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PHILIP SILBER:
PURIFICATION AND PROPERTIES OF A DIACETYL REDUCTASE FROM ESCHERICHIA 
COLI AND A PRELIMINARY STUDY OF A FATTY ACID PERMEASE IN ESCHERICHIA 
COLI

ABSTRACT

An e t h y l  a c e t o a c e t a t e - d e p e n d e n t  NADPH-oxidase was found  

i n  E s c h e r i c h i a  c o l i  a s  a  c o n ta m in a n t  o f  j 5 - k e t o a c y l  a c y l  

c a r r i e r  p r o t e i n  r e d u c t a s e .  T h is  enzyme was p u r i f i e d  8 0 0 -  

f o l d  t o  n e a r  h o m o g en e ity  and c h a r a c t e r i z e d .  An e x t e n s i v e  

s u b s t r a t e  s tu d y  r e v e a l e d  t h a t  t h e  enzyme c a t a l y z e d  t h e  o x i ­

d a t i o n  o f  NADPH i n  t h e  p r e s e n c e  o f  b o th  u n c h a rg e d  d. -  and  

@ - d i c a r b o n y l  com pounds. How ever, t h e  b e s t  s u b s t r a t e  p ro v ed  

t o  be  d i a c e t y l  w hich i s  r e d u c e d  t o  a c e t o i n .  On t h e  b a s i s  o f  

i t s  s u b s t r a t e  s p e c i f i c i t y ,  i t  i s  s u g g e s te d  t h a t  t h e  enzyme 

f u n c t i o n s  i n  v iv o  a s  a  d i a c e t y l  r e d u c t a s e .  I n  c o n t r a s t  t o  

o t h e r  d i a c e t y l  r e d u c t a s e s ,  t h e  one r e p o r t e d  h e r e  i s  s p e c i f i c  

f o r  NADPH and d o e s  n o t  p o s s e s s  a c e t o i n  r e d u c t a s e  a c t i v i t y .

The pH optimum o f  t h e  enzyme was found  t o  be  b e tw een  6 and  7 . 

The m axim al v e l o c i t y  f o r  t h e  NADPH-dependent r e d u c t i o n  o f  

d i a c e t y l  was d e te rm in e d  t o  be 9 .5  Mmoles p e r  min p e r  mg o f  

p r o t e i n  and t h e  Km v a l u e s  f o r  d i a c e t y l  and NADPH were found  

t o  be  ^.*14 mM and  0 .0 2  mM, r e s p e c t i v e l y .  The m o le c u la r  

w e ig h t  was e s t im a t e d  by g e l  f i l t e r a t i o n  on Sephadex  G-100 

t o  be  a p p r o x im a te ly  1 0 ,0 0 0 .

I n  a  p r e l i m i n a r y  s tu d y  o f  f a t t y  a c i d  u p ta k e  and  a c t i v a ­

t i o n  i n  E .  c o l i  t h e  f o l lo w in g  o b s e r v a t i o n s  w ere  made. In d u c e d  

c e l l s  grown on o l e a t e  a s  s o l e  c a rb o n  s o u r c e  c o n ta in e d  l e v e l s  

o f  t h e  enzyme acyl-C oA  s y n t h e t a s e  w hich w ere  1 0 -fo ld  h i g h e r  

t h a n  i n  u n in d u ce d  c e l l s  grown on a c e t a t e  a s  s o l e  c a r b o n  

s o u r c e .  T r i t o n  X-100 e x t r a c t s  o f  t h e  c y to p la s m ic  membrane

3



o f  in d u ce d  c e l l s  d id  n o t  show t h e  p r e s e n c e  o f  t h e  acyl-CoA  

s y n t h e t a s e .  I n  a  d o u b le  l a b e l  e x p e r im e n t ,  no c o n v in c in g  

e v id e n c e  f o r  t h e  e x i s t e n c e  o f  a  f a t t y  a c i d  perm ease  was 

fo u n d .



ACKNOWLEDGMENTS

I  would l i k e  t o  e x p r e s s  my g r a t i t u d e  t o  D r .  H o r s t  

S c h u lz  whose c o n s t a n t  g u id a n c e  and  en co u rag em en t made 

t h i s  a l l  p o s s i b l e .

I  a l s o  would l i k e  t o  th a n k  my f e l l o w  g r a d u a te  

s t u d e n t s  and t e a c h e r s  n o t  o n ly  f o r  m aking my s t a y  a t  

C i t y  C o l le g e  a  p l e a s a n t  o n e ,  h u t  a l s o  f o r  t h e i r  h e l p f u l  

a d v i c e .

L a s t ,  h u t  hy  no  means l e a s t ,  I  would l i k e  t o  t h a n k  

my d e a r  w ife  S h i r l e y  f o r  h e r  c o n s t a n t  p a t i e n c e  and 

u n d e r s t a n d in g  w h i le  t h i s  work was i n  p r o g r e s s  and f o r  

t h e  many h o u r s  she  s p e n t  t y p in g  t h i s  m a n u s c r i p t .

5



TABLE OF CONTENTS

Abstract 3
Acknowledgment 5
Part I
Introduction 9
Materials and Methods 12
Results 16
Discussion 23
Part II
Introduction 27
Materials and Methods 30
Results and Discussion 33
References 6?

6



LIST OF TABLES

1. Properties of diacetyl reductases 38
2. Summary of the purification of diacetyl 

reductase from E. coli 39
3. Substrate specificity of diacetyl 

reductases 40
4. Kinetic constants 42
5. Acyl-CoA synthetase assay 43
6. Acyl-CoA synthetase assay of solublized 

cytoplasmic membranes 44

7



45

46

48

49

50

51

52
53

54

56

58

59

61

63

65

LIST OF FIGURES

A l t e r n a t i v e  p a th w ay s  o f  p y r u v a t e  m e ta b o l i s m .

C h ro m ato g rap h y  o f  d i a c e t y l  r e d u c t a s e  on DEAE- 
c e l l u l o s e .

C h ro m ato g rap h y  o f  d i a c e t y l  r e d u c t a s e  on S ephadex  
G -100 .

F i n a l  p u r i f i c a t i o n  o f  d i a c e t y l  r e d u c t a s e  on 
DEAE-Sephadex A -5 0 .

D isc  g e l  e l e c t r o p h o r e s i s  o f  d i a c e t y l  r e d u c t a s e .

D is c  g e l  e l e c t r o p h o r e s i s  o f  d i a c e t y l  r e d u c t a s e  
an d  e t h y l  a c e t o a c e t a t e  r e d u c t a s e .

M o le c u la r  w e ig h t  d e t e r m i n a t i o n  o f  d i a c e t y l  
r e d u c t a s e  on S ep hadex  G -100 .

pH optimum o f  d i a c e t y l  r e d u c t a s e .

Time c u r v e s  o f  NADPH o x i d a t i o n  c a t a l y z e d  by 
d i a c e t y l  r e d u c t a s e  i n  t h e  p r e s e n c e  o f  d i a c e t y l .

I d e n t i f i c a t i o n  o f  t h e  p r o d u c t  o f  t h e  d i a c e t y l  
r e d u c t a s e  r e a c t i o n .

The r a t e  o f  NADPH o x i d a t i o n  c a t a l y z e d  by  d i a c e t y l  
r e d u c t a s e  a s  a  f u n c t i o n  o f  (A) d i a c e t y l  c o n c e n t r a ­
t i o n  and  (B) NADPH c o n c e n t r a t i o n .

The r a t e  o f  NADPH o x i d a t i o n  c a t a l y z e d  by d i a c e t y l  
r e d u c t a s e  a s  a  f u n c t i o n  o f  d i a c e t y l  c o n c e n t r a t i o n  
a t  s e v e r a l  f i x e d  l e v e l s  o f  NADPH.

The r a t e  o f  f o r m a t io n  o f  o le y lh y d ro x a m ic  a c i d  a s  
a  f u n c t i o n  o f  t i m e .

The r a t e  o f  f o r m a t io n  o f  o le y lh y d r o x a m ic  a c i d  a s  
a  f u n c t i o n  o f  p r o t e i n  c o n c e n t r a t i o n . ,

SDS g e l  e l e c t r o p h o r e s i s  o f  d o u b le  l a b e l l e d  E .  c o l i  
c y to p l a s m ic  m em branes.

8



INTRODUCTION

The i n i t i a l  a im  o f  t h i s  t h e s i s  was t o  s tu d y  some a s p e c t s  

o f  f a t t y  a c i d  m e ta b o l ism  in  th e  b a c t e r iu m  E s c h e r i c h i a  c o l i * 

S p e c i f i c a l l y ,  t h e  a im  was t o  p u r i f y  and c h a r a c t e r i z e  an  

enzyme a c t i v i t y  w hich was d e t e c t e d  d u r in g  t h e  p u r i f i c a t i o n  

o f  t h e  enzyme - k e t o a c y l  a c y l  c a r r i e r  p r o t e i n  r e d u c t a s e  (1 )  

an d  w hich  c a t a l y z e d  t h e  o x i d a t i o n  o f  NADPH i n  t h e  p r e s e n c e  o f  

£  - k e t o e s t e r s  and £  - k e t o t h i o e s t e r s .  The r e a s o n  f o r  s tu d y in g  

t h i s  new ly  d e t e c t e d  (3 - k e t o e s t e r  NADPH-oxidase was i t s  

p o s s i b l e  in v o lv e m e n t  i n  f a t t y  a c i d  m e ta b o l i s m .  H ow ever, 

w h i le  d e te r m in in g  t h e  enzym e 's  s u b s t r a t e  s p e c i f i c i t y  w i th  a  

num ber o f  d i f f e r e n t  compounds i t  became a p p a r e n t  t h a t  th e  

enzyme was m ost a c t i v e  w i th  d i a c e t y l  ( 2 , 3 - b u t a n e d i o n e ) .

The enzyme c a t a l y z e d  t h e  r e d u c t i o n  o f  one k e to  g ro u p  o f  

d i a c e t y l  t o  a  h y d r o x y l  g ro u p  w i th  t h e  s im u l t a n e o u s  o x i d a t i o n  

o f  NADPH. T h u s ,  t h e  p ro d u c t s  o f  t h e  r e a c t i o n  a r e  a c e t o i n  

( 3 - h y d r o x y - 2 - b u ta n o n e )  and  NADP+ a s  shown i n  e q u a t i o n  1 .

, FCHqCCHCH-, +CH3CCCH3 + NADPH* > CH3CCHCH3 + NADP'

D i a c e t v l  A c e to in

D i a c e t y l  and  a c e t o i n  a r e  b i o l o g i c a l l y  i m p o r t a n t  com­

pounds b e c a u s e  o f  t h e i r  r o l e  a s  f l a v o r  i n g r e d i e n t s  i n  m i lk ,  

b u t t e r  an d  su c h  f e rm e n te d  foods a s  c h e e s e  and  b e e r .  The 

m ic ro o rg a n is m s  r e s p o n s i b l e  f o r  t h e  p r o d u c t io n  o f  t h e  compounds 

a r e  p r i m a r i l y  t h e  b a c t e r i a l  s t r a i n s  S t r e p t o c o c c i . L a c t o b a c i l l i .
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and  L eu c o n o s to c  a s  w e l l  a s  y e a s t .  D i a c e t y l  and a c e t o i n  a r e  

p ro d u c e d  th ro u g h  th e  f e r m e n t a t i o n  o f  p y r u v a t e .

P y ru v a te  c a n  he m e ta b o l i z e d  i n  s e v e r a l  d i f f e r e n t  w ays.

(S ee  F i g .  1 . )  Under a e r o b i c  c o n d i t i o n s  p y r u v a te  i s  u s u a l l y  

c o m p le te ly  o x id iz e d  v i a  t h e  K rebs  c y c l e  t o  COg and  HgO. How­

e v e r ,  u n d e r  a n a e r o b ic  c o n d i t i o n s  p y ru v a te  c a n  be m e ta b o l i z e d  

th r o u g h  a  number o f  pa thw ays  c a l l e d  c o l l e c t i v e l y  f e r m e n t a t i o n s .  

The pa thw ay  u se d  and t h e  p r o d u c t s  form ed depend  on th e  

o rg a n ism  and t h e  g row th  c o n d i t i o n s .  I n  one o f  t h e s e  pa thw ays 

p y r u v a te  i s  r e d u c e d  t o  l a c t a t e  w i th  t h e  s im u l t a n e o u s  o x i d a t i o n  

o f  NADH t o  NAD+ . O th e r  m e ta b o l ic  p a thw ays l e a d  t o  t h e  fo rm a ­

t i o n  o f  a  num ber o f  a ld e h y d e s ,  k e t o n e s ,  o r g a n ic  a c i d s  and  

a l c o h o l s .  D i a c e t y l  and  a c e t o i n  a r e  form ed by  c e r t a i n  o f  

t h e s e  f e r m e n t a t i v e  p a th w a y s .

A c e n t r a l  compound i n  t h e  f e r m e n t a t i v e  pa thw ays l e a d i n g  

t o  d i a c e t y l  and  a c e t o i n  f o r m a t io n  i s  2 - h y d r o x y e t h y l  t h ia m in e  

p y ro p h o s p h a te  (HETPP). HETPP i s  form ed a s  a  r e s u l t  o f  t h e  

r e a c t i o n  o f  p y ru v a te  and  th ia m in e  p y ro p h o s p h a te  w hich  i s  

c a t a l y z e d  by t h e  enzyme p y ru v a te  d e c a r b o x y la s e  (S ee  F i g .  1 ) .  

T h i s  can  be f u r t h e r  c o n v e r t e d  d i r e c t l y  t o  a c e t o i n  by e i t h e r  

o f  tw o p a th w a y s .  I n  b a c t e r i a  t h e  HETPP c an  r e a c t  w ith  p y r u ­

v a t e  t o  g iv e  - a c e t o l a c t a t e  w hich i s  d e c a r b o x y l a t e d  t o  g iv e  

a c e t o i n  ( 2 ) .  I n  mammals and  y e a s t ,  h o w e v e r ,  th e  HETPP r e a c t s  

w i t h  a c e t a ld e h y d e  t o  form  a c e t o i n  ( 3 ) .  A n o th e r  p a thw ay  o f  

a c e t o i n  f o r m a t io n  i n  b a c t e r i a  r e q u i r e s  t h e  p r i o r  f o r m a t io n  

o f  d i a c e t y l  th ro u g h  t h e  c o n d e n s a t io n  o f  HETPP w i th  a c e t y l  CoA.
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The d i a c e t y l  i s  t h e n  red u c ed  t o  a c e t o i n  i n  t h e  p r e s e n c e  o f  

NADH by t h e  enzyme d i a c e t y l  r e d u c t a s e  (*J-,5)» (F o r  t h e  

d i f f e r e n t  r e a c t i o n s  s e e  F i g .  1 . )

Chuang a n d  C o l l i n s  i n  a s u r v e y  o f  d i a c e t y l  and  a c e t o i n  

m e ta b o l ism  i n  a  num ber o f  m ic ro o rg a n ism s  r e p o r t e d  t h a t  E .  c o l i  

d i d  n o t  p ro d u ce  d i a c e t y l  b u t  o n ly  a c e t o i n  ( 6 ) .  F u r th e r m o r e ,

E .  c o l i  was fo u n d  n o t  t o  p o s s e s s  a  d i a c e t y l  r e d u c t a s e  ( 6 ) .  

