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ABSTRACT,



I  The mode o f  a c t io n  o f  a  number o f  i n h ib i to r s  o f  c i t r a t e  sy n th ase  has

been  s tu d ie d . The r e s u l t s  su g g est t h a t  a -o x o g lu ta ra te  a c ts  a s  an a l l o s t e r i c  

i n h i b i t o r  o f th e  enzyme from Gram n e g a tiv e  f a c u l t a t i v e l y  an ae ro b ic  

b a c te r i a ,  b u t as  an i s o s t e r i c  i n h ib i to r  o f  th e  enzyme from o th e r  so u rc e s . 

S im ila r ly ,  EADH h as  been  shown to  be a  pow erfu l a l l o s t e r i c  i n h i b i t o r  o f 

c i t r a t e  sy n th ase s  from Gram n e g a tiv e  b a c te r i a ,  b u t an  i s o s t e r i c  i n h ib i to r ,  

o f  th e  enzyme from Gram p o s i t iv e  b a c te r ia  and e u c a ry o te s . O ther n u c le o t id e s  

have been  shown to  a c t  on ly  as i s o s t e r i c  i n h ib i to r s  o f  c i t r a t e  sy n th ases  

from  a l l  so u rces  examined.

I I  Techniques have been  developed which f a c i l i t a t e  th e  ra p id  d e te rm in a tio n

o f  th e  re g u la to ry  p ro p e r t ie s  o f  a  c i t r a t e  sy n th ase  and i t s  m o lecu la r s iz e .  

The s t r i k in g  c o r r e la t io n  betw een th e se  p r o p e r t ie s  and th e  Gram r e a c t io n  o f  

b a c te r i a  i s  d isc u sse d . I t  has been proposed th a t  th e  ra p id  te ch n iq u es  

d e sc r ib e d  h e re  cou ld  be o f v a lu e  i n  b a c t e r i a l  taxonom ic s tu d ie s  and f o r  

b a c te r io lo g ic a l  i d e n t i f i c a t i o n .

I l l  A c i t r a t e  sy n th ase  d e f ic ie n t  m utant o f  E s c h e r ic h ia  c o l i  has been

i s o la te d  u s in g  a  p e n i c i l l i n  enrichm ent te c h n iq u e . A method h as been  

developed which a llow s f o r  th e  d i r e c t  s e le c t io n  o f  c i t r a t e  sy n th ase  

d e f ic ie n t  m utants by v i r t u e  o f  t h e i r  i n t r i n s i c  r e s i s ta n c e  to  f lu o r o -  

a c e ta te .  Two c i t r a t e  sy n th ase  d e f ic ie n t  s t r a i n s  o f  A c in e to b a c te r  Iw o ff i 

have been  i s o la te d  u s in g  t h i s  method.

IV A number o f  r e v e r ta n t s ,  which have re g a in ed  c i t r a t e  sy n th ase  a c t i v i t y ,

were i s o la te d  from th e se  c i t r a t e  sy n thase  d e f i c i e n t  s t r a i n s .  A com parative 

s tu d y  o f  th e  m o lecu la r , c a t a ly t i c  and r e g u la to ry  p r o p e r t ie s  o f  th e se  

enzymes has  been  c a r r ie d  ou t and p o s s ib le  s t r u c tu r e - f u n c t io n  r e la t io n s h ip s  

• have been d isc u sse d .



V U sing r e v e r t  a n t s t r a in s  o f  E. c o l i  which produce c i t r a t e  sy n th ase s  

w ith  r e g u la to ry  p ro p e r t ie s  d i f f e r e n t  to  th o se  o f th e  enzyme from th e  w ild  

type  organism , an a ttem p t has been  made to  in v e s t ig a te  th e  p h y s io lo g ic a l  

s ig n if ic a n c e  o f  t h i s  a l t e r e d  r e g u la to ry  b eh av io u r o f th e  enzyme.

R ev ert a n ts  which have a  c i t r a t e  sy n th ase  which i s  n o t in h ib i te d  by 

cx-oxoglu tarate  (a n  a l l o s t e r i c  i n h i b i t o r  o f  th e  enzyme from E. c o l i  w ild  

ty p e )  appear to  overproduce and e x c re te  t h i s  ( o r  a r e la te d )  compound 

u n der c e r t a in  grow th c o n d itio n s . Such a  f in d in g  does su g g est t h a t  th e  

a -o x o g lu ta ra te  in h ib i t i o n  o f c i t r a t e  sy n th ase  has a  p h y s io lo g ic a l r o le  

i n  th e  r e g u la t io n  o f t h i s  enzyme in  t h i s  organism .



ABBREVIATIONS
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A ll tem p era tu res  a re  in d ic a te d  by ( ^ )  and a re  in  ^ C en tig rad e .
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INTRODUCTION,



The P o s i t io n  o f  th e  T r ic a rb o x y lic  Acid (TCA) Cycle i n  M etabolism .

M etab o lic  pathways may be subd iv ided  in to  two m ajo r c a te g o r ie s ,  one 

b e in g  re s p o n s ib le  f o r  c a tab o lism  (o r  d e g rad a tio n ) and th e  o th e r  f o r  

anabolism  ( o r  b io s y n th e s is ) .  A c a ta b o lic  pathway accom plishes th e  

breakdown o f  compounds to  y ie ld  energy  v iiereas an  a n a b o lic  r e a c t io n  

sequence  i s  re s p o n s ib le  f o r  th e  b u ild in g -u p  o f components re q u ire d  f o r  

b io s y n th e s is .  The r e a c t io n s  o f  th e  TCA c y c le  a re  re p re s e n te d  i n  P ig . 1 

and i t  can be seen  th a t  th e  cy c le  f u l f i l s  b o th  c a ta b o l ic  and a n ab o lic  

fu n c t io n s .  D avis ( I 961) proposed  th e  term  am phibolic  to  d e sc r ib e  a  

pathway w ith  b o th  d e g ra d a tiv e  and b io s y n th e tic  r o le s  and th e  TCA cy c le  

i s  c l e a r ly  an example o f  such an am phibolic  sequence.

The c a ta b o l ic  r o le  o f  th e  cy c le  was th e  f i r s t  to  be r e a l i s e d  when 

K rebs and Johnson (1957) su g g ested  th a t  th e  cy c le  was u t i l i s e d  by anim al 

t i s s u e s  d u rin g  th e  te rm in a l s ta g e  o f  carb o h y d ra te  m etabolism . More 

g e n e r a l ly  i t  i s  now known th a t  t h i s  m e tab o lic  c y c le  se rv e s  f o r  th e  f i n a l  

o x id a tio n  o f  a l l  m ajor fo o d s tu f f s  i n  r e s p i r in g  organism s (K om berg , 1959; 

K rebs & L ow enstein , I 96O). The cy c le  i s  a b le  to  ach ieve  th e  com plete 

ox id a tio n ..,o f a c e ty l  m o ie tie s  to  carbon d io x id e  and reduced  p y r id in e  

n u c le o t id e  which may be r e -o x id is e d  v ia  th e  e le c t r o n  t r a n s p o r t  ch a in  

w ith  th e  concom itant p ro d u c tio n  o f energy  i n  th e  form o f  ATP.

The a n a b o lic  r o le  was proposed by Krebs ^  (1952) who su ggested

t h a t ,  i n  a d d i t io n  to  th e  p ro v is io n  o f  energy , th e  c y c le  a ls o  se rv e s  to  ■ 

su p p ly  b io s y n th e t ic  p re c u rso rs  f o r  many c e l l  com ponents. T ra c e r  s tu d ie s  

by R oberts  ^  (1955) confirm ed t h i s  fu n c tio n , a s p a r ta te  and g lu tam ate

b e in g  th e  most im p o rtan t m e ta b o lite s  produced by th e  c y c le .

W ith few e x ce p tio n s  a l l  a e ro b ic  and f a c u l t a t i v e ly  a n ae ro b ic  chemo- 

o rg an o tro p h s  have a  com plete fu n c tio n a l  TCA c y c le . O b lig a te  chem olitho - 

tro p h s  and a n ae ro b ic  chem o-organotrophs have an incom ple te  c y c le . I t  i s



3̂

CoASH
N A D ^

NADH«-
Proteins
Carbohydrates

Pyruvate
' ^ 0 0 -

Acetyl-CoA

Oxaloacetate
NADH <-
m d —

Malate

Fatty acids

^  Fatty acids

Citrate-f- CoASH

Aconitate

Fumarate

FADH <:
FAD

C 0 2 «

1/
Succinate+CoASH “«-Cxoglutarate

Isocitrate
NAD(t̂  

> NAD(P)H :

NTP 
NDP

Succinyl-CoA Proteins

NAli-h CoASH

Porphyrin!
NADH -f CO2

Figure 1 , The r o le  o f  the t r ic a r b o x y l ic  ac id  cyc lo  in  the  
production  o f  energy and c e l l  c o n s t i tu e n t s



p a r t i c u l a r l y  i n t e r e s t i n g  to  n o te  th a t  when grown a n a e ro b ic a lly ,  

f a c u l t a t i v e  anaerobes ( e .g .  E sc h e r ic h ia  c o l i ) a re  u n ab le  to  d e r iv e  ATP 

from  reduced  p y r id in e  n u c le o t id e s  and th u s  th e  en erg y -p ro d u c in g  r o le  o f  

th e  c y c le  i s  l o s t .  Under th e s e  c o n d itio n s , a -o x o g lu ta ra te  dehydrogenase 

i s  a b se n t (Amarasingham & D av is, I 965) b u t th e  a n a b o lic  fu n c tio n s  a re  

m a in ta in ed  by a  n o n -c y c lic  fo rk ed  pathway (P ig . 2 ) .

r ■

The P o s i t io n  o f  C i t r a t e  Synthase in  th e  TCA C ycle.

C i t r a t e  sy n th ase  h as been  found in  anim al t i s s u e s ,  b a c te r i a  and y e a s ts  

( s t e m  & Ochoa, 1951), fu n g i (Eam akrishnan & M artin , 1954) and p la n ts  

(Desphande & Ram akrishnan, 1959) w hile  i t s  ap p aren t absence from a e ro b ic  

•organism s has  o n ly  been  re p o r te d  i n  a  few b a c te r ia ,  L a c to b a c il lu s  

p i  a n t arum. S trep to co ccu s  f a e c a l i s  and G em ella haem olysans (V eitzm an & 

Danson, 1976).

The enzyme occu p ies  a  prom inent p o s i t io n  in  th e  TCA c y c le  as  i t  i s  th e  

o n ly  enzyme which c a ta ly s e s  th e  fo rm atio n  o f  a  carbon  -  carbon  bond and 

th e re b y  e f f e c t s  th e  e n try  o f  carbon in to  th e  cy c le  i n  th e  form  o f  a c e ty l  

m o ie tie s  i n  th e  fo llo w in g  r e a c t io n ,

O x a lo ace ta te^  + acetyl-C oA  + E^O = c i t r a t e ^  -f CoASH + H 

I t  may th e re fo re  be c o n sid e re d  th e  ' i n i t i a l *  enzyme o f  th e  c y c le .

Im portance o f  C i t r a t e  Synthase i n  th e  R eg u la tio n  o f  th e  TCA C ycle.

The c y c le  occup ies a  c e n t r a l  r o le  i n  many m e tab o lic  p ro c e sse s  and 

must be u n der s t r i c t  c o n tro l .  As c i t r a t e  sy n th ase  may be co n sid e re d  th e  

i n i t i a l  enzyme o f  th e  c y c le , i t s  c o n tro l shou ld  make a  c o n s id e ra b le  

c o n tr ib u t io n  to  th e  o v e r a l l  c o n tro l o f  th e  c y c le . In d eed , th e  f a c t  th a t  

c y c le  in te rm e d ia te s  do n o t accum ulate and th a t  a d d i t io n  o f  such i n t e r 

m ed ia tes  produces an  in c re a s e d  r a te  o f  o x id a tio n  le d  Krebs and Low enstein  

( i 960) to  conclude th a t  th e  r a t e  l im i t in g  s te p  o f th e  c y c le  i s  th e
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s y n th e s is  o f  c i t r a t e  and th a t  p rim ary  c o n tro l o f  th e  c y c le  must he 

e x e r te d  on c i t r a t e  sy n th ase , th e  enzyme re s p o n s ib le  f o r  t h i s  s y n th e s is .

I t  must be em phasised th a t  o th e r  enzymes o f  th e  cy c le  may a ls o  be 

r e g u la te d  b u t ,  as  c i t r a t e  sy n th ase  i s  re s p o n s ib le  f o r  th e  in t r o d u c t io n  

o f  carbon , th e  c o n tro l o f  t h i s  enzyme w i l l  r e g u la te  th e  f lu x  o f  carbon 

th ro u g h  th e  c y c le . I t  i s  th e re fo re  n o t s u r p r is in g  th a t  th e  m o lecu la r , 

c a t a l y t i c  and re g u la to ry  p ro p e r t ie s  o f c i t r a t e  sy n th ase  have been  

I n te n s iv e ly  in v e s t ig a te d  (S re re , 1971; Weitzman & Danson, 1976) and i t  

i s  an  e x te n s io n  o f such s tu d ie s  t h a t  i s  re p o r te d  h e re .

Mechanisms f o r  R eg u la tin g  C i t r a te  Synthase.

The c o n tro l  mechanisms which o p e ra te  on c i t r a t e  sy n th ase  may be 

d iv id e d  in to  th re e  c a te g o r ie s .

1. G en etic  c o n tro l ,  th a t  i s  th e  c o n tro l o f  gene e x p re ss io n . 

N a tu ra l s e le c t io n  w i l l  o p e ra te  a g a in s t  an organism  which produces a  

la r g e  ex cess  o f  u n n ecessa ry  enzyme and an organism  th e re fo re  r e g u la te s  

th e  amount o f  enzyme produced acco rd in g  to  th e  env ironm enta l c o n d itio n s . 

The l e v e l  o f  c i t r a t e  sy n th ase  (and indeed  o f  a l l  TCA c y c le  enzymes) i n  

b a c te r i a  v a r ie s  c o n s id e ra b ly  when grow th occurs  on d i f f e r e n t  carbon 

so u rc e s  (G ray, Wimpenny & Mossman, I 966 ; H e c h tn e r  & Hanson, 19&9;

E id e ls  & P r e i s s ,  1970). Indeed , i t  h as been  su g g ested  th a t  th e  le v e l  o f  

c i t r a t e  sy n th ase  i n  a  c e l l  i s  a  m easure o f  i t s  o x id a tiv e  c a p a c ity  ( S re re ,

1969) .

2 . C o n tro l by r e g u la t io n  o f  th e  supply  o f  s u b s t r a te s  f o r  th e  

enzyme. To en su re  t h a t  th e  o v e ra l l  irate  o f  a  sequence o f  r e a c t io n s  shou ld  

be c o n s ta n t ,  Dixon and Webb ( 1964) have proposed t h a t  th e  c o n c e n tra tio n  

o f  s u b s t r a te s  must be a d ju s te d  to  be in  th e  re g io n  o f  th e  v a lu e s  f o r  

t h e i r  enzymes. I t  i s  c l e a r  th a t  an  a l t e r a t i o n  i n  th e  a v a i l a b i l i t y  o f 

e i t h e r  o x a lo a c e ta te  o r  acetyl-C oA  may p la y  an  im p o rtan t r o le  i n  th e



c o n tro l  o f  t h i s  enzyme.

5 . The enzyme may a ls o  he c o n tro l le d  by e f f e c t o r  m olecu les 

which i n t e r a c t  w ith  th e  enzyme and r e s u l t  i n  i n h ib i t i o n  o r  a c t i v a t io n .  

I n t e r e s t  i n  m e tab o lic  r e g u la t io n  has l a r g e ly  c e n tre d  on t h i s  method o f 

c o n tro l  o f  enzyme a c t i v i t y .  I n  g e n e ra l , an ab o lic  pathways a re  c o n tro l le d  

by  n e g a tiv e  feedback  mechanisms whereby th e  u l t im a te  end -p roduct o f th e  

pathw ay i n h i b i t s  th e  a c t i v i t y  o f  th e  i n i t i a l  enzyme (Umbarger, 1956). In  

c o n t r a s t ,  c a ta b o l ic  sequences a re  o f te n  c o n tro l le d  by m olecu les which 

I n d ic a te  a  low -energy  s t a t e  a c t in g  as  a c t iv a to r s  o f  th e  i n i t i a t i n g  enzyme.

