re n t s t r a i n .  The c i t r a t e  sy n th a s e - le s s  s t r a i n  was found to
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Figure 20

E ffe c t o f a  le s io n  in  c i t r a t e  sy n thase  iq)on th e  uptake o f  0 .1  mM 

C2^^C 3 ace ta te . S tr a in s  K 2.1t (PPS” ) and K 2.1.4 (PPS , CS~) were 

grown on n u t r i e n t  b ro th  co n ta in in g  30 mM a c e ta te .  Measurement o f 

uptake o f la b e l le d  m a te r ia l  was c a r r ie d  o u t as d e sc rib ed  in  M ate ria ls  

and Methods, •  a c e ta te  up take by K 2 ,1 t; ■ a c e ta te

uptake by K2 , 1 ,4 ,



Table 13

E ffe c t o f carbon source  used  fo r  growth on th e  i n i t i a l  r a t e  o f 

0 .01 mM sodium [ 2^^C ]ace ta te  up take by washed su sp ensions o f 

s t r a i n  K2

Carbon source I n i t i a l  r a t e  o f  uptake*

g ly c e ro l 100

L-m alate 100

glucose 11

g lu co n ate 22

pyruvate 64

Uptake o f ra d io a c tiv e  la b e l  was measured as d e sc rib e d  in  M ate ria ls

and Methods. C e lls  were grown on 25 mM carbon so u rces  and washed

c e l l  suspensions p rep a red  as  d e sc rib e d  in  M a te r ia ls  and M ethods.

*
The i n i t i a l  r a t e  o f up take i s  exp ressed  as a  p e rcen tag e  o f th e  

i n i t i a l  r a t e  o f uptake by g ly cero l-g row n  c e l l s .
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tak e  up a c e ta te  a t  a  low r a te  compared to  th e  p a re n t s t r a i n  (F igure  20) 

In  o rd e r to  confirm  th a t  t h i s  o b se rv a tio n  was n o t the r e s u l t  o f  a 

f a i lu r e  in  th e  m utant o f  an energy g e n e ra tin g  p ro cess  re q u ire d  fo r  

u p tak e , th e  f a te  o f  la b e l  in  a  w ild -ty p e  s t r a i n  was examined as 

d e sc rib e d  in  M a te r ia ls  and Methods. Thin la y e r  chromatography o f the 

pool e x tra c te d  a f t e r  E. c o l i  K12 s t r a in  K2 had been allow ed to  take  

up la b e l le d  a c e ta te  fo r  10 m inutes re v e a le d  th a t  th e  major p ro d u c t o f 

a c e ta te  up take under th e  co n d itio n s  employed was g lu tam a te . T races 

o f su c c in a te  were a lso  found, b u t th e re  was no evidence o f th e  presence  

o f a c e ta te  e i th e r  from the  rad io au to g rap h y  o r from a c id  tre a tm e n t o f a 

sample o f  th e  poo l m a te r ia l .  I t  may be concluded th a t  E. c o l i  does 

n o t a c t iv e ly  c o n ce n tra te  a c e ta te  w ith in  th e  c e l l  under th e  co n d itio n s  

t e s t e d .  I t  i s  th u s  ap p aren t th a t  the  p ro ce ss  being  examined in  

a c e ta te  uptake could  be a multi-enzyme p ro c e ss  in v o lv in g  s ix  s te p s  and 

t h a t  in te r p r e ta t io n  o f th i s  p ro cess  in  term s o f  perm eation  re q u ire s  

c a re fu l  c o n s id e ra tio n .

Ihe e f f e c t  o f  csirbon sou rces  and growth c o n d itio n s  upon the  a b i l i t y  

to  take  up a c e ta te  The e f f e c t  o f  carbon source used fo r  the  growth 

o f th e  organism s on th e i r  a b i l i t y  to  tak e  up la b e l le d  a c e ta te  from the 

medium was examined usin g  washed c e l l  su spensions o f s t r a i n  K2 . I t  

can be seen  from Table 13 th a t  the  carbon source used fo r  grow th has 

a  co n sid e rab le  e f f e c t  on th e  a c e ta te  u p tak e . Uptake i s  low in  

g lucose-grow n c e l l s  and h igh  in  g lycero l-g row n  c e l l s  w ith  o th e r  

confounds g iv in g  in te rm e d ia te  le v e ls  o f u p ta k e . Thus g lucose  appears 

to  have a  r e p re s s iv e  e f f e c t  upon a c e ta te  u p ta k e . This i s  in  agreement



6

5

F!G. 21

TZ
c=n
E

cz

d)

IOO

2

0
0 30 60 90

time CsecO
20



F igure 21

E f fe c t  o f  growth under anaerob ic  c o n d itio n s  upon th e  uptake o f 

0 .1  mI4 [ 2^^C ]a ce ta te  by s t r a in s  K2 , K2FAc1 (ACK“ ) and K2HFAc3 (PTA ) .  

The organism s were grown on 23 mM g lucose /23  mM sodium b ic a rb o n a te  

medium. Measurement o f  uptake o f  la b e l le d  m a te r ia l  was c a r r ie d  o u t 

as d e sc rib e d  in  M a te ria ls  and Methods. #  a c e ta te  uptake by K2; 

T  K2FAc1; ■ K2HFAc3.
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w ith  the  fin d in g  o f Wagner e t  a l .  (1972). The s i t e  o f th e  e f f e c t  

i s  n o t, however, c l a r i f i e d  by th e se  o b se rv a tio n s . The sy n th e s is  o f  

a number o f enzymes re q u ire d  fo r  the  fo rm ation  o f  g lu tam ate  from 

a c e ta te  i s  known to  be re p re sse d  by g lucose  in  E. c o l i  (Gray e t  a l . ,  1966b) 

and th e  a c e ta te  th io k in a se  a c t i v i t y  d e sc rib ed  in  the  p rev io u s  ch ap te r 

i s  a lso  s u b je c t to  g lucose  re p re s s io n .

The a b i l i t y  o f w ild - ty p e , a c e ta te  k in a s e - le s s  and phospho- 

t r a n s a c e ty la s e - le s s  s t r a i n  to  take  up la b e l le d  a c e ta te  a f t e r  growth 

on g lu c o se /b ic a rb o n a te  medium under anaerob ic  co n d itio n s  was a lso  

te s te d .  The r a t e  o f uptake was found to  be low in  a l l  cases 

(F igure  2 1 ). The a c t i v i t i e s  of a number o f t r ic a rb o x y lic  a c id  cycle 

enzymes a re  low a f t e r  anaerob ic  growth on g lucose  (Gray e t  a l . , 1966b) 

and th e  s i t e  o f t h i s  e f f e c t  o f  anaerob ic  growth on a c e ta te  uptake 

cannot be r e a d i ly  determ ined .

The e f f e c t  o f le s io n s  in  a c e ta te  k in a se  and p h o sp h o tran sace ty la se  on 

a c e ta te  uptake The ro le s  o f a c e ta te  k in ase  and o f phospho trans

a c e ty la se  and o f a c e ta te  th io k in a se  in  a c e ta te  a c t iv a t io n  were 

d e sc rib ed  in  the  two p rev io u s  c h a p te rs . These r e s u l t s  in d ic a te  th a t  

the  a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  system  has a  ro le  in  a c e ta te  

a c t iv a t io n  a t  h ig h  e x te rn a l a c e ta te  c o n ce n tra tio n s  w hile th e  th io k in a se  

may have a ro le  a t  lower a c e ta te  c o n c e n tra tio n s . The e f f e c t  o f 

th e se  le s io n s  on the  a b i l i t y  o f c e l l s  to  take  up a c e ta te  a t  h ig h , 

in te rm e d ia te  and low c o n ce n tra tio n s  was examined in  c e l l s  th a t  had been 

grown on g lucose o r g ly c e ro l .  The a c e ta te  k in a s e - le s s  and phospho- 

t r a n s a c e ty la s e - le s s  s t r a in s  a re  ab le  to  in c o rp o ra te  a c e ta te  only  po o rly
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Figure 22

E ffe c t o f le s io n s  in  a c e ta te  k in ase  and p h o sp h o tran sace ty la se  upon 

a c e ta te  uptake in  K2 s t r a i n s .  In ta k e  o f  la b e l le d  m a te r ia l  was 

measured as d e sc rib ed  in  M a te ria ls  and Methods.

(a )  Uptake o f  0 .1  mM [2  C ]ace ta te  by g ly cero l-g row n  K2 #  ;

K2FAc1 (ACK~) T  ; and K2HFAc3 (PTA") ■ .

(b) Uptake o f [2  C 3acetate  a t  2 and 20 mM by g lycero l-g row n K2

O (2 mM); •  (20 mM) ; K2FAc1 (ACK“ ) A (2 mM) ;

A (20 mM); and K2HFAc3 (PTA“ ) □ (2 mM), ■ (20 mM).

(c ) Uptake o f  [ 2^^C ]ace ta te  a t  2 and 20 mM by glucose-grow n K2

O (2 mM), e  (20 mM); K2FAc1 (ACK“ ) A (2 mM),

A (20 mM); and K2HFAc3 (PTA“ ) □ (2 mM), ■ (20 mM).
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Figure 23
l2.

C o n cen tra tion  dependence o f  i n i t i a l  r a t e s  o f  sodium [2  C3a c e ta te  

uptake by E. c o l i  K12 s t r a i n  K2 gro\m on g lu c o se , g ly c e ro l ,  and 

a c e ta te .  Uptake o f  la b e l le d  m a te r ia l  was measured a s  d e sc rib e d  in  

M a te r ia ls  and Methods. The d a ta  a re  ex p ressed  in  th e  form o f  a  

lAneweaver-Burk p l o t .  V i s  exp ressed  i n  nmol a c e ta te  up take .m in  ^.mg 

dry w eight o f c e l l s  . □ glucose-grow n; O g ly cero l-g ro w n ;

A ace ta te -g ro w n .
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F igu re  24

C oncen tra tion  dependence o f  i n i t i a l  r a t e s  o f sodium [2  C ]ace ta te  uptake 

by s t r a in s  K1, K1HFAc1 (ACK“ ) and K1ÜFAc3 (PTA~) grown on g lucose  and 

g ly c e ro l .  Uptake o f  la b e l le d  m a te r ia l  was measured as d e sc rib ed  in  

M a te ria ls  and Methods. The d a ta  a re  p re se n te d  in  th e  form o f  a
—“1Idneweaver-Burk p lo t .  V i s  expressed  as nmol a c e ta te  tak en  up.m in 

mg dry w eight o f  c e l l s  . K1 •  g lucose-grow n, O g ly c e r o l-  

grown; K1HFAc1 (ACK“ ) a  g lucose-grow n, A g lycero l-g row n;

K1HFAc3 (PTA~) ■ glucose-grow n, □ g ly cero l-g ro w n .
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when grown on g lu co se , b u t can in c o rp o ra te  i t  w ell du ring  grow th on 

g ly c e ro l (see  C hapter I )  a lthough  th e i r  a b i l i t y  to  in c o rp o ra te  i t  

i s  in ^ a ire d  a t  h igh  c o n ce n tra tio n s  o f a c e ta te .  I t  was th u s  o f  

i n t e r e s t  to  in v e s t ig a te  w hether th e  uptake p ro cess  r e f le c te d  

m o d if ica tio n s  in  a c t iv a t in g  a b i l i t y .  No changes in  p a t te rn  o f  uptake 

comparable w ith  changes in  in c o rp o ra tio n  were observed (F igu re  2 2 ). 

L esions in  a c e ta te  k in ase  and p h o sp h o tran sace ty la se  have only l im ite d  

e f f e c t s  on th e  uptake o f 20 mM la b e l le d  a c e ta te  by washed c e l l  

suspensions compared w ith  t h e i r  e f f e c t s  on th e  a b i l i t y  o f  c u l tu re s  

growing on g lucose  o r g ly c e ro l to  in c o rp o ra te  20 mM la b e l le d  a c e ta te .  

The p ro cesses  measured in  th e  two ty p es  o f experim ent a re  obv iously  

d i f f e r e n t .  I t  i s  a lso  seen  th a t  g lucose  re p re s s io n  o f  uptake occurs 

a t  h ig h  a c e ta te  c o n ce n tra tio n s  as w ell as a t  low c o n c e n tra tio n s .

The d e te rm in a tio n  o f k in e t ic  param eters fo r  a c e ta te  up take F u rth e r  

in fo rm atio n  on th e  e f f e c t  o f the  carbon source used fo r  growth and o f 

le s io n s  in  a c e ta te  k in ase  and p h o sp h o tran sace ty la se  on a c e ta te  uptake 

was o b ta ined  from s tu d ie s  o f the v a r ia t io n  in  i n i t i a l  r a t e  o f  up take 

w ith  a c e ta te  c o n c e n tra tio n . I t  was o f i n t e r e s t  to  f in d  ou t w hether 

th e  uptake p ro cess  showed s a tu r a t io n  k in e t i c s .  Apparent and 

Vjjjax v a lues fo r  th e  p ro cess  were determ ined by p lo t t in g  the  d a ta  

accord ing  to  th e  method o f Lineweaver and Burk (1934). The e f f e c t  

o f carbon source used fo r  growth i s  i l l u s t r a t e d  by th e  v a lu es  fo r  

and o b ta ined  fo r  s t r a i n  K2 grown on g lu co se , g ly c e ro l o r a c e ta te

(F igure  2 3 ). The Kjjj and 7^^? v a lu es  fo r  s t r a in s  K1 , K1HFAc1 (ACK ) 

and K1HFAc3 (PTA ) grown on g lucose  and g ly c e ro l were a lso  compared 

(F igure  2 4 ). These d e te rm in a tio n s  were c a r r ie d  ou t u s in g  a
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F igure  23

C oncen tra tion  dependence o f th e  i n i t i a l  r a t e  o f sodium [ 2^^C ]aceta te  

uptake by washed suspensions o f  g lycero l-g row n  s t r a i n  K2 a t  h igh  

a c e ta te  c o n c e n tra tio n s . Uptake o f la b e l le d  m a te r ia l wsis measured as 

d e sc rib ed  in  M a te ria ls  and Methods. The d a ta  a re  p re se n te d  i n  th e  

form o f Idneweaver-Burk p lo t .  V i s  exp ressed  as nmole a c e ta te  taken  

up.m in” .mg dry w eight o f c e l l s  .
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F igure  26

The e f f e c t  o f  monocarboxyl i e  a c id  a d d itio n  upon [2  C]a c e ta te  up take 

by weished suspensions o f  g lycero l-g row n s t r a i n  K2 . L abelled  a c e ta te  

was added a t  0.01 mM and u n la b e lle d  m onocarboxylates a t  1 mM. A ll 

a d d itio n s  were made a t  zero  tim e . No a d d itio n  #  ; sodium

p ro p io n a te  A ; sodium g ly c o l la te  ■ . The fo llo w in g  compounds

produced no s ig n i f ic a n t  e f f e c t  when te s te d  a t  1 mM; sodium b u ty ra te ,  

sodium fo rm ate , sodium c h lo ro a c e ta te , sodium cy an o ace ta te , sodium 

hydroxypyruvate , l i th iu m  D - la c ta te ,  sodium g ly o x y la te , sodium su c c in a te  

and acetam ide. Uptake o f  la b e l le d  m a te r ia l  was m easured as d e sc rib ed  

in  M a te ria ls  and Methods.
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c o n c e n tra tio n  range from 10”^ M to  10 ^  M. The k in e t ic s  o f a c e ta te  

uptake a t  h ig h e r  co n ce n tra tio n s  was examined w ith  s t r a i n  K2 grown 

on g ly c e ro l  (F ig u re  2 5 ).

T hesedata  su ggest th a t  th e re  a re  two a c e ta te  uptake 

p ro c e ss e s . One, o p e ra tin g  a t  low c o n ce n tra tio n s  o f a c e ta te ,  shows 

s a tu r a t io n  beh av io u r, w hile th e  o th e r p ro c e ss , o p e ra tin g  a t  h ig h e r 

a c e ta te  c o n c e n tra tio n s , may n o t .  The determ ined fo r  th e  system  

o p e ra tin g  a t  low a c e ta te  c o n ce n tra tio n s  d id  n o t vary  s ig n i f ic a n t ly  

w ith  th e  carbon source upon which the  c e l l s  had been grown. The 

^max d id , however, depend upon th e  carbon source used fo r  growth 

( a c e t a t e ^  g l y c e r o l ^  g lu c o se ) . and v a lu es  fo r  th e  uptake

p ro cess  were s im i la r ly  n o t s ig n i f ic a n t ly  a f fe c te d  in  a c e ta te  k in a se -  

l e s s  and p h o sp h o tra n sa c e ty la se - le s s  organism s. The accuracy  w ith  

which th e  k in e t ic  param eters fo r  th e  s a tu ra b le  system  can be 

determ ined  i s  a d v e rse ly  a f fe c te d  by th e  in te rv e n tio n  o f th e  a p p a ren tly  

n o n -sa tu ra b le  system  a t  a c e ta te  c o n ce n tra tio n s  only  about te n  tim es 

g r e a te r  th an  th e  fo r  th e  s a tu ra b le  system .