I n s t e a d ,  c e l l - f r e e  e x t r a c t s  o f  E .  c o l i  p ro d u ced  a c e t o i n  from  

p y r u v a te  o n ly  when f r e e  a c e t a ld e h y d e  was added  ( 6 ) ,  a  f a c t  

a l s o  r e p o r t e d  by J u n i  and Heyms ( 7 ) .  T h u s ,  t h e  f o r m a t io n  o f  

a c e t o i n  i n  E .  c o l i  i s  d i f f e r e n t  from  t h a t  o f  o t h e r  b a c t e r i a  

w hich  a r e  a b l e  t o  p ro d u c e  a c e t o i n  from  p y r u v a te  v i a « < - a c e t o -  

l a c t a t e  and a r e  a l s o  a b le  t o  fo rm  d i a c e t y l  w hich  c a n  be 

re d u c e d  by d i a c e t y l  r e d u c t a s e  t o  a c e t o i n .

D i a c e t y l  r e d u c t a s e s  have  been, r e p o r t e d  i n  d i f f e r e n t  b a c ­

t e r i a l  sy s te m s  (8 -1 6 )  a s  w e l l  a s  i n  mammalian and  a v i a n  l i v e r  

( 1 7 - 2 1 ) .  The d i a c e t y l  r e d u c t a s e  o f  A e r o b a c to r  a e r o g e n e s  

h a s  b e e n  e x t e n s i v e l y  s t u d i e d  by S to rm er  and  h i s  a s s o c i a t e s  

( 1 0 - 1 5 ) .  The enzyme was found t o  be h i g h l y  s p e c i f i c  w i th  

r e s p e c t  t o  t h e  d i a c e t y l  s u b s t r a t e  (13 ) and  a l s o  t h e  enzyme had  

a n  a b s o l u t e  r e q u i r e m e n t  f o r  NADH a s  c o f a c t o r  ( 1 3 ) .  A b e e f  

l i v e r  an d  p ig e o n  l i v e r  enzyme fo u n d  and s t u d i e d  by B urgos 

a n d  M a r t in  a l s o  was v e ry  s p e c i f i c  f o r  t h e  s u b s t r a t e  d i a c e t y l ,  

b u t  c o u ld  u se  NADH a n d  NADPH i n t e r c h a n g e a b l y  ( 1 9 , 2 0 ) .  The 

m o le c u l a r  w e ig h ts  o f  th e  enzymes were 1 0 0 ,0 0 0  f o r  t h e  A. 

a e r o g e n e s  enzyme (1 2 )  and 7 6 ,0 0 0  and 1 1 0 ,0 0 0  f o r  t h e  b e e f  

l i v e r  (1 9 )  an d  p ig e o n  l i v e r  (2 0 )  enzyme r e s p e c t i v e l y .  The
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s u b u n i t  c o m p o s i t io n  o f  t h e  enzym es was a l s o  i n v e s t i g a t e d #

The A. a e r o g e n e s  d i a c e t y l  r e d u c t a s e  was fo und  t o  be  composed 

o f  f o u r  e q u a l  s u b u n i t s  o f  25*000 m o le c u la r  w e ig h t  (1 1 )  and 

a l s o  c o n s i s t e d  o f  s e v e r a l  i s o e l e c t r i c  s p e c i e s  ( 1 2 ) .  The b e e f  

l i v e r  d i a c e t y l  r e d u c t a s e  on t h e  o t h e r  h an d  c o m p r ise d  o f  t h r e e  

s u b u n i t s  o f  2 6 ,0 0 0  m o le c u la r  w e ig h t  ( 1 9 ) •  The k i n e t i c  p a r a ­

m e te r s  o f  t h e  d i f f e r e n t  d i a c e t y l  r e d u c t a s e s  have  b e e n  found 

t o  v a ry  c o n s i d e r a b l y .  W h ereas ,  t h e  Km f o r  d i a c e t y l  f o r  t h e  

d i a c e t y l  r e d u c t a s e s  f rom  A. a e r o g e n e s  and  p ig e o n  l i v e r  a r e  

1 .2  mM and  3-5 mM r e s p e c t i v e l y  ( 1 3 , 2 0 ) ,  t h e  b e e f  l i v e r  enzyme 

had  a  Km o f  40  uM i n d i c a t i n g  a  h ig h  a f f i n i t y  f o r  d i a c e t y l  

( 1 8 ) .  I n  a  r e p o r t  on a  d i a c e t y l  r e d u c t a s e  from  r a t  l i v e r  an  

u n u s u a l l y  h ig h  Km v a l u e  f o r  d i a c e t y l  o f  48 mM was fo u n d  ( 2 1 ) .

The d i a c e t y l  r e d u c t a s e  from  A. a e r o g e n e s  i s  u n u s u a l  i n  b e in g  

a b l e  t o  c a t a l y z e  t h e  r e v e r s i b l e  NADH-dependent r e d u c t i o n  o f  

a c e t o i n  t o  2 , 3 - b u t a n e d i o l  a s  w e l l  a s  t h e  i r r e v e r s i b l e  r e d u c ­

t i o n  o f  d i a c e t y l  t o  a c e t o i n  ( 1 0 ) .  (See T a b le  1 f o r  a  compa­

r i s o n  o f  t h e  d i f f e r e n t  d i a c e t y l  r e d u c t a s e s . )

I n  t h e  p r e s e n t  r e p o r t  t h e  e x i s t e n c e  o f  an  NADPH-dependent 

d i a c e t y l  r e d u c t a s e  i n  E . c o l i  B i s  shown. The enzyme was 

p u r i f i e d  t o  n e a r  h o m o g en e ity  an d  c h a r a c t e r i z e d .

MATERIALS AND METHODS

C h e m ic a l s . NADH an d  NADPH w ere p u rc h a s e d  from  P L -B io ch em i-  

c a l s .  E t h y l  a c e t o a c e t a t e  was b o u g h t  from  F i s h e r  S c i e n t i f i c  

C o. E t h y l  p y r u v a t e ,  o x a l a c e t i c  a c i d ,  l i t h i u m  a c e t o a c e t a t e ,
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2 - o x o g l u t a r i c  a c i d  and m e th y l  a c e t o a c e t a t e  w ere  o b t a i n e d  

from  Sigma C h e m ica l  Co. D e h y d ro a s c o rb a te  was b o u g h t  from  

S ch w artz -M an n . 2 , 4 - P e n t a n e d i o n e ,  p y r u v ic  a c i d ,  d i a c e t y l ,  and 

a c e t o i n  w ere  p u rc h a s e d  from  A l d r i c h  C h em ica l  Co. D i a c e t y l ,  

a c e t o i n ,  and e t h y l  a c e t o a c e t a t e  w ere  d i s t i l l e d  b e f o r e  u se  

w h e r e a s ,  a l l  o t h e r  c h e m ic a l s  were u sed  w i th o u t  f u r t h e r  p u r i ­

f i c a t i o n .

S y n t h e s i s  o f  s u b s t r a t e s . - K e to p a n t o la c t o n e  was 

p r e p a r e d  by c h ro m ic  a c i d  o x i d a t i o n  o f  p a n t o l a c t o n e  a n a l o g o u s l y  

t o  a  p r o c e d u re  by F i e s e r  ( 2 2 ) .  The p ro d u c t  was r e c r y s t a l l i z e d  

from  e t h e r / h e x a n e  ( m e l t i n g  p o i n t  5 8 ° to  61° C, l i t e r a t u r e  

m e l t i n g  p o i n t  60°C ( 2 3 ) ;  n u c l e a r  m a g n e tic  r e s o n a n c e ,  «f =

The f o l l o w i n g  s u b s t r a t e s  w ere  s y n t h e s i z e d  by e s t a b l i s h e d  

p r o c e d u r e s ,  and  t h e i r  r e s p e c t i v e  m e l t i n g  and b o i l i n g  p o i n t s  

a g re e d  w i th  t h e  v a l u e s  in  t h e  l i t e r a t u r e ;  e t h y l  l e v u l i n a t e  

(2*0, e t h y l  t h i o l a c e t o a c e t a t e  ( 1 ) ,  a c e t o a c e t y l  N - a c e t y l -  

c y s te a m in e  ( 2 5 )> an d  m e th y l  f̂ 3 - k e to h e x a n o a te  ( 2 6 ) .

O rg a n ism . E . c o l i  B ATCC 11303 c e l l s  were p u rc h a s e d  a s  

a  f r o z e n  c e l l  p a s t e  from  G r a in  P r o c e s s i n g  C o r p . ,  M u s c a t in e ,  

Iow a. T h ese  c e l l s  w ere  grown on a  medium c o n t a i n i n g  c a s e i n  

h y d r o l y s a t e ,  y e a s t  e x t r a c t ,  and d e x t r o s e  a s  c a rb o n  s o u r c e  

and  w ere  h a r v e s t e d  a t  t h r e e - q u a r t e r  l o g .

P u r i f i c a t i o n  o f  d i a c e t y l  r e d u c t a s e . F ro z e n  E .  c o l i  c e l l s  

(1  kg) w ere  su sp e n d e d  i n  1 l i t e r  o f  0 .0 5  M p o ta s s iu m  p h o s ­

p h a te  (pH 7 * 0 ) .  The s u s p e n s io n  was i r r a d i a t e d  w i th  a  B ra n so n
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s o n i f i e r ,  a t  i t s  maximum s e t t i n g ,  f o r  10 min a t  4  C. A l l  

f u r t h e r  o p e r a t i o n s  were c a r r i e d  o u t  a t  4°C . R e d u c ta s e  a c t i ­

v i t y  a s s a y s  th r o u g h o u t  t h i s  p u r i f i c a t i o n  were p e rfo rm e d  w i th  

e t h y l  a c e t o a c e t a t e  a s  s u b s t r a t e ,  a s  d e s c r i b e d  u n d e r  " P r o t e i n  

and Enzyme D e t e r m i n a t i o n . "  The r e s u l t i n g  c ru d e  hom ogenate  

was c e n t r i f u g e d  a t  1 6 ,0 0 0  g f o r  30 m in , and t h e  p r e c i p i t a t e  

was d i s c a r d e d .  The s u p e r n a t a n t  was f r a c t i o n a t e d  w i th  s o l i d  

ammonium s u l f a t e ,  and t h e  p r o t e i n  f r a c t i o n  t h a t  p r e c i p i t a t e d  

b e tw een  45$ t o  75$ s a t u r a t i o n  was c o l l e c t e d .  The p r e c i p i t a t e  

was su s p e n d e d  i n  a  m in im al volum e o f  0 .0 1  M p o ta s s iu m  p h o s ­

p h a te  (pH 7 .0 )  b u f f e r  and d i a l y z e d  e x t e n s i v e l y  a g a i n s t  t h e  

same b u f f e r .  The d i a l y z e d  s o l u t i o n  was a p p l i e d  o n to  a  

d i e t h y l a m i n o e t h y l  (D E A E )-c e l lu lo se  colum n ( 6 . 5  by 40  cm) 

p r e v i o u s l y  e q u i l i b r a t e d  w i th  0 .0 1  M p o ta s s iu m  p h o sp h a te  b u f f e r  

(pH 7 . 0 ) .  The colum n was washed w i th  t h e  same b u f f e r  u n t i l  

no more u l t r a v i o l e t  a b s o r b i n g  m a t e r i a l  was e l u t e d .  The colum n 

was t h e n  washed w i th  0 .0 1  M p o ta s s iu m  p h o sp h a te  (pH 7 * 0 ) ,

0 .1  M N aC l, u n t i l  a l l  r e d u c t a s e  a c t i v i t y  had been  e l u t e d .