An example o f  such a  case  i s  th e  a c t iv a t io n  o f  th e  d e g ra d a tiv e  th re o n in e  

deam inase o f  E. c o l i  by AMP. However, as  c i t r a t e  sy n th ase  i s  th e  i n i t i a l  

enzyme o f  an  am phibolic  pathw ay, th e  c o n tro l o f  t h i s  enzyme would be expected  

to  be p a r t i c u l a r l y  complex (Sanw al, 1970); th e  c o n tro l mechanisms ta k in g  

accoun t o f  b o th  th e  a n a b o lic  and c a ta b o l ic  r o le s  o f th e  enzyme. Indeed , 

a  g re a t  v a r i e ty  o f  e f f e c to r s  have been shown to  r e g u la te  c i t r a t e  sy n th ase  

a c t i v i t y ,  and th e  n a tu re  o f  t h i s  c o n tro l h as p re d ic tb ly  been  found to  be 

complex.

R eg u la tio n  o f  C i t r a te  Synthase by E f fe c to r s .

I t  must be em phasised th a t  a l l  re p o r te d  s tu d ie s  on th e  p ro p e r t ie s  o f 

c i t r a t e  sy n th ase  have been  o b ta in e d  u s in g  in  v i t r o  c e l l - f r e e  e x t r a c t s  o r  

i n  s i t u  to lu e n is e d  c e l l  su sp en sio n s  and th e re fo re  th e  i n  v iv o  s ig n if ic a n c e  

o f  th e  f in d in g s  rem ains u n c e r ta in .

Hathaway and A tk inson  ( 1965) dem onstrated  t h a t  ATP i n h i b i t s  y e a s t  

c i t r a t e  sy n th ase  and proposed  th a t  ATP, b e in g  an u l t im a te  end -p roduct o f 

th e  TCA c y c le , a c ts  as  a  feedback  in h ib i to r  o f  t h i s  enzyme. T his f in d in g  

has  prom pted a  com prehensive s tu d y  o f  th e  e f f e c t  o f  t h i s  and o th e r  

n u c le o t id e s  on a  wide v a r i e ty  o f c i t r a t e  sy n th ase s  (Weitzman & Danson, 1976).



ATP i n h i b i t s  c i t r a t e  sy n th ase  from eu ca ry o te s  (Lee & K o s ic k i, 19^7; 

Moriyama & S re re , 1971) and Gram p o s i t iv e  b a c te r ia  (P le c h tn e r  & Hanson, 

1969) and, to  a  much l e s s e r  e x te n t ,  t h a t  from Gram n e g a tiv e  b a c te r i a  

(W eitzman, 1966b ) .  I n  a d d i t io n  to  t h i s  ATP in h ib i t i o n ,  a  number o f  o th e r  

n u c le o t id e s  i n h i b i t  c i t r a t e  sy n th a se , a l b e i t  weakly (Weitzman & Danson,

1976) .

C i t r a t e  sy n th ase  from E. c o l i  i s  r e l a t i v e l y  in s e n s i t iv e  to  ATP and 

i n  a  s e a rc h  f o r  an  a l t e r n a t iv e  r e g u la to r  Weitzman ( l9 6 6 a ,b )  found th a t  

NADH, a  d i r e c t  en d -p roduct o f  th e  TCA c y c le , a c ts  a s  a  v e ry  pow erfu l 

i n h i b i t o r  o f  t h i s  enzyme. The s p e c i f i c i t y  o f  th e  in h ib i t i o n  i s  c le a r ly  

dem onstra ted  by th e  f a c t  t h a t  NADPH, NADP  ̂ o r  NAD̂  do n o t i n h i b i t  t h i s  

enzyme. That th e  NADH in h ib i t i o n  i s  a l l o s t e r i c  was shown by th e  f a c t  th a t  

i t  may be a b o lish e d  by h ig h  s a l t  c o n c e n tra tio n  o r  pH (W eitzman, 1966b ) .

I n  a  com prehensive s tu d y  o f  a  range o f  b a c te r i a  Weitzman and Jones 

( 1968) found th a t  Gram p o s i t iv e  b a c t e r i a l  c i t r a t e  sy n th ase s  a re  

u n a f fe c te d  by NADH b u t t h a t  a l l  Gram n e g a tiv e  b a c t e r i a l  c i t r a t e  sy n th ase s  

examined a re  p o w erfu lly  in h ib i te d  by t h i s  compound. F u rth e rm o re , th e  Gram 

n e g a tiv e  b a c t e r i a l  enzymes cou ld  be d i f f e r e n t i a t e d  by th e  f in d in g  th a t  

w hereas th e  in h ib i to r y  e f f e c t  o f  NADH on th e  enzyme from f a c u l t a t i v e  

anaerobes was u n a ffe c te d  by AMP, th e  in h ib i t i o n  o f  th e  enzyme from  s t r i c t  

ae ro b es  was com ple te ly  overcome by AMP. T h is e f f e c t  may be th e  response  

o f  th e  enzyme to  th e  low -energy  s ig n a l  o f  in c re a s in g  AMP c o n c e n tra t io n .

I n  a d d i t io n  to  t h i s  c o r r e la t io n  betw een th e  Gram r e a c t io n  and 

re g u la to ry  s e n s i t i v i t y  (Weitzman & Jo n es , I 968) a  f u r th e r  c o r r e l a t io n  

has  been  e s ta b l is h e d  betw een th e  Gram r e a c t io n  o f  b a c te r i a  and th e  

m o le c u la r  w eight o f  t h e i r  c i t r a t e  sy n th ase s  (Weitzman & Dunmore, 1969a ) .

I t  was found th a t  th e  m ol. w t. o f  c i t r a t e  sy n th ase s  from  Gram p o s i t iv e  

b a c t e r i a  and e u c a ry o tic  so u rces  i s  approx im ate ly  100 , 000 , w hereas c i t r a t e  

sy n th a se s  from Gram n e g a tiv e  b a c te r i a  a re  c o n s id e ra b ly  l a r g e r  w ith  a



m ol. w t. o f  ap p rox im ate ly  250 , 000 .

C i t r a te  sy n th ase s  a re  a ls o  in h ib i te d  by o -o x o g lu ta ra te . The e u c a ry o tic  

enzyme i s  on ly  weakly in h ib i te d  ( S re re , 1971) b u t E. c o l i  c i t r a t e  sy n th ase  

i s  p o w erfu lly  in h ib i te d  by t h i s  compound. T his i n h ib i t i o n  o f  th e  E. c o l i  

enzyme i s  a b o lish e d  by h ig h  s a l t  o r  pH and i s  th e re fo re  p ro b ab ly  a l l o s t e r i c  

(W right e t  a l . , I 967) .  Veitzm an and Dunmore ( 1969b) showed th a t  a-oxo

g lu t a r a t e  i s  a  pow erfu l i n h ib i to r  o f  th e  c i t r a t e  sy n th ase s  from o th e r  

Gram n e g a tiv e  f a c u l t a t iv e  anaerobes and proposed a  r a t io n a le  f o r  t h i s  

i n h ib i t i o n  i n  term s o f th e  m e tab o lic  pathway o p e ra tiv e  i n  such organism s. 

P ig . 2 shows th e  fo rk ed  pathway which e x is t s  under an ae ro b ic  c o n d itio n s  

(Amarasingham & D av is, I 965) and th e  absence o f  a -o x o g lu ta ra te  dehyd

rogenase  r e s u l t s  i n  a -o x o g lu ta ra te  b e in g  a  d i r e c t  end -p ro d u c t o f  th e  

pathway and i t  th e re fo re  a c ts  as a  feedback  in h i b i t o r  o f  c i t r a t e  sy n th ase  

i n  "these o rgan ism s. O ther b a c te r i a  which la c k  a -o x o g lu ta ra te  dehydrogenase 

have c i t r a t e  sy n th ase s  which a re  p o w erfu lly  in h ib i te d  by a -o x o g lu ta ra te  ; 

examples o f such organism s a re  b lu e  g reen  b a c te r i a  (T ay lo r , 1975; Lucas 

& Weitzman, 1975) and s t r i c t l y  a u to tro p h ic  t h i o b a c i l l i  (T ay lo r e t  a l . , 1969).

A ll in h ib i to r s  o f  c i t r a t e  sy n th ase  which have been  examined a re  

s t r u c tu r a l  analogues o f one o r  o th e r  s u b s t r a te  o f  th e  enzyme; a -o x o g lu ta ra te  

i s  an  analogue o f  o x a lo a c e ta te  and ATP, NADH and o th e r  n u c le o t id e s  a re  

analogues o f  acety l-C oA . The p o s s ib le  mechanism o f  a c t io n  o f  th e se  

in h ib i to r s  i s  th e re fo re  tw ofo ld ; th e y  may e i t h e r  be bound a t  th e  c a t a l y t i c  

s i t e  r e s u l t i n g  i n  in h ib i t i o n  co m p e titiv e  w ith  th e  s u b s t r a te  o r  th e y  may 

be bound a t  a  d i s t i n c t ,  a l l o s t e r i c  s i t e .

V arious tre a tm e n ts  have been  shown to  a b o lis h  th e  s p e c i f ic  NADH 

in h ib i t i o n  o f  Gram n e g a tiv e  b a c t e r i a l  c i t r a t e  sy n th ase s  (Weitzman & Danson, 

1976) and th e  enzymes from Gram n e g a tiv e  f a c u l t a t iv e  anaerobes have 

s im i la r ly  been  d e s e n s i t i s e d  to  a -o x o g lu ta ra te  in h ib i t i o n  (Danson &

Weitzman, 1975)* Such o b se rv a tio n s  acco rd  w ith  th e  v iew  th a t  th e se
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in h ib i t i o n s  a re  a l l o s t e r i c .  A ttem pts to  a b o lis h  ATP and o th e r  n u c le o tid e  

i n h ib i t i o n s  o f  c i t r a t e  sy n th ase  have n o t been  s u c c e s s fu l and th e re fo re  

i t  i s  u n c e r ta in  w hether th e se  i n h ib i to r s  a c t  a l l o s t e r i c a l l y  o r  a t  th e  

c a t a l y t i c  s i t e  i n  an i s o s t e r i c  m anner. S im ila r ly  u n c e r ta in ty  a ls o  e x is t s  

co n ce rn in g  th e  mechanism whereby a -o x o g lu ta ra te  i n h i b i t s  th e  enzyme from 

a l l  b u t th e  Gram n e g a tiv e  f a c u l t a t iv e  an aero b es.

A spects  o f C i t r a t e  Synthase R eq u irin g  F u r th e r  I n v e s t ig a t io n .

A  f u l l  u n d e rs tan d in g  o f  th e  m o lecu la r p ro c e sse s  in v o lv ed  i n  c a ta ly s i s  

and i t s  r e g u la t io n  r e q u ir e s  knowledge o f  th e  chem ical s t r u c tu r e  o f  th e  

enzyme, th e  fu n c t io n a l  groups p a r t i c ip a t in g  i n  th e  b in d in g  o f l ig a n d s  

( s u b s t r a te s  and e f f e c to r s )  and th e  in te r a c t io n s  le a d in g  to  m odu la tion  o f 

a c t i v i t y . A lthough no s in g le  tech n iq u e  can p rov ide  t h i s  knowledge, 

in fo rm a tio n  may be in te g r a te d  from a  v a r i e ty  o f  chem ica l, p h y s ic a l  and 

b io ch em ica l m ethods. S tu d ie s  c a r r ie d  out i n  D r. P .D .J . Weitzmans* 

la b o ra to ry  in v o lv e  a  number o f  te ch n iq u es  w ith  th e  aim o f  g a in in g  f u r th e r  

knowledge o f  th e  m o lecu la r p ro c e sse s  o f  c a ta ly s i s  and r e g u la t io n  f o r  

c i t r a t e  sy n th ase  and th e  p re s e n t work i s  a  p a r t  o f th e s e  in v e s t ig a t io n s  

i n to  s t r u c tu r e - f u n c t io n  r e la t io n s h ip s  o f t h i s  enzyme.

Two te ch n iq u es  which have been  e x te n s iv e ly  used  to  ex p lo re  th e  

r e l a t io n s h ip  betw een enzyme s t r u c tu r e  and fu n c tio n  a re  th o se  o f  chem ical 

m o d if ic a tio n  and g e n e t ic a l  m o d if ic a tio n . The su ccess  o f  chem ical 

m o d if ic a tio n  r e l i e s  on th e  r e a c t io n  betw een a  v a r i e ty  o f  chem ical 

re a g e n ts  and c e r t a in  amino a c id s  w ith in  a  p ro te in .  The consequence o f 

such tre a tm e n t i s  o f te n  th e  lo s s  o f  e s s e n t i a l  groups i n  th e  p r o te in  

r e s u l t i n g  in  changes i n  th e  m o lecu la r p r o p e r t ie s .  Chemical m o d if ic a tio n  

m ethods have s e v e ra l  l im i t a t i o n s .  The n o n - s p e c i f ic i ty  o f  most re a g e n ts  

may p re v e n t th e  d e f in i t e  and unambiguous im p lic a t io n  o f  p a r t i c u l a r  amino
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a c id s  i n  enzyme fu n c tio n s . F urtherm ore , s u i ta b le  m o d if ic a tio n  methods 

a re  o n ly  a v a i la b le  f o r  a  l im i te d  range o f th e  tw enty  amino a c id s  commonly 

found i n  p r o te in s ;  th e re fo re  th e  r o le  p layed  by th e  u n re a c tiv e  amino 

a c id s  cannot be e s ta b l is h e d .  Even amino a c id s  f o r  which m o d if ic a tio n  

m ethods a re  a v a i la b le  may be s i tu a te d  in  th e  p ro te in  s t r u c tu r e  such 

th a t  th e y  a re  in a c c e s s ib le  to  th e  m odifying re a g en t and th e re fo re  t h e i r  

r o le  i n  enzyme fu n c tio n s  cannot be determ ined . A f te r  m o d if ic a tio n  th e  

enzyme may be h e te ro g en eo u s , c o n s is t in g  o f  u n re a c te d  n a tiv e  enzyme and a 

m ix tu re  o f  m od ified  enzymes, and i t  may th u s  be v e ry  d i f f i c u l t  to  

i n t e r p r e t  th e  observed  changes i n  m o lecu lar p r o p e r t ie s .  However, u s in g  

t h i s  te ch n iq u e  a  com parative s tu d y  o f  n a t iv e  and m odified  p r o te in  has 

been  made f o r  a  number o f c i t r a t e  sy n th ase s  and v a r io u s  fu n c tio n a l  

groups have been  im p lic a te d  in  th e  a c t i v i t y  and r e g u la t io n  o f  th e se  enzymes 

(Weitzman & Danson, 1976).

To f u r th e r  th e  u n d e rs tan d in g  o f  th e  s t r u c tu r e - f u n c t io n  r e la t io n s h ip s  

i n  c i t r a t e  sy n th ase  th e  p re s e n t  work has employed th e  second method o f  

i n v e s t ig a t io n ,  i . e .  th e  s tu d y  o f  g e n e t ic a l ly  a l t e r e d  enzymes. A l th o u ^  

t h i s  method h as  p ro v id ed  u s e f u l  in fo rm a tio n  f o r  o th e r  enzyme system s, 

i t  h a s  n o t h i t h e r to  been  a p p lie d  to  c i t r a t e  sy n th ase .