The e f f e c t s  o f  p o te n t ia l  analogues and in h ib i to r s  on a c e ta te  uptake 

A number o f  compounds were screened  fo r  t h e i r  e f f e c t s  on a c e ta te  

u p tak e . Most o f th ese  were m onocarboxylic a c id s  which were co n sid ered  

to  be p o te n t i a l  analogues o f a c e ta te  and th e re fo re  p o s s ib ly  u s e fu l  in  

th e se  s tu d ie s  o f  perm eation . Of th e  m onocarboxylates t e s t e d ,  only  

p ro p io n a te , g ly c o l la te  and py ruvate  had any e f f e c t  on uptake under th e  

c o n d itio n s  used (F igure  26) .  P rop ionate  and g ly c o l la te  had only  

weakly in h ib i to r y  e f f e c t s  even when used in  co n sid e rab le  ex cess .

P y ru v ate ,o n  th e  o th e r  hand, proved to  be an ex trem ely  pow erful in h ib i to r .



F ' G .  2 7 ( a )

O

"7



F I G . 2 7 ( b )

O

O O

] [ \ b id t \  Æjp 6 a 0 o i u u ) 3 > j ’o id n 3iD ]3O D

o
ON

o

y 
ocv
E

o

O

< -

O o

o
fXI

o
ON

L:e>

g |

o



FIG. 27  (c)

-C:en
CL»
3:
g r"O
en

"Ô
Ecz

W
.:K:
2
Z3
Cl:

Oa

10

8

6

4

2

G

0 30 60 90
time (sec)

120



F ig u re  27

(a )  Tbe e f f e c t  o f py ruva te  a d d it io n  upon 0 .1  mM [2  C]a c e ta te  up take 

by washed suspensions o f  g ly cero l-g row n  s t r a i n  K2. Uptake o f  la b e l le d  

m a te r ia l  was measured as d e sc rib ed  i n  M a te ria ls  and Methods. Pyruvate 

was added a t  zero  tim e . No a d d itio n  ■ ; 0.01 mM sodium p y ruvate  ▼

0.1  mM sodium py ruvate  A ; 1 mM sodium pyruvate  •

(b ) The e f f e c t  o f py ruvate  a d d it io n  upon a c e ta te  uptake by

suspensions o f  g ly c e ro l/a c e ta te -g ro w n  s t r a i n  K2.3 (PDH ) and g ly c e ro l-

grown s t r a i n  K 2.1t (PPS” ) .  Uptake o f la b e l le d  m a te r ia l  was m easured

as d e sc rib ed  in  M a te ria ls  and Methods.
14K2.3i 0 .1  mM sodium [2  C D acetate. No a d d itio n  #  ; 1 mM sodium 

pyruva te  A
l4K 2 .1 t, 0.01 mM sodium [2  C ]a c e ta te . No a d d it io n  ■ ; 1 mM sodium 

py ruva te  ▼

(c) The e f f e c t  o f 0.01 mM sodium p y ru v a te  a d d itio n  upon th e  up take  o f 

l40.01  mM sodium [2  C] a c e ta te  by su sp en sio n  o f  g lycero l-g row n  s t r a in s  K2 

and K2 .6  (USP” ) .  In tak e  o f  la b e l le d  m a te r ia l  was measured as d e sc rib ed  

in  M a te ria ls  and Methods. Pyruvate  was added a t  zero  tim e .

K2 no a d d itio n  #  ; py ruva te  added O • K2.6 no a d d it io n  A ;

pyruva te  added A
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The e f f e c t  o f  p ro p io n a te  and g ly c o l la te  on a c e ta te  uptake was p a r a l le l e d  

by th e  e f f e c t  o f  a c e ta te  on p ro p io n a te  and g ly c o l la te  u p ta k e . A ceta te  

was a lso  found to  i n h i b i t  form ate uptake to  a l im ite d  e x te n t .

The w e ll documented ro le  o f compounds r e la te d  to  py ruvate  

in  th e  c o n tro l  o f a c e ta te  m etabolism  (Kornberg, 1965b) and the  

pow erful n a tu re  o f  th e  in h ib i t io n  o f a c e ta te  uptake prompted f u r th e r  

in v e s t ig a t io n  o f the  e f f e c t  o f  py ruvate  upon a c e ta te  u p tak e . The 

c o n c e n tra tio n  dependence o f in h ib i t io n  was s tu d ie d  and py ruvate  was 

found to  be in h ib i to r y  a t  c o n ce n tra tio n s  down to  10 ^ M (F igu re  2 ? a ) .

The ra p id  rem oval and m etabolism  o f  pyruvate  under the  co n d itio n s  

used was dem onstrated  in  c o n tro l experim ents on pyruvate  uptake and 

th i s  ra p id  rem oval p reven ted  study  o f th e  k in e t ic  p ro p e r t ie s  o f 

the  in h ib i t io n ;  i t  a lso  suggested  the  p o s s ib i l i t y  th a t  py ruvate  p e r  se 

may n o t be th e  in h ib i to r  o f  a c e ta te  u p tak e . Thus a c e ty l  CoA 

produced by th e  a c tio n  o f the  pyruvate  dehydrogenase complex m ight 

be co n sid e red  to  be a  p o te n t ia l  in h ib i to r  o f a c e ta te  a c t iv a t io n .

An a ttem p t to  c l a r i f y  th i s  p o s s ib i l i t y  was made by s tu d y in g  the  

pyruvate  in h ib i t i o n  o f a c e ta te  uptake in  two m utants i n  which two 

major m etabo lic  ro u te s  from pyruvate  a re  b locked . A PE P-synthase- 

n eg a tiv e  and a py ruvate  dehydrogenase-negative m utant were s tu d ie d .

With bo th  m u tan ts , pyruvate  in h ib i t io n  o f a c e ta te  uptake was s t i l l  

observed , (F ig u re  2 ?b ). G lyoxylate  a t  1 mM f a i le d  to  re v e rse  th e  

in h ib i to r y  e f f e c t  o f 1 mM pyruvate  ( c f .  Ashworth & Kornberg, 1963)»

I t  i s  th u s  u n lik e ly  th a t  th e  py ruvate  in h ib i t io n  o f  a c e ta te  i s  r e l a t e d  

to  th e  phenomenon s tu d ie d  by Ashworth and Kornberg. An a ttem p t to  

lo c a te  th e  s i t e  o f  py ruvate  in h ib i t io n  was a lso  made. Two s i t e s  o f
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F ig u re  28

îh e  e f f e c t  o f g lucose  and 2-deoxyglucose a d d itio n  upon [2  C]a c e ta te  

uptake by suspensions o f g lycero l-g row n s t r a i n  K2. Uptake o f 

la b e l le d  m a te r ia l  was measured as d e sc rib ed  in  M ate ria ls  and Methods#

0 .1  mM sodium [ 2^^C ]acetate  #  ; 0 .1  mM sodium C2^^C ]acetate  +

1 mM glucose added 5 min p r io r  to  the  a c e ta te  ■ ; 0.01 mM sodium

[2 ^^ C ]ace ta te  A ; 0.01 mM sodium [2^^C ]ace ta te  + 1 mM 2-deoxyglucose

added 5 min p r io r  to  a c e ta te  ▼
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a c tio n  a re  p o s s ib le .  I t  m ight a c t  co m p e titiv e ly  a t  the  c e l l  

su rfa ce  in te r a c t in g  w ith  an a c e ta te  c a r r i e r  o r i n t r a c e l l u l a r l y  on 

some subsequent m etabo lic  s te p .  Evidence fo r  an e x t r a c e l lu la r  s i t e  

o f a c t io n  would p rov ide  su p p o rt fo r  th e  e x is te n c e  o f a  s p e c i f ic  

t r a n s p o r t  system  fo r  a c e ta te .  The a b i l i t y  o f py ruvate  to  i n h ib i t  

a c e ta te  uptake in  s t r a in  K2.6, a  py ruvate  tra n s p o r t-n e g a tiv e  s t r a i n ,  

was te s t e d :  i t  was found th a t  the  a b i l i t y  o f py ruvate  to  i n h i b i t

uptake in  t h i s  m utant was d r a s t i c a l ly  reduced , b u t th a t  a c e ta te  uptake 

was norm al, dem onstra ting  th a t  a c e ta te  i s  n o t t ra n s p o r te d  by th e  

pyruva te  system  (F igure  2 7 c ). This su g g ests  t h a t  the  s i t e  o f 

p y ruvate  in h ib i t io n  i s  i n t r a c e l l u l a r .  The d a ta  thus agree w ith  the  

in c o rp o ra tio n  d a ta  p re sen te d  in  C hapter I I  o f th i s  th e s i s .  10 mM 

pyruvate  was found to  i n h ib i t  a c e ta te  in c o rp o ra tio n  com pletely  in  

a  p h o sp h o tra n sa c e ty la se -n eg a tiv e  s t r a i n ,  b u t n o t in  a  w ild -ty p e  s t r a i n .  

I n h ib i t io n  a t  th e  tra n s p o r t  le v e l  would be expected  to  be r e f le c te d  

in  equsQ. in h ib i t io n  in  bo th  s t r a i n s .

The e f f e c t  o f g lucose  on a c e ta te  uptaüke was a lso  s tu d ie d . 

A cetate  i s  e x c re te d  by E. c o l i  during  growth on g lucose and i t  i s  

p o s s ib le  th a t  g lucose  m ight e x e r t  a  c o n tro l l in g  e f f e c t  on a c e ta te  

uptake (Wood, I 961) .  Glucose was in  f a c t  found to  cause a  l im ite d  

in h ib i t io n  o f u p ta k e . That th i s  in h ib i t io n  o f  uptake was n o t sim ply 

caused by m etabo lic  p ro d u c tio n  o f a c e ta te  from g lucose  i s  suggested  by 

the  f in d in g  th a t  2-deoxyglucose, a  non -m etabo lisab le  analogue o f 

g lu co se , caused a  s im ila r  in h ib i t io n  (F igu re  28) .

S u cc inate  was w ithou t e f f e c t  on a c e ta te  uptake and le s io n s  

in  th e  d ic a rb o x y lic  a c id  tr a n s p o r t  ( d o t) system  d id  n o t modify th e
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Figure 29

E ffe c t o f  1 mM sodium g ly c o l la te  a d d itio n  upon 0.001 mM sodium
>|2, _

[2  C ]a ce ta te  uptake by K12 and K 12Gld02 (DSG” ) .  Hie s t r a in s  were

grown on g ly c e ro l .  G ly c o lla te  was added a t  zero  tim e . Uptake

o f la b e l le d  m a te r ia l  was measured as d e sc rib ed  in  M a te ria ls  and

Methods. K12 -  no a d d itio n  □ ; g ly c o l la te  ■

K12Glc102 -  no a d d itio n  O ; g ly c o l la te  •
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a b i l i t y  to  tak e  up a c e ta te  (W.W. Kay, p e rso n a l com m unication).

Thus a c e ta te  i s  n o t tra n s p o r te d  by the  dot system .

In  an a ttem p t to  g a in  p o s i t iv e  in d ic a t io n s  o f th e  e x is ten c e  

o f an a c e ta te  tr a n s p o r t  system  from com petition  experim ents w ith  

a c e ta te  analogues, the  experim en tal design  used  in  the  experim ent on 

th e  s i t e  o f py ruvate  in h ib i t io n  was employed. A g ly c o l la te  t ra n s p o r t-  

n e g a tiv e  m utant (O rnston & O rnston, 1970) was used  to  t e s t  the  e f f e c t  

o f  g ly c o l la te  on a c e ta te  u p tak e . The o b se rv a tio n  o f  a  com petitive  

e f f e c t  on uptake in  the  p resence  o f a  non-perm eant analogue p rov ided  

evidence fo r  th e  e x is ten c e  o f a  s p e c i f ic  t r a n s p o r t  system (F igure  2 9 ).

S tu d ie s  o f a c e ta te  t r a n s p o r t  u s in g  a c i t r a t e  syn thsuse-less s t r a i n  o f 

E. c o l i  K12 A number o f experim ents were c a r r ie d  ou t in  an a ttem p t 

to  examine perm eation  i s o la te d  from subsequent m etabolic  s te p s  in  the  

t r ic a rb o x y l ic  a c id  c y c le . The experim ents d e sc rib ed  above had shown 

th a t  uptake i s  co n sid e rab ly  reduced  in  a  c i t r a t e  s y n th a s e - le s s  

organism  (K 2 .1 .4 ). The a b i l i t y  o f th e  c i t r a te - s y n th a s e - le s s  s t r a i n  

to  accum ulate a c e ta te  i s  n o t enhanced by th e  a d d itio n  o f an energy 

so u rce , such as g lu co se ; E. c o l i  does n o t accum ulate a c e ta te  w ith in  

th e  c e l l .  I t  m ight be expected  th a t  th e  e q u i l ib r a t io n  o f a c e ta te  

a c ro ss  th e  membrane could  be d e te c te d  in  c i t r a t e  s y n th a s e - le s s  s t r a in s .  

However, c o n s id e ra tio n  o f th e  i n i t i a l  r a te  o f a c e ta te  uptake in  a  

w ild -ty p e  s t r a i n  su g g es ts  th a t  e q u i l ib r a t io n  a t  low c o n c e n tra tio n s  

o f a c e ta te  (10~^ M) would be complete w ith in  5 seconds a t  37°C, and 

t h i s  e s tim a te  o f th e  e q u i l ib r a t io n  tim e assumes th a t  th e  r a te - l im i t in g  

s te p  measured in  uptake experim ents w ith  th e  w ild -ty p e  s t r a i n  i s
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p erm eation . I f  th e  r a t e  o f perm eation  were o f the  o rd e r found fo r  

th e  perm eation  o f m itochondria  by a l ip h a t ic  m onocarboxylic a c id s  

(T j approx. 1 m illise c o n d ) th en  measurement o f  e q u i l ib r a t io n  would 

prove im possib le  s in ce  th e  tim e during  which th e  c e l l s  a re  exposed 

to  th e  washing b u ffe r  a f t e r  f i l t r a t i o n  would be long  (3 seconds) 

compared w ith  the  e q u i l ib r a t io n  tim e. The a b i l i t y  to  d e te c t  

e q u i l ib r a t io n  o f a c e ta te  a c ro ss  th e  c e l l  membrane would in  f a c t  be 

an in d ic a t io n  o f a  much low er r a t e  o f perm eation  than  i s  found in  

m itochondria .

The m etabolism  o f a c e ta te  i s  n o t ,  o f cou rse , com pletely  

ab o lish ed  in  a  c i t r a t e  s y n th a s e - le s s  s t r a i n .  A cetyl CoA can s t i l l  

be produced, bu t i t  cannot be o x id ised  v ia  th e  t r ic a rb o x y lic  a c id  

c y c le . The pool le v e l  o f CoA in  E. c o l i  i s  r a th e r  h igh  (approx .

0 .3  mM) (A lb e rts  & V agelos, I 966 ; Hansen & Henning, I 966) and 

a c e ty l  CoA might be a major p roduct o f a c e ta te  uptake in  a  c i t r a t e  

s y n th a s e - le s s  s t r a i n  a t  low a c e ta te  c o n c e n tra tio n s , b u t n o t a t  h ig h e r 

c o n c e n tra tio n s .

A group o f experim ents were c a r r ie d  out a t  low a c e ta te  

co n ce n tra tio n s  u sin g  phosphate b u ffe re d  medium pH 7 .0 . The r a t e  o f 

uptake o f la b e l le d  a c e ta te  from th e  medium i n  th ese  experim ents was 

ex trem ely  low compared w ith  th e  r a t e  expected  from s tu d ie s  w ith  w ild - 

type s t r a i n s .  C ontro l experim ents w ith  w ild -ty p e  c e l l s  had shown 

th a t  th e  g lu tam ate  re q u ire d  fo r  growth o f  th e  c i t r a t e  s y n th a s e - le s s  

s t r a i n  d id  n o t cause a m assive re p re s s io n  o f  a b i l i t y  to  take  up a c e ta te .  

The r a t e  o f uptake in  K 2.1.4 v a r ie d  w ith  th e  carbon source used fo r  

growth o f the c e l l s ,  be ing  more ra p id  in  g ly cero l-g row n  than  in
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glucose-grow n c e l l s .  P re in cu b a tio n  o f c e l l s  in  ca rb o n -free  b u ffe r  

fo r  3 hours r e s u l t e d  in  a  change o f p a t te r n  o f  uptake w ith  a  much more 

ra p id  movement to  th e  c a lc u la te d  e q u ilib riu m  le v e l  o f th e  la b e l  now 

being  observed . In  th e  p h o sp h ta te  b u ffe re d  medium, u s in g  low 

c o n c e n tra tio n s  o f l a b e l le d  a c e ta te ,  DNP and azide  were found to  i n h ib i t  

uptake a f t e r  30 m inutes p re in c u b a tio n . The medium co n ta in ed  ammonium 

io n s  in  m olar excess o f  th e  added a c e ta te  in  th e se  experim en ts. High 

c o n c e n tra tio n s  o f  p ro p io n a te  were found to  i n h ib i t  a c e ta te  uptake under 

th e se  c o n d itio n s .