The enzyme was p r e c i p i t a t e d  by b r i n g i n g  th e  e l u a t e  t o  90$ 

s a t u r a t i o n  w i th  s o l i d  ammonium s u l f a t e .  The p r e c i p i t a t e d  

p r o t e i n  was i s o l a t e d  by c e n t r i f u g a t i o n ,  su sp en d ed  i n  a  m in im a l  

volume o f  0 .0 1  M p o ta s s iu m  p h o s p h a te  (pH 7«0) and  d i a l y z e d  

o v e r n i g h t  a g a i n s t  s e v e r a l  c h a n g e s  o f  t h e  same b u f f e r .  The 

d i a l y z e d  p r o t e i n  s o l u t i o n  was th e n  c h ro m a to g ra p h ed  on a n o t h e r  

D E A E -c e l lu lo se  co lum n (4  by 45 cm) w i th  a  l i n e a r  g r a d i e n t  made 

from  1 l i t e r  o f  0 .0 1  M p o ta s s iu m  p h o s p h a te  (pH 7*0) and  1 

l i t e r  o f  0 .0 1  M p o ta s s iu m  p h o s p h a te  (pH 7*0)  c o n t a i n i g  0 .3  M 

N aCl. F r a c t i o n s  o f  20 ml e a c h  were c o l l e c t e d  and a s s a y e d



f o r  r e d u c t a s e  a c t i v i t y .  The f r a c t i o n s  c o n t a i n i n g  a c t i v e  

enzyme were p o o le d  and b ro u g h t  t o  90# s a t u r a t i o n  w ith  s o l i d  

ammonium s u l f a t e .  The p r e c i p i t a t e d  p r o t e i n  was i s o l a t e d  by 

c e n t r i f u g a t i o n ,  su sp en d ed  a s  b e f o r e  i n  0 .0 1  M p o ta s s iu m  

p h o sp h a te  (pH 7 .0 )  and c h ro m a to g ra p h e d  on a  Sephadex G-100 

column (5  by A5 cm) p r e v i o u s ly  e q u i l i b r a t e d  w i th  0 .0 1  M 

p o ta s s iu m  p h o sp h a te  (pH 7 * 0 ) .  F r a c t i o n s  o f  15 ml were c o l l e c t e d  

and a s s a y e d  f o r  r e d u c t a s e  a c t i v i t y .  F r a c t i o n s  w i th  h ig h  

a c t i v i t y  were p o o le d ,  p r e c i p i t a t e d  by s a t u r a t i o n  t o  90# w i th  

ammonium s u l f a t e ,  and  i s o l a t e d  by c e n t r i f u g a t i o n .  The p r e ­

c i p i t a t e d  p r o t e i n  was su sp en d e d  a s  b e f o r e  i n  0 .0 1  M p o ta s s iu m  

p h o sp h a te  (pH 7 .0 )  and  d i a l y z e d  o v e r n i g h t  a g a i n s t  0 .0 1  M 

t r i s (h y d ro x y m e th y l ) a m in o m e th a n e  (T r i s ) - h y d r o c h lo r id e  b u f f e r  

(pH 7 « 0 ) .  The d i a l y z e d  s o l u t i o n  was t h e n  c h ro m a to g rap h ed  on 

a  DEAE-Sephadex A -50 colum n ( 2 .5  by 30 cm) w hich was p r e v i o u s l y  

e q u i l i b r a t e d  w i th  0 .0 1  M T r i s - h y d r o c h l o r i d e  (pH 7 .0 )  and  

e l u t e d  w i th  a  l i n e a r  g r a d i e n t  made o f  1 l i t e r  o f  0 .0 1  M T r i s -  

h y d r o c h lo r id e  (pH 7*0) an d  1 l i t e r  o f  0 .0 1  M T r i s - h y d r o c h l o ­

r i d e  (pH 7*0) c o n ta in i n g  0 .3  M N aC l. F r a c t i o n s  o f  20 ml were 

c o l l e c t e d  and a s s a y e d .  A g a in  t h e  f r a c t i o n s  w i th  th e  m ost 

a c t i v i t y  were p o o le d  and t h e  p r o t e i n  was p r e c i p i t a t e d  by 

s a t u r a t i o n  t o  90# w i th  ammonium s u l f a t e .  The p r o t e i n  was 

i s o l a t e d  by c e n t r i f u g a t i o n  and s t o r e d  i n  t h i s  form a t  -2 0 * 0 .

D ata  f o r  t h i s  p u r i f i c a t i o n  p ro c e d u re  a r e  p r e s e n t e d  i n  T a b le  2 .

P r o t e i n  and enzyme d e t e r m i n a t i o n s . P r o t e i n  c o n c e n t r a ­

t i o n s  were d e te rm in e d  a c c o r d in g  t o  Lowry e t  a l .  (27) o r  by 

th e  b i u r e t  m ethod ( 2 8 ) .  The enzyme a s s a y s  were b a sed  on t h e
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s u b s t r a t e - d e p e n d e n t  o x i d a t i o n  o f  NADPH and w ere f o l lo w e d  by- 

m e a s u r in g  t h e  d e c r e a s e  i n  l i g h t  a b s o rb a n c e  a t  3^0 nm a t  25°C 

on a  G i l f o r d  r e c o r d i n g  s p e c t r o p h o t o m e t e r » m odel 2*1-0. A 

t y p i c a l  a s s a y  c o n ta in e d  100 jumol o f  p o ta s s iu m  p h o s p h a te  

(pH 7 . 0 ) ,  0 .1 1  jumol o f  NADPH, a n d  20 jumol o f  s u b s t r a t e  i n  

a  t o t a l  volum e o f  e i t h e r  0 .6  ml o r  0 . 8  m l. The r e a c t i o n  was 

s t a r t e d  by t h e  a d d i t i o n  o f  enzyme e x c e p t  where o th e r w i s e  

i n d i c a t e d .

D isc  g e l  e l e c t r o p h o r e s i s . E l e c t r o p h o r e s i s  o f  d i a c e t y l  

r e d u c t a s e  was p e rfo rm e d  w i th  a  s t a n d a r d  7 .5 #  a c r y la m id e  g e l  

and  T r i s - g l y c i n e  b u f f e r  (pH 8 . 5 )  a t  2 0 ° C by t h e  p ro c e d u r e  o f  

D a v is  ( 2 9 ) .  Between 50 jug t o  100  ;ug o f  p r o t e i n  w ere  a p p l i e d  

t o  e ac h  g e l .  G e ls  w ere  r im  i n  d u p l i c a t e .  One g e l  was 

s t a i n e d  w i th  amido b l a c k  and  t h e n  d e s t a i n e d  i n  7# a c e t i c  a c i d .  

The o t h e r  g e l  was s l i c e d  and  e a c h  s l i c e  was e l u t e d  w i t h  1 ml 

o f  0 .0 1  M p o ta s s iu m  p h o s p h a te  b u f f e r  (pH 7*0) f o r  1 h and  

t h e n  a s s a y e d  f o r  r e d u c t a s e  a c t i v i t y  a s  d e s c r i b e d  a b o v e .

RESULTS

The d i a c e t y l  r e d u c t a s e ,  w hich  was i s o l a t e d  from  E .  c o l i  

B c e l l s  was p u r i f i e d  by ammonium s u l f a t e  p r e c i p i t a t i o n ,  

fo l lo w e d  b y  c h ro m a to g ra p h y  on D E A E -c e l lu lo s e ,  S ephadex  G-100 

an d  DEAE Sephadex A -5 0  a s  sum m arized  i n  T a b le  2 .  The ch rom a­

to g r a p h y  on D E A E -c e l lu lo se  ( F i g .  2) d i d  n o t  g iv e  a n  o p t im a l  

p u r i f i c a t i o n  b u t  a l lo w e d  f o r  some s e p a r a t i o n  o f  t h e  r e d u c t a s e
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from  t h e  b u lk  p r o t e i n .  A b e t t e r  s e p a r a t i o n  o f  th e  enzyme from  

t h e  b u l k  p r o t e i n  was a c h i e v e d  by c h ro m a to g ra p h y  on S eph adex  

G-100 ( F i g .  3 ) .  A d d i t i o n a l l y ,  t h e  f a c t  t h a t  t h e  enzyme 

a p p e a re d  l a t e  i n  t h e  e l u t i o n  p r o f i l e  i n d i c a t e d  t h a t  t h e  

r e d u c t a s e  a c t i v i t y  was a s s o c i a t e d  w ith  a  p r o t e i n  o f  r e l a t i v e l y  

low m o le c u l a r  w e ig h t .

The f i n a l  p u r i f i c a t i o n  s t e p  on DEAE-Sephadex A -50  gave  

a  good  s e p a r a t i o n  o f  t h e  r e d u c t a s e  from  th e  b u l k  p r o t e i n  

( F i g .  * 0 .  The r e s u l t i n g  enzyme p r e p a r a t i o n  was p u r i f i e d  o v e r  

t h e  o r i g i n a l  hom ogenate  8 0 0 - f o ld  b u t  was o b t a i n e d  i n  low 

y i e l d .  The p u r i t y  o f  t h i s  r e d u c t a s e  p r e p a r a t i o n  was e v a l u a t e d  

by d i s c  g e l  e l e c t r o p h o r e s i s  on p o ly a c r y la m id e  g e l s .  F ig u r e  

5 show s t h a t  t h e  a c t i v i t y  p eak  c o i n c i d e s  w i th  th e  p r o t e i n  

p e a k .  H ow ever, a s  s e e n  i n  F i g .  5 t h e  p r o t e i n  peak i s  b ro a d  

and h a s  s h o u l d e r s  n o t  s e e n  i n  t h e  a c t i v i t y  p e a k .  T h i s  o b s e r v a ­

t i o n  i n d i c a t e s  t h a t  t h e r e  w ere  s t i l l  n o t i c e a b l e  i m p u r i t i e s  

i n  t h e  p r e p a r a t i o n  a n d ,  i n  s u b s e q u e n t  g e l  e l e c t r o p h o r e s i s  

r u n s ,  e v id e n c e  was o b t a in e d  t h a t  t h e  b ro a d  p r o t e i n  band  was 

due t o  t h e  p r e s e n c e  o f  tw o p r o t e i n s .  H ow ever, a s  d e m o n s t r a te d  

i n  F i g .  6 ,  b o t h  e t h y l  a c e t o a c e t a t e  r e d u c t a s e  a c t i v i t y  and 

d i a c e t y l  r e d u c t a s e  a c t i v i t y  a r e  a s s o c i a t e d  w i t h  t h e  same band  

on d i s c  g e l  e l e c t r o p h o r e s i s .

The m o le c u l a r  w e ig h t  o f  t h e  enzyme was e s t i m a t e d  by 

c h ro m a to g ra p h y  on S ephadex  G-100 u s i n g  b o v in e  serum  a lb u m in ,  

o v a lb u m in ,  p e p s i n ,  c h y m o try p s in o g e n  A, m y o g lo b in ,  r i b o n u c l e a s e ,  

and c y to c h ro m e  c a s  s t a n d a r d s  ( F i g .  ? ) •  I t  was fo und  t o  be
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1 0 ,0 0 0 ,  an  u n u s u a l l y  s m a l l  m o le c u la r  w e ig h t  f o r  a  p y r i d i n e  

n u c l e o t i d e - d e p e n d e n t  d e h y d ro g e n a s e .  S in c e  t h i s  r e d u c t a s e  

h a s  su c h  a  low m o le c u l a r  w e i g h t ,  i t  i s  u n l i k e l y  t h a t  t h e  

enzyme i s  composed o f  s u b u n i t s ,  a l t h o u g h  t h i s  p o i n t  h a s  n o t  

y e t  b e e n  c l a r i f i e d .

S u b s t r a t e  s t u d i e s . The s p e c i f i c i t y  o f  t h e  r e d u c t a s e  

was i n v e s t i g a t e d  by t e s t i n g  a  s e r i e s  o f  d i f f e r e n t  com pounds, 

c o n t a i n i n g  a t  l e a s t  one k e t o  g r o u p ,  f o r  t h e i r  a b i l i t y  t o  

s e r v e  a s  s u b s t r a t e s  o f  t h i s  enzyme. The h i g h e s t  a c t i v i t y  was 

found  w i th  d i a c e t y l  a s  s u b s t r a t e  (T a b le  3 ) .  S in c e  t h e  enzyme 

was h i g h l y  a c t i v e  a l s o  w i th  e t h y l  p y r u v a t e ,  b u t  showed l i t t l e  

a c t i v i t y  w i th  p y r u v a t e ,  o x a l a c e t a t e ,  o r  2 - o x o g l u t a r a t e , i t  

can  b e  c o n c lu d e d  t h a t  t h e  enzyme r e c o g n i z e s  a n  u n ch arg ed  

- d i c a r b o n y l  s t r u c t u r e .  A r e c e n t  r e p o r t  d e m o n s t r a t i n g  t h e  

p r e s e n c e  o f  an  d  - k e t o p a n t o l a c t o n e  r e d u c t a s e  i n  E . c o l i  (3 0 )  

l e d  u s  t o  t e s t  - k e t o p a n t o l a c t o n e  a s  a  p o s s i b l e  s u b s t r a t e .  

H ow ever, t h i s  compound p ro v e d  t o  be  a  v e r y  p o o r  s u b s t r a t e  

f o r  t h i s  enzym e, and  t h u s  i t  i s  u n l i k e l y  t h a t  t h e  enzyme 

p u r i f i e d  by us i s  i d e n t i c a l  w i th  t h e  d e s c r i b e d  <* - k e t o p a n t o ­

l a c t o n e  r e d u c t a s e .  The r e d u c t a s e  a l s o  showed s i g n i f i c a n t  

a c t i v i t y  w i th  £  - k e t o  e s t e r s ,  such  a s  e t h y l  a c e t o a c e t a t e  and  

e t h y l  t h i o l a c e t o a c e t a t e , b u t  a g a i n  showed n e g l i g i b l e  a c t i v i t y  

w ith  a  f r e e  {3 - k e t o  a c i d  su c h  a s  a c e t o a c e t a t e .  An i n c r e a s e  

i n  t h e  c h a i n  l e n g t h  o f  t h e  s u b s t r a t e  l e a d s  t o  a  d e c r e a s e  i n  

t h e  a c t i v i t y  a s  shown by t h e  n e g l i g i b l e  a c t i v i t y  o b se rv e d  w i th  

m e th y l  - k e to h e x a n o a te  a s  com pared t o  t h e  a c t i v i t y  found  

w i th  m e th y l  a c e t o a c e t a t e .  The (9 - d i k e t o n e  2 ,4 - p e n ta n e d io n e
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was a  p o o r  s u b s t r a t e  when com pared  t o  |3 - k e t o  e s t e r s .  The 

f a c t  t h a t  t h i s  enzyme showed a  v e r y  s m a l l  b u t  d e f i n i t e  amount 

o f  a c t i v i t y  w i th  m o n o ca rb o n y l  compounds su ch  a s  a c e to n e  an d  

a c e t a ld e h y d e  i s  i n d i c a t i v e  o f  a n  enzyme w i th  a  b ro a d  s u b s t r a t e  

s p e c i f i c i t y .  S in c e  t h e  b e s t  s u b s t r a t e  found  d u r i n g  t h e  c o u r s e  

o f  t h i s  i n v e s t i g a t i o n  was d i a c e t y l  and  s i n c e  t h e  o t h e r  p o t e n ­

t i a l  s u b s t r a t e s  a r e  u n l i k e l y  m e t a b o l i t e s  i n  E . c o l i . i t  i s  

s u g g e s te d  t h a t  t h e  enzyme i s  a  d i a c e t y l  r e d u c t a s e , which i n  

c o n t r a s t  t o  t h e  one r e p o r t e d  i n  A. a e r o g e n e s  (1 1 )  d o e s  n o t  

p o s s e s s  a n y  a c e t o i n  r e d u c t a s e  a c t i v i t y .  T h is  r e d u c t a s e  i s  

h i g h l y  s p e c i f i c  f o r  NADPH a s  e v id e n c e d  by t h e  f a c t  t h a t  t h e  

enzyme was 10 t im e s  more a c t i v e  w i th  NADPH th a n  i t  was w i th  

NADH. A l l  a t t e m p t s  t o  m ea su re  t h e  r e v e r s e  r e a c t i o n  b o th  a t  

pH 7 and 9 met w i t h  n e g a t i v e  r e s u l t s  ev en  i n  t h e  p r e s e n c e  o f  

i n c r e a s e d  am ounts  o f  enzym e. The same r e s u l t s  w ere  o b t a i n e d  

when NAD+ was s u b s t i t u t e d  f o r  NADP+ .