W hereas chem ical m o d if ic a tio n  in v o lv e s  th e  in  v i t r o  tre a tm e n t o f  a  

p r o te in ,  g e n e t ic a l  m o d if ic a tio n  i s  ach ieved  by s e le c t in g  * m u tan t' 

o rganism s which have an  a l t e r a t i o n  in  th e  DNA sequence (o r  gene) coding  

f o r  a  p r o te in .  Such m utan ts w i l l  produce a  p r o te in ,  i n  t h i s  case  c i t r a t e  

sy n th a se , w ith  a  p rim ary  s t r u c tu r e  d i f f e r e n t  from th a t  produced by th e  

w ild  ty p e  organism  and t h i s  a l t e r a t i o n  in  s t r u c tu r e  may r e s u l t  i n  changes 

i n  th e  m o le c u la r  p ro p e r t ie s  o f  th e  p ro te in .  T his method o f  o b ta in in g  

m o d ified  p ro te in s  in  v iv o  has s e v e ra l  advantages o v e r th e  chem ica l, 

i n  v i t r o ,  t r e a tm e n ts .  Among th e  advan tages a re  th a t  a l l  amino a c id s  a re
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s u s c e p t ib le  to  changes re g a rd le s s  o f t h e i r  r e a c t i v i t y  o r  p o s i t io n  w ith in  

th e  p r o te in  and a ls o  t h a t  th e  enzyme sy n th e s is e d  by such a  m utant w i l l  

be homogeneous, th u s  s im p lify in g  th e  i n t e r p r e t a t i o n  o f  o b se rv a tio n s .

A f u r th e r  advantage o f  th e  g e n e t ic a l  m o d if ic a tio n  method i s  t h a t  

some m utan ts may produce c i t r a t e  sy n th ase s  w ith  a l t e r e d  m o lecu la r p r o p e r t ie s .  

A s tu d y  o f  such m utan ts may th e re fo re  g r e a t ly  h e lp  i n  th e  assessm en t o f  

th e  i n  v iv o  p h y s io lo g ic a l s ig n if ic a n c e  o f  th e  p ro p e r t ie s  observed  i n  v i t r o . 

F o r exam ple, th e  i s o l a t i o n  o f  m utan ts which produce c i t r a t e  sy n th ase s  

w ith  a l t e r e d  r e g u la to ry  p ro p e r t ie s  would be in v a lu a b le  i n  p ro p o sin g  

th e  p h y s io lo g ic a l  r o le  o f  th e  in  v i t r o  o b se rv a tio n s  o f  r e g u la t io n  by 

e f f e c t o r s .

The p re s e n t work i s  th e re fo re  concerned w ith  th e  i s o l a t i o n  o f  m utan ts 

o f  E. c o l i  ( a  Gram n e g a tiv e  f a c u l t a t iv e  anaerobe) and o f  A c in e to b a c te r  Iw o ff i 

(iram n e g a tiv e  s t r i c t  ae ro b e) which produce c i t r a t e  sy n th a se s  w ith  

p ro p e r t ie s  d i f f e r e n t  from th o se  o f  th e  co rresp o n d in g  w ild  ty p e  organ ism s. 

C om parative s tu d ie s  o f  th e  m o lecu la r p ro p e r t ie s  o f  th e se  enzymes have been  

u n d e rta k en . F u rth erm o re , u s in g  th e  same m u tan ts , an a ttem p t h as been made 

to  e s t a b l i s h  th e  in  v ivo  s ig n if ic a n c e  o f  th e  m o lecu la r p ro p e r t ie s  observed  

i n  v i t r o . In  a d d i t io n ,  th e  mechanism o f i n h ib i t i o n  o f  c i t r a t e  sy n th ase  by 

a  v a r i e ty  o f  e f f e c to r s  h as been  in v e s t ig a te d  in  o rd e r  to  e s t a b l i s h  

w hether th e se  i n h ib i to r s  a c t  i s o s t e r i c a l l y  o r  a l l o s t e r i c a l l y .
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MATERIALS AKD METHODS.



T ir

Chem icals

C i t r a t e  sy n th ase  (p ig  h e a r t ) ,  l a c t a t e  dehydrogenase ( r a b b i t  m u sc le ), 

m ala te  dehydrogenase (p ig  h e a r t ) ,  o x a lo a c e tic  a c id , Coenzyme A and NADH 

were from B o eh rin g er Corp. (London) L td . ,  London W.5> U .K .; c a ta la s e  

(bovine l i v e r ) ,  g lu tam ic  dehydrogenase (bovine l i v e r ) ,  ATP, ADP, AMP,

ÏTADPH, NALP" ,̂ NAD^, a -o x o g lu ta ra te ,  L -c y c lo s e r ih e , e th y l  methane su lp h o n a te  

(EMS) and 5 > 5 * -d ith io b is --(2 -n itro b e n z o ic  a c id )  (DTNB) were from Sigma 

London Chemical C o ., K ingston-upon-Tham es, S u rrey , U .K .; Sephadex G-10 

and G-200 were o b ta in e d  from Pharm acia (G rea t B r i ta in )  L t d . , London, UoK. ; 

p ro tam ine  s u lp h a te  was from  K och-Light L a b o ra to r ie s  L t d . , C olnbrook, U.K. ; 

a m p ic i l l in  and c a r b e n ic i l l i n  were from Beecham R esearch  L a b o ra to r ie s ,  

B re n tfo rd , U.K. and *API 50 E n te ro b a c te r ia c e a e * m icro tube  system s were 

from API P ro d u c ts , R ay le ig h , E ssex , U.K. A ll o th e r  chem icals u sed  were 

th e  f i n e s t  g rade  com m ercially  a v a i la b le .

Preparation of Acetyl-CoA and Bromoacetyl-CoA

A c é ty la tio n  o f  Co ASH was c a r r ie d  out a s  d e sc rib e d  by Stadtm an (1 9 5 7 ). 

Bromoacetyl-CoA was p re p a red  by t r a n s a c y la t io n  from b ro m o ace ty lth io p h en o l 

to  CoASH by th e  method o f  Chase and Tubbs ( 1969) and, b e fo re  u s e , was 

passed  th ro u g h  a  sm all column o f  Sephadex G-10.

Preparation of Fluoro-oxaloacetate

P lu o ro -o x a lo a c e ta te  was p rep a red  by t r a n s e s t é r i f i c a t i o n  o f  d ie th y l  

f lu o ro -o x a lo a c e ta te  (Kun ^  , 1958) which had been  sy n th e s is e d  by th e

method o f  R iv e t t  (1955).

Determination of Acetyl-CoA and Bromoacetyl-CoA Concentrations

A sample o f  acetyl-C oA  o r  bromoacetyl-CoA was mixed w ith  O.ImM DTNB 

and 0.2mM o x a lo a c e ta te  i n  2QmM T ris-H C l b u f f e r ,  pH 8 .0 ,  ImM EDTA ( h e r e a f t e r  

r e f e r r e d  to  as  *T ris b u ffe r* )  i n  a  t o t a l  r e a c t io n  volume o f  1 .0m l. P ig  

h e a r t  c i t r a t e  sy n th ase  (lO^ig) was added and th e  r e a c t io n  a llow ed  to  p roceed  

to  com ple tion . The c o n c e n tra tio n  o f  acetyl-C oA  o r  brom oacetyl-CoA was 

c a lc u la te d  from  th e  observed  a b so rp tio n  change a t  412nm due to  th e



th io n itro b e n z o a te  an io n  (E^ = I .56  x 10^) produced d u rin g  th e  r e a c t io n .  

D e te rm in a tio n  o f  O x a lo ace ta te  and F lu o ro -o x a lo a c e ta te  C o n cen tra tio n s

A sample o f  o x a lo a c e ta te  o r  f lu o ro -o x a lo a c e ta te  was mixed w ith  O.ImM 

DTNB and 0.15niM acetyl-C oA  in  *Tris b u ffe r*  i n  a  t o t a l  r e a c t io n  volume 

o f  1 .0m l. P ig  h e a r t  c i t r a t e  sy n th ase  (lOjig) was added and th e  r e a c t io n  

a llow ed  to  p roceed  to  com ple tion . The c o n c e n tra tio n  o f  o x a lo a c e ta te  o r  

f lu o r o -o x a lo a c e ta te  was c a lc u la te d  from th e  observed  a b so rp tio n  change 

a t  412nm as  above.

Organisms Used in  t h i s  I n v e s t ig a t io n

The s t r a i n s  o f  E. c o l i  u sed  i n  t h i s  work a re  l i s t e d  i n  T able 1 which 

shows th e  au x o tro p h ic  m arkers th e y  c a r ry , and hence in d ic a te s  t h e i r  grow th 

re q u ire m e n ts . The a b b re v ia tio n s  used  f o r  g e n e tic  m arkers a re  th o se  o f 

T ay lo r and T r o t te r  (1972).

O th er organism s used  i n  th e  work were A ce to b ac te r xylinum  (NCIB 8246) ,  

A c in e to b a c te r  Iw o ff i 4B ( la b o ra to ry  s t r a i n ) , A rth ro b a c te r  g lo b ifo rm is  

(NCIB 8602) ,  B a c i l lu s  m egaterium  ( la b o ra to ry  s t r a i n ) ,  B rev ib ac te riu m  

l in e n s  (ATCC 9174); Cellulom onas r o s s ic a  (NCIB 8074); K u rth ia  z o p f i i  05 

( la b o ra to ry  s t r a i n ) .  Pseudomonas a e ru g in o sa  (NCIB 8295); Pseudomonas 

f lu o ré s c e n s  D1086 ( la b o ra to ry  s t r a i n ) .  Pseudomonas iodinum  (NCIB 8179) 

and Saccharomyces c e r e v is ia e  (Bakers* y e a s t ) .

M aintenance o f  Organisms

The organism s used  were ro u t in e ly  s to re d  a t  4°  on n u t r i e n t  a g a r  s lo p e s  

supplem ented w ith  thym ine and m eth ion ine  (each  a t  ^0\ig/wl) and g lu tam ate  

(200 |ig /m l). A ll s t r a in s  were m a in ta in ed  by p e r io d ic  s u b c u ltu re  and were 

checked b e fo re  u se  f o r  th e  p o s se ss io n  o f th e  a p p ro p r ia te  g e n e tic  m arkers, 

and f o r  th e  absence o f  con tam inan t^  by t e s t i n g  t h e i r  grow th on s e le c t iv e  

m edia. Organisms in  f re q u e n t u se  were a ls o  s to re d  as  s in g le  co lony i s o l a t e s  

on n u t r i e n t  a g a r  p la t e s .
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Table 1 : S t r a in s  o f  E. c o l i  u sed  i n  t h i s  p re se n t work.

S t r a in

K1.1

K I . I .4

K I . I . 4 .R I-R 4O

K2.1

K 2 .1 .4

M arkers R eference

K2 . I . 4 .R I-R25

A B I6 2 I

ABI623

ABI623.RI-R37

AB259

AB259-CS1

AB259-CS1R1-R18

8 = s e n s i t iv e ,  

r  = r e s i s t a n t ,  

re v  = r e v e r ta n t .

H fr th y  metB pps s t r s B ric e  and K om berg (19&7).

H fr th y  metB pps s t r  g i t  A Prom H.L. K om berg.

sH fr  th y  metB pps s t r T his work.
g ltA 'rev

F h i s  a rg (HBCE) t h r  B rice  and K om berg ( I 967) .
le u  g a lP  mgl pps s t r ^

F h i s  a rg (HBCE) t h r  From H.L. K om berg.
le u  ga lP  mgl pps s t r ^

A M

F h is  a rg fHBCE  ̂ t h r  T his work.

le u  g a lP  mgl pps s t r

a m ’'®''

P a ra  la c  g a l t h i  s t r ^  Ashworth e t  a l .  ( I 985) .

F a ra  la c  g a l t h i  s t r ^  Ashworth e t  a l .

F a r a  la c  g a i t h i  s t r ^  T his work.
re v

H fr l a c  s t r ^  T^^

H fr la c  s t r ^  g ltA

Ashworth e t  a l .  (19&5). 

T his work.

H fr la c  s t r ^ g ltA ^^^ T his work.
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Media

Organisms were grown i n  e i t h e r  n u t r i e n t  b ro th  o r  th e  b a s a l  s a l t s  

medium o f  Ashworth and K om berg ( I 966) w ith  a  carbon so u rce  a t  a  

c o n c e n tra tio n  o f  10mM, and was supplem ented w ith  grow th f a c to r s  where

n e c e s s a ry , ( 50[ig/ml f o r  amino a c id s  and thym ine and l^ig/ml f o r  v ita m in  B^) .
2

Media and supplem ents were s t e r i l i s e d  by a u to c la v in g  a t  15 1 b /in  f o r  

2 0 -min ex cep t where t h i s  would have le d  to  decom position  o r  a l t e r a t i o n  

o f  th e  m edia i n  which case  s t e r i l i s a t i o n  was ach ieved  by membrane 

f i l t r a t i o n .

S o lid  medium was p re p a red  by in c lu d in g  1.5% (w /v) a g a r  b e fo re  

a u to c la v in g .

Growth o f Organisms

L iq u id  c u l tu re s  were in o c u la te d  w ith  a  s in g le  co lony  from a  pure  

c u l tu r e  o f  th e  organism  on a  n u t r i e n t  a g a r p l a t e .  C u ltu re s  were grown - 

i n  Erlenm eyer f l a s k s  i n  a  r o ta r y  sh ak e r th e r m o s ta t ic a l ly  c o n tro l le d  a t  

th e  optimum grow th tem p era tu re  f o r  each organism . To en su re  t h a t  th e  

c u l tu r e s  were w e ll a e r a te d ,  th e  volume o f  l i q u id  medium n e v e r exceeded 

20^  o f  th e  volume o f  th e  c o n ta in in g  v e s s e l .

A naerobic c u l tu r e s  were grown i n  Erlenm eyer f l a s k s  co m p le te ly  f i l l e d  

w ith  grow th medium and s e a le d  from th e  atm osphere by a  ru b b e r bung. These 

c u l tu re s  were p laced  on a s h e l f  i n  an  in c u b a tio n  c a b in e t s e t  a t  th e  optimum 

grow th tem p era tu re  f o r  th e  organism . .

To m easure th e  growti r a t e  o f  a  s t r a i n  on any p a r t i c u l a r  carbon  source  

an  inoculum  c u l tu re  was grown in  g ly c e ro l  medium. T h is  c u l tu re  was h a rv e s te d , 

washed w ith  0 . 9% s a l in e  s o lu t io n  and t r a n s f e r r e d  to  th e  t e s t  medium to  

g iv e  an  i n i t i a l  c e l l  d e n s i ty  o f  about 5 % 10 /m l. The grow th r a t e  was 

m onito red  by m easuring  th e  in c re a s e  i n  a b so rp tio n  o f  th e  b a c t e r i a l  

su sp en sio n  a t  550nm i n  a  Unicam SP600 sp ec tro p h o to m ete r u s in g  g la s s  

c u v e tte s  o f  1cm l i g h t  p a th . Under th e se  c o n d itio n s  an  absorbance o f  1 .0
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re p re s e n ts  O.^mg d ry  m ass/m l f o r  E. c o l i  (P ig . 3) and 0,46mg d ry  mass/ml 

f o r  A. Iw o ff i (P ig . 4 ) .

Enzyme Assays

D e f in i t io n  o f  an Enzyme U n it

U n less o th e rw ise  s t a t e d ,  one enzyme u n i t  i s  t h a t  which c a ta ly s e s  th e  

u t i l i s a t i o n  o f  1 pmole s u b s t r a te  /m in  o r  th e  p ro d u c tio n  o f  1 jJmole p ro d u c t/  

m in.

C i t r a t e  Synthase

Two methods were u sed  to  a ssay  t h i s  enzyme.

Method 1

C i t r a t e  sy n th ase  was r o u t in e ly  assayed  s p e c tro p h o to m e tr ic a lly  a t  

and 25° by th e  method o f  S re re  e t  a l .  ( 1963) .  U nless o th e rw ise  s ta t e d ,  

a ssa y  m ix tu res  co n ta in ed  0.2mM o x a lo a c e ta te , 0.15idM acety l-C oA  and O.ImM 

DTNB, a l l  i n  *T ris b u f fe r* . The r e a c t io n  was s t a r t e d  by th e  a d d i t io n  o f  

enzyme to  g iv e  a  t o t a l  volume o f  1 .0m l. The m olar e x t in c t io n  c o e f f ic ie n t  

o f  th e  th io n itro b e n z o a te  an io n , produced d u rin g  th e  r e a c t io n  o f  DTNB w ith  

th e  l ib e r a t e d  CoASH, i s  1.3& x 10^ a t  pH 8 .0  and 412nm (E llm an, 1959).

Method 2

Some c i t r a t e  sy n th ase s  a re  in a c t iv a te d  by DTNB and to  s tu d y  such enzymes 

th e  co n tinuous p o la ro g ra p h ic  a ssay  d e sc r ib e d  by Weitzman ( 19^9U) was u sed . 