A s e r i e s  o f experim ents were a lso  c a r r ie d  ou t to  s tu d y  

a c e ta te  up take a t  h ig h  c o n c e n tra tio n s . In  most o f th e se  th e  c e l l s  

were suspended in  50 mM sodium d im e th y lg lu ta ra te  b u ffe r  a t  pH 5*0 or 

7 .0 . The e f f e c t  o f pH on sodium a c e ta te  uptake by c i t r a t e  sy n th a s e - le s s  

c e l l s  was te s t e d  a t  1 and 50 mM. The i n i t i a l  r a t e  o f  uptake could  

n o t be measured under th e  c o n d itio n s  employed and only th e  f in a l  le v e l  

o f la b e l  w ith in  th e  c e l l  cou ld  be e s tim a te d . At both 1 and 50 mM 

a c e ta te  th e  l e v e l  o f la b e l  w ith in  th e  c e l l s  was much low er a t  pH 5*0 

than  a t  pH 7 .0 . Ihe n a tu re  o f  th e  la b e l  p re s e n t w ith in  th e  c e l l s  a t  

pH 7 .0  was te s t e d  a f t e r  a c e ta te  uptake a t  bo th  1 and 50 mM. I n  both  

cases f r e e  a c e ta te  cou ld  be d e te c te d  w ith in  the  c e l l s  u s in g  th in  la y e r  

chrom atography o f th e  po o l m a te r ia l ,  b u t th e re  was evidence o f g lu tam ate  

in  th e  case o f  up take  c a r r ie d  out a t  1 mM. L abelled  m a te r ia l which d id  

n o t move from th e  o r ig in  was a lso  observed in  th e  chrom atographic system  

used (see  M a te r ia ls  and M ethods). P re in cu b a tio n  fo r  30 m inutes w ith  

a  m ixture o f CICCP, a z id e  and a rse n a te  co n sid e rab ly  reduced  th e  le v e l  

o f la b e l  appearing  in  th e  c e l l s  in  up takes w ith  1 and 50 mM sodium a c e ta te .
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The s u b s t i tu t io n  o f ammonium a c e ta te  fo r  sodium a c e ta te  s tim u la te d  the  

le v e l  o f la b e l  in s id e  the  c e l l s  a t  pH 7*0 b u t n o t a t  pH 5«0. I t  i s  

in t e r e s t in g  th a t ,  i n  c o n tr a s t ,  the  le v e l  o f p ro p io n a te  uptake a t  50 mM 

was g re a te r  a t  pH 5«0 than  a t  pH 7 .0 .

These experim ents dem onstrate some o f th e  problem s o f  s tu d y in g  

a c e ta te  perm eation . The la c k  o f m utants in  which a c e ta te  m etabolism  

i s  ab o lish ed  i s  a  major h in d ran ce . The i n a b i l i t y  to  measure r a t e s  o f 

e q u i l ib r a t io n  a c ro ss  th e  membrane ( c f .  S a la n i t ro  & Wegener, 1971b) 

means th a t  one i s  reduced  to  s tu dy ing  th e  e f f e c t  o f , fo r  example, pH 

on th e  f i n a l  le v e l  o f la b e l  in s id e  th e  c e l l  which may be determ ined in  

th e  case o f  weak a c id s  by f a c to r s  such as pH g ra d ie n ts .  The f a c t  th a t  

in h ib i to r s  o f energy m etabolism  a f f e c t  th e  uptake p ro cess  a t  a l l  

a c e ta te  c o n ce n tra tio n s  te s te d  su g g es ts  th a t  th e re  must be some involvm ent 

o f energy in  th e  e q u i l ib r a t io n  o f a c e ta te  a c ro ss  the  membrane, b u t i t  

i s  n o t c le a r  th a t  t h i s  i s  a d i r e c t  e f f e c t .  Ihe p o s s ib i l i t y  th a t  

s p e c i f ic a l ly  m ediated io n  f lu x e s , e .g .  H^, m ight c o n tro l th e  movement 

o f a c e ta te  by sim ple d if fu s io n  must be co n sid e red , b u t th e  ammonium 

io n  e f f e c t  su g g ests  th a t  t h i s  i s  n o t l i k e ly .  The a b i l i t y  to  d e te c t  

f r e e  a c e ta te  w ith in  the  c e l l  su g gests  th a t  th e  r a te  o f e q u i l ib r a t io n  

a c ro ss  th e  E. c o l i  membrane cannot be as ra p id  as th a t  observed in  

m itochondria .

r 14 nA ttem pts to  s tudy  m onocarboxylate perm eation u sin g  L2 C Jch lo ro ace ta te  

Although com petition  experim ents in d ic a te d  th a t  c h lo ro a c e ta te  i s  a  

poor analogue o f a c e ta te ,  an a ttem p t was made to  use i t  to  s tudy  

monocarboxylate perm eation  as the  la b e lle d  m a te r ia l  i s  cheaply  and 

r e a d i ly  a v a i la b le .  The com m ercially a v a ila b le  m a te r ia l c o n ta in s  

t r a c e s  o f  a c e ta te  and in  th e  w ild -ty p e  s t r a in s  ap p aren t c h lo ro a c e ta te
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uptake was found to  be due to  th e  scavenging o f t ra c e s  o f a c e ta te .

When a c i t r a t e  s y n th a s e - le s s  s t r a i n  which cannot scavenge a c e ta te  in  

th i s  way was used , the  r a t e  o f  uptake o f  la b e l  was ex trem ely  slow .

Some in d ic a t io n  th a t  a c e ta te  would compete w ith  c h lo ro a c e ta te  in  t h i s  

system  was o b ta in ed . With h igh  c a r r i e r  c o n c e n tra tio n s  a  slow movement 

to  apparen t e q u i l ib r a t io n  o f la b e l  was observed . This may re p re se n t 

a la rg e ly  d if f u s io n a l  p ro c e ss . I t  m ight be p o s s ib le  to  e s tim a te  the  

r a t e  o f d if fu s io n  o f m onocarboxylate a c ro ss  th e  membrane u s in g , fo r  

example, la b e l le d  benzoic a c id  and th u s  compare non-m ediated r a t e s  o f 

e q u i l ib ra t io n  w ith  p o s s ib ly  m ediated r a t e s  determ ined from sim ple uptake 

experim en ts.

Attempts to  s tu c ^  a c e ta te  perm eation  in  E. c o l i  u s in g  th e  iso -o sm o tic  

sw e llin g  tech n iq u es  The sw e llin g  o f  E. c o l i  sp h e ro p la s ts  (p repared  

as d esc rib ed  in  M ate ria ls  and Methods) in  400 mM s o lu tio n s  o f a c e ta te  

s a l t s  b u ffe re d  w ith  20 mM potassium  PIPES a t  pH 7 .0  was s tu d ie d . In  

potassium  a c e ta te  s o lu t io n ,  sw e llin g  was observed and th i s  was 

s tim u la te d  by th e  a d d itio n  o f g ram ic id in  D a t  2 .4  pg /m l. The r a te  

o f sw e llin g  observed v a rie d  from sp h e ro p la s t p re p a ra t io n  to  sp h e ro p la s t 

p re p a ra tio n  ( c f .  M itc h e ll, 1956a). When suspended in  ammonium a c e ta te ,  

no sw e llin g  was observed even a f t e r  the  a d d itio n  o f  g ram ic id in  D or 

CICCP. This c o n tra s ts  w ith  M itc h e l l 's  (1956a) f in d in g  th a t  E. c o l i  

was plasm olysed in  co n cen tra ted  ammonium a c e ta te  s o lu t io n .  These 

experim ents threh/no l i g h t  on th e  mechanism o f  a c e ta te  perm eation .

The a v a i l a b i l i t y  o f m utants
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of P s . a e ru g in o sa  d e f ic ie n t  in  a c e ta te  th io k in a se  prompted the  

exam ination o f  a c e ta te  uptake in  o rd er to  determine w hether o r n o t an 

a c t iv e  t r a n s p o r t  system  fo r  a c e ta te  e x is t s  in  th i s  organism  (S kinner 

& C la rk e , I 968) .  The a b i l i t y  o f  w ild -ty p e  and m utant s t r a in s  to  

take  up a c e ta te  was compared. An a c e ta te  th io k in a se -n e g a tiv e  m utant 

ATI6 was c o n s id e ra b ly  reduced in  i t s  a b i l i t y  to  tak e  up a c e ta te  when 

compared w ith  th e  w ild - ty p e . The le v e l  o f la b e l  accum ulated in  th e  

m utant d id , however, re p re s e n t  a co n sid e rab le  c o n ce n tra tio n  o f l a b e l .

Ihe n a tu re  o f t h i s  accum ulated m a te r ia l was th e re fo re  checked by th in  

la y e r  chrom atography as d esc rib ed  in  M ate ria ls  and Methods. Some 

a c e ta te  cou ld  be d e te c te d  w ith in  th e  c e l l s ,  bu t th e  m ajor sp o t on the  

chromatogram corresponded  to  g lu tam a te . The r e s id u a l  a b i l i t y  to  

sy n th e s iz e  g lu tam ate  from a c e ta te  may r e f l e c t  le a k in e s s  in  the  a c e ta te  

th io k in a se  le s io n  o r th e  o p e ra tio n  o f an a l te r n a t iv e  a c t iv a t io n  system  

p re se n t a t  low l e v e l s .  The f a i lu r e  to  observe accum ulation o f 

a c e ta te  i s  in t e r e s t i n g  because o f the  o b se rv a tio n  th a t  ace t amide, which 

i s  l e s s  p o la r  and th e re fo re  p robab ly  d if fu s e s  more ra p id ly  through 

b io lo g ic a l  membranes th an  a c e t ic  a c id , i s  a c t iv e ly  tra n s p o r te d  by 

P s . ae ru g in o sa  (Brammar e t  a l . , I 966 ; S te in , 19&7).

These s tu d ie s  o f a c e ta te  uptake in  E. c o l i  K12 have o u tlin e d  

some o f  th e  f a c to r s  c o n tro l l in g  i t s  e n try  in to  m etabo lic  r o u te s ,  bu t 

have f a i l e d  ad eq u a te ly  to  d e fin e  i t s  mechanism o f  perm eation . No 

d i r e c t  c r i t e r i a  fo r  th e  e x is ten c e  o f a  s p e c if ic  t r a n s p o r t  system  could  

be s u c c e s s fu lly  employed and evidence th a t  th e  uptake p ro cess  measured 

a t  low a c e ta te  c o n c e n tra tio n s  i s  r a te - l im i te d  by a  membrane perm eation  

s te p  r e s t s  on in d i r e c t  ev id en ce . Thus, under co n d itio n s  where g ly c o l la te  

i s  a  non-perm eant, i t  was found to  compete w ith  a c e ta te  u p tak e . The id e a
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t h a t  membrane perm eation  i s  a  r a t e - l im i t in g  s te p  in  a c e ta te  m etabolism  

under c e r ta in  c o n d itio n s  i s  supported  by th e  o b se rv a tio n  o f  von 

Meyenburg (1971). I t  i s ,  however, p o s s ib le  th a t  th e  uptake p ro cess  

observed a t  h igh  a c e ta te  c o n ce n tra tio n s  i s  n o t r a te - l im i t e d  by a 

perm eation  s te p .  The d a ta  p re sen te d  dem onstrate th a t  fac to rs  a f f e c t in g  

a c e ta te  m etabolism  can have pow erful e f f e c t s  on th e  r a te s  o f  a c e ta te  

uptake by washed c e l l  su sp en sio n s . Thus g re a t  c au tio n  must be 

e x e rc ise d  in  the  in te r p r e ta t io n  o f d a ta  o b ta in ed  from sim ple uptake 

ex p erim en ts .

L a c ta te  uptake in  E. c o l i  K12 The m etabolism  o f D- and L - la c ta te
——— • K line and

by E. c o l i  p re se n ts  in t e r e s t in g  problem s (^^Mahler, 1963). D -la c ta te

i s  a  major p roduct o f g lucose  fe rm en ta tio n  in  E. c o l i  under c e r ta in

c o n d itio n s  and sy n th e s is  o f D -la c ta te  from pyruva te  i s  c a ta ly s e d  by a

so lu b le  NAD-linked l a c t a te  dehydrogenase (D -la c ta te  : NAD o x id o reductase

E .C . 1 . 1 . 1 . 28 ) .  The o x id a tio n s  o f D- and L - la c ta te  to  py ruva te  during

growth on th e se  compounds a re  c a ta ly se d  by two d i s t i n c t  membrane-bound,

f la v o p ro te in - l in k e d  o x id a se s . The c o n tro l o f th ese  ox idases i s

somewhat anomalous. Thus th e  D -la c ta te  oxidase  i s  c o n s t i tu t iv e ,  w hile

th e  L - la c ta te  oxidase i s  in d u c ib le  by D- o r L - la c ta te .  The r o le  o f

the  D -la c ta te  ox idase in  p ro v id in g  energy fo r  the  a c tiv e  t r a n s p o r t  o f

c e r ta in  compounds has been e x te n s iv e ly  in v e s t ig a te d  by K aback's group

(Barnes & Kaback, 1971; Kaback & B arnes, 1971). I t  has been

suggested  th a t  i t s  c o n s t i tu t iv i ty  might r e l a t e  to  th i s  r o l e .  Work w ith

m utants in  the D- and L - la c ta te  ox idases su g g es ts  th a t  th e  enzymes a re

re q u ire d  fo r  growth on th e i r  re s p e c tiv e  isom ers and th a t  m etabolism

th e re fo re  proceeds v ia  th e  s p e c if ic  oxidase (P asca l ^  a l . , I 9 6 9 ;
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C. Wenz, personail communication) r a th e r  than  being fu n n e lle d  through 

one oxidase by a racemase system .

There have been no r e p o r ts  on th e  mechanism o f l a c t a t e  

t r a n s p o r t  in  E. c o l i ; i t  was th e re fo re  o f i n t e r e s t  to  in v e s t ig a te  

th e  n a tu re  o f th i s  p ro c e ss . Knowledge o f the r e la t io n s h ip  o f i t s  

c o n tro l to  the  ro le  o f the  oxidase system s wouldbe p a r t i c u la r ly  

i n te r e s t in g .  A number of problem s r e la t in g  to  l a c t a t e  t r a n s p o r t  a re  

ap p aren t :

1 . i s  th e re  a  s p e c i f ic  t r a n s p o r t  system  o r does l a c t a t e  e n te r  by 

sim ple d if fu s io n ?

2 . g iven  th a t  e n try  i s  m ediated by a  s p e c i f ic  system , a re  th e re  

se p a ra te  system s fo r  the  tr a n s p o r t  o f D- and L - la c ta te ?

3 . i f  th e re  a re  two system s, what c o n tro ls  op era te  upon them? I s  

D -la c ta te  t r a n s p o r t  c o n s t i tu t iv e  l ik e  D - la c ta te  o x id ase ,an d  L - la c ta te  

t ra n s p o r t  in d u c ib le  l ik e  the  L - la c ta te  ox idase? Does growth on one 

isom er induce t r a n s p o r t  o f th e  o th e r?

4 .  g iven  the  e x is ten c e  o f a t ra n s p o r t  system , what io n ic  in te r a c t io n s  

a re  invo lved  in  i t s  o p e ra tio n ?

Attem pts to  o b ta in  answers to  th ese  q u es tio n s  have been made and some 

p re lim in a ry  answers o b ta in ed .

A number o f experim en tal approaches were used in  a ttem p ts  to  

dem onstrate the  e x is te n c e  o f a  l a c t a t e  t r a n s p o r t  system  and in v e s t ig a te  

i t s  p r o p e r t ie s .  Much o f the  evidence comes from in d i r e c t  tech n iq u e .

Attem pts to  i s o la t e  m utants d e fe c tiv e  in  l a c t a t e  t ra n s p o r t  An a ttem p t 

was made to  s e le c t  m utants d e f ic ie n t  in  D- o r L - la c ta te  tr a n s p o r t
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by s e le c t io n  fo r  r e s is ta n c e  o f a P E P -sy n th ase -less  s t r a in  to  10 mM D- 

o r L - la c ta te  w hile  growing on a c e ta te .  P rev ious experience  had shown 

th a t  th i s  s e le c t io n  procedure could  y ie ld  m utants d e fe c tiv e  in  pyruvate  

t r a n s p o r t  (Kornberg & Sm ith, 1967). An advantage o f t h i s  s e le c t io n  

might be t h a t  a  com plete a b o l i t io n  o f uptake w il l  n o t be re q u ire d  to  

o b ta in  r e s i s ta n c e .  The le s io n s  in  l a c t a t e  t r a n s p o r t  might be expected  

to  be leaky  a t  h ig h  l a c t a t e  c o n c e n tra tio n .