E f f e c t  o f  pH a n d  b u f f e r s . To d e te r m in e  t h e  o p t im a l  

pH f o r  d i a c e t y l  r e d u c t a s e ,  t h e  r a t e  o f  NADPH o x i d a t i o n  in  

t h e  p r e s e n c e  o f  d i a c e t y l  was d e te rm in e d  be tw een  pH 5 and  

The o p t im a l  pH was fo u n d  t o  be b e tw ee n  6 and  7 a s  shown i n  

F i g .  8 .

When, d u r in g  t h e  c o u r s e  o f  t h e  p H - a c t i v i t y  s t u d y ,  T r i s -  

h y d r o c h l o r i d e  b u f f e r  was s u b s t i t u t e d  f o r  p o ta s s iu m  p h o s p h a te  

a t  pH 7»5» t h e  a c t i v i t y  was r e d u c e d  by a  f a c t o r  o f  7 .  w h i l e  

w i th  e t h y l  a c e t o a c e t a t e  a s  s u b s t r a t e ,  t h e  a c t i v i t y  re m a in e d  

u n c h an g e d . S in c e  t h i s  f i n d i n g  m ig h t  s u g g e s t  t h e  p r e s e n c e  o f
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s e p a r a t e  d i a c e t y l  and e t h y l  a c e t o a c e t a t e  r e d u c t a s e  a c t i v i t i e s  

i n  t h e  enzyme p r e p a r a t i o n ,  i t  was d e c id e d  t o  i n v e s t i g a t e  t h e  

e f f e c t  o f  T r i s - h y d r o c h l o r i d e  on t h e  r e d u c t i o n  o f  d i a c e t y l .

When t h e  r e a c t i o n  was s t a r t e d  by t h e  a d d i t i o n  o f  d i a c e t y l  t o  

t h e  a s s a y  m i x t u r e ,  a  r a p i d  i n i t i a l  v e l o c i t y  ( F i g .  9» c u rv e  2) 

c o m p a ra b le  t o  t h a t  d e te r m in e d  i n  p o ta s s iu m  p h o s p h a te  b u f f e r  

( F i g .  9 .  c u rv e  1 ) was o b s e r v e d .  The v e l o c i t y  r a p i d l y  d e c r e a s e d  

and  became i d e n t i c a l  t o  t h e  v e l o c i t y  o b s e rv e d  when t h e  r e a c t i o n  

was s t a r t e d  by  t h e  a d d i t i o n  o f  enzyme ( F i g .  9» c u rv e  * 0 .

T h e se  o b s e r v a t i o n s  s u g g e s t  t h a t  d i a c e t y l  r e a c t e d  w i th  T r i s -  

h y d r o c h l o r i d e  t o  g iv e  a  compound w hich  e i t h e r  no l o n g e r  

f u n c t i o n e d  a s  a  s u b s t r a t e  o f  d i a c e t y l  r e d u c t a s e  o r  was a  v e ry  

p o o r  s u b s t r a t e  a n a l o g u e .  T h is  compound p r o b a b ly  r e s u l t s  from  

t h e  c o n d e n s a t io n  o f  t h e  amino g ro u p  o f  th e  T r i s - h y d r o c h l o r i d e  

and  one o f  t h e  c a r b o n y l s  o f  d i a c e t y l  t o  g i v e  a  S c h i f f  b a s e .  

S u p p o r t  f o r  t h i s  s u g g e s t i o n  comes from  th e  f i n d i n g  t h a t  t h e  

a d d i t i o n  o f  T r i s - h y d r o c h l o r i d e  t o  d i a c e t y l  r e s u l t e d  i n  t h e  

d i s a p p e a r a n c e  o f  t h e  d i a c e t y l  a b s o r b a n c e  n e a r  ^00 nm. T h is  

ch an g e  i n  a b s o r b a n c e ,  w h ich  c a n  a l s o  be f o l lo w e d  a t  3^0  nm, 

was c o m p le te d  i n  2 t o  3 min a s  shown i n  F i g .  9» c u rv e  5* The 

r a p i d  r e a c t i o n  b e tw een  d i a c e t y l  a n d  T r i s - h y d r o c h l o r i d e  was 

r e f l e c t e d  by t h e  f a s t  d e c r e a s e  i n  t h e  r a t e  o f  NADPH o x i d a t i o n ,  

due t o  t h e  d i s a p p e a r a n c e  o f  f r e e  d i a c e t y l  ( F i g .  9» c u rv e  2 ) .

The c o n s t a n t  r a t e  o f  o x i d a t i o n  w h ich  was r e a c h e d  a f t e r  2 t o  3 

min was n e a r l y  i d e n t i c a l  t o  t h e  r a t e  o b s e rv e d  when d i a c e t y l  

and  T r i s - h y d r o c h l o r i d e  w ere  p r e i n c u b a t e d  ( F i g .  9» c u r v e  4 ) .

T h is  r a t e  t h e n  r e f l e c t e d  t h e  c o n c e n t r a t i o n  o f  t h e  r e m a in in g
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u n r e a c t e d  d i a c e t y l  o r  t h e  r a t e  o f  r e d u c t i o n  o f  t h e  T r i s -  

d i a c e t y l  d e r i v a t i v e .  The d i f f e r e n c e  be tw een  c u rv e s  2 and 5 

i s  r e p r e s e n t e d  by cu rv e  3 ,  which r e f l e c t s  t h e  d e c r e a s e  i n  t h e  

r a t e  o f  d i a c e t y l - d e p e n d e n t  NADPH o x i d a t i o n  a s  a  f u n c t i o n  o f  

t h e  d e c r e a s in g  d i a c e t y l  c o n c e n t r a t i o n .

I d e n t i f i c a t i o n  o f  p r o d u c t . To d e te rm in e  th e  p ro d u c t  o f  

t h e  d i a c e t y l - d e p e n d e n t  o x i d a t i o n  o f  NADPH, t h e  r e a c t i o n  was 

a l lo w e d  t o  p ro c e e d  f o r  2 d a y s ,  NADPH was added  s u c c e s s i v e l y  

t o  m in im ize  i t s  i n h i b i t i o n  a t  h i g h e r  c o n c e n t r a t i o n s .  Even 

u n d e r  t h e s e  c o n d i t i o n s  o n ly  a  s m a l l  p o r t i o n  o f  d i a c e t y l  was 

r e d u c e d .  The i n c u b a t i o n  m ix tu re  a s  w e l l  a s  t h e  c o n t r o l  which 

d id  n o t  c o n t a i n  enzyme w ere  t h e n  ch ro m a to g ra p h ed  on a  Dowex 

1-X8 column a s  d e s c r ib e d  by Speckman and  C o l l i n s  ( 3 6 ) .  Two 

p e a k s  ( I ,  I I )  were o b se rv e d  when t h e  r e a c t i o n  m ix tu re  was 

c h ro m a to g ra p h ed  ( F i g .  10A ). Peak I I  c o i n c i d e s  w i th  th e  

peak  i n  F i g .  IOC which r e p r e s e n t s  t h e  u n r e a c t e d  d i a c e t y l  o f  

t h e  c o n t r o l .  Peak I  was e lu t e d  a t  t h e  same p o s i t i o n  a s  an  

a c e t o i n  s t a n d a r d  which was s e p a r a t e l y  c h ro m a to g ra p h ed  on 

t h e  same colum n (See F i g .  10B). A l th o u g h  t h e  method used  

f o r  d e te r m in in g  t h e  c o n c e n t r a t i o n s  o f  d i a c e t y l  and a c e t o i n  

i s  n o t  v e ry  r e l i a b l e ,  a  r e a s o n a b ly  good ag reem en t was ob­

s e r v e d  be tw een  t h e  amount o f  NADPH (0 .2 9 3  jumol) o x id iz e d  and 

t h e  amount o f  a c e t o i n  (0 .2 4 7  Jdmol) fo rm ed . T h is  r e s u l t  

i n d i c a t e d  a  1 :1  s t o i c h i o m e t r i c  r e l a t i o n s h i p  be tw een  t h e  r e ­

d u c t i o n  o f  d i a c e t y l a n d  t h e  o x i d a t i o n  o f  NADPH.

An a t t e m p t  was a l s o  made t o  i d e n t i f y  t h e  p ro d u c t  o f  t h e
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e t h y l  a c e t o a c e t a t e - d e p e n d e n t  o x i d a t i o n  o f  NADPH. F o r  t h i s  

p u rp o s e  t h e  r e a c t i o n  m i x t u r e ,  a s  w e l l  a s  a c o n t r o l  w h ic h  d id  

n o t  c o n t a i n  enzym e, w ere  i n c u b a te d  u n d e r  t h e  c o n d i t i o n s  

d e s c r i b e d  f o r  t h e  r e d u c t i o n  o f  d i a c e t y l .  A f t e r  2 d a y s ,  b o th  

t h e  r e a c t i o n  m ix tu re  and t h e  c o n t r o l  w ere  r e a c t e d  w i t h  an 

a l k a l i n e  h y d ro x y la m in e  s o l u t i o n  (pH 1 1 .5 )  f o r  2 *5 h a t  25°C. 

The pH o f  t h e  s o l u t i o n s  w ere  t h e n  b ro u g h t  t o  7 and t h e  w a te r  

was removed u n d e r  r e d u c e d  p r e s s u r e .  The r e s u l t i n g  s o l i d  

r e s i d u e s  w ere  e x t r a c t e d  w i th  e t h e r ,  and t h e  e t h e r  e x t r a c t s  

were c o n c e n t r a t e d  a n d  a p p l i e d  t o  a  s i l i c a  g e l  t h i n - l a y e r  

p l a t e  t o g e t h e r  w i th  a  3 - h y d r o x y b u ty r y l  hydroxam ic  a c i d  

s t a n d a r d .  The t h i n - l a y e r  p l a t e  was d e v e lo p e d  w ith  a  s o l v e n t  

sy s te m  c o n t a i n i n g  CHCl^* CH^OH, and  a c e t i c  a c i d  in  t h e  r a t i o  

o f  79 * 2 0 :1  a n d  was s p r a y e d  w i th  a n  aq u eo u s  FeC l^  s o l u t i o n  t o  

v i s u a l i z e  t h e  hy droxam ic  a c i d s .  H ow ever, no 3 - h y d r o x y b u ty r y l  

hydroxam ic  a c i d  was d e t e c t e d  in  t h e  r e a c t i o n  m ix tu r e ,  i n d i c a ­

t i n g  t h a t  t h e  e t h y l  a c e t o a c e t a t e  had n o t  b e en  re d u c e d  t o  

e t h y l  3 - h y d r o x y b u ty r a t e  a s  e x p e c t e d .  S in c e  t h i s  m ethod  h as  

b e en  s u c c e s s f u l l y  u se d  t o  show t h a t  3 -hyd ro xyacy l-C oA  dehyd­

ro g e n a s e  c a t a l y z e s  t h e  r e d u c t i o n  o f  e t h y l  a c e t o a c e t a t e  t o  

e t h y l  3 - h y d r o x y b u t y r a t e ,  I  am c o n f i d e n t  t h a t  no  e t h y l  3 -h y d ­

r o x y b u t y r a t e  was fo rm ed  i n  th e  d i a c e t y l  r e d u c t a s e  c a t a l y z e d  

r e a c t i o n .

K i n e t i c  s tu d y  o f  d i a c e t y l  r e d u c t a s e . The o p t im a l  

s u b s t r a t e  c o n c e n t r a t i o n s  f o r  t h e  d i a c e t y l - d e p e n d e n t  o x i d a t i o n  

o f  NADPH w ere d e te r m in e d .  S u b s t r a t e  i n h i b i t i o n  was o b s e rv e d  

a t  d i a c e t y l  c o n c e n t r a t i o n s  above AO t o  60 mM ( F ig .  1 1 A ).

22



More p ro n o u n ce d  s u b s t r a t e  i n h i b i t i o n  was o b se rv e d  when th e  

c o n c e n t r a t i o n  o f  NADPH was i n c r e a s e d  beyond t h e  o p t im a l  c o n ­

c e n t r a t i o n  o f  0 .1 5  mM ( F i g .  1 1 5 )•  A s i m i l a r  i n h i b i t i o n  was 

found w ith  NADH a s  th e  coenzyme a t  c o n c e n t r a t i o n s  a b o v e  0 .3  

mM i n  t h e  p r e s e n c e  o f  20 mM d i a c e t y l  ( d a t a  n o t  sho w n ).

An i n i t i a l  v e l o c i t y  p a t t e r n  was o b ta in e d  f o r  t h e  o x id a ­

t i o n  o f  NADPH a s  a  f u n c t i o n  o f  th e  d i a c e t y l  c o n c e n t r a t i o n  a t  

v a r i o u s  f i x e d  l e v e l s  o f  NADPH ( F ig .  1 2 ) .  M easu rem en ts  were 

made a t  an enzyme c o n c e n t r a t i o n  a t  w hich  t h e  v e l o c i t y  o f  t h e  

r e a c t i o n  was p r o p o r t i o n a l  to  t h e  enzyme c o n c e n t r a t i o n .  A 

r e p l o t  o f  t h e  s l o p e s  and i n t e r c e p t s  v e r s u s  t h e  c o n c e n t r a t i o n  

of NADPH ( F i g .  1 2 ,  i n s e r t )  y i e l d e d  t h e  k i n e t i c  p a r a m e te r s  

(Km, Vmax) f o r  t h e  d i a c e t y l - d e p e n d e n t  o x i d a t i o n  o f  NADPH (Table 

^ ) .  The Km v a lu e  f o r  d i a c e t y l  was fo und  t o  be ^ . ^ 4  mM, a  

v a lu e  which i s  o f  t h e  same o r d e r  o f  m ag n itu d e  a s  t h e  Km ob­

t a i n e d  w i th  t h e  d i a c e t y l  ( a c e t o i n )  r e d u c t a s e  o f  A. a e r o g e n e s  

( 1 3 ) .  A d d i t i o n a l l y ,  t h e  k i n e t i c  c o n s t a n t s  o b ta in e d  w i th  

e t h y l  a c e t o a c e t a t e  and a c e t o a c e t y l  N - a c e ty l c y s t e a m in e  a s  

s u b s t r a t e s  a r e  l i s t e d  i n  T able  4 .  T hese  d a t a  c l e a r l y  show 

t h a t  d i a c e t y l  i s  t h e  p r e f e r r e d  s u b s t r a t e  an d  t h a t  NADPH and 

n o t  NADH s e r v e s  a s  th e  coenzyme in  t h i s  r e a c t i o n .