The r e a c t io n  v e s s e l  co n ta in ed  0.2mM o x a lo a c e ta te  and 0.15niM acetyl-C oA  in  

*T ris b u f f e r * . Oxygen was e x p e lle d  from th e  system  by b u b b lin g  n i t ro g e n  

t h r o u ^  th e  r e a c t io n  v e s s e l  f o r  a  few m in u tes . The r e a c t io n  was s t a r t e d  by 

th e  a d d i t io n  o f  enzyme to  b r in g  th e  t o t a l  volume to  1 . 0ml; th e  r a t e  o f  

appearance o f  anod ic  c u r re n t  a t  - 0 .3  v o l t  was m on ito red . T h is  c u r re n t  i s  

produced by th e  appearance o f  CoASH in  th e  r e a c t io n  v e s s e l ,  and a  

c a l i b r a t io n  o f  th e  m ercury e le c tro d e  showed th a t  1. OmM CoASH produced a 

wave o f  m agnitude 1 . 7 pA a t  t h i s  p o te n t i a l .
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g -O x o g lu ta ra te  Dehydrogenase

T h is  enzyme was assayed  s p e c tro p h o to m e tr ic a lly  a t  25° by fo llo w in g  

th e  fo rm a tio n  o f  NAIE a t  540mn. R eac tio n  m ix tu res  c o n ta in ed  0.1M Tris^H C l, 

pH 8 .0 ,  1QmM MgCl^» 1niM EDTA, O.ImM th iam in e  py rophosphate , 2 .5 idM c y s te in e  

h y d ro c h lo r id e , O.ImM CoASH, 0.5mM NAD*̂  and 5idM a -o x o g ln ta ra te .  The r e a c t io n  

was s t a r t e d  by th e  a d d i t io n  o f enzjTue to  g iv e  a  f i n a l  volume o f  1ml.

P y m y a te  Dehydrogenase

T h is  enzyme was assayed  s p e c tro p h o to m e tr ic a lly  a t  25° by fo llo w in g  

th e  fo rm a tio n  o f  HADE a t  540™» R eac tio n  m ix tu res  c o n ta in ed  0.1M T ris-H C l, 

pH 8 .0 ,  lOmM MgCl^j 1mM EDTA, O.ImM th iam in e  py rophosphate , 2.5mM c y s te in e  

h y d ro c h lo r id e , O.ImM CoASH, 0 .5 idM NAD"̂  and 5inM p y ru v a te . The r e a c t io n  was 

s t a r t e d  by th e  a d d i t io n  o f  enzyme to  g iv e  a  t o t a l  volume o f  1ml.

L a c ta te  Dehydrogenase

T his enzyme was assayed  s p e c tro p h o to m e tr ic a lly  a t  340nm and 25° by 

fo llo w in g  th e  d isap p ea ran ce  o f NADH. R eac tio n  mixtures^ i n  a  t o t a l  yolume 

o f  1 .0ml, c o n ta in ed  0 . 2mM NADH, 0 . 2mM p y ru v a te  and enzyme a l l  i n  *T ris b u f f e r* . 

The E^ o f  NADH a t  540^™ i s  6 .2  x 10^.

C a ta la se

C a ta la se  i s  a  co lo u red  p r o te in  and i t s  c o n c e n tra tio n  was determ ined  

by m easuring  i t s  absorbance a t  400nm (Weitzman & Dunmore, 1969a ) .

A co n itase

A co n itase  was assayed  by m easuring  th e  r a t e  o f  fo rm a tio n  o f  c i s -  

a c o n i ta te  from c i t r a t e  a t  240nm (R acker, 1950). R eac tio n  m ix tu res  

c o n ta in ed  50mM phosphate  b u f f e r ,  pH 7 . 4 , and 50mM c i t r a t e .  The r e a c t io n  

was i n i t i a t e d  by th e  a d d i t io n  o f  enzyme to  g iv e  a  t o t a l  volume o f  1 . 0m l.

An enzyme u n i t  was th a t  which produced an absorbance change o f  0 .001 /m in .
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I s o c i t r a t e  Dehydrogenase

T h is  enzyme was assayed  by th e  d e te rm in a tio n  o f NADP’̂’re d u c tio n  a t  -

(K om berg , 1955)» R eac tio n  m ix tu res  co n ta in ed  4Q“M phosphate  b u f f e r ,  pH 7 .0 , 

3mM MgClg, 1.5mM NADP"̂  and 0.2mM D D -is o c i tra te .

M aia te  Dehydrogenase

T h is  enzyme was a ssay ed  by an a d a p ta t io n  o f  th e  method d e sc r ib e d  by 

Ochoa ( 1955) .  R eac tio n  m ix tu re s  co n ta in ed  O.l^mM NADH and 0.2mM o x a lo a c e ta te  

i n  *T ris b u f fe r* . Enzyme was added to  g iy e  a  f i n a l  r e a c t io n  yolume o f  1.0ml 

and th e  d isap p ea ran ce  o f  NADH was fo llo w ed  a t  340nin.

E s tim a tio n  o f P r o te in  C o n cen tra tio n

The c o n c e n tra tio n  o f  p r o te in  was determ ined  by th e  method o f  Lowry e t  

a l . ( 1951) ,  u s in g  boyine serum album in a s  a  p r o te in  s ta n d a rd .

D e te rm in a tio n  o f  (X-Oxoglutarate C o n cen tra tio n

A sample o f  s o lu t io n  c o n ta in in g  a -o x o g lu ta ra te  was mixed w ith  0.2mM 

NAD  ̂ and 5niM NH^Cl i n  *T ris b u ffe r*  i n  a  t o t a l  r e a c t io n  yolume o f  1ml. 

G lutam ic dehydrogenase ( 2 pig) was added and th e  r e a c t io n  allow ed  to  

p roceed  to  com pletion . The c o n c e n tra tio n  o f  a -o x o g lu ta ra te  was c a lc u la te d  

from th e  observed  change i n  a b so rp tio n  a t  340niQ u s in g  a  y a lu e  o f  6 .2  x 10^ 

f o r  th e  m olar e x t in c t io n  c o e f f ic ie n t  o f  NADH.

D e te rm in a tio n  o f  G lutam ate C o n cen tra tio n

A sample o f  s o lu t io n  c o n ta in in g  g lu tam ate  was mixed w ith  0.2mM NADH in  

*Tris b u ffe r*  i n  a  t o t a l  r e a c t io n  yolume o f  1ml. G lutam ic dehydrogenase 

was added and th e  r e a c t io n  a llow ed  to  p roceed  to  com pletion . The 

c o n c e n tra tio n  o f  g lu tam ate  was c a lc u la te d  from th e  observed  change in  

a b so rp tio n  a t  34O1™ u s in g  a  v a lu e  o f  6 .2  x 10^ f o r  th e  m o lar e x t in c t io n  

c o e f f ic ie n t  o f NADH.

D e te rm in a tio n  o f  P y ru v a te  C o n ce n tra tio n

A sample o f  s o lu t io n  c o n ta in in g  p y ru v a te  was mixed w ith  0.2mM NADH in  

*T ris b u ffe r*  i n  a  t o t a l  r e a c t io n  volume o f  1 .0m l. L a c ta te  dehydrogenase
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(lO ng) was added and th e  r e a c t io n  allow ed  to  p roceed  to  com pletion . The 

c o n c e n tra tio n  o f  p y ru v a te  was c a lc u la te d  from th e  observed  change in  

a b so rp tio n  a t  u s in g  a  v a lu e  o f  6 .2  x 10^ f o r  th e  m olar e x t in c t io n

c o e f f i c i e n t  o f  NADH.

I n  S i tu  E xam ination o f  B a c te r ia l  C i t r a te  % nthase

Three n u t r i e n t  p la te s  were p a tch ed  i d e n t i c a l l y  w ith  o v e m i ^ t  c u l tu re s
2

o f  th e  b a c t e r i a  to  be s tu d ie d . Each strain was in o c u la te d  onto  a  1cm 

re g io n  o f  each p l a t e ,  up to  f iv e  s t r a in s  p e r  p la t e .  A f te r  in c u b a tio n  a t  

th e  optimum grow th tem p era tu re  f o r  th e  p a r t i c u l a r  b a c te r i a  had a llow ed good 

grow th ( u s u a l ly  o v e m i ^ t ) , ,a  7cm c i r c u l a r  Whatman No. 1 f i l t e r  pap er was 

p re s se d  onto  e a c h p la te  so t h a t  most o f  th e  grow th was t r a n s f e r r e d  to  th e  

p a p e r . The p ap ers  were th e n  p laced  in d iv id u a l ly  in  g la s s  P e t r i  d ish e s  

c o n ta in in g  a  m ix tu re  o f  to lu e n e  and e th an o l ( 1:4  v /v )  and a llow ed  to  

s ta n d  f o r  5 min a t  25°. Each p ap er was t r a n s f e r r e d  to  a  g la s s  b eak e r 

c o n ta in in g  250ml *T ris b u ffe r*  a t  4°  and s t i r r e d  g e n tly  f o r  2h by means 

o f  a  m agnetic  s t i r r e r .  T his l a t t e r  p rocedure  was found to  remove mala te  

dehydrogenase from th e  b a c t e r i a l  c e l l s  w ith o u t s ig n i f i c a n t  lo s s  o f  c i t r a t e  

sy n th ase  a c t i v i t y  (P .D .J . Weitzman, p e rso n a l com m unication); th e  p resence  

o f  m ala te  dehydrogenase would o th e rw ise  i n t e r f e r e  w ith  th e  subsequent 

exam ination  o f  th e  e f f e c t  o f  NADH on c i t r a t e  sy n th ase  a c t i v i t y  (Weitzman, 

1966a ) .

A f te r  d ra in in g  o f f  th e  excess s o lu t io n  th e  th re e  p ap ers  o f  each s e t  

were p la ce d  i n  in d iv id u a l  P e t r i  d ish e s  and flo o d ed  w ith  5ml o f  one o f  th e  

fo llo w in g  r e a c t io n  m ix tu re s : ( i )  0 .1 5mM acety l-C oA , 1 .OmM o x a lo a c e ta te  and 

O.ImM DTNB in  *T ris b u f f e r* ;  ( i i )  as  ( i )  b u t a ls o  c o n ta in in g  1 .OmM NADH; 

( i i i )  as  ( i )  b u t a lso  c o n ta in in g  5 . OmM ATP.

As i n  th e  sp ec tro p h o to m e tr ic  a ssa y  o f c i t r a t e  sy n th a se , th e  CoASH 

produced on enzymic c leav ag e  o f  acetyl-C oA  r e a c t s  w ith  th e  DTNB to  form 

th e  in te n s e ly  ye llo w  th io n itro b e n z o a te  an io n . The appearance o f  an
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in te n s e  ye llow  c o lo u r in  th e  p a tch es  o f b a c te r i a  on th e  p ap er t r e a te d  

w ith  s o lu t io n  ( i )  i s  a  d em o n stra tio n  o f c i t r a t e  sy n th ase  a c t i v i t y .  W hether 

o r  n o t NADH o r  ATP a re  in h ib i to r y  may be a s s e s s e d  r e a d i ly  by v is u a l  

com parison o f th e  co rre sp o n d in g  p a tch e s  on th e  th r e e  f i l t e r . p a p e r s .

I n  a d d i t io n ,  th e  e f f e c t  o f  AMP on NADH i n h ib i t i o n  was a s s e s s e d  by 

f lo o d in g  a  fo u r th  p ap er (p rep a re d  as th e  o th e r  th r e e )  w ith  a  r e a c t io n  

m ix tu re  th e  same a s  ( i i )  above, b u t a ls o  c o n ta in in g  1 .OmM AMP. S im ila r ly ,  

th e  e f f e c t  o f  a -o x o g lu ta ra te  on enzyme a c t i v i t y  was e s ta b l is h e d  by 

f lo o d in g  a  p a p e r w ith  a  r e a c t io n  m ix tu re  as  ( i )  above b u t a ls o  c o n ta in in g  

1 .OmM a -o x o g lu ta r a te .

The y e llo w  th io n itro b e n z o a te  produced d u rin g  th e  a ssa y  g ra d u a lly  

d if f u s e d  from th e  p a tch e s  o f  b a c t e r i a l  grow th on th e  f i l t e r  p a p e rs . No 

more th a n  f iv e  s t r a in s  were t e s t e d  on each p l a t e  and th e  p a tc h e s  were a t  

l e a s t  2cm away from each o th e r .

Rapid D e te rm in a tio n  o f M olecu lar S ize  o f  C i t r a t e  Synthase

The method used  by Weitzman and Dunmore ( 1969a) was m o d ified  i n  th e  

fo llo w in g  way. The dim ensions o f th e  Sephadex G-200 column were reduced  

to  Ov9 X 25 . 0cm and a  sm all sy rin g e  n eed le  was a t ta c h e d  to  th e  o u tflo w .

The re s o lv in g  power o f  t h i s  s iz e  column was t e s t e d  by a p p ly in g  0.08m l o f  

a  m ix tu re  o f  D ex tran  B lue (O .im g), l a c t a t e  dehydrogenase (O.OI u n i t s )  and 

c i t r a t e  sy n th ase  (O.OI u n i t s )  from e i t h e r  B .m egaterium  o r  E. c o l i , a l l  

d is so lv e d  i n  'T r i s  b u ffe r*  a ls o  c o n ta in in g  IQmM MgClg and 5% (w /v) su c ro se . 

The e lu e n t was *T ris b u ffe r*  c o n ta in in g  lOmM M ^ lg .  As th e  D ex tran  B lue 

emerged from th e  column th e  c o l le c t io n  o f  s in g le  drop f r a c t io n s  was 

s t a r t e d .  These were a llow ed  to  f a l l  in to  1.5ml sem i-m icro  d isp o sa b le  

p l a s t i c  c u v e tte s  and s to re d  a t  4°  u n t i l  a ssa y .

A t o t a l  o f  24 drops was c o l le c te d  ov er a  p e r io d  o f  abou t I 5 m in and 

a l t e r n a t e  f r a c t io n s  were a ssay ed  f o r  e i t h e r  l a c t a t e  dehydrogenase o r  

c i t r a t e  sy n th ase .
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To determ ine th e  m o lecu la r s iz e  o f  a  number o f  d i f f e r e n t  c i t r a t e  

sy n th a se s , th e  b a c te r i a  were grown i n  10ml o f  n u t r i e n t  b ro th  i n  100ml 

f la s k s  as  p re v io u s ly  d e sc r ib e d . The c e l l s  were h a rv e s te d  by c e n t r i f u g a t io n  

and r e  suspended i n  0.5m l *T ris b u f f e r '  c o n ta in in g  lOmM MgClg. A f te r  

d i s r u p t io n  w ith  an MSE 100W u l t r a s o n ic  d i s in te g r a to r  and m icroprobe f o r  

a  t o t a l  o f  1 min (lO sec  b u r s ts  in te r r u p te d  by s h o r t  c o o lin g  p e r io d s ) ,  c e l l -  

f r e e  e x t r a c t s  were p re p a red  by c e n t r i f u g a t io n  in  a  bench c e n tr i f u g e .  

L a c ta te  dehydrogenase, D ex tran  B lue and su cro se  were added to  each  e x t r a c t  

(se e  q u a n t i t i e s  above) and one o f  th e se  m ix tu res  a p p lie d  to  th e  column. 

T h is was allow ed  to  e n te r  th e  Sephadex and f u r th e r  e x t r a c t s  were added 

a t  50 drop in t e r v a l s .  I n  t h i s  way i t  was p o s s ib le  f o r  th e  column to  cazrry 

up to  fo u r  e x t r a c ts  s im u lta n eo u s ly .