E. c o l i  K12 s t r a i n  K 2.1t (PPS ) was grown on a c e ta te  medium, 

h a rv e s te d  and p la te d  on 25 mM a c e ta te / lO  mM lith iu m  D- o r L - la c ta te  

p la te s .  L ithium  had p re v io u s ly  been shown to  be n o n -to x ic  under th ese  

c o n d itio n s . Spontaneous appearance o f r e s i s t a n t  co lo n ie s  was 

observed a f t e r  48-72 h o u rs . A la rg e  number o f co lo n ie s  were p icked  

and screened  fo r  r e s is ta n c e  to  10 mM pyruvate  w hile growing on 25 mM 

a c e ta te .  Many o f th e  c o lo n ie s  were found to  have rem ained s e n s i t iv e  

to  in h ib i t io n  by p y ru v a te . This suggested  th a t  the  le s io n s  g iv in g  

r i s e  to  r e s is ta n c e  to  l a c t a t e  in  th ese  organism s invo lved  m o d if ic a tio n  

o f l a c t a t e  u t i l i z a t i o n  r a th e r  than  re v e rs io n  to  PPS^ o r s e le c t io n  o f 

i s o c i t r a te ly a s e  c o n s t i tu t iv e  organism s. Growth t e s t s  o f D- and L - la c ta te -  

r e s i s t a n t  c o lo n ie s  on 10 mM D- and L - la c ta te  p la te s  to  which 2 mM 

D-glucosamine had been added to  supply  gluconeogenic req u irem en ts  

suggested  th a t  th e  c o lo n ie s  were s t i l l  ab le  to  grow slow ly  on D- or 

L - la c ta te .  This approach i s  s t i l l  being  pu rsued . A lte rn a tiv e  

sc reen in g  methods may have to  be used as i t  i s  p o s s ib le  th a t  l a c t a t e  

t r a n s p o r t  m utants m ight show slow p la te  growth on l a c t a t e .

The p o s s i b i l i t y  o f u sin g  an L - la c ta te  s p e c i f ic  r e v e r ta n t  of 

an adenyl c y c la se -n e g a tiv e  s t r a in  (d e sc rib ed  below) fo r  s e le c t io n  o f
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organism s r e s i s t a n t  to  D L -p -flu o ro lac ta te  i s  a lso  being  in v e s t ig a te d .

A s t r a i n  capable o f u s in g  only  one o f the  o p t ic a l  isom ers i s  re q u ire d  

fo r  th i s  s e le c t io n .

No evidence fo r th e  e x is ten c e  o f s p e c i f ic  l a c t a t e  t ra n s p o r t  

system has come as y e t  from th e  i s o la t io n  o f l a c t a t e  m utan ts, b u t i t  i s  

hoped to  fo llow  t h i s  approach f u r th e r .

S tu d ies  o f l a c t a t e  uptake in  a  mutant o f  E. c o l i  K12 s t r a i n  AB1621

d e fe c tiv e  in  l a c t a t e  m etabolism  Use o f a  m utant in  which m etabolism

o f a compound whose t r a n s p o r t  i s  being  in v e s t ig a te d  i s  blocked can 

y ie ld  in fo rm atio n  about the  presence o f s p e c i f ic  t r a n s p o r t  system s.

This approach has been used to  o b ta in  evidence fo r  th e  e x is ten c e  o f a 

l a c t a t e  t r a n s p o r t  system . Given th a t  perm eation o f the  c e l l  by the 

compound under in v e s t ig a t io n  can be measured a number o f c r i t e r i a  fo r  

a  s p e c if ic  system  as opposed to  f re e  d if fu s io n  can be a p p lie d . In  

t h i s  c ase , evidence o f s a tu r a t io n ,  com petition  by analogues and 

m o d ifica tio n  o f r a t e  o f e n try  by growth c o n d itio n s  were sou g h t.

Evidence th a t  the  i n i t i a l  r a t e  o f uptake o b ta in ed  in  the  blocked m utant 

could be c o r re la te d  w ith  i n i t i a l  r a te s  observed in  the  w ild -ty p e  was 

a lso  sough t.

In  o rd er to  csorry ou t th ese  s tu d ie s  a mutant unable to  grow on 

D L -lac ta te , AB1621 (LLO ) ,  was used . This s t r a in  i s  d e f ic ie n t  in  

L - la c ta te  oxidase and shows no growth on e i th e r  D- o r L - la c ta te .  

R ev ertan ts  capable o f growth on D -la c ta te  a re  r e a d i ly  i s o la t e d .  The 

most l i k e ly  e x p lan a tio n  o f th e  i n a b i l i t y  to  use both  L- and D -la c ta te  

i s  th a t  th e  organism i s  a lso  impermeable to  D - la c ta te .  This cemnot.
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however, be r e a d i ly  confirm ed w ithou t the  use o f s p e c i f ic a l ly  la b e l le d  

isom ers o f  l a c t a t e .  C erta in  com petition  d a ta  sup p o rt th i s  e x p lan a tio n . 

C o n stru c tio n  o f a  double m utant la c k in g  both  D- and L - la c ta te  oxidase

i s  being a ttem p ted .

p 14 1L1 C JD L -lactate sodium s a l t  was used fo r  th e  uptake 

experim en ts. The lith iu m  s a l t s  o f D- and L - la c ta te  were used as

c a r r i e r .  The p resence  o f  li th iu m  io n s  was found n o t to  a f f e c t  l a c t a te  

u p tak e . The use o f c a r r i e r  l a c t a t e  p rep ared  from the  f re e  a c id s  

r e s u l te d  in  in h ib i t io n  o f up take which occurred  only to  th e  le v e l  norm ally  

observed in  th e  b locked m utant. S o lu tio n s  o f f re e  l a c t i c  a c id s  are  

known to  co n ta in  co n sid e rab le  q u a n t i t ie s  o f la c to y 1 l a c t a t e  and la c t id e  

(Lockwood e t  a l . ,  I 965) and i t  seems l ik e ly  th a t  one o r both  th e se  

compounds may e f f e c t iv e ly  i n h ib i t  the  fu r th e r  m etabolism , b u t n o t e n try , 

o f l a c t a t e .  I t  might be p o s s ib le  to  use th ese  compounds to  s tudy  

the ro le  o f the  D -la c ta te  oxidase in  a c tiv e  t r a n s p o r t  system s.

In  o rd er to  o b ta in  a more a ccu ra te  e s tim a te  o f th e  i n i t i a l  r a te  

o f l a c t a t e  uptake in  the  blocked m utant, many o f the  experim ents to  be 

d esc rib ed  were c a r r ie d  ou t a t  22°C. Experim ents w ith  th e  w ild -ty p e  

in d ic a te d  th a t  the  ra p id  r a t e  o f uptake in  th e  m utant could  n o t be 

measured a c c u ra te ly  in  f u l ly  induced c e l l s .  Thus g lycero l-g row n  c e l l s  

co n ta in in g  uninduced, b u t no t c a ta b o l i te  re p re sse d , le v e ls  o f l a c t a t e  

u t i l i z i n g  system s were f re q u e n tly  used . The accuracy  w ith  which 

i n i t i a l  r a t e s  o f l a c t a t e  uptake can be measured in  AB1621 (LLO ) 

p rec lu d es  e s tim a tio n  o f a Kg fo r  l a c t a t e  u p tak e .

As a p re lim in a ry  p re c a u tio n  b e fo re  c a rry in g  ou t s tu d ie s  of 

uptake w ith  the  b locked m utan t, th e  n a tu re  o f  the  la b e l le d  m a te r ia l
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-hi

8

y

o
Q o

(iq D !3 M  A lp D lU /jO lU U ) 3)j!)]dn 2 ]D p D |- : j ( ]  ' J
7^/



Figure 30

E ffe c t  o f D-, L- and D L -lac ta te  and g ly c o l la te  a d d itio n  upon 0 .1  mM
14 —sodium [1 C ]D L -lac ta te  uptake by g lycero l-g row n  ABI62ILLO (LLO ) .

L ithium  s a l t s  o f l a c t a t e  were used  and g ly c o l la te  was added as the

sodium s a l t .  A ll a d d itio n s  were made a t  zero  tim e . Die uptake o f

la b e l le d  m a te r ia l  was measured as d e sc rib ed  in  M ate ria ls  and Methods

w ith  th e  ex cep tio n  th a t  a  tem peratu re  o f 22°C was employed. The

a d d itio n  o f u n la b e lle d  l a c t a te  i s  co n sid ered  to  modify a  r a t e  o f  up take

c a lc u la te d  from th e  i n i t i a l  s p e c if ic  a c t i v i t y  o f th e  la b e l le d  l a c t a t e

r a th e r  than  from th e  f in a l  s p e c if ic  a c t i v i t y  o b ta in in g  a f t e r  the

a d d itio n  o f u n la b e lle d  l a c t a t e ,  i . e .  th e  u n la b e lle d  m a te r ia l  i s

co n sid ered  to  compete w ith  th e  la b e l le d  m a te r ia l .

0 .1  mM sodium [1 C ]D L -lactate  ■ ; 0.1  mM sodium Cl C ]D L -lactate
1A+ 2 mM L - la c ta te  #  ; 0 .1  mM sodium Cl C ]D L -lactate  + 1 mM D-

14l a c t a t e  A ; 0 .1  mM sodium Cl C ]D L -lactate  + 2 mM D L -lac ta te  V ;
140 .1  mM sodium Cl C ]D L -lactate  + 10 mM g ly c o l la te  O .
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Figiire 3^

E ffe c t o f carbon source  used fo r  growth on th e  a b i l i t y  o f  washed 

suspensions o f  s t r a in s  AB1621 and AB1621LIX) (LLO ) to  tak e  up 0 .1  mM 

sodium [1 C ]D L -lac ta te . Uptake o f  la b e l le d  m a te r ia l  was measured

as d esc rib ed  in  M a te ria ls  and Methods w ith  th e  ex cep tio n  th a t  a  

tem peratu re  o f 22° was employed. AB1621 -  g lucose-grow n ▼ ;

g lycero l-g row n #  ; sodium D L -lactate-grow n ■ ;

ABI62ILLO -  glucose-grow n V ; g lycero l-g row n  O
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appearing  in s id e  th e  c e l l  when the  mutant was exposed to  la b e l le d  

D L -lac ta te  was checked. E x tra c tio n  o f th e  la b e l le d  pool m a te r ia l  

a f t e r  a llow ing  uptake o f 10”^ M sodium [1^^C ]D L-Iactate  to  proceed  

fo r  2 m inutes was c a r r ie d  o u t. A nalysis by th in  la y e r  chromatography 

dem onstrated the  p resence  o f f re e  l a c t a t e  w ith in  the  c e l l .  B inding 

o f l a c t a t e  a t  the o r ig in  p re sen te d  problems in  t h i s  chrom atographic 

system . I t  th u s  seems l i k e ly  th a t  th e  p ro cess  being measured in  

uptake experim ents w ith  the  m utant blocked in  l a c t a t e  m etabolism  

re p re se n ts  the perm eation o f l a c t a t e  in to  th e  c e l l  and th a t  experim ents 

can be c a r r ie d  ou t to  t e s t  the  ex is ten c e  o f a  s p e c if ic  tr a n s p o r t  

system .

Uptake o f sodium C1 C ]D L -lactate  by g lycero l-g row n AB1621

(LLO ) showed s a tu r a t io n .  Thus a d d itio n  o f 2 mM lith iu m  D L -lac ta te

to  0 .1  mM la b e l le d  D L -lac ta te  decreased  the  r a t e  o f la b e l  appearance 

w ith in  the  c e l l  by approxim ately  50^- G ly c o lla te  a lso  ac ted  as a 

weak com petito r o f l a c t a t e  uptake a t  1 0 0 -fo ld  molar ex cess . When 2 mM 

lith iu m  D -la c ta te  and 2 mM L - la c ta te  were s u b s t i tu te d  fo r  2 mM lith iu m  

D L -lac ta te , more pow erful in h ib i t io n  was observed w ith  D- than  w ith  

L - la c ta te .  This su g g es ts  th e  p o s s ib i l i t y  th a t  D -la c ta te  may be a c tin g  

as a non-perm eant com petito r (F igure  3 0 ).

The e f f e c t  o f the  carbon source used fo r  growth on D L -lac ta te

uptake in  AB1621 (LLO") i s  shown in  F igure 31» Glucose has a  s tro n g

re p re s s iv e  e f f e c t  on u p tak e . The uptake o f D L -lac ta te  by th e  w ild -ty p e  

s t r a in  i s  shown fo r  com parison. The observed r a t e s  fo r  g lucose-and  

g lycero l-g row n c e l l s  show reaso n ab le  agreem ent between th e  w ild -ty p e  

and th e  m utant. I t  i s  thus l ik e ly  th a t  th e  r a t e - l im i t in g  s te p  in
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F igu re  32

Growth p ro p e r t ie s  o f an adenyl c y c la s e - d e f ic ie n t  m utant, 5336 (AC ) 

and a  m utant d e riv ed  from i t  which i s  s p e c i f ic a l ly  r e s i s t a n t  to  

c a ta b o l i te  re p re s s io n  o f L - la c ta te  u t i l i z a t i o n ,  5336 L - la c t*  (AC*",IX3R'’) . 

Growth was measured as d e sc rib ed  in  M a te r ia ls  and Methods (C hapter I ) .  

C u ltu res  o f 5336 and 5336 L - la c t^  were pregrown on g lu c o se , h a rv e s te d , 

washed and t r a n s f e r r e d  to  f re s h  medium c o n ta in in g  carbon so u rces  a t  

25 mM. 5336-rlac t^  -  sodium D L -lac ta te  #  ; g lucose  A ;

m annito l ■ • 5336 -  sodium D L -lac ta te  O ; g lucose  A ;

m annitol □ .
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l a c t a t e  uptake experim ents under th e se  c o n d itio n s  i s  membrane perm eation  

and th a t  experim ents w ith  w ild -ty p e  c e l l s  could  be used to  study  

fe a tu re s  o f the  membrane t r a n s p o r t  o f l a c t a t e  in  E. c o l i .

S tu d ies  o f l a c t a t e  metabolism  in  an adenyl c y c la se -n e g a tiv e  m utant o f 

E. c o l i  K12 and in  an L - la c ta te ^  r e v e r ta n t  d e riv ed  from i t  F u rth e r

evidence fo r  the  e x is ten c e  o f s p e c if ic  t r a n s p o r t  system s fo r  D- and 

L - la c ta te  in  E. c o l i  was ob ta in ed  from s tu d ie s  o f l a c t a t e  growth and 

uptake in  an adenyl cy c la se -n eg a tiv e  m utant, 5336, and an L - la c ta te *  

r e v e r ta n t ,  5336 L - la c t* , d e riv ed  from i t .  The adenyl c y c la se -n e g a tiv e  

m utant was d e sc rib ed  by Perlman and P astan  ( I 969) .  They found th a t  

the  m utant grew more slow ly than  th e  p a re n t s t r a i n ,  1100, on a wide 

range o f carbon so u rc e s . When the  a b i l i t y  o f s t r a in  5336 to  grow on 

D L -lac ta te  was te s t e d ,  a  mean g e n e ra tio n  tim e o f approxim ately  6 hours 

was found. This compares w ith  a  value o f approxim ately  1 .5 hours fo r  

the  p a re n t s t r a i n .  The slow growth o f th e  m utant on D L -lac ta te  was 

confirm ed in  p la te  t e s t s  and i t  proved p o s s ib le  to  i s o la t e  a  number o f 

L - la c ta te *  r e v e r ta n ts  o f 5336. 5336 grown on g lu c o s e /n u tr ie n t  b ro th

medium was h a rv ested  and sp read  on 10 mM lith iu m  L - la c ta te  p la te s  and 

in cu b ated  a t  37°C fo r  48 h o u rs . Spontaneous re v e r ta n ts  to  growth on 

L - la c ta te  were p icked  and p u r i f ie d .  Most o f th ese  had p le io t r o p ic a l ly  

reg a in ed  the  a b i l i t y  to  grow on a wide range o f carbon so u rc e s . One 

i s o l a t e ,  however, rem ained n eg a tiv e  on a l l  o th e r  carbon sou rces te s te d  

in c lu d in g  D -la c ta te  (F igure  3 2 ) . This s t r a in  was d esig n a ted  

5336 L - la c t* . I t s  p ro p e r t ie s  were c o n s is te n t  w ith  a  s p e c i f ic  a b o l i t io n  

o f c a ta b o l i te  re p re s s io n  in  th e  u t i l i s a t i o n  o f L - la c ta te .  Thus, upon 

tre m sfe r  from growth on g lu co se , a d ap ta tio n  to  th e  use o f L - la c ta te  was
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Growth o f  1100 (p a re n t s t r a i n  o f 5336) and 3336 L - la c t^  (AC ,IX3R ) 

on g lucose  and l a c t a t e  a f t e r  t r a n s f e r  from g lucose  and D L -lac ta te  

grow th. 1100 was pregrown on g lucose  and D L -lac ta te  and 5336 L - la c t^  

on g lu c o se . C e lls  were h a rv e s te d , washed and resuspended in  f r e s h  

media c o n ta in in g  one o f a  number o f  carbon so u rc e s . Growth was 

measured as d e sc rib e d  in  M a te ria ls  and Methods (C hapter I ) .