DISCUSSION

The d i a c e t y l  r e d u c t a s e  d e s c r i b e d  in  t h i s  p a p e r  was n o t  

f i r s t  r e c o g n iz e d  a s  s u c h .  As m en tio n ed  e a r l i e r ,  t h e  enzyme 

was f i r s t  d e t e c t e d  by i t s  a b i l i t y  t o  c a t a l y z e  t h e  o x i d a t i o n
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o f  NADFH i n  t h e  p r e s e n c e  o f  e t h y l  a c e t o a c e t a t e .  I t  was 

o n ly  a f t e r  t e s t i n g  s e v e r a l  p o s s i b l e  s u b s t r a t e s , t h a t  t h e  

enzym e’s a b i l i t y  t o  r e d u c e  d i a c e t y l  i n  t h e  p r e s e n c e  o f  

NADPH was r e c o g n i z e d .  T h u s ,  s i n c e  t h e  enzyme showed maximum 

a c t i v i t y  w i t h  d i a c e t y l  a s  s u b s t r a t e  and s i n c e  d i a c e t y l  i s  a  

known m e t a b o l i t e  i n  s e v e r a l  o rg a n is m s ,  i t  i s  p ro p o se d  t h a t  

t h e  enzyme f u n c t i o n s  a s  a  d i a c e t y l  r e d u c t a s e .

The E .  c o l i  d i a c e t y l  r e d u c t a s e  r e p o r t e d  h e re  seem s t o  be 

q u i t e  d i f f e r e n t  from  o t h e r  known d i a c e t y l  r e d u c t a s e .  I n  

c o n t r a s t  t o  t h e  d i a c e t y l  r e d u c t a s e  from  b e e f  l i v e r  (1 9 )  

and A . a e r o g e n e s  ( 1 ^ ) ,  t h i s  enzyme h a s  a  b ro a d  s u b s t r a t e  

s p e c i f i c i t y  a s  e v id e n c e d  by i t s  s m a l l  b u t  d e f i n i t e  a c t i v i t i e s  

w i th  m o n o ca rb o n y l  compounds such  a s  a c e to n e  and a c e t a l d e h y d e .

A n o th e r  d i s t i n c t i v e  f e a t u r e  o f  t h i s  d i a c e t y l  r e d u c t a s e  

i s  i t s  p r e f e r e n c e  f o r  NADPH a s  t h e  coenzym e, a  f i n d i n g  w hich  

c o n t r a s t s  w i t h  t h e  a b s o l u t e  s p e c i f i c i t y  o f  t h e  A. a e r o g e n e s  

r e d u c t a s e  (1 5 )  f o r  NADH and  w i th  t h e  a b i l i t y  o f  t h e  b e e f  l i v e r  

and p ig e o n  l i v e r  r e d u c t a s e s  t o  u t i l i z e  e q u a l l y  w e l l  NADH and 

NADPH (19 , 2 0 ) .

The m o le c u l a r  w e ig h t  o f  t h e  enzyme was e s t im a t e d  by  g e l  

f i l t r a t i o n  t o  be 1 0 ,0 0 0 .  T h is  v a l u e  i s  s u r p r i s i n g l y  low  f o r  

a  p y r i d i n e  n u c l e o t i d e - d e p e n d e n t  d e h y d ro g e n a s e ,  e s p e c i a l l y  

when i t  i s  com pared t o  su ch  v a l u e s  a s  1 0 0 ,0 0 0 ,  1 1 0 ,0 0 0  and  

7 6 ,0 0 0  which have  b e e n  o b ta in e d  f o r  t h e  m o le c u la r  w e ig h t s  

o f  t h e  d i a c e t y l  r e d u c t a s e  o f  A. a e r o g e n e s . p ig e o n  and  b e e f  

l i v e r ,  r e s p e c t i v e l y  ( 1 2 , 19 , 2 0 ) .
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An interesting aspect is the finding that ethyl aceto­
acetate, although supporting the oxidation of NADPH, did 
not yield the expected product, ethyl 3-hydroxybutyrate.
T h u s ,  i t  i s  c o n c lu d e d  t h a t  e i t h e r  t h e  c a r b o n y l  g ro u p  o f  t h e  

e s t e r  f u n c t i o n  i s  r e d u c e d  o r  t h a t  t h e  re d u c e d  p r o d u c t  fo rm ed 

a  c o v a l e n t  bond w i th  NADP+ . The l a t t e r  p o s s i b i l i t y  i s
"t*s u p p o r te d  by t h e  known c o n d e n s a t io n  o f  p y r u v a te  w i th  NAD i n  

t h e  p r e s e n c e  o f  l a c t a t e  d e h y d ro g e n a s e  t o  g iv e  a  compound i n  

w hich  p y r u v a te  i s  c o v a l e n t l y  bound  t o  NAD+ (3 3 ) •

eoli's unusual coenzyme requirement for NADPH may
b e  u n d e rs to o d  i n  th e  c o n t e x t  o f  i t s  c a r b o h y d r a t e  m e ta b o l i s m .

It has been reported by Eagon that the extent to which E.
c o l i  u t i l i z e s  t h e  p e n to s e  p h o s p h a te  pa thw ay  f o r  g lu c o s e

"f1o x i d a t i o n  i s  d e p e n d e n t  upon t h e  a v a i l a b i l i t y  o f  NADP ( 3 4 ) .  

Thus i t  i s  p o s s i b l e  t h a t  t h e  r e d u c t i o n  o f  d i a c e t y l  i s  

im p o r t a n t  f o r  t h e  f o r m a t io n  o f  NADP+ t o  be  u t i l i z e d  i n  t h e  

p e n to s e  p h o s p h a te  p a th w ay . A d d i t i o n a l l y ,  t h e  p o s s i b i l i t y  

e x i s t s  t h a t  by com bined a c t i o n  o f  d i a c e t y l  r e d u c t a s e  and  

p y r i d i n e  n u c l e o t i d e  t r a n s h y d r o g e n a s e ,  w h ich  i s  known t o  e x i s t  

i n  E . c o l i  ( 4 2 ) ,  NADH i s  o x i d i z e d  i n  t h e  p re s e n c e  o f  d i a c e t y l .

In order to understand the function of the enzyme 
diacetyl reductase it is also necessary to look at how the 
organism metabolizes pyruvate. Ordinarily most of the cell's 
pyruvate is produced from glucose during glycolysis. Under 
anaerobic conditions though, pyruvate has a specific meta- 
bolic role, namely to regenerate the NAD that is needed for 
glycolysis. Most bacteria accomplish this by reducing
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p y r u v a te  t o  l a c t a t e  w i th  t h e  s im u l ta n e o u s  o x i d a t i o n  o f  NADH 

t o  NAD . T h u s ,  g l y c o l y t i c  p y r u v a te  h a s  an  im p o r ta n t  f u n c t i o n  

and i s  n o t  a v a i l a b l e  f o r  a c e t o i n  f o r m a t io n .  H ow ever, i f  t h e  

o rg a n ism  fo rm s  p y r u v a te  by o t h e r  pa thw ays t h e  p y r u v a te  can  

be c o n v e r t e d  t o  a c e t o i n .

This is indeed the case when many bacteria including 
E. coli are grown on citrate. This is due to the presence 
of an enzyme citratase which cleaves citrate to oxalacetate 
and acetate (9, 35—3 9 )• The oxalacetate is then decarboxy- 
lated to pyruvate (9 , 3 5 )•

As a  r e s u l t  o f  t h i s  d i s c u s s i o n  t h e  im p o r ta n c e  o f  a c e t o i n  

f o r m a t io n  c a n  be  s e e n  a s  a  m echanism  t o  r e d u c e  e x c e s s i v e  

l e v e l s  o f  i n t r a c e l l u l a r  p y r u v a te  ( 4 0 ) .  I n  t h e  c a s e  w here 

d i a c e t y l  i s  fo rm ed f i r s t ,  i t s  s u b s e q u e n t  r e d u c t i o n  t o  

a c e t o i n  may s e r v e  t h e  two a d d i t i o n a l  f u n c t i o n s  o f  r e g e n e r a t i n g  

t h e  c e l l ' s  s u p p ly  o f  NAD (4 )  a n d ,  a l s o  o f  rem oving  d i a c e t y l  

whose p o ly m e rs  a r e  known t o  be t o x i c  s u b s t a n c e s  t h a t  r e a c t  

w i th  a r g i n i n e  r e s i d u e s  o f  p r o t e i n s .

I t  would be u s e f u l  t o  r e i n v e s t i g a t e  t h e  m echanism o f  

a c e t o i n  and  d i a c e t y l  b i o s y n t h e s i s  i n  t h i s  b a c t e r iu m  in  

o r d e r  t o  a n s w e r  t h e  many q u e s t i o n s  t h a t  w ere  r a i s e d .
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INTRODUCTION

A c e l l  membrane i s  a  b a r r i e r  w hich  f u n c t i o n s  t o  p r o t e c t  

t h e  c e l l  and  t o  c o n f i n e  t h e  c e l l ' s  s o l u b l e  c o n t e n t s  w h i l e  

a t  t h e  same t im e  a l l o w i n g  n u t r i e n t s  t o  e n t e r .  Some n u t r i e n t s  

l i k e  w a t e r  c a n  e n t e r  by d i f f u s i o n .  O th e r  n u t r i e n t s ,  h o w e v e r ,  

r e q u i r e  t r a n s p o r t  sy s te m s  w hich  a r e  more c o m p l i c a t e d .  T hese  

t r a n s p o r t  sy s te m s  show su c h  p r o p e r t i e s  a s  s u b s t r a t e  s p e c i f i ­

c i t y ,  s a t u r a b i l i t y  w i th  s u b s t r a t e ,  c o m p e t i t i v e  and  n o n ­

c o m p e t i t i v e  i n h i b i t i o n  and  g e n e t i c  d e t e r m i n a t i o n .  I n  r e c e n t  

y e a r s  many s t u d i e s  have  b e en  done on b a c t e r i a l  t r a n s p o r t  

s y s te m s  f o r  s u g a r s ,  am ino a c i d s ,  a n d  i n o r g a n i c  i o n s  ( 4 1 ,  4 2 ) .  

H ow ever, few s t u d i e s  have  b e en  done on t h e  t r a n s p o r t  sy s te m  

i n v o lv e d  i n  f a t t y  a c i d  u p ta k e  i n  b a c t e r i a .  R e c e n t ly  th o u g h ,  

t h e  p ro b lem  h a s  b e e n  s t u d i e d  by a  num ber o f  i n v e s t i g a t o r s  

and  some o f  t h e i r  f i n d i n g s  a r e  sum m arized b e lo w .

The specificity of fatty acid uptake has been studied 
by Overath ( 4 3 ) .  Working with an E . coli mutant constitutive 
for the enzymes of -oxidation, he found a long-chain 
specific, irreversible fatty acid uptake system ( 4 3 ) .  Salanitro 
and Wegener reported that on the basis of specific growth 
rates and uptake inhibition studies that three physiologi­
cally distinct entry and/or activation systems for fatty 
acids seem to exist in E . colit one for short-chain (C ^ -C ^ ) ;  

one for medium chain (C^-C^)j and one for long-chain 
( C i o - C i s )  fatty acids ( 4 4 ,  4 5 ) .

I n  a n  i n t e r e s t i n g  s tu d y  o f  f a t t y  a c i d  u p ta k e  O v e ra th
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demonstrated that mutants of E. coli lacking any of the 
-oxidation enzymes or the acyl-CoA synthetase exhibited 

greatly reduced rates of fatty acid uptake ( 4 2 ) .  This 
along with the findings of the coinducibility of both fatty 
acid uptake and of the P -oxidation enzymes and the similar 
substrate specificities of both the acyl-CoA synthetase 
and fatty acid uptake suggest that fatty acid uptake is 
intimately tied to fatty acid oxidation ( 4 3 ) .  As a result 
of these observations Overath proposed that the synthetase 
was an integral part of the fatty acid uptake system and in 
order for fatty acids to be taken up they have to be converted 
to their CoA esters by the synthetase ( 4 3 ) .

This proposal is certainly interesting and is supported 
by the fact that the acyl-CoA synthetase is partially membrane- 
bound ( 4 3 ) .  Although localization in the cytoplasmic membrane 
is required for a transport protein, Frerman and Bennett 
found evidence that the acyl-CoA synthetase is not localized 
on the outside of the membrane ( 4 6 ) .  Obviously, the exact 
nature of fatty acid uptake and the involvement of the acyl- 
CoA synthetase in it need to be clarified and in fact this 
has led to comparative studies on fatty acid uptake and fatty 
acid activation.

In one such comparative study, Overath found that the 
chain length specificity of both fatty acid uptake and fatty 
acid activation were the same ( 4 3 ) .  The kinetic constants 
of both uptake and activation were also compared. Working
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w i t h  p a r t i a l l y  p u r i f i e d  p r e p a r a t i o n s  o f  t h e  acyl-CoA  s y n th e ­

t a s e  d i f f e r e n t  Km v a l u e s  f o r  o l e a t e  were o b ta in e d  by s e v e r a l  

i n v e s t i g a t o r s !  0 .4 6  mM ( 4 6 ) ,  0 .5  mM ( 4 7 ) ,  and  20 juM ( 4 8 ) .

Of t h e s e  v a l u e s  o n ly  t h e  l a s t  one i s  s i m i l a r  t o  t h e  v a lu e  o f

1-5 JuM (4 3 )  found f o r  o l e a t e  t r a n s p o r t .  However, t h e  two 

h i g h e r  v a l u e s  sh o u ld  be  i n t e r p r e t e d  w ith  c a u t i o n .  As 

F re rm an  and  B e n n e t t  p o in te d  o u t , t h e s e  v a l u e s  w ere  o b ta in e d  

by m ea su r in g  t h e  i n  s i t u o  fo r m a t io n  o f  o le y lh y d ro x a m a te  from  

h y d ro x y la m in e  which h a s  been  shown t o  have  a d v e r s e  a f f e c t s  

on acyl-CoA  s y n t h e t a s e s  ( 4 6 ) .  The v a lu e  o f  20 juM was o b ta in e d  

by  A ilh a u d  u s in g  a  r a d i o a c t i v e  a s s a y  ( 4 8 ) .  A n o th e r  c o m p l ic a ­

t i n g  f a c t o r  i s  t h a t  t h e  c h a i n - l e n g t h  s p e c i f i c i t i e s  o f  t h e s e  

c ru d e  acyl-C oA  s y n t h e t a s e  p r e p a r a t i o n s  o b t a in e d  by O vera th  

and  A i lh a u d  were n o t  t h e  same. W hereas, O v e ra th  was w ork ing  

w i t h  an  enzyme p r e p a r a t i o n  s p e c i f i c  f o r  l o n g - c h a i n  f a t t y  

a c i d s  (4 ? )»  A i l h a u d 's  enzyme p r e p a r a t i o n  was a c t i v e  w i th  

b o t h  medium, and l o n g - c h a i n  f a t t y  a c i d s  ( 4 8 ) .