P a r t i a l  P u r i f i c a t io n  o f  C i t r a te  Synthase

The method used  was s im i la r  to  t h a t  d e sc r ib e d  by Weitzman (1 9 ^9 a )

(1 ) P re p a ra tio n  o f C e ll-F re e  E x tra c ts

C e lls  were grown i n  l i q u id  medium, c e n tr ifu g e d , washed and 

resuspended  in  'T r i s  b u f f e r ' .  T h is su sp en sio n  was d is ru p te d  by s o n ic a t io n  

w ith  an  MSE 100W u l t r a s o n ic  d i s in te g r a to r  o p e ra ted  a t  f u l l  power f o r  a  

t o t a l  o f  1 min s o n ic a t io n  tim e p e r  ml o f  su sp en sio n  by ap p ly in g  

in te r m i t te n t  b u r s ts  o f  s o n ic a t io n  w ith  in te r v a l s  o f  c o o lin g . T h is  and a l l  

subsequen t s te p s  were c a r r ie d  ou t a t  4 ° . C e ll  d e b r is  was removed by 

c e n tr i f u g a t io n  a t  25 , 000g f o r  50 min.

(2 ) Removal o f  N u c le ic  Acid

N u cle ic  a c id  was removed from th e  su p e rn a ta n t by th e  d ro p - 

w ise a d d i t io n  o f  a  2% (w /v) aqueous s o lu t io n  o f  p ro tam ine  s u lp h a te  

(0.8mg pro tam ine su lp h a te  p e r  lOmg p ro te in )  and th e  m ix tu re  was s t i r r e d  

f o r  15 min. The p r e c ip i t a t e d  n u c le ic  a c id  was removed by c e n t r i f u g a t io n  

a t  25 ,OOOg f o r  20 min.
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(3 ) Ammonium Su lphate  F ra c t io n a t io n

F in e ly  ground ammonium su lp h a te  was added to  th e  s t i r r e d  

su p e rn a ta n t to  g iv e  45% s a tu r a t io n ,  th e  m ix tu re  s t i r r e d  f o r  20 min and 

th e  p r e c ip i t a t e  removed by c e n tr i f u g a t io n  as  above. F u r th e r  a d d it io n s  o f  

ammonium su lp h a te  were made to  th e  s u p e rn a ta n t to  in c re a s e  th e  s a tu r a t io n  

by lOÇé s te p s  and th e  p r e c ip i t a t e s  c o l le c te d  f o r  each f r a c t i o n  by 

c e n t r i f u g a t io n .  Each p r e c ip i t a t e  was d is so lv e d  in  'T r i s  b u ffe r*  and 

assay ed  f o r  enzyme a c t i v i t y .

(4 ) Gel f i l t r a t i o n  on Sephadex G-200

To th e  ammonium su lp h a te  f r a c t io n  c o n ta in in g  th e  g r e a te s t  

amount o f  enzyme was added s u f f i c i e n t  su cro se  to  ach ieve  a  f i n a l  

c o n c e n tra tio n  o f 10% (w /v) and t h i s  s o lu t io n  was a p p lie d  to  a  column o f  

Sephadex G-200 (3 0 .0  x 2.5cm) e q u i l ib r a te d  with 'T r i s  b u f f e r ' . E lu t io n  

w ith  t h i s  same b u f f e r  was c a r r ie d  ou t a t  a  flow  r a te  o f  10- 20m l/h  and 

about 60 X  2ml f r a c t io n s  were c o l le c te d  and assay ed  f o r  enzyme a c t i v i t y .  

P o lyacry lam ide  Gel E le c tro p h o re s is

D isc  g e l  e le c tro p h o r e s is  a t  pH 8 .9  was c a r r ie d  o u t u s in g  7% p o ly 

acry lam ide  g e ls  p rep a red  in  9 .0  x 0.5cm g la s s  tu b e s  (D av is , I 964) .  0.05nil 

o f  sample s o lu t io n  (img p ro te in  p e r  ml) was co lo u red  w ith  0 . 001% (w /v) 

bromophenol b lu e , made 10% (w /v) in  su cro se  and a p p lie d  to  th e  g e l s .  The 

sample was a llow ed to  e n te r  th e  g e l a t  0 . 5niA/gel and e le c t ro p h o r e s is  

co n tin u ed  a t  2 . OmA/gel u n t i l  th e  m arker dye had t r a v e l l e d  abou t 8cm and 

th e  g e ls  were removed from th e  tu b e s .

The c i t r a t e  sy n th ase  band (o r  bands) were lo c a te d  by c u t t in g  th e  g e l 

i n to  1mm s l i c e s ;  each s l i c e  was homogenised i n  1.0ml 'T r i s  b u f f e r ' ,  w ith  a  

g la s s  rod; and enzyme a c t i v i t y  i n  th e se  s o lu t io n s  was de term ined  by a ssa y  

Method 1. I n  t h i s  way v a lu e s  f o r  th e  a c t iv e  enzymes were c a lc u la te d .  

A n a ly tic a l  U l t r a c e n t r i f u g a t io n

The sed im en ta tio n  v e lo c i ty  o f c i t r a t e  sy n th ase  was de term ined  u s in g
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an MSE a n a ly t ic a l  u l t r a c e n t r i f u g e .  The method used  was an  active-enzym e 

c e n t r i f u g a t io n  tech n iq u e  to  determ ine  th e  sed im en ta tio n  c o e f f ic ie n t  o f 

th e  a c tiv e -e n z y m e -su b s tra te  complex ( Cohen & M ire , 1971).

A s u b s t r a te  s o lu t io n  c o n ta in in g  acetyl-C oA  (app rox . 50x th e  v a lu e ) ,  

o x a lo a c e ta te  (app rox . 5Ox th e  v a lu e )  and 5 .OmM DTNB a l l  in  'T r i s  b u f f e r '  

was d isp en sed  I n to  a  Y inograd c e n tr ifu g e  c e l l .  Enzyme ( l5 p l )  was p la ce d  

i n  th e  s id e -w e ll  o f  th e  c e l l  and t r a n s f e r  to  th e  s u rfa c e  o f  th e  s u b s t r a te  

s o lu t io n  o ccu rred  a t  about 10 ,000rev /m in . Enzyme a c t i v i t y  was fo llo w ed  by 

m easuring  th e  in c re a s e  i n  a b so rp tio n  a t  4 1̂2nm and th e  boundary p o s i t io n s  

( r ^ )  co u ld  be e s tim a te d  from th e  d e r iv a t iv e  cu rves o f  th e  scan n e r t r a c e s .

The sed im en ta tio n  c o e f f ic ie n t  was e v a lu a te d  from a  l i n e a r  r e g re s s io n  a n a ly s is  

o f  lo g ^ ( r^ )  a g a in s t  tim e ; th e  v a lu e s  o b ta in e d  were c o r re c te d  to  th e  d e n s i ty  

and v i s c o s i ty  o f  w a te r a t  20° (sgQ ^  v a lu e s )  as  d e sc rib e d  by Bowen (1970). 

E le c tro n  M icroscopy o f B a c te r ia l  C e ll W alls

B a c te r ia l  c u l tu re s  were grown i n  500ml o f  n u t r i e n t  b ro th  f o r  24h a t  

30°. The grow th was h a rv e s te d  by c e n tr i f u g a t io n  a t  25,000g f o r  lOmin. The 

c e l l s  were resuspended  i n  20ml o f  grow th medium, p re f ix e d  i n  g lu ta ra ld e h y d e , 

f ix e d  w ith  osmium te t r o x id e ,  embedded in  a g a r and f i n a l l y  d eh y d ra ted  in  

e th a n o l and embedded in 'A r a l  d i t  d as  d e sc r ib e d  by G la u e r t and T h o m ley  ( 1966) .  

Thin s e c t io n s  were c u t on an LKB u ltra to m e  equipped w ith  a  g la s s  k n i f e .

These s e c t io n s  were c o l le c te d  on 300-mesh copper g r id s  co a ted  w ith  Eormvar, 

s ta in e d  f o r  30 min w ith  u n d ilu te d  le a d  c i t r a t e  s t a i n  (R eynolds, 19&3) and 

examined u s in g  an AEI 802 e le c t r o n  m icroscope.

P re p a ra t io n  o f  T o lu en ised  Suspensions

An o v e rn ig h t c u l tu re  o f  b a c te r i a  was c e n tr ifu g e d  and re  suspended in  

'T r i s  b u f f e r '  to  a  d e n s i ty  o f  O.img wet w t./m l. T his su sp en sio n  was h e a te d  

to  37^ and t r e a te d  w ith  a  to lu e n e /e th a n o l  m ix tu re  as  d e s r ib e d  by Weitzman 

and Hewson (1973). I n  t h i s  method 0.05ml o f  to lu e n e /e th a n o l  (1 :4  v /v )  was 

added p e r  ml o f  su sp en sio n , v ig o ro u s ly  mixed and in c u b a ted  f o r  5 m in a t  37° .



28

The su sp en sio n  was th e n  coo led  i n  ic e  and th e  to lu e n e  removed by th re e  

c y c le s  o f  c e n tr i f u g a t io n  and re  su sp en sio n  i n  f r e s h  'T r i s  b u f f e r ' .  The 

r e s u l t in g  su sp en sio n  o f  p e rm e ab ilise d  c e l l s  was assayed  d i r e c t l y  f o r  

enzyme a c t i v i t y .

Method o f  M utagenesis

M utagenesis o f  b a c te r i a  was ach ieved  by th e  u se  o f  th e  a lk y la t in g  

agen t e th y l  methane su lp h o n ate  (EMS) as  i n  th e  method d e sc r ib e d  by Hopwood 

( 1970) .  A sample ( lm l)  o f  an  o v e rn ig h t c u l tu re  i n  n u t r i e n t  b ro th  was 

t r a n s f e r r e d  to  f r e s h  medium. T his c u l tu re  was grown f o r  2h, c e n tr ifu g e d  

and resuspended  i n  10ml o f  lOOmM phosphate  b u f f e r ,  pH 7 .0 . EMS was added 

to  t h i s  su sp en sio n  to  g iv e  a  f i n a l  c o n c e n tra tio n  o f  1% (v /v )  and in c u b a ted  

f o r  20 min a t  37°. A f te r  c e n t r i f u g a t io n  th e  c e l l s  were resuspended  in  

f r e s h  medium (20m l), grown o v e m i ^ t  to  a llo w  reco v ery  and t h i s  c u l tu re  

was u sed  a s  a  source  o f  m utated  b a c te r ia .

I s o la t io n  o f  C i t r a te  Synthase D e f ic ie n t  S t r a in s  by P e n i c i l l i n  Enrichm ent 

C i t r a t e  sy n th ase  d e f ic ie n t  s t r a in s  o f E. c o l i  a re  au x o tro p h ic  f o r  

g lu tam ate  (Ashworth e t  a l . ,  I 965) .  T h e re fo re , th e  i s o l a t i o n  o f  a  number o f 

g lu ta m a te - re q u ir in g  m utan ts shou ld  in c lu d e  some which a re  c i t r a t e  sy n th ase  

d e f i c i e n t .  The method used  h e re  to  i s o l a t e  g lu tam ate  auxo trophs i s  based  

on th e  d o u b le -cy c le  p e n i c i l l i n  e n r i cim ent p rocedure  o f  M olholt ( I 967) .  A 

m utated  c u l tu re  o f e i t h e r  E. c o l i  o r  A. Iw o ff i (p rep a re d  as d e sc r ib e d  above) 

was grown o v e rn ig h t i n  m inim al medium c o n ta in in g  su c c in a te  (lOmM) and 

g lu tam ate  (imM). T his o v e rn ig h t c u l tu re  was t r a n s f e r r e d  to  f r e s h  s u c c in a te -  

g lu tam ate  medium to  a  d e n s ity  o f  1 0 ^ c e lls /m l and in c u b a ted  f o r  3h a t  37°.

The c e l l s  were washed i n  su c c in a te  (lOmM) m inim al medium and re  suspended 

i n  i t  and in c u b a ted  f o r  3h a t  37°. A m p ic illin  (20pg/m l) was th e n  added and 

l y s i s  o f  p ro to tro p h s  o ccu rred  o v er an in c u b a tio n  p e r io d  o f  1h. The c e l l s  

were c e n tr ifu g e d , re  suspended i n  su c c in a te -g lu ta m a te  medium and a llow ed  to  

grow to  10 c e l l s /m l .  T his c u l tu re  was a g a in  washed i n  s u c c in a te  medium and
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t r e a te d  w ith  a m p ic i l l in  as  p re v io u s ly  d e sc r ib e d . At any p o in t i n  t h i s  

p ro ced u re , a  c u l tu re  re a c h in g  2 .0  x  1 0 ^ c e lls /m l was d i lu te d  by a  f a c to r  

o f  f iv e  w ith  th e  same medium.

The r e s u l t i n g  c u l tu r e ,  e n ric h ed  w ith  r e s p e c t  to  au x o tro p h s , was 

s e r i a l l y  d i lu te d ,  p la te d  onto  n u t r i e n t  a g a r  p la te s  and in c u b a te d  o v e rn ig h t. 

The p la te s  w ith  about 100 c o lo n ie s  were r e p l ic a t e d  onto  s u c c in a te  and 

su e c in a te -g lu ta m a te  p la te s  by th e  r e p l i c a  p la t in g  te ch n iq u e  o f  L ederberg  

and L ederberg  (1952). However, w hereas th e  o r ig in a l  r e p l i c a t i n g  method 

d e sc rib e d  by th e s e  w orkers in v o lv ed  th e  u se  o f  v e lv e t  pads f o r  r é p l i c a t io n ,  

i n  th e  p re s e n t work a  few s h e e ts  o f 12.5cm Whatman No. 1 f i l t e r  p ap ers  were 

s u b s t i t u te d  f o r  th e  v e lv e t .

U sing t h i s  tech n iq u e  m utan ts cou ld  be i s o l a t e d  which a lth o u g h  unab le  to  

grow on s u c c in a te  a lo n e , would grow on sue c in a t  e -g lu tam a te  medium. These 

g lu tam a te  auxo trophs were grown i n  n u t r i e n t  b ro th  and c e l l - f r e e  e x t r a c t s  were 

p rep a red  which were t e s t e d  f o r  c i t r a t e  sy n th ase  a c t i v i t y .

I n  a d d i t io n  to  t h i s  p ro ced u re , g lu tam ate  auxo trophs o f  A. Iw o ff i  were 

a ls o  p re p a red  by a n t i b i o t i c  enrichm ent u s in g  a  m ix tu re  o f  D -c y c lo se r in e  

(2.0m g/m l) and c a r b e n ic i l l i n  (2.Qmg/ml) i n  p la c e  o f  th e  a m p ic i l l in  i n  th e  

above m ethod.

I s o l a t i o n  o f  C i t r a te  Synthase D e f ic ie n t  S tr a in s  by S e le c t io n  f o r  R e s is ta n c e  

to  F lu o ro a c e ta te

A m uta ted  c u l tu re  o f  A. Iw o ff i , grown o v e rn ig h t i n  n u t r i e n t  b r o th ,  was 

tr a n s fe r r e d  to  100ml o f  m inim al medium c o n ta in in g  f lu o r o a c e ta te  (imM) and 

g lu tam a te  (lOmM) and grown to  s ta t io n a r y  p h ase . T his c u l tu r e  was d i lu te d  

and p la te d  onto  f lu o ro a c e ta te -g lu ta m a te  p la te s  (c o n c e n tra tio n s  as above) 

a t  lO O c e lls /p la te  and in c u b a ted  f o r  th re e  days. The c o lo n ie s  were r e p l ic a t e d ,  

a s  p re v io u s ly  d e sc r ib e d , on to  a c e ta te ,  s u c c in a te  and g lu tam a te  m inim al m edia 

p la t e s .  M utants were i s o l a t e d  which were u n ab le  to  grow on a c e ta te  o r  

su c c in a te  a s  s o le  carbon  source  b u t d id  grow on g lu ta m a te . C e l l - f r e e  e x t r a c ts
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o f  th e se  im itants were t e s t e d  f o r  c i t r a t e  sy n th ase  a c t i v i t y .

B a c te r ia l  C onjugation

C onjugation  betw een H fr and F”  s t r a in s  was c a r r ie d  ou t as  d e sc r ib e d  by 

M il le r  ( 1972) .  The m ating  p ro cess  was in te r r u p te d  by d i lu t i n g  a  sample (0 .5n il) 

o f  th e  m ating  c u l tu re  2 0 -fo ld  i n  0.9% (w /v) s a l in e  and a g i t a t i n g  w ith  a  

v o r te x  m ixer f o r  1 min. Samples and s e r i a l  d i lu t io n s  o f  t h i s  su sp en sio n  

were sp read  onto  s e le c t iv e  m edia and n u t r i e n t  a g a r . C o u n te r -s e le c tio n  

a g a in s t  th e  H fr donor s t r a i n s  was ach ieved  by in c lu d in g  s trep to m y c in  

su lp h a te  (lOO|ig/ml) i n  th e  s e le c t iv e  p la te s .