(a) 1100 pregrown on 25 mM glucose  and t r a n s f e r r e d  to :  20 mM glucose

#  ; 20 mM sodium D L -lac ta te  ▲ ; 10 mM lith iu m  L - la c ta te  ▼ ;

10 mM lith iu m  D - la c ta te  ■ .

(b) 1100 pregrown on 25 mM sodium D L -lac ta te  t r a n s f e r r e d  to :

20 mM sodium D L -lac ta te  A ; 10 mM lith iu m  L - la c ta te  ▼ ;

10 mM lith iu m  D -la c ta te  ■ .

(c ) 5336 L - la c t^  pregrown on 25 mM g lucose  t r a n s f e r r e d  to :  20 mM

glucose •  ; 20 mM sodium D L -lac ta te  A ; 10 mM lith iu m

L - la c ta te  ▼ ; 10 mM lith iu m  D - la c ta te  ■
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Figure 34

14Uptake o f 0 .1  mM sodium Cl C ]D L -lac ta te  by suspensions o f  s t r a in s  

1100, 5336 (AC") and 5336 L-lact'*' (AC",LCR"). Uptake o f la b e l le d  

m a te r ia l  was m easured as d e sc rib ed  i n  M a te ria ls  and Methods.

1100 grown on sodium D L -lac ta te  #  ; 5336 L - la c t^  grown on

sodium D L -lac ta te  O ; 1100 grown on g ly c e ro l ■ ;

5336 L - la c t^  grown on g lucose A ; 1100 grown on g lucose  A ;

5336 grown on g lu co se  □
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ra p id  in  c o n tra s t  to  the  s i tu a t io n  observed w ith  1100 (F igure  33)• 

S im ila r ly , th e  uptake o f D L -lac ta te  was found to  be in d u c ib le , b u t n o t 

s u b je c t to  c a ta b o l i te  r e p re s s io n . Thus th e  le v e l  o f uptake observed  

in  glucose-grow n 3336 L - la c t*  corresponded to  th e  le v e l  o f  uptake 

observed in  g lycero l-g row n , b u t n o t glucose-grow n, s t r a in  1100. The 

le v e l  o f D L -lac ta te  uptake observed in  glucose-grow n 3336 was s im i la r  

to  th a t  observed in  glucose-grow n 1100. D L -lac ta te  uptake in  5336 

L - la c t*  grown on D L -lac ta te  was ra p id  and occurred  a t  approxim ately  

50^ o f th e  r a te  found fo r  1100 grown on D L -lac ta te  (F igure  3 4 ). This 

i s  in  agreem ent w ith  th e  o b se rv a tio n  th a t  the  r e l i e f  o f c a ta b o l i te  

re p re s s io n  i s  observed only fo r  L - la c ta te  u t i l i z a t i o n .  S tu d ies  o f 

m annito l uptake in  5336 L - la c t*  confirm  the  non p le io t ro p ic  n a tu re  o f 

th e  L - la c ta te *  le s io n .  The f a c t  th a t  D -la c ta te  u t i l i z a t i o n  i s  sev e re ly  

im paired  in  5336 even though E. c o l i  p o ssesses  a c o n s t i tu t iv e  D - la c ta te  

ox idase (K line & M ahler, I 965) su g g ests  th a t  an o th er in d u c ib le /c a ta b o l i te  

r e p re s s ib le  system must be invo lved  in  D -la c ta te  u t i l i z a t i o n .  S ince 

5336 L - la c t*  can u t i l i z e  L - la c ta te  a t  w ild -ty p e  r a t e s ,  b u t cannot use 

D -la c ta te  r a p id ly ,  th e  d y sfu n c tio n  in  D -la c ta te  u t i l i z a t i o n  in  5336 

must inv o lv e  l a c t a t e  perm eation . These o b serv a tio n s  support th e  

e x is te n c e  o f s p e c if ic  t r a n s p o r t  system s fo r  both  D- and L - la c ta te  in  

E. c o l i .

Oxygen e le c tro d e  s tu d ie s  o f  th e  a b i l i t y  o f E»_ c o li  K12 ABI62I to  

o x id ise  D- and L - la c ta te  Another source o f  in d i r e c t  evidence fo r  th e

e x is te n c e  o f l a c t a t e  tr a n s p o r t  system s i s  the  s tudy  o f a b i l i t y  to  

o x id ise  D- and L - la c ta te  a f t e r  growth on d i f f e r e n t  carbon so u rc e s . The



Table 14

L a c ta te  o x id a tio n  by washed c e l l  suspensions o f  s t r a i n  AB1621

Carbon source 
u sed  fo r  growth

g ly c e ro l

L - la c ta te

D -la c ta te

D L -lac ta te

S u b s tra te

0 .05  mM D -la c ta te  

0 .05  mM L - la c ta te  

25 mM D -la c ta te  

25 mM L - la c ta te

0 .05  mM D -la c ta te  

0 .05  mM L - la c ta te

0.05  mM D -la c ta te  

0.05  mM L - la c ta te

0.05  mM D -la c ta te  

0 .05  mM L - la c ta te

tig atoms O.min** .mg dry wt~

0.032

0.035

0.063

0.063

0 .28

0.34

0 .3 7

0.42

0 .27

0.31

S u b stra te -d ep en d en t oxygen consumption was measured as d e sc rib ed  in  

M a te r ia ls  and Methods. C e lls  were grown on 25 mM carbon so u rces . 

L ithium  s a l t s  o f l a c t a t e  were u sed . S u b s tra te s  were l i th iu m  s a l t s  

o f l a c t a t e .
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a b i l i t y  o f c e l l s  pregrown on g ly c e ro l to  o x id ise  D- and L - la c ta te  was 

compared w ith  a b i l i t y  o f c e l l s  pregrown on D-, L- or D L -lac ta te  to

o x id ise  D- and L - la c ta te  (Table 14). I t  was found th a t  g ly c e ro l-

grown c e l l s  o x id ise d  D- and L - la c ta te  a t  approx im ately  th e  same r a te  

and th a t  t h i s  r a t e  was approxim ately  10^ o f  the  r a t e  o f o x id a tio n  a f t e r  

pregrow th on l a c t a t e .  Thus, in  s p i t e  o f  th e  p resence  o f a  c o n s t i tu t iv e  

D - la c ta te  o x id ase , the  c e l l s  grown in  the  absence o f l a c t a t e  were 

unable to  o x id is e  D -la c ta te  a t  a  ra p id  r a t e .  L ac ta te  was ab le  to  

induce a system  re q u ire d  fo r  th e  o x id a tio n  o f D - la c ta te .  In  g ly c e ro l-  

grown c e l l s ,  th e  f i n a l  common p a th  fo r  o x id a tio n  was n o t l im it in g  s in ce  

the  r a t e  o f o x id a tio n  observed upon a d d itio n  o f both  D- and L - la c ta te  

was equal to  th e  sum o f the  in d iv id u a l  r a t e s .  Pregrowth on L - la c ta te  

induced th e  a b i l i t y  to  o x id ise  bo th  L- and D -la c ta te  and pregrow th on 

D -la c ta te  a ls o  induced  the  a b i l i t y  to  o x id ise  both  iso m ers. This 

su g g ests  th a t  the  t r a n s p o r t  system s fo r  D- and L - la c ta te  uptake can be

induced by e i th e r  D- o r L - la c ta te  ( c f .  K line & M ahler, I 965) .  I t  i s

no t p o s s ib le  to  e lim in a te  the  p o s s ib i l i t y  th a t  t r a c e s  o f con tam ination  

w ith  the  o th e r  isom er might be re sp o n s ib le  fo r  the  in d u c tio n . A ttem pts 

to  d e c ry p tify  l a c t a t e  o x id a tio n  in  uninduced c e l l s  by the a d d itio n  o f 

to lu en e  were u n su ccess fu l ( c f .  Jackson & DeMoss, I 965) .

S tu d ies  o f th e  e f f e c t s  o f ag en ts  m odifying energy tra n sd u c tio n  upon 

uptake in  E. c o l i  K12 AB1621 The i n t r a c e l l u l a r  le v e l s  o f l a c t a t e

la b e l  observed in  AB1621 (LID ) do n o t r i s e  above approxim ately  2-3 

tim es the  le v e l  in  th e  surrounding  medium. The uptake p ro cess  does n o t 

th e re fo re  correspond  to  the  ty p ic a l  a c tiv e  tr a n s p o r t  system  and i t  does
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n o t seem l ik e ly  th a t  th e  sm all c o n ce n tra tio n  g ra d ie n t observed i s  

m ain ta ined  by the  same type o f mechanisms o p e ra tin g  to  m ain ta in  the  

la rg e  c o n c e n tra tio n  g ra d ie n ts  observed in ,  fo r  example, amino ac id  

t r a n s p o r t .  The a b i l i t y  o f c e l l u l a r  c o n s t i tu e n ts  to  b ind  anions and 

a  r e l a t i v e l y  sm all e r ro r  in  th e  e s tim a tio n  o f th e  i n t r a c e l l u l a r  volume 

used to  c a lc u la te  th e  i n t r a c e l l u l a r  c o n ce n tra tio n  could  ex p la in  the  

sm all ap p aren t c o n ce n tra tio n  g ra d ie n t observed and i t  seems l ik e ly  

th a t  th e  system  can be considered  as a f a c i l i t a t e d  d if fu s io n  ( c f .  Kay 

& Kornberg, 197'') system .

I t  seems l ik e ly  t h a t ,  a t  pH 7*0, th e  pH o f th e  medium ro u tin e ly

used fo r  uptake s tu d ie s ,  the  sp ec ie s  most l ik e ly  to  be tra n s p o r te d

a c ro ss  th e  c e l l  membrane by a s p e c i f ic  system  would be th e  l a c t a te  an ion .

This r a i s e s  th e  q u e s tio n  o f how l a c t a t e  perm eation might be lin k e d  to

o th e r  c a tio n  and an ion  f lu x e s  a c ro ss  th e  membrane.

As th e  l a c t a t e  t r a n s p o r t  system appears to  in vo lve  f a c i l i t a t e d  

d if fu s io n  r a th e r  th an  a c tiv e  t r a n s p o r t ,  i t  m ight a  p r i o r i  seem u n lik e ly  

th a t  m etabo lic  in h ib i to r s  known to  a c t  d i r e c t ly  on energy m etabolism  

would have any e f f e c t  on l a c t a te  perm eation . In  view o f the 

p o s s i b i l i t y  th a t  lin k ag e  between l a c t a te  perm eation  and o th e r  io n ic  

flu x e s  m ight occur p re lim in a ry  s tu d ie s  o f th e  e f f e c t  o f in h ib i to r s  and 

uncoup lers o f e le c tro n  t r a n s p o r t ,  ag en ts  in h ib i t in g  membrane ATPase and 

ionophores were u n d ertak en . Claims have been made th a t  the  

f a c i l i t a t e d  d if fu s io n  o f n e u tra l  sp ec ie s  in  energy poisoned c e l l s  can 

be made energy dependent i f  the  energy d e p le tio n  p ro cess  i s  taken  f a r  

enough (Koch, 1971). Many re p o r ts  have in d ic a te d  th a t ,  under ’norm al' 

c o n d itio n s  o f  en erg y -p o iso n in g , th e  t r a n s p o r te r s  a re  capable o f o p e ra tin g  

a t  h ig h  r a t e s  (P avlasova & H arold , 19&9). P re lim in ary  a ttem p ts  have
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F igore

(a ) E f fe c t  o f  in h ib i to r s  and nnconp lers o f  energy m etabolism  on th e  

up take o f 0 .1  mM sodium Cl C ]D L -lactate  by s t r a in s  AB1621LL0 (LLO ) 

and ABI62I .  Both s t r a in s  were grown on g ly c e ro l .  Uptake o f 

la b e l le d  m a te r ia l  was measured as d e sc rib e d  in  M a te r ia ls  and Methods 

w ith  th e  ex cep tio n  th a t  a  tem peratu re  o f  22®C was employed.

( i )  ABI62ILLO -  no a d d itio n  #  ; 4 mM DCCD 30 min p re in c u b a tio n

▲ ; 0.001 mM C1CCP 3 min p re in c u b a tio n  A ; 30 mM sodium

azid e  5 min p re in c u b a tio n  □ ; 1 mM DNP 5 min p re in c u b a tio n  O ;

19̂  to lu en e  3 min p re in c u b a tio n  ■

( i i )  ABI62I -  no a d d itio n  #  ; 30 mM sodium az id e  3 min

p re in c u b a tio n  □ ; 1 mM DNP 3 min p re in c u b a tio n  O •
14(b) E f fe c t  o f  g ram ic id in  D on 0 .1 mM sodium Cl C ]D L -lactate  uptake

in  u n tre a te d  and in  D N P-inhibited  c e l l s  o f  g ly cero l-g row n  ABI62ILLO. 

In tak e  o f l a b e l le d  m a te r ia l  was measured as  d e sc rib e d  in  M a te ria ls  and 

Methods w ith  th e  ex cep tio n  th a t  a  tem pera tu re  o f 22°C was u sed . No 

a d d itio n  #  ; 6 pg/m l g ram ic id in  D 3 min p re in c u b a tio n  A ;

1 mM DNP 3 min p re in c u b a tio n  ■ ; 1 mM DNP + 6 ^ / m l  g ram ic id in  D

3 min p re in c u b a tio n  T
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a ls o  been made to  s tu d y  th e  e f f e c t  o f m odifying th e  i n t r a -  and e x tra 

c e l l u l a r  io n ic  com position upon l a c t a te  u p ta k e .

The unco u p lers  DNP and CICCP were extrem ely  e f f e c t iv e  

in h ib i to r s  o f  D L -lac ta te  perm eation  in  AB1621 (LLO ) a t  c o n c e n tra tio n s  

o f 10 ^ and 10 ^ M r e s p e c t iv e ly .  Azide was a  pow erful in h ib i to r  a t  

30 mM. (Azide has an uncoupling e f f e c t  a t  th i s  c o n c e n tra tio n ) . These 

a re  c o n c e n tra tio n s  ty p ic a l ly  e f f e c t iv e  a g a in s t  t r a n s p o r t  p ro cesses  in  

E. c o l i . The e f f e c t  o f  a  30 m inute p re in c u b a tio n  w ith  4 mM 

d icy c lohexy lcarbod iim ide  (DCCD) was a lso  te s t e d .  In h ib i t io n  was 

observed a lthough  i t  was n o t as pow erful as th a t  g iven  by az id e  and th e  

u n co u p le rs . DNP and a z id e  were a lso  e f f e c t iv e  a g a in s t  l a c t a t e  up take 

in  w ild -ty p e  c e l l s  (F igu re  3 5 a ). These o b se rv a tio n s  su g g est th a t  

perm eation  o f  l a c t a t e  m ight inv o lv e  an energy-dependent p ro cess  even 

though th e re  does n o t appear to  be a  s ig n i f ic a n t  accum ulation o f l a c t a t e  

w ith in  the  c e l l  under th e  co n d itio n s  t e s t e d .  Some evidence has been 

p u t forw ard which su g g es ts  th a t  uncouplers m ight have d i r e c t  e f f e c t s  

on membranes u n re la te d  to  t h e i r  r o le  as p ro to n  conductors (Weinbach & 

G arbus, 1968a, 1968b ) .  The p o s s ib i l i t y  th a t  perm eation  m ight in v o lv e  

c a tio n  sy n ^ o rt was in v e s t ig a te d .  I f  the  in h ib i to r y  e f f e c t  o f an 

uncoupling agen t was due to  the  in h ib i t io n  o f movement o f a lk a l i  m etal 

c a tio n s  a c ro ss  th e  membrane, an agen t capable  o f tra n s p o r t in g  such io n s  

a c ro ss  th e  membrane m ight be expected  to  r e le a s e  the  in h ib i t i o n .  

G ram icidin D i s  an a lk a l i  m etal and p ro to n  ionophore o f r e l a t i v e ly  low 

s p e c i f i c i ty  (Henderson, 197'! )• The e f f e c t  o f g ram ic id in  D on l a c t a te  

up take in  the  p resen ce  and absence o f an in h ib i to r  c o n ce n tra tio n  o f DNP 

was th e re fo re  t e s t e d .  C on tro l experim ents dem onstrated  an in h ib i to r y  

e f f e c t  o f g ram ic id in  D on L -leu c in e  uptake in  Tris-EDTA t r e a te d  c e l l s
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(L eive , I 968) .  There was no e f f e c t  on th e  uptake o f 2-deoxyglucose. 