These studies leave many unanswered questions both about 
fatty acid uptake and activation. To clear up these ques­
tions it would be necessary to further characterize the fatty 
acid uptake system as well as the acyl-CoA synthetase. Of 
particular importance would be an investigation of the 
possible involvement in fatty acid uptake of a specific 
protein or permease distinct from the acyl-CoA synthetase.

I n  t h e  f o l lo w in g  r e p o r t ,  p r e l i m i n a r y  f i n d i n g s  o f  a  

s tu d y  a r e  p r e s e n t e d  w hich  were a im ed a t  l o c a l i z i n g  and
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s t u d y i n g  th e  acy l-C oA  s y n t h e t a s e  and a  p ro p o se d  f a t t y  a c i d  

p e rm e a s e •

MATERIALS AND METHODS

C h e m ic a l s . CoA i n  i t s  re d u c e d  fo rm  was p u rc h a s e d  from

P L -B io c h e m ic a ls .  Lysozyme, DNAase, ATP, l e u c i n e  and  T r i t o n

X-100 w ere  b o u g h t  from  Sigma C hem ica l Co. O le ic  a c i d  was
3

o b t a i n e d  from  F i s h e r  S c i e n t i f i c  Co. ( ^ , 5  H ) - l e u c i n e  and  

1A,C ( U ) - l e u c in e  were p u rc h a s e d  from New E n g lan d  N u c le a r .

O rg a n is m s . E .  c o l i  B (ATCC11775) was grown in  M-9 

m i n e r a l  s a l t s  medium w ith  e i t h e r  o l e a t e  o r  a c e t a t e  a s  t h e  

s o l e  c a r b o n  s o u r c e ,  a s  p r e v i o u s l y  d e s c r i b e d  ( 4 7 ) .  C e l l s  

w ere  grown i n  a  New B runsw ick  g y r o t o r y  s h a k e r  i n c u b a t o r .

A l l  c e l l s  w ere  grown w i th  s h a k in g  t o  l a t e  l o g  p h ase  w hich 

c o r r e s p o n d s  t o  an  a b s o r b a n c e  o f  1 .8  a t  420 nm when m easu red  

on a  Z e i s s  M4< Q I I I  s p e c t r o p h o t o m e t e r .

lA 3I n c o r p o r a t i o n  o f  C an d  H - l e u c i n e  i n t o  t h e  c y to p la s m ic  

m em brane. C e l l s  w ere  grown on r a d i o a c t i v e  l e u c i n e  a s  f o l l o w s .  

M-9 m i n e r a l  s a l t s  m ed ia  w i th  e i t h e r  o l e a t e  o r  a c e t a t e  a s  s o l e  

c a rb o n  s o u r c e  were p r e p a re d  a s  d e s c r i b e d  a b o v e .  Then 10 mg
3

o f  D L - le u c in e  c o n t a i n i n g  100 juCi o f  (4-,5 H ) - l e u c i n e  was add ed  

t o  500 ml o f  o l e a t e  c o n t a i n i n g  m edia  a n d  t h e n  t o  500 ml o f  

t h e  a c e t a t e  c o n t a i n i n g  m edia 10 mg o f  D L - le u c in e  c o n t a i n i n g  

50 juCi o f  ^ C ( U ) - l e u c i n e  w ere  a d d e d .  To each  o f  t h e  above  

c u l t u r e  m ed ia  was added  30 ml o f  a  l a t e  lo g  c u l t u r e  o f  e i t h e r
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o l e a t e  o r  a c e t a t e  grown c e l l s ,  a s  a p p r o p r i a t e .  The i n i t i a l  

a b s o rb a n c e  o f  t h e  c e l l s  was 0 . 2 - 0 . 3  a t  A20 nm. C e l l s  w ere  

grown to  l a t e  lo g  phase  an d  h a r v e s t e d .  E q u a l  w e ig h ts  ( 1 . 3  g 

e a c h )  o f  and grown c e l l s  were th e n  m ixed . C y to p la sm ic  

membranes o f  th e  mixed c e l l s  w ere  p r e p a re d  a c c o r d in g  to  

K a b a c k 's  p r o c e d u r e  (4-9).

S o l u b l i z a t i o n  o f  c y to p la s m ic  membrane w ith  T r i t o n  X -1 0 0 . 

C y to p la sm ic  membranes w ere  f i r s t  p re p a re d  a s  d e s c r ib e d  a b o v e .  

The membranes w ere  th e n  su sp en d e d  i n  2% T r i t o n  X-100 in  T r i s -  

HC1 ( 7 .5 )  t o  a  f i n a l  c o n c e n t r a t i o n  o f  10 mg p r o t e i n / m l .

Two e q u a l  p o r t i o n s  were t a k e n  and  t r e a t e d  a s  f o l l o w s .  One 

p o r t i o n  was s o n i c a t e d  f o r  50 s e c .  (5*10 s e c . )  a t  0-5°C u s in g  

a  B ranson  S o n i f i e r  w ith  m i c r o t i p  a t t a c h m e n t  a t  a  s e t t i n g  o f  

4  and  in c u b a te d  f o r  2 h r s .  ( i n c l u d e s  s o n i c a t i o n  t im e )  i n  th e  

T r i t o n  X -100 . The o t h e r  p o r t i o n  was n o t  s o n i c a t e d  b u t  o n ly  

in c u b a te d  i n  th e  T r i t o n  X-100 f o r  2 h r s .  The two p o r t i o n s  

w ere  th e n  c e n t r i f u g e d  a t  166 ,5 00  x g in  a  S p in c o  Model 

L2-65B p r e p a r a t i v e  u l t r a c e n t r i f u g e  f o r  one h o u r .  The s u p e r -  

n a t e n t s  w ere  used  f o r  enzyme a s s a y s .

P r e p a r a t i o n  o f  Acyl-CoA s y n t h e t a s e . 0 .3  g o f  e i t h e r  

o l e a t e  o r  a c e t a t e  grown c e l l s  w ere  su sp en d e d  i n  1 . 5  ml c o n t a i n  

in g  0.1M T r i s - h y d r o c h l o r i d e  (7*7)»  0.01M 2 - m e r c a p to e th a n o l ,

Ifo T r i t o n  X-100 an d  0.002M EDTA and  s o n i c a t e d  f o r  50 s e c .

(5x10  s e c . )  a t  0 -5  C u s i n g  a B ra n so n  S o n i f i e r  w i th  a  m ic r o ­

t i p  a t t a c h m e n t  a t  a  s e t t i n g  o f  b  (^7 )»  T h is  p r e p a r a t i o n  

was c e n t r i f u g e d  a t  3 1 ,3 0 0  x g f o r  30 m in u te s  i n  a  Beckman
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J - 2 1  c e n t r i f u g e .  The s u p e r n a t a n t s  w ere  used  t o  a s s a y  f o r  t h e  

acy l-C oA  s y n t h e t a s e .

S D S -a c rv la m id e  g e l  e l e c t r o p h o r e s i s  and  s c i n t i l l a t i o n  

c o u n t i n g .  The S D S -d isc  g e l s  were p r e p a r e d  and ru n  a c c o r d i n g  

t o  t h e  p ro c e d u r e  o f  Weber and  O sborne ( 5 0 ) .  100 jug o r  200

pg o f  membrane p r o t e i n  was a p p l i e d  t o  each  g e l .  A f t e r  e l e c ­

t r o p h o r e s i s  t h e  g e l s  w ere  removed from  t h e  g l a s s  t u b e s  and  

e i t h e r  s t a i n e d  i n  Coom asie b r i l l i a n t  b lu e  f o r  2 h r s  o r  c u t  

i n t o  2 mm s l i c e s  and  p r e p a r e d  f o r  l i q u i d  s c i n t i l l a t i o n  

c o u n t in g  a s  f o l l o w s .  E ach  s l i c e  was p la c e d  i n t o  a  g l a s s  

c o u n t in g  v i a l  c o n t a i n i n g  0 .7  ml o f  NCS s o l u b l i z i n g  c o c k t a i l  

(NCSsHgO 9 t l )  ( 5 1 ) .  The s l i c e s  w ere  t h e n  i n c u b a te d  i n  t h e  

t i g h t l y  c l o s e d  v i a l s  a t  50° C in  a n  oven o v e r n i g h t .  A f t e r  

t h e  i n c u b a t i o n  t h e  v i a l s  w ere  a l lo w e d  t o  c o o l  down and  t h e n  

10 ml o f  t o l u e n e  b a se d  s c i n t i l l a t i o n  s o l u t i o n  w ere a d d e d .

The v i a l s  were t h e n  c o u n te d  i n  a  Beckman LS-150 l i q u i d  s c i n -
3 1^t i l l a t i o n  c o u n t e r  u s in g  n a r ro w  H and  C i s o s e t s .

P r o t e i n  a n d  enzyme d e t e r m i n a t i o n . P r o t e i n  was d e t e r ­

mined by a  m o d i f i e d  b i u r e t  p ro c e d u re  ( 2 8 ) .  I n c u b a t i o n  w i th  

t h e  b i u r e t  r e a g e n t  was a s  u s u a l ,  b u t  was done i n  t h e  p r e s e n c e  

o f  2% T r i t o n  X -1 0 0 .  Acyl-CoA s y n t h e t a s e  a c t i v i t y  was a s s a y e d  

a c c o r d i n g  t o  O v e ra th  (4-7). The a s s a y  m ix tu r e  c o n ta in e d  4 jumoles 

o l e a t e ,  kQ jumoles NaP, 0 .5  rag T r i t o n  X-100 a n d  HgO t o  a  f i n a l  

volum e o f  2 m l.  To t h i s  was added  a  1 ml s o l u t i o n  c o n t a i n ­

in g  250 jumoles T r i s - h y d r o c h l o r i d e  ( 8 . 5 )» 1 mmole h y d r o x y l a -  

mine ( n e u t r a l i z e d  t o  pH 8.5)* 10 pm o les  ATP, 0 .6  mg CoA, 20 

jumoles MgClg a n d  ^0  jumoles 2 - m e r c a p to e th a n o l .
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RESULTS AND DISCUSSION 

Induction and localization of the acyl-CoA synthetase.
In this investigation the acyl-CoA synthetase was initially 
studied because of its importance in fatty acid uptake (4?)* 
It was thought necessary to identify the synthetase, study 
some of its characteristics and to compare these data with 
those of earlier reports.

Two p r e v i o u s  r e p o r t s  have  d e m o n s t r a te d  t h a t  t h e  g ro w th  

o f  E. c o l i  on a  l o n g - c h a i n  f a t t y  a c i d  a s  s o l e  c a rb o n  s o u r c e  

c a u s e s  t h e  i n d u c t i o n  o f  t h e  $ - o x i d a t i o n  enzym es a s  w e l l  a s  

t h e  acy l-C oA  s y n t h e t a s e  ( 4 ? ,  5 2 ) .  H ow ever, two d i f f e r e n t  

s t r a i n s  were u s e d  i n  t h e s e  s t u d i e s  and  t h e  e x t e n t  o f  i n d u c ­

t i o n  was d i f f e r e n t  i n  eac h  s t r a i n .  H ence , i t  seemed n e c e s ­

s a r y  t o  d e te r m in e  t h e  e x t e n t  o f  i n d u c t i o n  in  t h e  s t r a i n  

u sed  i n  t h i s  s t u d y .  T a b le  5 shows t h a t  t h e  s p e c i f i c  a c t i v i t y  

o f  t h e  acy l-C oA  s y n t h e t a s e  i n  t h e  in d u c e d  c e l l s  a r e  1 0 - f o l d  

h i g h e r  t h a n  i n  n o n - in d u c e d  c e l l s .  T hese  v a l u e s  a r e  i n  

g e n e r a l  a g re e m e n t  w i th  t h o s e  r e p o r t e d  by Weeks e t  a l  ( 5 2 ) .  

F u r th e r m o r e ,  t h e  acyl-C oA  s y n t h e t a s e  a c t i v i t y  was fo u n d  t o  

be  l i n e a r  w i th  r e s p e c t  t o  b o th  t im e  and p r o t e i n  c o n c e n t r a ­

t i o n  ( F i g s .  13 an d  1 4 ) .

I n  v iew  o f  e a r l i e r  r e p o r t s  t h a t  t h e  acy l-C oA  s y n t h e t a s e  

was p a r t i a l l y  membrane bound (4 7 ,  53 )  i t  was d e c id e d  t o  

d e te r m in e  w h e th e r  t h i s  enzyme i s  l o c a l i z e d  on t h e  c y to p l a s m ic  

m em brane. F o r  t h i s  p u rp o se  a  c y to p la s m ic  membrane p r e p a r a -
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t i o n  was o b t a i n e d  from  o l e a t e  grown c e l l s  a c c o r d i n g  t o  an 

e s t a b l i s h e d  p ro c e d u re  (4 9 )*  The membranes w ere  s o l u b l i z e d  

by  a  m o d if ie d  p r o c e d u r e  i n i t i a l l y  u se d  by  S c h n a itm an  (5^)»  

A c c o rd in g  t o  t h i s  p ro c e d u r e  membranes w ere  in c u b a te d  i n  2% 

T r i t o n  X-100 e i t h e r  w i t h  o r  w i th o u t  s o n i c a t i o n  a s  d e s c r i b e d  

i n  " M a t e r i a l s  a n d  M e th o d s ."  T hese  T r i t o n  e x t r a c t s *  however* 

e x h i b i t e d  no acy l-C oA  s y n t h e t a s e  a c t i v i t y  a s  shown i n  T a b le  

6 .  T h is  i n d i c a t e d  t h a t  t h e r e  was no  acy l-C oA  s y n t h e t a s e  

a c t i v i t y  a s s o c i a t e d  w i t h  t h e  c y to p la s m ic  membrane. The above 

r e s u l t  i s  n o t  s u r p r i s i n g  in  v iew  o f  t h e  f a c t  t h a t  t h e  a c y l -  

CoA s y n t h e t a s e  i s  o n ly  p a r t i a l l y  membrane bound and  i t  c o u ld  

h a v e  b e e n  rem oved d u r i n g  t h e  p r e p a r a t i o n  o f  t h e  c y to p la s m ic  

m em branes.