Phage (P1) M ediated T ran sd u c tio n

The p ro p a g a tio n  and subsequent u se  o f tra n sd u c in g  phage d u rin g  phage 

m ediated  tra n s d u c tio n  were a s  d e sc r ib e d  by M il le r  (1972). The h o s t range 

m utan t, PI (Lennox, 1955) was used  as  t h i s  p laques w e ll w ith  E. c o l i . 

T ran sfo rm atio n  in  A. Iw o ff i

5.0ml o f  an o v e rn ig h t c u l tu re  o f  A. Iw o ff i was c e n tr ifu g e d , re  suspended 

i n  0.5m l o f  s o lu t io n  c o n ta in in g  sodium la u r y l  su lp h a te  (0.5%  w /v ) , sodium 

c i t r a t e  (O .OI5M) and sodium c h lo r id e  ( 0 . I 5M). To o b ta in  a  DNA p re p a ra t io n  

t h i s  su sp en sio n  was in c u b a ted  f o r  1h a t  60°. A p a tch  (icm ^) o f  r e c ip ie n t  

s t r a i n  was in o c u la te d  on to  a  n u t r i e n t  a g a r  p la te ;  a  sample (O.OIml) o f  

th e  DNA p re p a ra t io n  was sp read  onto  t h i s  p a tc h . A f te r  7h th e  grow th was 

t r a n s f e r r e d  from th e  n u t r i e n t  a g a r p la te  onto  a  s e le c tiv e  p la te  on which 

th e  r e c ip ie n t  can on ly  grow by m u ta tin g  o r  by re c e iv in g  a  p o r t io n  o f  

donor BNA by th e  tra n s fo rm a tio n  mechanism.

Computer A ss is te d  I d e n t i f i c a t i o n  o f B a c te r ia

A b a c t e r i a l  su sp en sio n  was made in  peptone w a te r and t h i s  was u sed  to  

in o c u la te  th e  API 50 E n te ro b a c te r ia c e a e  micro tu b e  system  acco rd in g  to  th e  

m a n u fa c tu re r 's  in s t r u c t io n .  T his m icro tube  method i s  a  r a p id  method 

whereby th e  growth c h a r a c t e r i s t i c s  o f a  b ac te riu m  can be a s s e s s e d . The r e s u l t s  

o b ta in ed  were an a ly sed  by th e  id e n t ic a t i o n  program o f  Friedm an ^  a l . (1973).
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adap ted  by Mr M. J .  Sack in  (D epartm ent o f  M icrob io logy , L e ic e s te r  U n iv e r s i ty ) ,  

by com parison w ith  d a ta  com piled by Bascomb e t  a l . (19 7 3 ). T h is program 

s e le c t s  th e  most p ro b ab le  i d e n t i t y  f o r  th e  b ac te riu m  and ex p re sses  

q u a n t i t a t iv e ly  th e  r e l a t i v e  p r o b a b i l i ty  f o r  th e  i d e n t i f i c a t i o n  o f  a  

p a r t i c u l a r  b ac te riu m .

Double Im m unodiffusion (O uch terlony  Technique)

A s o lu t io n  c o n ta in in g  'T r i s  b u f f e r '  and 1.5% (w /v) a g a r  was s t e r i l i s e d  

by a u to c la v in g  and 30nil a l iq u o ts  were poured in to  P e t r i  d ish e s  and th e n  

allow ed  to  c o o l.

Seven w e lls  were cu t i n  th e  a g a r , one c e n t r a l  w e ll su rrounded  by s ix  

e q u a lly  spaced o u te r  w e lls .  A ntiserum ,w hich  had been r a is e d  a g a in s t  th e  

p u r i f i e d  c i t r a t e  sy n th ase  from w ild  ty p e  A. Iw o f f i ,  was p la ce d  i n  th e  c e n tr a l  

w e ll and th e  c e l l - f r e e  e x t r a c t s  o f  th e  t e s t  b a c te r i a  were p la ce d  in  th e  o u te r  

w e lls .  S ev e ra l wet p ap er t i s s u e s  were p la ce d  i n  an a i r - t i ^ t  box, th e  P e t r i  

d ish e s  p laced  on th e se  t i s s u e s  and th e  box s e a le d . I n  t h i s  way a  c o n s ta n t 

humid atm osphere was m a in ta in ed . The box was p la ce d  a t  26° o v e rn ig h t and 

th e  p resen ce  o f c r o s s - r e a c t in g  m a te r ia l  i n  th e  e x t r a c ts  was determ ined  

v i s u a l ly  by exam ining th e  p la te s  f o r  th e  p re sen ce  o f w h ite  p r e c ip i t a t io n  

l i n e s  betw een th e  c e n t r a l  and o u te r  w e lls .

D ata H andling

The d e te rm in a tio n  o f  v a lu e s  was c a r r ie d  ou t by e n te r in g  enzyme 

v e lo c i ty  measurements a t  d i f f e r e n t  s u b s t r a te  c o n c e n tra tio n s  in to  program I  

(Appendix l ) .

V alues o f  ^ were s im i la r ly  determ ined  u s in g  com puter program I I  

(Appendix l ) .

D e term in a tio n  o f  th e  v a lu e  f o r  an  enzyme i n h i b i t o r  was perform ed 

u s in g  com puter program I I I  (Appendix l ) .

The b e s t  s t r a ig h t  l i n e  f i t  f o r  th e  d a ta  was a s se s se d  u s in g  program TV 

(Appendix l ) .  ;

/

/
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F urtherm ore , a l l  th e s e  programs gave e r r o r  s t a t i s t i c s  f o r  th e  r e s u l t s  

and have been  m o d ified  i n  th e  p re s e n t work to  g iv e  g ra p h ic a l  r e p re s e n ta t io n  

o f  th e  d a ta  where a p p r o p r ia te .
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RESULTS.
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S e c tio n  A -  In v e s t ig a t io n  o f  th e  Mechanism o f  I n h ib i t io n  o f  C i t r a te  Synthase 

I n  v i t r o  s tu d ie s  have shown th a t  c i t r a t e  sy n th ase  i s  in h ib i te d  by a -  

o x o g lu ta ra te  and a  v a r i e ty  o f  n u c le o t id e s . These in h ib i t i o n s  may have a  

p h y s io lo g ic a l  r o le ,  r e g u la t in g  th e  a c t i v i t y  o f  th e  enzyme i n  v iv o . However, 

th e se  compounds a re  a l l  s t r u c tu r a l  analogues o f  th e  s u b s t r a te s  and th e re fo re  

th e  mechanisms o f  th e se  in h ib i t i o n s  h as been  in v e s t ig a te d  to  a s c e r ta in  

\d ie th e r th e y  a re  e x e r te d  i s o s t e r i c a l l y  o r  a l l o s t e r i c a l l y .  S ev e ra l methods 

have been  u sed  to  s tu d y  th e  i n h ib i t i o n  o f d i f f e r e n t  c i t r a t e  sy n th ase s  by 

a  number o f th e se  in h ib i to r s .

Mechanism o f N u c leo tid e  I n h ib i t io n

F ig s . 5-10 a re  double r e c ip ro c a l  p lo ts  showing th e  dependence o f  th e  

a c t i v i t y  o f  p ig  h e a r t  c i t r a t e  sy n th ase  on acety l-C oA  c o n c e n tra tio n  i n  th e  

p re sen ce  and absence o f a  number o f n u c le o t id e s  (ATP, ADP, AMP, NADPH, NADH 

and NADP*̂  r e s p e c t iv e ly ) .  I t  was found th a t  a l l  th e s e  in h ib i to r s  were s t r i c t l y  

co m p etitiv e  w ith  th e  s u b s t r a te  acety l-C oA . F u rth e rm o re , r e p lo t s  o f  th e  

s lo p e s  o f  th e se  l i n e s  a g a in s t  th e  c o n c e n tra tio n  o f  th e  n u c le o t id e  i n h i b i t o r  

gave a  l i n e a r  r e la t io n s h ip  i n  each case  (F ig . 1 1 ). v a lu e s  were determ ined  

by f i t t i n g  th e  d a ta  to  program HI (Appendix l )  and th e se  a re  g iv en  i n  T able 2. 

S im ila r  s tu d ie s  were c a r r ie d  ou t on p a r t i a l l y  p u r i f i e d  c i t r a t e  sy n th ase s  

from th e  y e a s t  _S. c e r e v is ia e , th e  Gram p o s i t iv e  b ac te riu m  H. m egaterium  

and th e  Gram n e g a tiv e  b a c te r i a  A. Iw o ff i and j ^ .  a e ru g in o sa . The in h ib i t i o n  

o f  A. Iw o ff i c i t r a t e  sy n th ase  by NADH was n o t s t r i c t l y  c o m p e titiv e  w ith  

acetyl-C oA  (F ig  1 2 ), b u t i n  a l l  o th e r  c ase s  s tu d ie d  th e  i n h ib i to r s  a c te d  

c o m p e titiv e ly  w ith  t h i s  s u b s t r a te .  v a lu e s  f o r  acetyl-C oA  were de term ined  

by f i t t i n g  th e  d a ta  to  program I  (Appendix l )  and th e  v a lu e s  f o r  th e  

n u c le o tid e  in h ib i to r s  (program  I I I )  f o r  each enzyme a re  g iv en  i n  Table 2.

I t  was found th a t  th e  o rd e r  o f  e f f e c t iv e n e s s  o f  th e  n u c le o t id e  i n h ib i to r s  

was ATP ^ ADP^ AMP ^  NADPH ^ NADH ̂  NADP  ̂ ex cep t f o r  th e  Gram n e g a tiv e  b a c t e r i a l  

enzymes, i n  which case  NADH was by f a r  th e  most pow erfu l in f i ib i to r  o f  th e
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Fig. 5: Double reciDrocal plots of the rate dependence of pig heart
citrate synthase activity on the concentration of acetyl-CoA 
both in the presence and absence of ATP

Enzyme activity (in arbitrary units) was measured using assay method 1
at a fixed oxaloacetate concentration of 0.2mM.
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Fig. 6: Double reciprocal -plots of the rate dependence of pig heart
citrate synthase activity on the concentration of acetyl-CoA 
both in the presence and absence of ADP.

Enzyme activity (in arbitrary units) was measured using assay method 1
at a fixed oxaloacetate concentration of 0.2mM.
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Fig. 7 : Double reciprocal plots of the rate dependence of Dig heart 
citrate synthase" activity on the concentration of acetyl-CoA 
both in the presence and absence of AMP.

Enzyme activity (in arbitrary units) was measured using assay method 1
at a fixed oxaloacetate concentration of 0.2mM.
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Fiff, 8; Double reciprocal plots of the rate dependence of pip: heart 
citrate synthase activity on the concentration of acetyl-CoA 
both in the presence and absence of NADPH.

Enzyme activity (in arbitrary units) was measured using assay method 1
at a fixed oxaloacetate concentration of 0,2mM.
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Fig. 9; Double reciprocal plots of the rate dependence of pig heart 
citrate synthase activity on the concentration of acetyl-CoA 
both in the presence and absence of NADH.

Enzyme activity (in arbitrary units) was measured using assay method 1
at a fixed oxaloacetate concentration of 0.2mM.
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Fig. 10; Double reciprocal pl'ots of the rate dependence of pig heart 
citrate synthase activity on the concentration of acetyl-CoA 
both in the presence and absence of NADP~̂ .

' Enzyme activity (in arbitrary units) was measured using assay method 1
at a fixed oxaloacetate concentration of 0.2mM.
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Fig* 11 ; R ep lo ts  o f  .th e  s lo p e s  a g a in s t  i n h i b i t o r  c o n c e n tra t io n  f o r  
th e  n u c le o t id e  i n h ib i to r s  o f  p ig  h e a r t  c i t r a t e  sy n th a se .

T h is  g raph  i s  a  r e p lo t  o f  th e  d a ta  g iv e n - in  P ig s .  5 -10 .

/
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Fis 12; Double reciprocal plots of the rate dependence of A, Iwoffi 
wild type citrate synthase activity on the concentration 
of acetyl-CoA both in the presence and absence of NADH,

Enzyme a c t iv i t y  ( in  a rb itra ry  u n its )  was measured u s in g  assay  method 1
a t  a f ix e d  o x a lo a ceta te  con cen tra tion  o f  0.2miM.
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s e r i e s .  F urtherm ore , w ith  th e  ex ce p tio n  o f  t h i s  l a t t e r  c a se , th e re  was a  

d i r e c t  r e la t io n s h ip  betw een th e  v a lu e  f o r  acety l-C oA  and th e  v a lu e s  

f o r  each i n h ib i to r  (F ig . 1^) .

I t  h as  been shown th a t  th e  NADH in h ib i t i o n  o f  E. c o l i  c i t r a t e  sy n th ase  

i s  a b o lish e d  i n  th e  p resen ce  o f  0 . 1M KCl (W eitzman, 1^66a). S im ila r ly ,  P s . 

a e ru s in o s a  enzyme may be d e s e n s i t i s e d  to  NADH i n h ib i t i o n  by in c u b a t io n  w ith  

O.ImM DTNB f o r  5niin p r io r  to  a ssa y  (V eitzm an & Hews on, i n  p r e p a r a t io n ) .  The 

r e s u l t s  o f  a  d e ta i le d  a n a ly s is  o f  th e  e f f e c t  o f  th e s e  d e s e n s i t i s a t io n s  on 

th e  enzymes a re  g iv en  in  T able  3» I t  was found th a t  w hereas th e se  tre a tm e n ts  

a b o lish e d  th e  s e n s i t i v i t y  o f  th e  enzymes to  NADH, th e  a c t i v i t y  and s e n s i t i v i t y  

to  ATP rem ained r e l a t i v e l y  unchanged. These r e s u l t s  a re  c o n s is te n t  w ith  th e  

view  th a t  NADH in h ib i t i o n  o f  th e  Gram n e g a tiv e  b a c t e r i a l  enzyme i s  an  

a l i o s t e r i c  phenomenon.

F u r th e r  in v e s t ig a t io n s  in to  th e  s i t e  o f  a c t io n  o f  n u c le o t id e  i n h ib i to r s  

were made u s in g  th e  method o f  m u l t ip l e - in h ib i t io n  a n a ly s is  (Y onetan i & 

T h e o re l l ,  I 964) .  T his method in v o lv e s  th e  exam ination  o f  th e  in h ib i t i o n  

produced by two i n h ib i to r s ,  each co m p etitiv e  w ith  th e  same s u b s t r a te .

Three d i f f e r e n t  c i t r a t e  sy n th ase s  were chosen f o r  s tu d y . P ig  h e a r t  enzyme 

i s  ty p ic a l  o f  t h a t  from e u c a ry o tic  so u rc e s , B. m egaterium  enzyme i s  

r e p r e s e n ta t iv e  o f  Gram p o s i t iv e  b a c t e r i a l  c i t r a t e  sy n th ase s  and P s . 

a e ru g in o sa  enzyme i s  ty p ic a l  o f  th a t  from Gram n e g a tiv e  s p e c ie s .  M u lt ip le -  

in h ib i t i o n  was s tu d ie d  u s in g  th e  th re e  in h ib i to r s  brom oacetyl-CoA , NADH and 

ATP, a l l  o f which a c t  s t r i c t l y  c o m p e titiv e ly  w ith  acetyl-C oA  f o r  each  enzyme 

examined. Bromoacetyl-CoA was used  a s  i t  w i l l  a c t  a s  a  s u b s t r a te ,  a l b e i t  a  

poo r one, f o r  c i t r a t e  sy n th ase ; i t s  i n h ib i to r y  a c t io n  may th e re fo re  

re a so n a b ly  be assumed to  r e s u l t  from c o m p e titio n  w ith  acetyl-C oA  f o r  th e  

a c t iv e  s i t e .  The in h ib i to r s  were u sed  i n  th e  p a i r s  ATP + brom oacetyl-CoA  

and ATP + NADH. I n  each c a se , th e  c o n c e n tra tio n  o f  one i n h i b i t o r  was v a r ie d  

a t  d i f f e r e n t  f ix e d  c o n c e n tra tio n s  o f  th e  o th e r .  The r e c ip ro c a l  o f  th e
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0
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K m -A C E T Y L -C o A  (pM)

F ig . 13: The r e la t io n s h ip  betw een Km v a lu e  f o r . acety l-C oA  and th e  Ki 
v a lu e s  f o r  n u c le o t id e  i n h ib i to r s  f o r  a  number o f  c i t r a t e  
sy n th a se s  "

T h is  i s  a  g ra p h ic a l  r e p r e s e n ta t io n  o f  th e  d a ta  p re s e n te d  i n  
T ab le  2 .
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m easured enzyme r a t e  was p lo t te d  a g a in s t  th e  c o n c e n tra tio n  o f  th e  v a ra ia b le  

i n h i b i t o r .