Tris-EDTA trea tm en t i s  re q u ire d  to  make E. c o l i  and o th e r  gram -negative 

b a c te r ia  perm eable to  p e p tid e  ionophores such as g ram ic id in  D and 

valinom ycin (H arold , 1970). G ram icidin D was w ithou t e f f e c t  on l a c t a t e  

uptake and f a i l e d  to  re v e rse  the  in h ib i t i o n  due to  DNP (F igure  35b).

This su g g es ts  th a t  th e  in h ib i t io n  by DNP i s  n o t sim ply due to  an 

in h ib i t io n  o f  c a tio n  s y n ^ o r t. The p ro to n -co n d u c tin g  r o le  o f uncouplers 

(M itch e ll & Moyle, 19&7 ; H arold & B aarda, I 968 ; Pavlasova & H arold, 

1969) a lso  su g g ests  th a t  th e  in h ib i t io n  o f p ro to n  symport cannot be 

im p o rtan t in  th e  in h ib i t io n  o f  l a c t a t e  uptake by DNP and CICCP. The 

e f f e c t  o f sodium and potassium  io n  le v e l s  in  the  medium weis te s te d .

No dram atic  e f f e c t s  were observed . An a ttem p t to  examine th e  p o s s ib le  

ro le  o f an ion -an ion  a n t ip o r t  was made by s u b s t i tu t in g  the  po o rly  perm eant 

m aleate an ion  fo r  th e  phosphate norm ally  used  in  uptake experim en ts.

In  an a ttem p t to  ensure th a t  endogenous perm eant an ions d id  n o t supply  

an ions fo r  a n t ip o r t  th e  c e l l s  were su b je c te d  to  co ld  osm otic down 

shock from b a sa l medium in to  d i s t i l l e d  w a te r . This removed a  

co n sid e rab le  q u a n ti ty  o f n u c le o tid e  m a te r ia l  from the  c e l l s  as 

evidenced by measurements o f th e  A^^^ and the  medium a f t e r

down shock. The a b i l i t y  o f co ld  w ater shock to  remove th e  pool 

m a te r ia l accum ulated during  a c e ta te  up take was a lso  checked. The 

shocked c e l l s  were resuspended in  T ris -m a lea te  b u ffe r  or phosphate b u ffe r  

and uptake experim ents c a r r ie d  o u t. E s s e n t ia l ly ,  no d if fe re n c e  between 

th e  uptake c a r r ie d  ou t in  T ris-m a lea te  b u f fe r  and th a t  c a r r ie d  ou t in  

phosphate b u ffe r  was observed . A r o le  fo r  endogenously g en era ted  

an io n s, fo r  example, b ic a rb o n a te , cannot be e lim in a te d  by th i s  

experim ent.
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F igu re  36

E ffe c t o f  DNP and DCCD on th e  uptake o f  0 .1  mM [1 ,4  C 3D L -tartaric  

a c id  by s t r a i n  K 2.1.4 (PPS",CS~) grown on n u t r i e n t  b ro th  co n ta in in g  

5 mM glu tam ate  and 20 mM L -m alate . Uptake o f la b e l le d  m a te r ia l

was measured as d e sc rib e d  in  M a te ria ls  and Methods w ith  th e  excep tion  

th a t  a  tem peratu re  o f  22°C was u sed . No a d d itio n  #  ; 1 mM

DCCD 3 min p re in c u b a tio n  ■ ; 1 mM DNP 5 min p re in c u b a tio n  A
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In  o rd e r to  t e s t  whether or n o t th e  in h ib i t io n  o f l a c t a t e  

uptake by uncoup lers  and in h ib i to r s  o f e le c tro n  tr a n s p o r t  was a  g e n e ra l 

fe a tu re  o f c a rb o x y la te  anion perm eation experim ents on D L -ta r tra te  

uptake were c a r r ie d  o u t. D L -ta r tra te  i s  a  no n -m etab o lisab le  analogue 

o f th e  d i c a r  boxy l i e  a c id s  norm ally  tak en  up by th e  d c t system  (Kay & 

Kornberg, 1971)• The extrem ely  slow r e s id u a l  metabolism  can be 

e s s e n t ia l ly  e lim in a te d  i f  a c i t r a t e  s y n th a s e - le s s  s t r a in  i s  used .

E. c o l i  K12 s t r a i n  K2.1.4 was th e re fo re  grown on n u t r ie n t  b ro th /m a la te /  

g lu tam ate  medium, th e  C ^-acid  being  added to  induce th e  d c t system .

The uptake o f D L - ta r tra te  was r e a d i ly  m easured and was found to  be 

pow erfu lly  in h ib i te d  by 1 mM DNP. DCCD a lso  in h ib i te d  th e  uptake 

(F igure  3 ^ ) . E x tra c tio n  o f the  pool and th in  la y e r  chromatography 

o f i t  dem onstrated  th a t  the  la b e l  p re s e n t in s id e  the  c e l l  was t a r t r a t e .

I t  thus seems l i k e ly  t h a t  the  e f f e c t s  observed  on D L -lac ta te  uptake 

a re  more g e n e ra lly  observed w ith  ca rb o x y la te  perm eation  in  E. c o l i .

A p o te n t ia l ly  in te r e s t in g  o b se rv a tio n  in  r e l a t io n  to  the  

p o s s ib le  ro le  o f e le c tro n  t r a n s p o r t  p ro c e sse s  i n  l a c t a t e  uptake and to  th e  

ro le  o f l a c t a t e  ox id ases  in  th e  uptake o f o th e r  compounds was made when 

an a ttem p t to  s tu d y  th e  k in e t ic s  o f l a c t a t e  uptake a t  v a rio u s  

c o n ce n tra tio n s  was made u sin g  c e l l s  o f AB1621 grown on D L -lac ta te .

The in i t i e i l  r a t e s  obtsdjied were found to  be low compared to  th e  r a te s  

observed a f t e r  2 m in u tes . An a u to c a ta ly t ic  e f f e c t  has been observed 

in  l a c t a t e  o x id a tio n  by A zotobacter v in e la n d i i  (Knowles & Sm ith, I971) .
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Figure 37

Pathway o f a c e ta te  and 2 ,3 -b u ta n e d io l fo rm ation  in  A. aero g en es . 

ACK = a c e ta te  k in a se , PTA = p h o sp h o tra n sa c e ty la se , = pH 6 

a c e to la c ta te -fo rm in g  enzyme, E^ = a c e to la c ta te  decarboxy lase ,

E^ = d ia c e ty l  (a c e to in )  re d u c ta s e , PDH = pyruvate  dehydrogenase 

complex and PFL = pyruvate  form ate ly a se  system .
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CHAPTER IV

S tu d ie s  o f th e  a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  and th e

2 ,3 -b u ta n e d io l-fo rm in g  system s in  Aero b a c te r  aerogenes 1033

In tro d u c tio n

Many homologies have been found between m etabo lic  p ro cesses  

in  E. c o l i  and A. aerogenes bu t c e r ta in  broad d if fe re n c e s  d is t in g u is h  

th e  organism s. One o f th e se  d if f e r e n c e s , which i s  used as  a 

taxonomic in d ic a to r  fo r  the  s e p a ra tio n  o f co lifo rm  and aeroform  ty p e s , 

in v o lv es  th e  fe rm en ta tiv e  p ro p e r t ie s  o f th e  g roups. Thus A. aerogenes 

can ferm ent g lucose  to  produce a c e to in  and 2 ,3 -b u ta n e d io l, b u t E. c o l i  

can n o t. O ther d if fe re n c e s  in  the  p a t te r n  o f fe rm en ta tio n  p ro ducts  

a re  a ls o  observed (Wood, I 961) .

The p ro d u c tio n  o f a c e to in  and 2 ,3 -b u ta n e d io l from pyruvate  

in  A. aerogenes in v o lv es  th re e  enzymes, th e  pH 6 a c e to la c ta te -fo rm in g  

enzymç a c e to la c ta te  decarboxylase and 2 ,3 -b u ta n e d io l dehydrogenase 

(F igure  37) (S t/rm e r, 19&7; 'LfSken & 8 t/rm e r , 1970; Bryn, H etland & 

S t/rm e r , 1971). The sy n th e s is  o f th e se  enzymes i s  c o o rd in a te ly  

induced  by a c e ta te  in  th e  presence  o f a  m etab o lisab le  carbon so u rce , 

such as  g lucose (S t/rm e r, 1968a ) .  B esides i t s  r o le  in  the  coarse  

c o n tro l o f th e  2 , 3-b u tan ed io l-fo rm in g  pathway, a c e ta te  a ls o  appears to  

have a ro le  in  i t s  f in e  c o n tro l .  A cetate  has been shown to  be an 

a c t iv a to r  o f th e  pH 6 a c e to la c ta te -fo rm in g  enzyme (S t/rm e r, 1968b ) .

The s a tu r a t io n  curve fo r  py ruvate  i s  h y p e rb o lic  in  a c e ta te  b u f fe r ,  b u t
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sigm oidal k in e t ic s  a re  o b ta in ed  in  o th e r  b u f f e r s .  The enzyme has a 

sharp  pH optimum a t  pH 3*8 in  a c e ta te  b u f f e r .  No e f f e c t  o f a c e ta te  

on d ia c e ty l  (a c e to in )  re d u c ta se  i s  observed  i f  the  r e a c t io n  i s  examined 

in  th e  d i r e c t io n  o f a c e to in  re d u c tio n . In  th e  re v e rse  d ir e c t io n ,  

however, th e  fo r  2 , 3-b u ta n e d io l in c re a s e s  about 10- f o ld  in  a c e ta te  

as compared w ith  phosphate b u ffe r  a t  pH 3 .8 ,  b u t no e f f e c t  o f a c e ta te  

i s  observed a t  pH 7 .0  (u n p u b lish ed ).

These o b se rv a tio n s  o f th e  in t e r a c t io n  between a c e ta te  and 

th e  enzymes o f th e  a c e to in /2 , 3-b u ta n e d io l-fo rm in g  system  p roo^ ted  an 

exam ination o f c e r ta in  p ro p e r t ie s  o f th e  a c e ta te  k in a se /p h o sp h o tran s

a c e ty la se  system  in  A. aerogenes and t h e i r  r e la t io n s h ip  to  those  o f 

the  b u ta n e d io l pathway. The c o n tro ls  a c t in g  on the  fe rm en ta tiv e  

system s p roducing  a c e ta te ,  and a c e to in  and 2 , 3-b u ta n e d io l, m ight be 

expected to  show c e r ta in  c o r r e la t io n s  in  t h e i r  p ro p e r t ie s .  The s tudy  

o f th e  c o n tro l  o f fe rm en ta tiv e  enzymes in  th e  E n te ro b a c te r ia ce ae  has 

been l im i te d .  Much work has been c a r r ie d  ou t on fa c to rs  c o n tro l l in g  

the  spectrum  o f  fe rm en ta tio n  p ro d u c ts , b u t r e l a t i v e l y  l i t t l e  i s  known 

o f how th e  p ro d u c tio n  i s  c o n tro lle d  a t  th e  enzyme le v e l .  I t  seemed 

l ik e ly  th a t  u s e fu l  in fo rm a tio n  on th e  c o n tro l  o f the  sy n th e s is  o f 

fe rm en ta tio n  p ro d u c ts  could  be o b ta in ed  from in te g ra te d  s tu d ie s  o f 

the  a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  and o f the  a c e to in /2 , 3-  

b u tan ed io l-fo rm in g  system  o f A. aero g en es .

S tu d ie s  o f the  p ro d u c ts  o f  g lucose  fe rm en ta tio n  and the  

e x te rn a l f a c to r s  m odulating th e i r  s y n th e s is  r e v e a l  in te r e s t in g  

d if fe re n c e s  between A. aerogenes and E. c o l i . Q u a lita tiv e  d if f e r e n c e s , 

such as th e  absence o f th e  b u tan ed io l-fo rm in g  enzymes from E. c o l i , 

e x i s t  a lo n g sid e  th e  q u a n t i ta t iv e  d if f e r e n c e s  in  the  amounts o f  p ro d u c ts
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form ed. The response  o f the  fe rm e n ta tiv e  mechanisms to  v a r ia t io n s  

in  e x te rn a l  f a c to r s ,  such as oxygen c o n c e n tra tio n  and pH, a lso  d i f f e r s  

in  th e  two sp e c ie s .

One o f th e  most im p o rtan t d if f e re n c e s  between A. aerogenes 

and E. c o l i  ferm enations o f g lucose  l i e s  in  the  response  to  th e  pH 

o f th e  medium. E. c o l i  shows r e l a t i v e l y  l i t t l e  d if fe re n c e  in  the  

p ro d u c ts  formed a t  a c id  o r a lk a l in e  pH w ith  the  ex cep tio n  th a t  form ate 

i s  produced a t  a lk a l in e  pH, b u t re p la c e d  by hydrogen and carbon d iox ide  

a t  a c id  pH (Blackwood, Neish & Ledingham, 193&; Gray e t  a l . , 1966a ) .

A. aerogenes shows co n sid e rab le  d if fe re n c e s  (M ickelson & Werkman, 1938; 

H arrison  & P i r t ,  I 967) .  The major d if f e re n c e  l i e s  in  th e  v i r t u a l

absence o f b u tan ed io l p ro d u c tio n  a t  pH 7 .4  which c o n tra s ts  w ith  i t s

r o le  as the  major fe rm en ta tio n  p roduct a t  pH 6 .0 . H arrison  and P i r t  

( 1967) used continuous c u ltu re  tech n iq u es  to  in v e s t ig a te  the  e f f e c t  o f 

d i f f e r e n t  forms o f growth l im i ta t io n  on th e  p ro d u c ts . Oxygen 

c o n ce n tra tio n  and medium pH emerged as th e  most c r i t i c a l  f a c to r s .

P re lim in ary  in v e s t ig a t io n s  o f th e  coarse  c o n tro l mechansism 

a c tin g  on th e  a c e ta te  and b u tan ed io l-fo rm in g  system s o f  A. aerogenes 

1033 have been c a r r ie d  ou t in  c o lla b o ra t io n  w ith  Dr. P.O. S t/rm er 

(U n iv e rs ité te t  i  O slo ). The ro le  o f th e  a c e ta te  k in a se /p h o sp h o tran s

a c e ty la se  system  was in v e s t ig a te d  u s in g  m utants devoid o f th e se  enzymes, 

M utants in  a c e ta te  a c t iv a t io n  were u sed  to  s tudy  th e  n a tu re  o f th e

in d u cer o f  th e  enzymes o f the  b u tan ed io l-fo rm in g  pathway.
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M a te ria ls  and Methods

Organisms The organism s used in  t h i s  c h a p te r  a re  l i s t e d  in  

Table 1.

Growth o f organism s A. aerogenes 1033 emd d e r iv a tiv e s  p rep ared  from 

i t  were grown on minimal medium supplem ented w ith  tra c e  elem ents 

(Ashworth & Kornberg, I 966) .  Carbon so u rces  were added a t  30 mM 

u n le ss  o therw ise  s t a t e d .  C u ltu res  fo r  enzyme assays were grown 

e i th e r  a e ro b ic a lly  in  a  ro ta r y  shaker a t  37°0 o r a n a e ro b ic a lly  in  a  

ferm enter sparged  w ith  95^ N ^ 3 ^  CO  ̂ o f  th e  p u re s t  grade a v a i la b le .

During anaerob ic  grow th, the  pH o f th e  medium was k ep t c o n sta n t u s in g  

a T i t r a to r  TTr2 (Radiom eter L td .,  Copenhagen, Denmark) connected to  

an A utobure tte  ABU I 3 o b ta in ed  from th e  same Company. A dditions o f 

0 .1  M NaOH were th e re fo re  made a u to m a tic a lly  to  compensate fo r  the  

a c id  produced during  fe rm e n ta tio n . S tu d ie s  o f  aero b ic  and anaerob ic  

growth r a te s  were c a r r ie d  ou t as d e sc rib e d  fo r  E. c o l i  in  C hapter I .

Enzyme assays C e l l - f r e e  e x tr a c ts  fo r  th e  assay  o f a c e ta te  k in ase  

and p h o sp h o tran sace ty la se  were p rep a red  in  0 .1  M T ris-H C l, 10 mM 

and 1 mM sodium EDTA b u ffe r  pH 7«3 as  d e sc r ib e d  in  C hapter I .  30 mM 

potassium  phosphate b u ffe r  was used to  p rep a re  th e  e x tr a c ts  fo r  assay  

o f d ia c e ty l  (a c e to in )  re d u c ta s e . A ceta te  k in a se  and p h o sp h o tran sace ty la se  

were assayed as d e sc rib ed  in  C hapter I .  P h o sp h o tran sace ty lase  was a lso  

assayed  by th e  method o f Bergmeyer (19&3). D ia ce ty l (a c e to in )  re d u c ta se  

was measured by fo llow ing  th e  fo rm ation  from 2 ,3 -b u ta n e d io l and NAD.