A p r e l i m i n a r y  s e a r c h  f o r  a  f a t t v  a c i d  p e rm e a s e . An

a t t e m p t  was made t o  d e t e c t  t h e  p r e s e n c e  o f  a  f a t t y  a c i d

p e rm ease  on o r  i n  t h e  c y to p la s m ic  m embrane. A d o u b l e - l a b e l

e x p e r im e n t  was p e r fo rm e d  a s  f o l l o w s .  Two c u l t u r e s  o f  E . c o l i

c e l l s  w ere  g row n , one on  o l e a t e  i n  t h e  p r e s e n c e  o f  H - l e u c in e
14and  one on a c e t a t e  i n  t h e  p r e s e n c e  o f  C - l e u c i n e .  T hus , 

b o th  c u l t u r e s  s h o u ld  i n c o r p o r a t e  e q u a l l y  t h e i r  r e s p e c t i v e  

l a b e l s  i n t o  p r o t e i n  e x c e p t  t h e  c u l t u r e  grown on o l e a t e  sh o u ld
o

a l s o  i n c o r p o r a t e  H - l e u c i n e  i n t o  t h e  P > - o x id a t io n  enzym es.

The two c u l t u r e s  were t h e n  m ix e d .  As a  r e s u l t ,  a l l  p r o t e i n s
3 14

s h o u ld  have  t h e  same ^Hs C r a t i o  e x c e p t  t h o s e  p r o t e i n s
3 14in v o lv e d  i n  p - o x i d a t i o n  which s h o u ld  h a v e  h i g h e r  Hi C 

r a t i o s .  T h is  e x p e r im e n t  was c a r r i e d  o u t  a s  d e s c r i b e d  i n  

" M a t e r i a l s  and  M e th o d s ."  The p r e p a r a t i o n  o f  c y to p la s m ic
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membranes was e x p e c te d  t o  r e s u l t  i n  t h e  rem o v a l  o f  a l l  t h e  

s o l u b l e  enzym es o f  ^  - o x i d a t i o n .  The c y to p la s m ic  membranes 

were t r e a t e d  w i th  SDS a n d  s u b j e c t e d  t o  SDS g e l  e l e c t r o p h o ­

r e s i s .  The g e l s  w ere  t h e n  a n a ly z e d  f o r  t h e  p r e s e n c e  o f

p r o t e i n  a n d  r a d i o a c t i v i t y .  As can  be  s e e n  i n  F i g .  15 t h e  
3 14e x t e n t  o f  H and C i n c o r p o r a t i o n  d o e s  n o t  seem t o  v a r y

3 14-much and  c o n s e q u e n t l y ,  t h e  H» C r a t i o  i s  f a i r l y  c o n s t a n t

o v e r  t h e  l e n g t h  o f  t h e  g e l .  T here  a r e  tw o a r e a s  ( p e a k s  I
3 14and I I )  w i th  i n c r e a s e d  Ht C r a t i o s .  However, t h e  i n c r e a s e  

3 14i n  Hi C r a t i o  a r e  n o t  c o m p arab le  t o  t h e  t e n - f o l d  i n c r e a s e

expected for proteins associated with fatty acid uptake and
d e g r a d a t i o n .  H ow ever, i f  t h e  bands on t h e  g e l  w ere  composed

of several proteins of similar molecular weight, a change in
concentrations of a single protein would not significantly
change the overall protein composition of the band and might
not be detected in a double-label experiment as described
h e r e .  T h u s ,  u n l e s s  t h e  pe rm ease  c o n t r i b u t e d  much t o  t h e

p r o t e i n  c o n c e n t r a t i o n  o f  one band n o  d r a m a t i c  i n c r e a s e  in  t h e  
3 14H* C r a t i o  would be  e x p e c te d .

A disturbing aspect of Fig. 15 is the fact that not all 
the peaks of radioactivity coincide with the protein bands. 
The reason for this is not known and remains unexplainable. 
Another anamolous aspect of Fig. 15 is the low level of 
radioactive incorporation associated with the large stained 
area towards the end of the gel. However, this band is 
thought to be an artifact because the stain associated with 
this band fades faster than the stain associated with the
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o t h e r  b a n d s .  The n a t u r e  o f  t h e  a r t i f a c t  i s  n o t  known. T hu s , 

t h e  q u e s t i o n  o f  w h e th e r  t h e r e  e x i s t s  a  f a t t y  a c i d  p e rm ease  

i n  E .  c o l i  c a n n o t  b e  an sw ered  on th e  b a s i s  o f  t h e  r e s u l t s  

o f  t h i s  s t u d y  b u t  t h e  e v id e n c e  o b ta in e d  h e r e  does  n o t  a p p e a r  

e n c o u r a g in g .

A f i n a l  p o in t  w o r th  c o n s i d e r i n g  i s  t h e  l i k e l i h o o d  o f  

t h e  in v o lv e m e n t  o f  a  f a t t y  a c i d  p e rm ease  i n  b a c t e r i a l  f a t t y  

a c i d  u p ta k e .  The p o s s i b i l i t y  e x i s t s  t h a t  f a t t y  a c i d s  e n t e r  

t h e  c e l l  by s im p le  d i f f u s i o n  o f  t h e i r  p r o t o n a t e d  l i p o p h i l i c  

fo rm s  a c r o s s  th e  m embrane. The f r e e  f a t t y  a c i d s  would t h e n  

b e  c o n v e r t e d  t o  t h e i r  CoA e s t e r s  by acy l-C oA  s y n t h e t a s e  and  

i n  t h i s  f a s h i o n  a  f a v o r a b l e  c o n c e n t r a t i o n  g r a d i e n t  would be 

m a i n t a i n e d .  I f  t h i s  were th e  m echanism  o f  f a t t y  a c i d  u p ta k e  

and  i f  t h e  d i f f u s i o n  would be r a t e - l i m i t i n g  one would e x p e c t  

t o  o b s e rv e  m axim al r a t e s  o f  f a t t y  a c i d  u p ta k e  a t  low  p H 's  

w here  a  g r e a t e r  p e r c e n t a g e  o f  f a t t y  a c i d s  e x i s t  i n  t h e i r  

p r o t o n a t e d  fo rm s .  H ow ever, f a t t y  a c i d  u p ta k e  e x h i b i t e d  a  

pH optimum o f  7 ( 4 6 ) ,  a  f i n d i n g  which d o e s  n o t  d i s p r o v e  a  

m echanism  o f  s im p le  d i f f u s i o n  b e c a u s e  o f  t h e  in v o lv e m e n t  o f  

acy l-C oA  s y n t h e t a s e ,  w hich  has a  pH optimum o f  8 .5  i n  t h e  

o v e r a l l  p r o c e s s .

Support for the involvement of a specific transferring 
protein in fatty acid uptake comes from mammalian systems. 
The best known example of a fatty acid uptake and trans­
ferring system is the carnitine dependent translocations of 
fatty acids across the inner mitochondrial membrane (5 5 )• 
Furthermore, recent evidence indicates that isolated rat 
liver cells may have a protein which is involved in the
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t r a n s f e r  o f  f a t t y  a c i d s  a c r o s s  t h e  c y to p la s m ic  membrane 

(5 6 ,  5 7 ) •  I n  v iew  o f  t h e  r e q u i r e m e n t  i n  mammalian sy s te m s  

f o r  a  s p e c i f i c  f a t t y  a c i d  t r a n s f e r r i n g  p r o t e i n ,  i t  i s  n o t  

u n r e a s o n a b le  t o  assum e t h a t  such  a  p r o t e i n  e x i s t s  i n  a  

b a c t e r i a l  sy s te m  a s  w e l l .
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T a b l e  1 P r o p e r t i e s  o f  d i a c e t y l  r e d u c t a s e s

S o u rc e  o f
D i a c e t y l
R e d u c ta s e

A. A e ro g en e s  

B e e f  L i v e r  

P ig e o n  L i v e r

3 8

M o le c u la r  W eight 
a n d  S u b u n i t  
C o m p o s i t io n ______

1 0 0 ,0 0 0
4  e q u a l  s u b u n i t s

76,000  
3 s u b u n i t s

110,000

Coenzyme
R eq u ire m e n t

NADH

NADH,
NADPH

NADH,
NADPH

Km ( D i a c e t y l )  
mM_________

1.2
0.04

3.5



T a b l e  2 .  . Summary o f  t h e  p u r i f i c a t i o n  o f  d i a c e t y l  r e d u c t a s e  fr o m  E .  c o l i

P u r i f i c a t i o n
S te p

T o t a l 8,
A c t i v i t y

T o t a l
P r o t e i n

S p e c i f i c
A c t i v i t y P u r i f i c a t i o n

p m o le s /m in mg jam oles/m in  
and  mg o f  
p r o t e i n

- f o l d

1) C ru d e
Homogenate 220 72,000 0 .0 0 3 1

2 ) 170 2 4 ,0 0 0 0 .0 0 7 2 .3

3) DEAE-
C e l l u l o s e  I 71 3 ,0 0 0 0 .0 2 4 8

4 )  DEAE-
C e l l u l o s e  I I ( 2 7 . 5 ) b 350 0 .0 7 8 26

5) S ephadex  G-100 4 6 .1 80 0 .5 8 193

6) DEAE-Sephadex 3 .3 1 .3 6 2 .4 5 800

Y ie ld

%

100

77

32

( 1 2 .5 )

2 0 .9

1 -5

Enzyme a c t i v i t y  was d e te rm in e d  u s i n g  e t h y l  a c e t o a c e t a t e  a s  s u b s t r a t e .

3The low  a c t i v i t y  a f t e r  th e  se co n d  D E A E -ce llu lo se  c h ro m a to g ra p h y  s t e p  
was s u r p r i s i n g  and  re m a in s  u n e x p la in e d .



Table 3 . S u b s t r a te  s p e c i f i c i t y  o f  d i a c e t y l  re d u c ta s e

o
S u b s t r a t e  A c t i v i t y

*

D i a c e t y l  ( 2 ,3  b u ta n e d io n e )  100

E t h y l  p y r u v a t e  7 0 .9

P y r u v a te  A.3

O x a l a c e t a t e  7*0

2 - 0 x o g l u t e r a t e  3 .2

d ^ -K e to p a n to la c to n e  6 .6

D e h y d ro a s c o rb a te  0

E t h y l  a c e t o a c e t a t e  31*6

M ethy l a c e t o a c e t a t e  1 0 . A

E t h y l  t h i o l a c e t o a c e t a t e  55 •5^

A c e t o a c e t y l  N - a c e ty l c y s t e a m in e  19*1

A c e t o a c e t a t e  1 .6

M ethy l - k e t o h e x a n o a te  2 .5

2 ,4 —P e n ta n e d io n e  A. 9

E t h y l  l e v u l i n a t e  3*9

A c e ta ld e h y d e  2 . 5

A ce to n e  2 .3

A c e to in  ( 3 - h y d r o x y - 2 - b u ta n o n e )  2 .2

A0



a
A s sa y s  w ere  p e r fo rm e d  a s  d e s c r i b e d  i n  " M a t e r i a l s  and 

M e th o d s" .  The a s s a y  m ix t u r e s  c o n ta in e d  16? mM p o ta s s iu m  

p h o s p h a te  (pH 7 * 0 ) ,  0 .1 8  mM NADPH, 33 mM s u b s t r a t e  and 

b e tw ee n  1 .8  jug a n d  18 jug o f  d i a c e t y l  r e d u c t a s e  ( s p e c i f i c  

a c t i v i t y  0 .5  jumoles p e r  m in and mg o f  p r o t e i n )  i n  a  t o t a l  

volume o f  0 .6  m l.  The am ount o f  r e d u c t a s e  p e r  a s s a y  was
_3

v a r i e d  t o  g iv e  a n  o b se rv e d  A A ^ g / m i n  b e tw ee n  5 x 10 and  

35 x 10“ 3 .

b
A ssa y s  w ere  a s  d e s c r i b e d  i n  f o o t n o t e  a  e x c e p t  t h a t  t h e  

s u b s t r a t e  c o n c e n t r a t i o n s  w ere  3 .3  mM. P e r c e n t  a c t i v i t y  

was c a l c u l a t e d  b a s e d  on t h e  a c t i v i t y  o b s e rv e d  w i th  an  a s s a y  

m ix tu r e  c o n t a i n i n g  3 .3  mM d i a c e t y l .
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T a b l e  4 .  K i n e t i c  C o n s t a n t s

V a r i a b l e  S u b s t r a t e  F ix e d  S u b s t r a t e  Km (mM)

Vm(jim o les/m in  
and  mg o f  
p r o t e i n )

D i a c e t y l

NADPHa

NADH

E t h y l  a c e t o a c e t a t e  

NADPH

A c e t o a c e t y l
N - a c e ty lc y s te a m in e

NADPH

NADPH

D i a c e t y l

D i a c e t y l

NADPH

E th y l
A c e t o a c e t a t e

NADPH

A c e t o a c e t y l  0 .008)
N - a c e ty l c y s t e a m in e

0 .008

9.5

2 .3 ^

3.63

1.63

a C o n s t a n t s  f o r  t h e s e  s u b s t r a t e s  were o b t a i n e d  from  F i g .  1 2 .
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T a b l e  5« A c y l-C o A  s y n t h e t a s e  a s s a y 3.

S o u rc e  S p e c i f i c  A c t i v i t y
jUmoles hvdroxamic acid  

_________________________ (mg p ro te in ) (minT~

O le a te  grown 
c e l l s

A c e t a t e  grown 
c e l l s

a The a s s a y  m ix tu r e s  w ere  i n c u b a te d  f o r  2 h r s .  a s  d e s c r i b e d  

i n  " M a t e r i a l s  an d  M e th o d s ."  F o r  a s s a y i n g  o l e a t e  grown c e l l s  

0.28-0.8*4- mg o f  p r o t e i n  were u s e d  f o r  e ac h  a s s a y  and f o r  

a s s a y i n g  a c e t a t e  grown c e l l s  1 . 2 9 - 2 .5 8  mg o f  p r o t e i n  were 

u se d  f o r  each  a s s a y .