As Y onetani and T h e o re ll ( I 964) have shown, p a r a l l e l  l i n e  p lo t s  in d ic a te  

t h a t  th e  in h ib i to r s  i n t e r a c t  a t  th e  same s i t e  on th e  enzyme whereas 

d i f f e r e n t  s i t e s  o f  a c t io n  a re  in d ic a te d  by a  p a t te r n  o f  in t e r s e c t in g  l i n e s .

F ig . 14 shows th a t  p a r a l l e l  l i n e  p lo t s  were o b ta in ed  i n  a l l  c a se s  w ith  

th e  p ig  h e a r t  and B. m egaterium  enzymes su g g es tin g  th a t  ATP, NADH and bromo- 

acetyl-C oA  a l l  i n t e r a c t  w ith  th e  same s i t e .  I n  view  o f  th e  l i k e l y  i d e n t i t y  

o f  th e  bromoacetyl-CoA s i t e  i t  may be concluded th a t  th e  p ro b ab le  s i t e  o f 

a c t io n  o f b o th  NADH and ATP, f o r  b o th  th e s e  enzymes^ i s  a t  th e  acety l-C oA , 

o r  a c t iv e ,  s i t e .

F o r  th e  Gram n e g a tiv e  b a c t e r i a l  c i t r a t e  sy n th a se s , t y p i f i e d  by P s . 

a e ru g in o sa  enzyme, th e  p a r a l l e l  l i n e  p lo ts  (F ig . I 5) a g a in  showed th a t  ATP 

and bromoacetyl-CoA have a  common b in d in g  s i t e .  However, th e  p a t t e r n  o f 

in t e r s e c t in g  l i n e s  o b ta in ed  w ith  th e  p a i r  o f  in h ib i to r s ,  ATP and NADH, c le a r ly  

in d ic a te s  th a t  th e se  in h ib i to r s  a c t  a t  d i f f e r e n t  s i t e s  on th e  enzyme. The 

r e s u l t  s tro n g ly  su p p o rts  th e  view  th a t  NADH i s  an a l l o s t e r i c  i n h i b i t o r  o f 

Gram n e g a tiv e  b a c t e r i a l  c i t r a t e  sy n th ase .

As m entioned e a r l i e r ,  tre a tm e n t o f  th e  P s . a e ru g in o sa  enzyme w ith  DTNB 

r e s u l t s  i n  th e  lo s s  o f s e n s i t i v i t y  to  NADH (Weitzman & Hewson, i n  p re p a ra t io n ) .  

M u l t ip le - in h ib i t io n  a n a ly s is  o f  t h i s  d e s e n s i t i s e d  enzyme gave on ly  p a r a l l e l  

l i n e  p lo t s  (F ig . I 5) in d ic a t in g  th a t  th e  r e s id u a l ,  lo w -le v e l NADH in h ib i t i o n  

was e x e r te d  a t  th e  same s i t e  a s  ATP and brom oacetyl-CoA, i . e .  a t  th e  a c t iv e  

s i t e .  T h e re fo re , lo s s  o f  th e  a l l o s t e r i c  s i t e  re v e a le d  weak i s o s t e r i c  

i n h ib i t i o n  o f Gram n e g a tiv e  b a c t e r i a l  enzyme by NADH.

Mechanism o f a -O x o g lu ta ra te  I n h ib i t io n

cc- O x o g lu ta ra te  i n h i b i t s  many c i t r a t e  sy n th a se s . T h is  i n h ib i t i o n  has 

been  found to  be s t r i c t l y  co m p e titiv e  w ith  th e  s u b s t r a te  o x a lo a c e ta te .  The 

s e n s i t i v i t y  o f  a  number o f  c i t r a t e  sy n th ase s  to  t h i s  compound was examined
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F ig . l 4 :M u ltip le  i n h ib i t i o n  a n a ly s is  o f  c i t r a t e  syn th ases»

The enzyme r a t e s  ( i n  a r b i t r a r y  -u n its) were d e term ined  u s in g  a s s a y  
method 1 ..

a .  I n h ib i t i o n  o f  p ig  h e a r t  c i t r a t e  sy n th ase  i n  th e  p re sen ce  o f  ATP an d  
brom oacetyl-C oA ,

b .  I n h ib i t i o n - o f  p ig  h e a r t  c i t r a t e  sy n th ase  i n  th e  p re sen ce  o f  ATP and  
NADH.

c . I n h ib i t io n  o f  B. m egaterium  c i t r a t e  sy n th ase  i n  th e  p re sen ce  o f  ATP 
and brom oacetyl-C oA .

d . I n h ib i t io n  o f  B. megateri-um c i t r a t e  sy n th ase  i n  th e  p re sen ce  o f  ATP 
and NADH,
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' • -IBROMOAr.HYL-COAl, (pHi
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tDROMOAD-TYL-COA], (pM)
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20.0
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0 .0

F ig . 1^: M u ltip le  in h ib i t i o n  a n a ly s is  o f  c i t r a t e  sy n th a se s .

The enzyme r a te s  ( in  a r b i t r a r y  .u n its  ) were (ieterm ined u s in g  a s sa y
method 1 .

a .  I n h ib i t io n  o f  Ps. ae ru g in o sa  c i t r a t e  sy n th ase  in  th e  p re sen ce  o f  
ATP and brom oacetyl-CoA.

b . I n h ib i t io n  o f P s. ae ru g in o sa  c i t r a t e  sy n th ase  in  th e  p resen ce  o f  
ATP and NADH.

c . I n h ib i t io n  o f P s . ae ru g in o sa  c i t r a t e  sy n th ase  ( t r e a te d  w ith  DTNB) 
i n  th e  p resen ce  o f  ATP and brom oacetyl-CoA.

d . In h ib i t io n  o f P s. a e ru g in o sa  c i t r a t e  sy n thase  ( t r e a te d  w ith  DTNB) 
in  th e  p resen ce  o f  ATP and NADH



So

and a  l i s t  o f  v a lu e s  f o r  o x a lo a c e ta te  and v a lu e s  f o r  a -o x o g lu ta ra te  

i s  g iv en  i n  Table 4»

D e s e n s i t i s a t io n  s tu d ie s  have shown th a t  th e  a -o x o g lu ta ra te  i n h ib i t i o n  

o f th e  c i t r a t e  sy n th ases  from Gram n e g a tiv e  f a c u l t a t iv e  anaerobes i s  

overcome by th e  p resen ce  o f  0.1M KCl (W right e t  , 19^7; Weitzman &

Dunmore, 1969b). The e f f e c t  o f 0.1M KCl on th e  K^ (o r  Sq ^) v a lu e  f o r  

o x a lo a c e ta te  and th e  K^ v a lu e  f o r  a -o x o g lu ta ra te  f o r  E, c o l i  c i t r a t e  

sy n th ase  i s  shown in  Table 5* I t  i s  c le a r  th a t  a lth o u g h  KCl has l i t t l e  

e f f e c t  on th e  K^ (o r  ^) v a lu e  f o r  o x a lo a c e ta te , th e  in h ib i t i o n  produced 

by a -o x o g lu ta ra te  i s  m arkedly reduced . These f in d in g s  a re  th e re fo re  i n  

agreem ent w ith  th e  view  th a t  a -o x o g lu ta ra te  in h ib i t i o n  o f  th e  c i t r a t e  sy n th ase s  

from f a c u l t a t iv e  anaerobes i s  a l l o s t e r i c .

To g a in  f u r th e r  knowledge o f  th e  s i t e  o f a c t io n  o f  a -o x o g lu ta ra te  on 

a  range o f  c i t r a t e  sy n th a se s , th e  method o f  m u l t ip le - in h ib i t io n  a n a ly s is  

has a g a in  been employed.

M u lt ip le - in h ib i t io n  was s tu d ie d  u s in g  th e  two in h ib i to r s  a -o x o g lu ta ra te  

and f lu o ro -o x a lo a c e ta te .  Both o f  th e se  compounds were dem onstra ted  to  be 

co m p e titiv e  w ith  o x a lo a c e ta te  f o r  each  enzyme exam ined. F lu o ro -o x a lo a c e ta te  

was u sed  as i t  i s  a  v e ry  poor s u b s t r a te  f o r  c i t r a t e  sy n th ase  and i t s  in h ib i to r y  

a c t io n  may th e re fo re  be assumed to  be a  r e s u l t  o f  i t s  c o m p e titio n  w ith  

o x a lo a c e ta te  f o r  th e  a c t iv e  s i t e .  Three d i f f e r e n t  c i t r a t e  sy n th ase s  were 

s tu d ie d  -  p ig  h e a r t  enzyme, ty p ic a l  o f  e u c a ry o te s , B, m egaterium  enzyme, 

r e p re s e n ta t iv e  o f  Gram p o s i t iv e  b a c te r i a  and E. c o l i  enzyme, ty p ic a l  o f  

Gram n e g a tiv e  f a c u l t a t iv e  an aero b es.

The p a r a l l e l  l i n e  p lo t s  o f  F ig . 16-17 show th a t  a -o x o g lu ta ra te  and 

f lu o ro -o x a lo a c e ta te  b o th  a c t  a t  th e  same s i t e  on th e  p ig  h e a r t  ^ d  B. 

m egaterium  enzymes. I n  view  o f  th e  l i k e l y  i d e n t i t y  o f  th e  f lu o ro -o x a lo a c e ta te  

s i t e ,  as  th e  a c t iv e  s i t e ,  i t  may be concluded th a t  a -o x o g lu ta ra te  i n h ib i t i o n  

o f  th e se  enzymes i s  p ro b ab ly  i s o s t e r i c .
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[FLUORO-OXALOACETATE], (mM)

0.0
o
o
LU

[q -OXOGLUTARATE], (mM)

y jg .  16: M u ltip le  i n h ib i t i o n  a n a ly s is  o f  p ig  h e a r t  c i t r a t e  sy n th ase
i n  th e  p re sen ce  o f  a -o x o g lu ta ra te  and f lu o r o - o x a lo a c e ta te .

The enzyme' a c t i v i t i e s  ( in  a rb itra ry  u n it s )  were determin^ed u s in g
a ssa y  method 1.



[FLUORO-OXALOACETATE], (mM)
20

0.20

I—I
U
CD
UJ

ta-OXOGLUTARATE],

P ig . 17: M u ltip le  i n h i b i t i o n  a n a ly s is  o f  B. m egaterium  citrate 
sy n th ase  i n  th e  p re sen ce  o f  a -o x o g lu ta ra te  and f lu q r o -  
o x a lo a c e ta te .

The enzyme a c t i v i t i e s  ( in  a rb itra ry  u n its )  were determ ined u sin g
assay  method 1.



On th e  o th e r  hand, th e  n o n - id e n t i ty  o f th e  f lu o ro -o x a lo a c e ta te  and 

a -o x o g lu ta ra te  s i t e s  f o r  th e  E .c o l i  enzyme can  be seen  from th e  

in t e r s e c t in g  p a t te r n  o f l i n e s  o b ta in e d  in  F ig . 18. T h is f in d in g  su p p o rts  

th e  v iew  th a t  a -o x o g lu ta ra te  i s  an a l l o s t e r i c  i n h i b i t o r  o f  th e  enzymes from 

th e  Gram n e g a tiv e  f a c u l t a t i v e  an aero b es.

I n  th e  p resence  o f 0.1M KCl th e  pow erfu l a -o x o g lu ta ra te  in h ib i t i o n  o f 

E . c o l i  c i t r a t e  sy n th ase  i s  n o t observed . M u ltip le  in h ib i t i o n  a n a ly s is  was 

c a r r ie d  ou t i n  th e  p resen ce  o f  0.1M KCl and on ly  a  p a r a l l e l  l i n e  p lo t  was 

observed  (F ig . I 9 ) .  T his r e s u l t  in d ic a te s  t h a t  when th e  a l l o s t e r i c  s i t e  

i s  m o d ified , a -o x o g lu ta ra te  a c ts  as a  weak i s o s t e r i c  i n h i b i t o r  a s  i t  does 

f o r  th e  o th e r  enzymes examined.
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' [FLUORO-OXALOACETATE], (mM)

1.50

0.75

8
Oj

0,0

0.15 -0 .10 -0 ,05  0.00 0.05: 0.10

[q-OXOGLUTARATE], (mM)

F ig . 18: M u ltip le  i n h ib i t i o n  a j ia ly s is  o f  E. c o l i  c i t r a t e  sy n th ase
i n  th e  p re sen ce  o f  a -o x o g lu ta ra te  and f lu o r o - o x a lo a c e ta te .

The enzyme a c t i v i t i e s  ( in  a rb itra ry  u n it s )  were determ ined u sin g
a ssay  method 1.
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[FLUORO-OXALOACETATE], (mM)

1.50

0.75

CJ
o
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[a~OXOGLUTARATE], (mM)

P ig . 19 : M u ltip le  i n h ib i t i o n  a n a ly s is  o f  E. c o l i  c i t r a t e  sy n th ase  i n
r " the  p re sen ce  o f a -o x o g lu ta ra te  and f lu o r o - o x a lo a c e ta te .

The enzyme a c t i v i t i e s  ( i n  a r b i t r a r y  u n i t s )  were de te rm in ed  u s in g  
a s sa y  method 1. A ll a ssa y s  were c a r r ie d  o u t i n  th e  p re sen c e  o f  O.IM KCl.
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S e c tio n  B -  Rapid Techniques f o r  Scanning th e  R eg u la to ry  P r o p e r t ie s  and 

M olecu lar S ize  o f C i t r a te  Synthase 

These ra p id  tech n iq u es  were developed f o r  u se  in  scann ing  th e  p ro p e r t ie s  

o f  c i t r a t e  sy n th ases  from  a  la rg e  number o f  o rgan ism s. The p ro ced u res  a re  

o u t l in e d  i n  th e  Methods S e c tio n  and th e  r e l i a b i l i t y  o f  th e s e  methods was 

a s s e s s e d  u s in g  a  number o f  t e s t  organ ism s. The p ro p e r t ie s  o f  th e  c i t r a t e  

sy n th a se s  from th e  t e s t  organism s had been  e s ta b l is h e d  u s in g  th e  method 

d e sc r ib e d  by Weitzman and Jones (1975) ; th e s e  p r o p e r t ie s  were compared w ith  

th o se  o b ta in e d  by em ploying th e  r a p id  te ch n iq u es  (H arfo rd , Jones & Weitzman,

1976) .

S creen in g  o f  R eisnlatory  P ro p e r t ie s

T his method has been  t e s t e d  by o b se rv in g  th e  in h ib i to r y  e f f e c t  o f  ATP 

and NADH on c i t r a t e  sy n th ase s  from a  wide range  o f  organ ism s. The r e s u l t s ,  

p re se n te d  i n  Table 6 , show th a t  th e  o b se rv a tio n s  from th e  ra p id  tech n iq u e  

a re  i n  com plete agreem ent w ith  th o se  o f  th e  co n v en tio n a l m ethod, th e re b y  

e s ta b l i s h in g  th e  r e l i a b i l i t y  o f  t h i s  v e ry  qu ick  q u a l i t a t iv e  d e te im in a tio n  

o f  r e g u la to ry  b eh av io u r.