The in cu b a tio n  m ixture co n ta in ed  in  1 ml: 1 .3  pmoles NAD, 100 pmoles
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2 ,3 -b u ta n e d io l and 30 ymoles po tassium  phosphate b u f fe r  pH 7 .0 .

P ro te in  was e s tim a te  by th e  method o f  Lowry e t  a l .  (1931).

S e le c tio n  o f m utants M utants devoid o f a c e ta te  k in a se , phospho

tr a n s a c e ty la s e ,o r  bo th  a c t i v i t i e s ,  were s e le c te d  by p la t in g  approxim ately  
0

10 c e l l s  on 30 mM D L -lac ta te  p la te s  c o n ta in in g  30 mM f lu o r o a c e ta te . 

Spontaneously  r e s i s t a n t  c o lo n ie s  w hichappeared a f t e r  approx im ately  48 h 

were p icked  and p u r i f ie d  by re p e a te d  s tre a k in g  fo r  s in g le  c o lo n ie s .

R esu lts  and D iscussion

The r o le  o f th e  a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  system  

in  A. ae ro g en es . S tu d ies  w ith  f lu o r o a c e ta te - r e s i s ta n t  m utants The 

a c tio n  o f a c e ta te  in  c o n tro l l in g  the  p ro d u c tio n  o f a c e to in  and b u ta n ed io l 

by A. aerogenes i s  dependent on th e  fu n c tio n in g  o f th e  a c e ta te  e x c re to ry  

system . The p ro p e r t ie s  o f m utants devoid o f  a c e ta te  k in ase  and 

p h o sp h o tran sace ty la se  were th e re fo re  s tu d ie d  in  o rd er to  confirm  the  

am phibolic r o le  o f t h i s  system . I t  i s  a lso  o f i n t e r e s t  to  compare th e  

p ro p e r t ie s  o f th e  m utants w ith  those  i s o la te d  in  E. c o l i  K12.

Assay o f th e  le v e l s  o f a c e ta te  k in ase  and p h o sp h o tran sace ty la se  

in  f lu o r o a c e ta te - r e s i s ta n t  m utants o f A. aerogenes re v e a le d  th re e  c la s s e s  

o f m utant: a c e ta te  k in a se -n e g a tiv e , p h o sp h o tra n sa c e ty la se -n eg a tiv e

and a c e ta te  k in a se /p h o sp h o transa c e ty 1a se -n e g a t iv e . The i s o la t io n  o f

m utants devoid  o f bo th  enzymes by spontaneous m utation  to  f lu o ro a c e ta te  

r e s is ta n c e  su g g es ts  th a t  the  genes sp e c ify in g  th e i r  sy n th e s is  may be 

c lo se ly  lin k e d  o r under co o rd in a te  c o n tro l .  No examples o f t h i s  c la s s



Table 13 Growth p ro p e r t ie s  o f  f lu o r o a c e ta te - r e s i s ta n t  m utants 

o f A. aerogenes 1033

Organism, Mean g e n e ra tio n  
tim e on a c e ta te

Mean g e n e ra tio n  time 
on g lu c o se /b ic a rb o n a te

w ild  type 3 h 1 h

FAc8 (ACK” ) c . l 6 h 2 .3  h

FAc6 (PTA") c . l 6 h 2 .3  h

FAc7 (ACK/PTA” ) c . l 6 h 2 .3  h

Growth on a c e ta te  was m easured i n  c u ltu re s  shaken v ig o ro u sly  a t  37 0. 

Sodium a c e ta te  was added a t  30 mM. Growth was measured as d esc rib ed  

in  M ate ria ls  and Methods (C hapter Ï ) .  Anaerobic growth was measured 

a t  37°0 in  c u ltu re s  sparged  co n tin u o u sly  w ith 95^  ; 3% 00^ , as

d esc rib ed  in  M a te ria ls  and Methods (C hapter I ) .  The medium con tained  

23 mM g lucose  and 23 mM sodium b ic a rb o n a te .
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o f m utant were i s o la t e d  in  E. c o l i  K12. Only a  l im ite d  number o f 

tran sd u c in g  phages a re  a v a ila b le  fo r  A. aerogenes s t r a in s  and th ese  

have a r e s t r i c t e d  h o s t ran g e . T ransduction  o f  K le b s ie l la  pneumoniae 

by phage PI has been re p o r te d  (S tre ic h e r ,  Gurney & V a len tin e , 1971) b u t 

i t  was found to  be in e f f e c t iv e  a g a in s t  A. aerogenes 1033» I t  i s  thus 

im possib le  to  c a r ry  ou t lin k ag e  s tu d ie s  by co n ven tional tech n iq u es  to  

determ ine w hether th e  s t r u c tu r a l  genes fo r  a c e ta te  k in ase  and phospho

tra n s a c e ty la s e  a re  in  f a c t  c lo se ly  lin k e d  in  A. aero g en es .

The growth p ro p e r t ie s  o f th e  m utants were s tu d ie d  under 

c o n d itio n s  where one or o th e r o f th e  dual r o le s  o f th e  a c e ta te  k in a s e /  

p h o sp h o tran sace ty la se  m ight be expected to  be s ig n i f ic a n t  (Table 13 ).

The growth o f a  r e p re s e n ta t iv e  of each c la s s  o f m utant was te s te d  on 

a c e ta te .  Under th e se  c o n d itio n s , th e  system  m ight be expected  to  

fu n c tio n  in  th e  a c t iv a t io n  o f a c e ta te .  The m utants were e s s e n t ia l ly  

a c e ta te -n e g a tiv e  even a f t e r  p ro longed in c u b a tio n  in  a c e ta te  medium.

This would su g g es t th a t  no a c e ta te  a c t iv a t in g  system  o th e r than  the  

a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  system  o p e ra te s  a t  a  s ig n i f ic a n t  

le v e l  under th e se  c o n d itio n s . A cetate  k in ase  and p h o sp h o tran sacety lase- 

n eg a tiv e  m utants o f  B rev ibacterium  flavum a re  a lso  a c e ta te -n e g a tiv e  

(S h iio  e t  a l . , 19&9) b u t a c e ta te  k in a se -n e g a tiv e  m utants of  E. c o l i  K12 

show slow , b u t lo g a r i th m ic , growth on a c e ta te  (see  C hapter I ) .  The 

growth o f the  m utant s t r a in s  on g lucose/sod ium  b ica rb o n a te  medium under 

anaerob ic  c o n d itio n s  was a lso  s tu d ie d  (Table 13 ). During the  

fe rm en ta tio n  o f g lucose  the  ex c re to ry  fu n c tio n  o f  the  a c e ta te  k in a s e /  

p h o sp h o tran sace ty la se  system  m ight be expected  to  be in p o r ta n t .  There 

was a  c o n s id e ra b le  in c re a se  in  th e  mean g e n e ra tio n  tim e o f  a l l  c la s s e s  

o f m utant compared w ith  th e  w ild -ty p e  under th e se  growth c o n d itio n s  and
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Figure 38

In c o rp o ra tio n  o f  [2  CÜa c e ta te  by m utants o f A. aerogenes 1033 

devoid o f  a c e ta te  k in ase  and p h o sp h o tran sace ty la se  a c t i v i t y .  

In c o rp o ra tio n  o f  r a d io a c tiv e  la b e l  in to  c e l l  m a te r ia l  was measured 

as d e sc rib ed  in  M a te r ia ls  and Methods (C hapter 1 ) .

(a) In c o rp o ra tio n  o f 2 mM sodium C2 C Jace ta te  by A. aerogenes 1033

#  ; FAc6 (PTA") ▲ ; FAc? (ACK/PTA") ▼ ; FAc8 (ACK") ■ ;

during  growth on 23 mM glucose  a f t e r  pregrow th on g lu co se .
l£|_

(b) In c o rp o ra tio n  o f 2 mM and 20 mM sodium [2  C ]ace ta te  by

A. aerogenes 1033 O (2 mM); •  (20 mM) ;

FAc6 (PTA") A (2 mM); A (20 mM) ; FAc? (ACK/PTA") V (2 mM);

▼ (20 mM); FAc8 (ACK") □ (2 mM); ■ (20 mM).



Table 16 Levels o f  a c e ta te  k in a se  and p h o sp h o tran sace ty la se  

in  c u l tu re s  o f A. aerogenes 1033 grown on various 

carbon so u rc e s .

Carbon source s p e c if ic  a c t i v i ty  

a c e ta te  k in a se  p h o sp h o tran sace ty la se

g lucose 1 .7 2 .4

g ly c e ro l 1 .3 2.1

pyruvate 5 .8 8.4

a c e ta te 1.0 1.7

C u ltu re s  were grown w ith  v igorous a e ra t io n  to  an A^g^ o f 1. Carbon 

sou rces  were added a t  50 mM. C e l l- f r e e  e x tr a c ts  were p rep ared  and 

enzyme le v e ls  e s tim a te d  as  d e sc rib ed  in  M a te r ia ls  and Methods. 

P h o sp h o tran sace ty lase  a c t i v i t i e s  were m easured u sin g  th e  coupled aissay, 

S p e c if ic  a c t i v i t i e s  a re  ex p ressed  as  )imol a c e ty l  hydroxamate form ed/ 

rain/mg p ro te in  (a c e ta te  k in a se )  and ^imol NADH formed/min/mg p ro te in  

(p h o sp h o tra n sa c e ty la se ) .
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t h i s  confirm s th e  r o le  o f  th e  a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  

system  in  fe rm en ta tiv e  m etabolism . These d a ta  su g g est th a t  th e  system  

has an am phibolic r o le  i n  A. aero g en es .

In c o rp o ra tio n  experim ents in  which c e l l s  were exposed to  

l a b e l le d  a c e ta te  a t  2 and 20 mM w hile growing on g lucose  o r g ly c e ro l 

were c a r r ie d  o u t. They dem onstrated  the  a b o l i t io n  o f  e s s e n t ia l ly  a l l  

a c e ta te  a c t iv a t in g  a b i l i t y  in  th e  m utants during  growth on both g lucose 

and g ly c e ro l (F igure  38 ) .  Pregrowth on g ly c e r o l /a c e ta te  medium f a i le d  

to  s tim u la te  in c o rp o ra tio n . The r e s u l t s  o f th e  in c o rp o ra tio n  

experim ents show a good c o r r e la t io n  w ith  the  a c e ta te  growth p ro p e r t ie s .  

The p ro p e r t ie s  o f the m utants in  A. aerogenes c o n tra s t  w ith  those of 

th e  m utants in  E. c o l i  K12. In c o rp o ra tio n  d a ta  from a c e ta te  k in a se -  

l e s s  s t r a in s  o f  E. c o l i  K12 p rov ided  evidence fo r  a  second a c e ta te  

a c t iv a t io n  system . In  c o n tr a s t ,  only low le v e ls  o f a c e ta te  th io k in a se  

a c t i v i t y  were d e te c te d  in  c e l l - f r e e  e x tr a c ts  p repared  from an a c e ta te  

k in a s e - le s s  s t r a i n  o f A. aerogenes grown on g ly c e r o l /a c e ta te  medium.

V a ria tio n  in  a c e ta te  k in a se  and p h o sp h o tran sace ty la se  le v e ls  w ith  growth 

c o n d itio n s  The p o s s i b i l i t y  th a t  the coarse  c o n tro l p ro p e r t ie s  o f 

th e  a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  system  m ight r e f l e c t  i t s  ro le  

in  fe rm en ta tiv e  m etabolism  and, more p a r t i c u l a r ly ,  i t s  r e la t io n s h ip  

to  the  c o n tro l  o f th e  a c e to in /2 , 3-b u tan ed io l-fo rm in g  pathway, was 

in v e s t ig a te d .  P re lim in a ry  s tu d ie s  o f th e  le v e l s  o f a c e ta te  k inase  

and p h o sp h o tran sace ty la se  in  c u l tu re s  grown on v a rio u s  carbon sources 

were c a r r ie d  o u t (Table I 6 ) .  C oordinate ex p ress io n  o f  th e  enzyme 

a c t i v i t i e s  i s  observed . E lev a ted  le v e ls  o f the  enzymes were found in  

c u ltu re s  grown on p y ru v a te . Pyruvate l i e s  a t  a  key branch p o in t in
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Figure 39

V a ria tio n  in  s p e c i f ic  a c t i v i t i e s  o f a c e ta te  k in ase  and phospho

tra n s a c e ty la s e  in  A. aerogenes 1033 during  growth on 30 mM g lucose 

w ith  v igorous a e r a t io n .  300 ml c u ltu re s  were grown in  2 l i t r e  

Erlenraeyer f la s k s  shaken a t  approxim ately  300 re v o lu tio n s  p e r min in  

a New Brunswick ro ts iry  sh ak e r. Samples fo r  enzyme assay  were 

removed a t  in t e r v a l s .  Chloram phenicol was added to  g ive  a 

c o n ce n tra tio n  o f 100 pg/m l and th e  samples were cooled in  i c e .  

C e l l - f r e e  e x tr a c ts  were p rep ared  and enzymes assayed  as  d esc rib ed  

in  M a te r ia ls  and Methods. The coupled assay  was used to  e s tim ate  

p h o sp h o tra n sa c e ty la se . The maximum s p e c if ic  a c t i v i t y  o f a c e ta te  

k inase was 2 .4  and th a t  o f  p h o sp h o tran sace ty la se  4 .0 .  Growth o f 

the  c u ltu re  was measured as d esc rib ed  in  M a te ria ls  and Methods. 

Growth #  ; % maximum s p e c if ic  a c t i v i t y  o f a c e ta te

k in ase  ■ ; % maximum s p e c if ic  a c t i v i t y  o f p h o sp h o tran sace ty la se
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Figure 40

V aria tio n  in  s p e c i f ic  a c t i v i t i e s  o f a c e ta te  k in ase  and 

p h o sp h o tran sace ty lase  in  A. aerogenes 1033 d u ring  growth on 30 mH 

sodium pyruvate  w ith  v igorous a e r a t io n .  300 ml c u ltu re s  were 

grown in  2 l i t r e  Erlenm eyer f la s k s  shaken a t  approxim ately  300 

re v o lu tio n s  p e r min in  a  New Brunswick ro ta ry  sh ak e r. Samples fo r  

enzyme assay  were removed a t  in t e r v a l s .  O hioran^henicol was added 

to  g ive a  c o n c e n tra tio n  o f 100 pg/m l and th e  san g le s  were cooled in  

i c e .  C e l l- f re e  e x tr a c ts  were p rep ared  and enzyme assays c a r r ie d  

out as d esc rib ed  in  M a te ria ls  and Methods. The coupled assay  was 

used to  e s tim a te  p h ospho transa c e ty la s e . The maximum s p e c if ic

a c t iv i ty  o f a c e ta te  k in ase  was ^,6  and th a t  o f p h o sp h o tran sace ty la se  

11 .3 . Growth o f  th e  c u ltu re  was measured as d e sc rib ed  in  M a te r ia ls  

and Methods. Growth ^  maximum s p e c if ic  a c t i v i t y

o f a c e ta te  k in ase  ■ ; % maximum s p e c if ic  a c t i v i t y  o f phospho

tra n s a c e ty la s e  A
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fe rm en ta tiv e  m etabolism  and a c e ta te  i s  a  m ajor p roduct o f the 

fe rm en ta tio n  o f py ruvate  (K rebs, 1937)- E leva ted  le v e l s  o f the  

a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  system  were a lso  found in  E. c o l i  

grown on pyruvate  (see  C hapter I ,  Table 2 ) .

The v a r ia t io n  in  le v e l s  o f  a c e ta te  k in ase  and phospho trans

a c e ty la se  in  c u ltu re s  growing a e ro b ic a l ly  on g lucose was s tu d ie d  

(F igure  39)» There i s  a  co o rd in a te  r i s e  in  th e  le v e ls  o f  th e  two 

enzymes as growth p ro ceed s . During growth on g lucose in  b a tch  

c u l tu re ,  a number o f f a c to r s  which m ight be seen  as p o te n t ia l ly  

c o n tro l l in g  the  s y n th e s is  o f th e  a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  

system w il l  va ry : th e se  in c lu d e  th e  pH o f the  medium, th e  oxygen

c o n ce n tra tio n  in  the  medium, and th e  c o n ce n tra tio n s  o f low m olecular 

w eight m e ta b o lite s  ex c re ted  in to  th e  medium during  fe rm e n ta tio n . In  

view o f the  o b se rv a tio n  th a t  e le v a te d  le v e l s  o f th e  enzymes a re  found 

in  pyruvate-grow n c e l l s  and th a t  py ruvate  i s  e x c re ted  by A. aerogenes 

growing a e ro b ic a lly  on g lucose  under some c o n d itio n s  (Dagley e t  a l . ,

1931 ; H arrison  & P i r t ,  19&7), th e  v a r ia t io n  o f a c e ta te  k in ase  and 

ph o sp h o tran sace ty la se  le v e ls  du ring  growth on pyruvate  was te s te d .  