2 . 6  x 10- 3  

—*4-2 . 5  x 10



T a b le  6 . A cyl-CoA s y n th e ta s e  a s s a y 8, o f  s o l u b l i z e d  

c y to p la s m ic  m em brane.

S o n ic a te d  membrane p r e p a r a t i o n  n m o le s  hv d ro x am ic  a c id /m in  

mg p r o t e i n  

0 .132  0

0 .2 6 4  0

0 .5 2 8  0

U n s o n ic a te d  membrane p r e p a r a t i o n *3 n m o les  h v d ro x am ic  a c id /m in  

mg p r o t e i n  

0 .1 0 8  0

0 .2 1 6  0

0 .4 3 2  0

a The acyl-C oA  s y n th e ta s e  a s s a y  was p e rfo rm e d  a s  d e s c r ib e d  

in  " M a te r ia l s  an d  M e th o d s ."

^M embranes w ere p re p a re d  a s  d e s c r ib e d  in  " M a te r i a l s  an d  

M e th o d s ."
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V a l i n e  B i o s y n t h e s i s
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F i g .  1 .  A l t e r n a t i v e  pa th w ay s  o f  p y r u v a te  m e tab o lism

A5



F i g .  2 .  C h rom atog raph y  o f  d i a c e t y l  r e d u c t a s e  on DEAE- 

c e l l u l o s e .  F r a c t i o n s  o f  20 ml each  w ere c o l l e c t e d .  R e d u c ta s e  

a c t i v i t y  a s s a y s  were p e r fo rm e d  w i th  0 .1  ml o f  each  o f  t h e  

i n d i c a t e d  f r a c t i o n s .  The v a l u e s  o f  a  A ^ g / m i n  t h u s  o b t a i n e d  

a r e  p l o t t e d  a b o v e .
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F i g .  3 .  C hrom atog raph y  o f  d i a c e t y l  r e d u c t a s e  on a  S ephadex  

G-100 column (5 x ^5  cm).  F r a c t i o n s  o f  15 ml e ac h  were 

c o l l e c t e d .  R e d u c t a s e  a c t i v i t y  a s s a y s  were p e r fo rm e d  w i t h  

0 . 1  ml o f  each  o f  t h e  i n d i c a t e d  f r a c t i o n s .  The v a l u e s  o f  

A ^ Q / m i n  t h u s  o b t a i n e d  a r e  p l o t t e d  a b o v e .
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F i g .  The f i n a l  p u r i f i c a t i o n  o f  d i a c e t y l  r e d u c t a s e  on

DEAE-Sephadex A-50» D i a c e t y l  r e d u c t a s e  was c h ro m a to g ra p h ed  

a nd  f r a c t i o n s  o f  20 ml each  were c o l l e c t e d .  R e d u c ta s e  

a c t i v i t y  a s s a y s  were perfo rm ed  w i t h  0 .1  ml o f  each  o f  t h e  

i n d i c a t e d  f r a c t i o n s .  The v a l u e s  o f  A A ^ Q/m in  t h u s  o b t a i n e d  

a r e  p l o t t e d  a b o v e .

U9
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F ig  5» D isc  g e l  e l e c t r o p h o r e s i s  o f  d i a c e t y l  r e d u c t a s e .  

P h o to m e t r i c  scan  o f  g e l  a f t e r  s t a i n i n g  w i th  amido b l a c k .
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F i g .  6 .  D i s c  g e l  e l e c t r o p h o r e s i s  o f  d i a c e t y l  r e d u c t a s e ,  

and e t h y l  a c e t o a c e t a t e  r e d u c t a s e .  Gel  was c u t  i n t o  2 mm 

s l i c e s  and e a c h  s l i c e  was e l u t e d  w i t h  1 ml o f  0 . 0 1  M, KPi 

(pH 7 . 0 ) .  I n  t h e  d i a c e t y l  r e d u c t a s e  a s s a y s  0 . 3  ml o f  t h e  

e l u a t e  o f  e a c h  s l i c e  was u s e d ,  i n  t h e  e t h y l  a c e t o a c e t a t e  

r e d u c t a s e  a s s a y  0 . 5  ml o f  each e l u a t e  was u s e d .  The v a l u e s  

o f  A A ^ Q / m i n  t h u s  o b t a i n e d  a r e  p l o t t e d  a b o v e .  ( •  ) E t h y l  

a c e t o a c e t a t e  r e d u c t a s e ,  ( O ) d i a c e t y l  r e d u c t a s e .
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F i g .  7* M o le c u la r  w e ig h t  d e t e r m i n a t i o n  o f  d i a c e t y l  r e d u c t a s e  

on S ep hadex  G-100 .  The f o l l o w i n g  s t a n d a r d s  were used*

( o  ) b o v i n e  serum a lb u m i n ,  ( •  ) o v a lb u m in ,  ( □ ) p e p s i n ,

( ■ ) c h y m o t r y p s in o g e n  A, ( a  ) m y o lo b in ,  ( a  ) r i b o n u c l e a s e ,  

and  ( © ) cy to ch ro m e  c .  Arrow i n d i c a t e s  p o s i t i o n  o f  d i a c e t y l  

r e d u c t a s e .
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F i g .  8 .  pH optimum o f  d i a c e t y l  r e d u c t a s e .  B u f f e r s  u s e d  

were  c i t r a t e  p h o s p h a t e  ( •  ) and  p o t a s s i u m  p h o s p h a t e  ( ■ ) .  

The a s s a y  m i x t u r e  c o n t a i n e d  100 jUmol o f  t h e  i n d i c a t e d  

b u f f e r ,  10 junol o f  d i a c e t y l ,  56 nmol o f  NADPH, and 0.^-5 jug 

o f  d i a c e t y l  r e d u c t a s e  i n  a  t o t a l  volume o f  0 . 6  ml.
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P i g .  9» Time c u r v e s  o f  NADPH o x i d a t i o n  c a t a l y z e d  by 

d i a c e t y l  r e d u c t a s e  i n  t h e  p r e s e n c e  o f  d i a c e t y l .  (Curve 1) 

With p o t a s s iu m  p h o s p h a te  (pH 7 . 8 )  a s  b u f f e r .  (Curve  2)

With T r i s - h y d r o c h l o r i d e  (pH 7 . 8 )  a s  b u f f e r  when t h e  r e a c ­

t i o n  was s t a r t e d  by t h e  a d d i t i o n  o f  d i a c e t y l .  (Curve 3) 

D i f f e r e n c e  b e tw een  c u r v e s  2 and 5» (Curve 4 )  With T r i s -  

h y d r o c h l o r i d e  (pH 7*8) a s  b u f f e r #  when t h e  r e a c t i o n  was 

s t a r t e d  by t h e  a d d i t i o n  o f  enzyme. (Curve 5) Change i n  

a b s o r b a n c e  o f  c o n t r o l .  A s s a y s  c o n t a i n e d  a s  f o l l o w s i c u r v e  

1 ,  100 jumol o f  p o t a s s i u m  p h o s p h a t e ,  0 .1 1  jumol o f  NADPH,

20 jumol o f  d i a c e t y l ,  and  9 Jig o f  d i a c e t y l  r e d u c t a s e  i n  a 

t o t a l  volume o f  0 .6  ml? c u r v e s  2 and b ,  100 jumol o f  T r i s -  

h y d r o c h l o r i d e ,  180 jumol o f  p o t a s s i u m  c h l o r i d e ,  0 .113  jumol 

o f  NADPH, 20 jumol o f  d i a c e t y l ,  and  9 jug o f  d i a c e t y l  r e d u c ­

t a s e  i n  a  t o t a l  volume o f  0 .6  m l;  c u rv e  5* c o n t r o l  c o n ­

t a i n e d  t h e  same a s  a s s a y s  2 and k e x c e p t  t h a t  no enzyme 

was p r e s e n t .
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P i g .  10 .  I d e n t i f i c a t i o n  o f  t h e  p r o d u c t  o f  t h e  d i a c e t y l  

r e d u c t a s e  r e a c t i o n .  The a s s a y  m i x t u r e  c o n t a i n e d  2 . 5  pm ol  

o f  d i a c e t y l *  ^ 0  /imol o f  p o ta s s i u m  p h o s p h a t e ,  0.15  nig o f  

d i a c e t y l  r e d u c t a s e  ( a d d e d  i n  two p o r t i o n s ) ,  and  0 .5  mg o f  

NADPH (added  i n  t h r e e  p o r t i o n s )  i n  a  t o t a l  volume o f  1 ml.

The c o n t r o l  c o n t a i n e d  t h e  same com ponen ts  e x c e p t  t h a t  no 

enzyme was a d d e d .  A f t e r  a  t o t a l  r e a c t i o n  t i m e  o f  40 h t h e  

r e a c t i o n  m i x t u r e  was c h r o m a to g r a p h e d  on a  Dowex 1-X8 ( s u l f a t e  

fo rm )  column ( 1 . 9  by 27 cm) a s  d e s c r i b e d  b y  Speckman and  

C o l l i n s  ( 3 1 ) .  S u b s e q u e n t l y ,  t h e  c o n t r o l  f o l l o w e d  by t h e  

a c e t o i n  s t a n d a r d  was c h ro m a to g ra p h e d  on t h e  same co lum n.  

F r a c t i o n s  o f  3 ml e ac h  were c o l l e c t e d  and  a s s a y e d  f o r  

d i a c e t y l  and a c e t o i n  by t h e  p r o c e d u r e  o f  W e s t e r f e l d  ( 3 2 ) .

(A) R e a c t i o n  m i x t u r e ;  (B) 2 . 5  jumol o f  a c e t o i n ;  (C) c o n t r o l .

56



Absorbance, 530  nm

H
a
n
rt

Ho
3

z
c
3
tr
(3
1

o
.a



A

. 0 . 06 "

. 0 . 01"O.OE

\

1 5 05 0
I\)A D P H (juM)□  i a c e t y l ( m M )

F i g .  1 1 .  (A) The r a t e  o f  NADPH o x i d a t i o n  c a t a l y z e d  by

d i a c e t y l  r e d u c t a s e  a s  a  f u n c t i o n  o f  t h e  d i a c e t y l  c o n c e n t r a ­

t i o n .  The a s s a y  m ix t u r e  c o n t a i n e d ,  i n  a  t o t a l  volume o f  0 . 6  

m l ,  100 jumol o f  p o t a s s i u m  p h o s p h a t e  (pH 7*0)» ^ 5  nmol of  

NADPH, 0 .9  >ug o f  d i a c e t y l  r e d u c t a s e ,  a n d  t h e  i n d i c a t e d  amounts  

o f  d i a c e t y l .  (B) The r a t e  o f  NADPH o x i d a t i o n  c a t a l y z e d  b y  

d i a c e t y l  r e d u c t a s e  a s  a  f u n c t i o n  o f  t h e  NADPH c o n c e n t r a t i o n *  

The a s s a y  m ix t u r e  c o n t a i n e d ,  i n  a  t o t a l  volume o f  0 . 6  ml,

100 jumol o f  p o t a s s i u m  p h o sp h a te  (pH 7 . 0 ) ,  40 jumol o f  d i a c e t y l ,  

0 . 9  JUg o f  d i a c e t y l  r e d u c t a s e ,  a n d  t h e  i n d i c a t e d  amounts  o f  

NADPH.
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F i g .  12 .  The r a t e  o f  NADPH o x i d a t i o n  c a t a l y z e d  by  d i a c e t y l  

r e d u c t a s e  a s  a  f u n c t i o n  o f  d i a c e t y l  c o n c e n t r a t i o n  a t  s e v e r a l  

f i x e d  l e v e l s  o f  NADPH. D a t a  a r e  p l o t t e d  on r e c i p r o c a l  c o ­

o r d i n a t e s .  ( I n s e r t )  R e p l o t  o f  s l o p e s  and  i n t e r c e p t s  v e r s u s  

t h e  c o n c e n t r a t i o n s  o f  NADPH. E ach  a s s a y  m i x t u r e  c o n t a i n e d ,  

i n  a  t o t a l  volume o f  0 .6  m l ,  100 jumol o f  p o t a s s i u m  p h o s p h a t e  

(pH 7 . 0 ) ,  0 . 9  jug o f  d i a c e t y l  r e d u c t a s e ,  d i a c e t y l  a s  i n d i c a t e d ,  

and t h e  f o l l o w i n g  am oun ts  o f  NAD PH s ( a  ) 5 6 .3  nmol,  ( O ) 

3 3 .8  nmol,  ( a ) 2 2 .6  n m o l ,  ( □ ) 1 1 .3  nm ol ,  ( •  ) 5*6 

nmol.
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F i g .  1 3 .  The r a t e  o f  f o r m a t i o n  o f  o l e y lh y d r o x a m ic  a c i d  a s  

a  f u n c t i o n  o f  t i m e .  Each a s s a y  was done a s  d e s c r i b e d  i n  

" M a t e r i a l s  and  M ethods"  and c o n t a i n e d  t h e  f o l l o w i n g  am oun ts  

o f  p r o t e i n .  ( o  ) 0 .2 8  mg. ( •  ) 0 .5 6  mg, ( □ ) 0 .8 4  

mg.

6 1
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F i g .  1 4 .  The r a t e  o f  f o r m a t i o n  o f  o l e y lh y d ro x a m ic  a c i d  a s  

a  f u n c t i o n  o f  p r o t e i n  c o n c e n t r a t i o n s .  Each a s s a y  was done 

a s  d e s c r i b e d  i n  " M a t e r i a l s  and Methods" and was r u n  f o r  t h e  

f o l l o w i n g  t i m e s .  ( O ) 30 min ,  ( •  ) 60 m in ,  ( □ ) 90

min, ( ■ ) 120 min.
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F i g .  15* SDS g e l  e l e c t r o p h o r e s i s  o f  d o u b le  l a b e l l e d  E .  c o l i

c y t o p l a s m i c  m em branes .  C y to p la s m ic  membrane w ere  p r e p a r e d
3

from a  m ix t u r e  o f  in d u c e d  c e l l s  grown on -^H-leucine  a nd  

u n in d u c e d  c e l l s  grown on * ^ C - l e u c i n e .  The g e l s  were e i t h e r  

s t a i n e d  i n  Coomasie  B r i l l i a n t  Blue o r  c u t  i n t o  2 mm s l i c e s

and c o u n t e d  a s  d e s c r i b e d  i n  " M a t e r i a l s  and  M e th o d s ."  ( ------ -)

A b so rb an c e  a t  650 nm, ( ▲ ) ^H, ( •  ) ^ C ,  ( ■ ) ^ H / ^ C .
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