V a ria tio n  o f le v e ls  was observed (F igure  4 0 ) . This su g g es ts  th a t  

accum ulation o f pyruvate  in  th e  medium during  growth on g lucose  

cannot be th e  so le  cause o f th e  in c re a s e  in  le v e ls  observed . In  o rd e r 

to  in v e s t ig a te  th e  f a c to r s  c o n tro l l in g  enzyme le v e ls  during  

fe rm en ta tiv e  grow th, fu r th e r  experim ents were undertaken  w ith  a  

fe rm en ter in  which bo th  th e  pH o f th e  medium and the  oxygen c o n ce n tra tio n  

in  th e  medium can be c o n tro l le d . The v a r ia t io n  in  medium com position 

cannot, o f co u rse , be c o n tro l le d  in  th e se  experim en ts. In  th e se  

experim en ts, th e  v a r ia t io n s  i n  a c e ta te  k in a se  and p h o sp h o tran sace ty la se



Table 1? A cetate  k in a se , p h o sp h o tran sace ty la se  and d ia c e ty l  

(a c e to in )  re d u c ta se  le v e ls  in  c u ltu re s  o f A. aerogenes 

1033 growing a n a e ro b ic a lly  on g lucose a t  c o n s tan t pH

*680
a c e ta te
k in ase

s p e c if ic  a c t i v i t y  

pho spho t ra n s a c e ty la s e d i a c e ty l
(a c e to in )
re d u c ta se

0 .17 1.1

pH 7 .0

0 .7

0.63 2 .7 0 .8 0.03

0.93 3 .0 1.6 0.03

1.26 3 .0 2 .2 0.09

1.32 2 .6 2 .2 0 .10

0.13 1.6

pH 3 .8

1.4 0.24

0 .32 2 .2 1 .8 2 .0

0.66 1.6 1 .8 4 .4

0.89 1.7 1 .8 6 .3

0 .87 1 .3 1 .8 6 .0

C u ltu res  were grown on 30 mM g lucose  as d e sc rib ed  in  M a te ria ls  and 

Methods. Enzyme assays were c a r r ie d  ou t as d e sc rib ed  in  M a te ria ls  

and Methods. The th io l e s t e r  a b so rp tio n  assay  was used to  determ ine 

p h o sp h o tra n sa c e ty la se . S p e c if ic  a c t i v i t i e s  a re  expressed  as p a o l /  

min/mg p r o te in .



Table 18 The e f f e c t  o f  a c e ta te  on th e  fo rm ation  o f  d ia c e ty l

(a c e to in )  re d u c ta se  in  A. aerogenes 1033 and FAc7 

(ACK/PTA” )

mM a c e ta te w ild -ty p e s p e c if ic  a c t i v i t y  
a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se

0 0.03 0.04

23 0.17 0.21

30 0.24 0 .3 7

130 0.43 0.34

200 0.41 0 .67

The c e l l s  were pregrown on 30 mM glucose and h a rv e s te d  when they  had 

reached  an A^gg o f 0 .3 ; th ey  were washed and resuspended  in  minimal 

medium co n ta in in g  30 mM g lucose  and v a rio u s  amounts o f  sodium a c e ta te  

(pH 7*0) a t  a  f in a l  A^gg o f 1 .3  in  a  volume o f 30 m l. The c e l l  

su spensions were shaken fo r  60 min a t  approx im ate ly  100 s tro k e s  p e r  min 

i n  a  w ater b a th  a t  37°0. C e l l - f r e e  e x tr a c ts  were p rep a red  and enzyme 

assay s  c a r r ie d  o u t as d e sc rib ed  in  M a te r ia ls  and Methods. S p e c if ic  

a c t i v i t y  i s  expressed  as p,mol NADH formed/min/mg p r o te in .
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s p e c if ic  a c t i v i t i e s  during  growth on g lucose  w ith  the  pH o f th e  

medium m ain ta ined  c o n s ta n t a t  pH 3-8  o r pH 7-0  under anaerob ic  

c o n d itio n s  were measured (Table 17 ). The in c re a se  in  s p e c i f ic  

a c t i v i t i e s  observed  during  anaerob ic  growth on g lucose under th e se  

co n d itio n s  were much sm a lle r than  th o se  found in  aero b ic  c u ltu re s  

growing on g lu c o se . This would su g g est th a t  th e  v a r ia t io n  in  pH 

o f th e  medium o r i t s  oxygen c o n c e n tra tio n  m ight be s ig n i f ic a n t  f a c to r s  

in  c o n tro l l in g  th e  sy n th e s is  o f a c e ta te  k in ase  and p h o sp h o tra n sa c e ty la se . 

The o b se rv a tio n s  th a t  th e  enzyme le v e l s  a re  s im ila r  a t  bo th  pH 3-8  

and 7-0  suggest th a t  th e  l a t t e r  f a c to r  must be o f prim ary in p o r ta n c e .

V a ria tio n  in  d ia c e ty l  (a c e to in )  re d u c ta se  le v e ls  w ith  a c e ta te  

c o n ce n tra tio n  and growth co n d itio n s  The. e f f e c t  o f v a ry ing  c o n ce n tra tio n s  

o f a c e ta te  upon th e  le v e l s  o f d ia c e ty l  (a c e to in )  re d u c ta se  in  w ild -ty p e  

and in  th e  a c e ta te  k in a s  e/phospho t r  ans ac e t y l  as e -n e g a tiv e  m utant o f 

A. aerogenes 1033 i s  shown in  Table 18. The in d u c tio n  experim ents 

were c a r r ie d  o u t under sem i-anaerob ic  c o n d itio n s  in  the  p resence  o f 

30 mM g lu c o se . The r e s u l t s  s tro n g ly  su ggest th a t  a c e ta te  p e r se i s  

the  in d u cer o f th e  b u tan ed io l-fo rm in g  enzyme: n e i th e r  a c e ty l  phosphate

nor a c e ty l  CoA can be formed from a c e ta te  in  th e  m utant and hence 

n e i th e r  o f th e se  compounds can be th e  in d u c e r . The dem onstration  o f 

the  r o le  o f a c e ta te  sis th e  in d u cer i s  s ig n i f ic a n t  in  view o f th e  la rg e  

changes in  c o n c e n tra tio n  o f f r e e  a c e t ic  a c id  which w i l l  occur as the  

pH o f th e  medium f a l l s  du ring  th e  fe rm en ta tio n  o f  g lu co se . The 

im portance o f th e  c o n ce n tra tio n  o f f r e e  a c e t ic  a c id  in  c o n tro l l in g  

the  p ro d u c ts  o f  fe rm en ta tio n  in  A erobacter was a lre a d y  reco g n ized  by 

M ickelson and Werkman (1938).
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The fo rm ation  o f d ia c e ty l  (a c e to in )  re d u c ta se  had a lso  

been examined d u ring  anaerob ic  grow th on g lucose  a t  c o n s ta n t pH (T able 1 ? ) . 

At pH 3 .8  th e re  i s  a  ra p id  r i s e  in  d ia c e ty l  (a c e to in )  re d u c ta se  

a c t i v i t y  in  th e  c u ltu re  during  grow th. At pH 7 .0  th e re  i s  only  a 

sm all r i s e  and th e  f in a l  le v e l  o f th e  enzyme formed i s  only about 

o f th a t  f in a l ly  a t ta in e d  in  th e  c u ltu re  grown a t  pH 3*8. N eg lig ib le  

sy n th e s is  of d ia c e ty l  (a c e to in )  re d u c ta se  i s  observed in  c u ltu re s  

grown on g lucose  w ith  v igorous a e r a t io n .  The im portance o f oxygen 

co n ce n tra tio n  in  c o n tro l l in g  th e  p ro d u c tio n  o f a c e ta te  and 2 ,3 -  

b u tan ed io l was dem onstrated  by H arriso n  and P i r t  (196?). I t  i s  

p o s s ib le  th a t  oxygen c o n ce n tra tio n  may a f f e c t  th e  pH o f  the  medium 

achieved  in  b a tch  c u ltu re  experim en ts.
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CONCLUSION

The work d e sc rib ed  in  t h i s  th e s i s  has la rg e ly  stemmed from 

a ttem p ts  to  s tudy  th e  perm eation  o f  E. c o l i  K12 by a l ip h a t ic  

m onocarboxylic a c id s , in  p a r t i c u l a r ,  i t s  perm eation  by a c e ta te .  2hree 

broad a re a s  o f in v e s t ig a t io n  a rose  from th e  c o n s id e ra tio n  o f th i s  

i n i t i a l  problem :

1. The n a tu re  o f  the  a c e ta te  a c t iv a t io n  mechanism(s) in  E. c o l i  K12 

and A. aero g en es .

2 . The c o n tro l o f  th e  enzymes re s p o n s ib le  fo r  a c e ta te  a c t iv a t io n

and e x c re tio n  and the  r e la t io n s h ip  o f t h i s  c o n tro l to  p o s s ib le  c e l l u la r  

fu n c tio n s  o f th e se  enzymes.

3 . The mechanism o f m onocarboxylic a c id  perm eation  in  E. c o l i  K12, in  

p a r t i c u l a r ,  th e  r o le  o f s p e c i f ic  perm eation  mechanisms in  th e  

u t i l i z a t i o n  o f a c e ta te  and l a c t a t e .

The s tu d ie s  w ith  A. aerogenes c a r r ie d  o u t i n  c o lla b o ra t io n  w ith  

Dr. S t/rm er were i n i t i a t e d  as a  r e s u l t  o f  i n t e r e s t  in  th e  ro le  o f 

a c e ta te  in  th e  c o n tro l o f  fe rm en ta tiv e  m etabolism  i n  t h i s  organism .

The s tu d ie s  o f  a c e ta te  a c t iv a t io n  were a  p r e r e q u is i te  fo r  the  

in v e s t ig a t io n  o f a c e ta te  perm eation , b u t p roved in te r e s t in g  in  t h e i r  

own r i g h t .  They re v e a le d  the  e x is te n c e  o f  a  second system  capab le  o f 

a c t iv a t in g  a c e ta te  in  E. c o l i  K12. (The a b i l i t y  o f th e  a c e ta te  k in a s e /  

p h o sp h o tran sace ty la se  system  to  a c t iv a te  a c e ta te  ^  v i t r o  has been 

known fo r  many y e a r s ) .  The p ro p e r t ie s  o f th e  second system  were 

c o n s is te n t  w ith  a  ro le  in  a c e ta te  a c t iv a t io n  a t  low a c e ta te  c o n ce n tra tio n s
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b u t la ck  o f su ccess  in  th e  i s o la t io n  o f  m utants d e fe c tiv e  in  th e  

a c t iv a t in g  a c t i v i t y  has p rev en ted  a d e f in i t iv e  d e s c r ip t io n  o f i t s  r o le  

in  th e  m etabolism  o f a c e ta te .  The f a i l u r e  to  observe pyruvate  

in h ib i t io n  o f th e  a c e ta te  th io k in a se  a c t i v i t y  assayed  dn v i t r o  rem ains 

a  substantisuL problem . I n  c o n tra s t  to  th e  r e s u l t s  o b ta in ed  w ith  

E. c o l i , work w ith  A. aerogenes su g g es ts  t h a t  th e  th io k in a se  i s  n o t 

im portan t in  a c e ta te  a c t iv a t io n  in  th i s  l a t t e r  organism , a t  l e a s t  

under th e  c o n d itio n s  s tu d ie d .

In v e s t ig a t io n  o f  th e  r o le  o f  th e  a c e ta te  k inase /phospho

tra n s a c e ty la s e  system  in  a c e ta te  a c t iv a t io n  and e x c re tio n  c le a r ly  

re v e a le d  i t s  am phibolic fu n c tio n . S tu d ie s  w ith  m utants devoid o f 

th e  enzyme a c t i v i t i e s  dem onstrated  th a t  in  E. c o l i  K12 th e  system  i s  

n ecessa ry  fo r  th e  a c t iv a t io n  o f  a c e ta te  a t  h igh  a c e ta te  c o n c e n tra tio n s  

(20 mM), bu t th a t  a c e ta te  a c t iv a t io n  can co n tin u e  a t  w ild -ty p e  r a t e s  

a t  lower a c e ta te  c o n c e n tra tio n s  (2 mM) even in  th e  absence o f  a c e ta te  

k in ase  a c t i v i t y .  This c o n tra s ts  w ith  th e  p ro p e r t ie s  o f s im ila r  m utants 

i s o la te d  in  A. aerogenes where a c e ta te  a c t iv a t io n  was se v e re ly  r e s t r i c t e d  

a t  bo th  2 and 20 mM. I t  i s  l ik e ly  th a t  th e  a c e ta te  k inase /phospho

tra n s a c e ty la s e  system  i s  capab le  o f  c o n s id e ra b le  a c t iv a t io n  o f a c e ta te  

a t  2 mM even in  E. c o l i  K12 where th e  second system  can be dem onstrated . 

The coarse  c o n tro l  p ro p e r t ie s  o f th e  a c e ta te  k in a se /p h o sp h o tra n sa c e ty la se  

system  in  bo th  E. c o l i  K12 and A. aerogenes a re  c o n s is te n t  w ith  i t s  

p o s tu la te d  r o le  in  a c e ta te  e x c re tio n . I n te r e s t in g  d if fe re n c e s  

emerged in  th e  co arse  c o n tro l p ro p e r t ie s  o f  th e  system  in  th e  two 

organism s and some su ccess  was ach ieved  in  r e l a t i n g  i t s  p ro p e r t ie s  to  

re p o r te d  p a t te rn s  o f fe rm en ta tio n  p ro d u c ts . The ro le  o f co arse  c o n tro l
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o f enzyme a c t i v i ty  in  determ in ing  th e  type and q u a n ti ty  o f fe rm en ta tio n  

p roducts  in  A. aerogenes has n o t been e x te n s iv e ly  in v e s t ig a te d  in  

c o n tra s t  to  th e  many r e p o r ts  o f th e  r o le  o f  environm ental f a c to r s  in  

th e  c o n tro l  o f fe rm en ta tio n  p ro d u c t e x c re tio n .

The r o le  o f s p e c i f ic  t r a n s p o r t  system s in  th e  m etabolism  of 

monocarboxylic a c id s  rem ains a  problem . The p ro p e r t ie s  o f  a c e ta te  

uptake by washed c e l l  suspensions o f E. c o l i  K12 were examined and 

evidence o b ta in ed  th a t  membrane perm eation  i s  a  r a te - l im i t in g  s te p  in  

a c e ta te  uptake under c e r ta in  c o n d itio n s , b u t th a t  f a c to r s  rem ote from 

membrane perm eation  may a f f e c t  th e  observed r a t e  o f u p ta k e . The 

r e s u l t s  o b ta in ed  su g g est th a t  the  uptake p ro cess  o p e ra tin g  a t  h igh  

a c e ta te  c o n ce n tra tio n s  (which a re  norm ally  used to  s tudy  grow th) may 

d i f f é r é  from th a t  o p e ra tin g  a t  low er a c e ta te  c o n c e n tra tio n s . The r o le  

o f th e  system s cannot be ad eq u a te ly  d e fin ed  in  th e  absence o f m utants 

m odified  in  t r a n s p o r t  a c t i v i t y .  Evidence fo r  th e  e x is te n c e  o f 

s p e c if ic  t r a n s p o r t  system s fo r  D- and L - la c ta te  in  E. c o l i  K12 was 

a lso  o b ta in ed . I t  appears l i k e ly  th a t  m onocarboxylic a c id  perm eation 

re q u ire s  s p e c i f ic  t r a n s p o r t  system s a t  l e a s t  under c e r ta in  c o n d itio n s .

I t  s t i l l  rem ains to  be e s ta b lis h e d  w hether o r n o t p a ss iv e  d if fu s io n  

p lay s  a  r o le  in  m onocarboxylic a c id  perm eation a t  h igh  a c id  

c o n c e n tra tio n s ; t h i s  w i l l  r e q u ire  the i s o la t io n  o f m utants devoid o f 

tr a n s p o r t  a c t i v i t i e s .  The very  e x is te n c e  o f s p e c i f ic  t r a n s p o r t  system s 

fo r  m onocarboxylates in  E. c o l i  K12 p ro v id es  an i n t e r e s t in g  c o n tra s t  

w ith  th e  s i tu a t io n  found fo r  m ito ch o n d ria l perm eation . I t  i s  to  be 

hoped th a t  p e rm e a b ility  d if f e re n c e s  o f th i s  type w i l l  u l t im a te ly  be 

e x p lic a b le  in  term s o f d if fe re n c e s  in  membrane s t r u c tu r e .
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