S creen ing  o f  M olecu lar S ize

The method employs th e  u se  o f  a  co m p ara tiv e ly  sm all column o f  Sephadex 

G-200 th e re b y  g r e a t ly  re d u c in g  th e  tim e re q u ire d  to  d e te im in e  th e  m o lecu la r 

s iz e  o f  a  c i t r a t e  sy n th ase . Weitzman and Dunmore ( 19^9^) have shown th a t  

th e  ' l a r g e '  c i t r a t e  sy n th ase  has a  m o lecu la r w eight g r e a te r  th a n  l a c t a t e  

dehydrogenase and shou ld  th e re fo re  be e lu te d  from  th e  column b e fo re  t h i s  

m arker enzyme. C onverse ly , th e  's m a l l ' c i t r a t e  sy n th ase s  shou ld  be e lu te d  

from th e  column a f t e r  l a c t a t e  dehydrogenase.

The r e s o lu t io n  o f  th e  sm all column was t e s t e d  by a p p ly in g  a  m ix tu re  

o f  l a c t a t e  dehydrogenase and e i t h e r  a  ' l a r g e '  c i t r a t e  sy n th a se , from E. 

c o l i . o r  a  's m a l l ' c i t r a t e  sy n th ase , from B. m egaterium . The r e s u l t s  shown 

i n  P ig . 20 dem onstrate  q u i te  c le a r ly  t h a t  th e  column was a b le  to  re s o lv e
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F ig . 20; E lution  p r o f i le  o f  c i tr a te  synthase and la c ta te  dehydrogenase 
on a small column o f  Sephadex G-200. ^

a. Typical ’la r g e ’ c i t r a te  synthase (E. c o l i ) .
b . Typical ’sm all’ c i t r a te  synthase (B. megaterium).

CS, c i tr a te  synthase; L, la c ta te  dehydrogenase.
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th e  p o s i t io n s  o f th e se  two enzymes r e l a t i v e  to  l a c t a t e  dehydrogenase.

The u se  o f  t h i s  method to  examine th e  m o lecu la r s iz e s  o f c i t r a t e  

sy n th ases, from a  range o f  organ ism s, gave r e s u l t s  i n  a b so lu te  agreem ent w ith  

th o se  o b ta in e d  by th e  co n v en tio n a l method u s in g  a  much l a r g e r  column o f  

Sephadex G-200 (T able 6) .  The r e l i a b i l i t y  o f  t h i s  sm all column f o r  

a s s e s s in g  th e  m o lecu lar s iz e  o f c i t r a t e  sy n th ase  was th u s  confirm ed .
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S e c tio n  C -  I s o la t io n  o f B a c te r ia l  M utants P roducing  S t r u c tu r a l ly  

A lte re d  C i t r a te  Synthases 

The organism s chosen f o r  t h i s  work were E. c o l i  and A. I w o f f i . The f i r s t  

s te p  i n  th e  i s o l a t i o n  o f  s t r a in s  p roducing  c i t r a t e  sy n th ase s  w ith  a l t e r e d  

s t r u c tu r e  was to  s e le c t  f o r  c i t r a t e  sy n th ase  d e f ic ie n t  m u tan ts . The 

su b seq u en t i s o l a t i o n  o f r e v e r ta n ts  which had re g a in ed  c i t r a t e  sy n th ase  

a c t i v i t y  may y ie ld  some s t r a i n s  which produce a  s t r u c t u r a l l y  a l t e r e d  

enzyme. I t  was decided  th a t  by d e te rm in in g  th e  m o lecu la r p r o p e r t ie s  o f  th e  

c i t r a t e  sy n th ases  produced by th e  r e v e r t  a n t s t r a i n s ,  an organism  may be 

found which produced such an enzyme.

The p ro p e r t ie s  most r e a d i ly  a ss e sse d  were s e n s i t i v i t y  to  in h ib i to r s  

and m o lecu la r s iz e .  The methods f o r  d e te rm in in g  th e se  p r o p e r t ie s  have 

h i th e r to  in v o lv ed  a  p a r t i a l  p u r i f i c a t i o n  o f  th e  enzyme and have been  

tim e-consum ing i n  p r a c t ic e  (Weitzman & Jo n es , 19^8; Weitzman & Jo n es , 1975)* 

As i t  was n e ce ssa ry  to  scan  la rg e  numbers o f  r e v e r ta n ts  to  i d e n t i f y  any 

which produced a l t e r e d  c i t r a t e  syn thase , th e  r a p id  sc ree n in g  te ch n iq u es  

were employed to  determ ine th e  r e g u la to ry  b eh av io u r and m o lecu la r s iz e  

o f  th e  enzymes.

I s o l a t i o n  o f C i t r a te  Synthase D e f ic ie n t  M utants by P e n i c i l l i n  Enrichm ent

C u ltu re s  o f  E. c o l i  (AB259) and A. Iw o ff i were m utated  by tre a tm e n t w ith  

EMS and g lu tam ate  auxotrophs were s e le c te d  by p e n i c i l l i n  enrichm ent as 

d e s r ib e d  in  th e  Methods S e c tio n . A n a ly sis  o f  c e l l - f r e e  e x t r a c t s  o f  th e se  

auxo trophs r e s u l te d  in  th e  s u c c e s s fu l i s o l a t i o n  o f  an E. c o l i  m utant which 

p o sse ssed  1% o f th e  c i t r a t e  sy n th ase  a c t i v i t y  o f  th e  v /ild  ty p e  organism . 

T h is  c i t r a t e  sy n th ase  d e f ic ie n t  m utant was term ed AB259-CS1.

Exam ination o f th e  c e l l - f r e e  e x t r a c ts  o f  th e  A. Iw o ff i g lu tam a te  

auxo trophs were d is a p p o in tin g  a s  th ey  showed th a t  a l l  o f  th e se  m utan ts 

p o sse ssed  a  le v e l  o f  c i t r a t e  sy n th ase  a c t i v i t y  s im i la r  to  t h a t  o f  th e  w ild  

ty p e . T h e re fo re , a  more d i r e c t  s e le c t io n  method was d ev ised  to  o b ta in  th e
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c i t r a t e  sy n th ase  d e f ic ie n t  s t r a in s  o f  t h i s  organism .

I s o l a t i o n  o f  C i t r a te  Synthase D e f ic ie n t  M utants U sing F ln o ro a c e ta te

A method was d ev ised  f o r  s e le c t io n  o f  c i t r a t e  sy n th ase  d e f ic ie n t  m u tan ts , 

which r e l i e s  on th e  f a c t  t h a t  th e se  may he r e s i s t a n t  to  th e  to x ic  e f f e c t  o f  

f lu o r o a c e ta te  by v i r t u e  o f  t h e i r  i n a b i l i t y  to  m e ta b o lise  t h i s  compound to  

f l u o r o c i t r a t e .  The p rocedure  i s  g iv en  i n  th e  Methods S e c tio n , and th e  

f e a s i b i l i t y  o f  th e  tech n iq u e  was e s ta b l is h e d  by t e s t i n g  th e  r e s i s ta n c e  o f  

th e  c i t r a t e  sy n th ase  d e f ic ie n t  s t r a in s  o f E, c o l i  t o  f lu o r o a c e ta te .

I t  was found th a t  when p la te d  onto  medium c o n ta in in g  s u c c in a te  (lQmM), 

g lu tam ate  (lmM) and f lu o r o a c e ta te  (lmM), th e  w ild  ty p e  s t r a i n s  o f E. c o l i  

(ABI62I ,  K1 . 1 , E2.1  and AB259) were a l l  k i l l e d  by th e  p resen ce  o f th e  

f lu o r o a c e ta te .  However, c i t r a t e  sy n th ase  d e f ic ie n t  s t r a i n s  (ABI625 , K 1.1.4» 

K 2 .1 .4  and AB259-CS1) a l l  grew on t h i s  medium (T ab le  7 ) ;  th e y  were th e r e f o r e  

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

The method was employed f o r  A. Iw o f f l (Methods S e c tio n ) . A la rg e  number 

o f  m u tan ts  were i s o la te d  which grew on th e  g lu ta m a te - f lu o ro a c e ta te  medium. 

From th e s e  m utants a  number were o b ta in e d  which a lth o u g h  a b le  to  grow on 

g lu tam ate  medium were un ab le  to  grow on e i t h e r  a c e ta te  o r  s u c c in a te . A n a ly s is  

o f  th e  c e l l - f r e e  e x t r a c ts  o f  th e se  m utan ts showed th a t  s e v e ra l  had an  

■Undetectable le v e l  o f  c i t r a t e  sy n th a se . Two o f  th e se  c i t r a t e  sy n th ase  

d e f ic ie n t  s t r a in s  were u sed  f o r  f u r th e r  s tu d y ; th e se  were term ed 4^-C S1 and 

4B-CS2.

S tu d ie s  on th e  C i t r a te  Synthase D e f ic ie n t  S t r a in s  o f  E. c o l i  and A. Iw o ff i  

The com parative le v e l s  o f  c i t r a t e  sy n th ase  a c t i v i t y  i n  th e  w ild  ty p e  

o rgan ism s, E. c o l i  ABI62I and A. I w o f f i , and th e  c i t r a t e  sy n th ase  d e f i c i e n t  

s t r a i n s  o f  th e se  organism s a re  g iv en  i n  Table 8 . The E. c o l i  and A. Iw o ff i  

c i t r a t e  sy n th ase  d e f ic ie n t  s t r a i n s  a l l  re q u ire d  g lu ta m a te , a -o x o g lu ta ra te  

o r  p ro l in e  i n  th e  medium f o r  grow th.

S tu d ie s  on th e  E. c o l i  c i t r a t e  sy n th ase  d e f ic ie n t  s t r a i n s  showed th a t
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Table 8 ; Com parative l e v e l s  o f  c i t r a t e  sy n th ase  a c t i v i t y  i n  s t r a in s  o f  

E . c o l i  and A. I w o f f i .

S t r a in  S p e c if ic  a c t i v i ty ^  o f  c i t r a t e  sy n th ase
(Enzyme u n its /m g  p r o te in l

E. c o l i

ABI62I (w ild  ty p e ) O.9 I

AEI623 0.003

AB259-CS1 0.001

K I . I .4  0.005

K2 . 1 .4  0.005

A. Iw o ff i

4B (w ild  ty p e ) I .46

4B-CSI 0.002

4B-CS2 0.011

a . The s p e c i f ic  a c t i v i t y  was determ ined  f o r  c e l l - f r e e  e x t r a c t s  o f 

c u l tu re s  grown in  n u t r i e n t  b ro th .
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when grown in  medium c o n ta in in g  g lu co se  (lOmM) and g lu tam ate  (O.ImM) th e se  

m u tan ts  produced and e x c re te d  a  h ig h  c o n c e n tra tio n  (approx. 2mM) o f  p y ru v a te  

i n t o  th e  grow th medium. F ig . 21 shows th e  grow th o f  s t r a i n  ABI623 i n  t h i s  

medium; grow th was m onito red  by fo llo w in g  th e  change i n  a b so rp tio n  a t  

and p y ru v a te  c o n c e n tra tio n  in  th e  medium was de term ined  by a ssa y in g  a l iq u o ts  

w ith  l a c t a t e  dehydrogenase. The co rresp o n d in g  w ild  ty p e  s t r a i n ,  ABI62I ,  d id  

n o t produce a  d e te c ta b le  l e v e l  o f  p y ru v a te  i n  th e  grow th medium. The p y ru v a te  

accum ula tion  by th e  c i t r a t e  sy n th ase  d e f ic ie n t  s t r a i n s  i s  p ro b ab ly  a  d i r e c t  

r e s u l t  o f th e  la c k  o f t h i s  enzyme.

I s o l a t i o n  o f  C i t r a te  Synthase R ev e rta n ts

C i t r a t e  sy n th ase  d e f ic ie n t  s t r a i n s  o f  A. Iw o ff i  and E. c o l i  were grown 

o v e rn ig h t i n  n u t r i e n t  b ro th . These c u l tu re s  were p la te d  on to  s u c c in a te  minimal 

medium a t  5 x 10^ c e l l  s / p l a t e .  C o lon ies which grew had l o s t  t h e i r  g lu tam ate  

req u irem en t; a l l  o f  th e se  r e v e r ta n ts  were found to  have re g a in ed  c i t r a t e  

sy n th ase  a c t i v i t y .  Table 9 shows th e  re v e rs io n  freq u en cy  o f  each s t r a i n  

o c c u rr in g  b o th  spon taneously  and a f t e r  m u ta tio n  by EMS tre a tm e n t.
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F ig . 21 ; P y ru v a te  accu im ila tion  d u rin g  grow th on g lu c o se  by  th e  
•__ ___ _ c i t r a t e  sy n th ase  d e f i c i e n t  s t r a i n  o f  _E. c o l i  (AB1623)«

Growth o f  th e  c u l t i i r e  was m on ito red  (a ) and th e  p y ru v a te  c o n c e n tr a t io n  

(v )  was d e term ined  hy u s in g  l a c t a t e  dehydrogenase, as  d e s c r ib e d  i n  

th e  Methods S e c tio n . . -

/ /
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S e c tio n  D -  The P ro p e r t ie s  o f  E. c o l i  R ev e rtan t C i t r a te  Syn thases

The ra p id  exam ination  te c h n iq u e s , d e sc rib e d  e a r l i e r ,  were u sed  to  

determ ine  th e  r e g u la to ry  p r o p e r t ie s  and m o lecu la r s iz e s  o f  th e  la rg e  

number o f  c i t r a t e  sy n th ases  from th e  E. c o l i  r e v e r ta n ts ;  th e  r e s u l t s  a re  

p re s e n te d  i n  Table 10. C i t r a te  sy n th ase  from w ild  ty p e  E. c o l i  i s  p o w erfu lly  

in h ib i te d  by a -o x o g lu ta ra te  and EÆDE and h as a  m o lecu la r w eight o f  about 

250 , 000 . I t  can be seen  th a t  th e  enzymes from th e  r e v e r ta n t  s t r a i n s  f a l l  

i n t o  th r e e  ty p e s .

Type El enzyme, produced by Type E1 r e v e r ta n t s ,  had r e g u la to ry  p ro p e r t ie s  

and a  m o lecu la r s iz e  s im i la r  to  th o se  o f th e  w ild  ty p e  enzyme. T his ty p e  o f  

enzyme was produced by r e v e r ta n ts  K1. 1 . 4 .R I-R 5 , E2 . I . 4 .R I, AB259-CS1R1,and 

ABI625 .RI-.R5 .

Type E2 enzyme, produced by Type E2 r e v e r ta n ts , had a  m o le c u la r  s iz e  

s im i la r  to  th a t  from w ild  ty p e  E. c o l i , b u t had l o s t  s e n s i t i v i t y  to  NADH 

and a -o x o g lu ta ra te  i n h ib i t i o n .  T h is ty p e  o f  enzyme was produced by r e v e r ta n ts  

ABI625 .R6-R8 .

Type E5 enzyme, produced by Type E5 r e v e r ta n ts ,h a d  s im i la r ly  l o s t  

r e g u la to ry  s e n s i t i v i t y  to  NADH and a -o x o g lu ta ra te .  However, th e s e  enzymes 

had a  m o lecu la r s iz e  o f  th e  'sm all*  ty p e . T h is ty p e  o f  enzyme was by f a r  

th e  most common, b e in g  produced by r e v e r ta n ts  K1.1 . 4 .R4-R4O, K 2.1.4.R 2-R 25, 

AB259-CS1R2-R18 and ABI625 .R9-R 57 .

A d e ta i le d  s tu d y  was made o f  th e  m o lecu la r p r o p e r t ie s  o f  r e p r e s e n ta t iv e s  

o f  each  o f  th e se  enzyme ty p e s . These p r o p e r t ie s  were compared w ith  w ild  ty p e  

E. c o l i  (ABI621) c i t r a t e  sy n th ase . R ev e rtan t ABI625 .RI was chosen  as  a  

r e p r e s e n ta t iv e  o f th e  s t r a in s  p roducing  Type El enzyme, ABI625 .R6 o f  th o se  

p roducing  Type E2 and ABI625 .E9 aud K1.1.4«R7 a s  r e p r e s e n ta t iv e  o f  th e  s t r a in s  

p roducing  Type E5 enzyme.
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S e c tio n  E -  C onfirm ation  o f th e  I d e n t i ty  o f  th e  R ev e rtan t S tr a in s  

The s t r a in s  ABI623.R I , ABI623 .R6 , AB1623.R9 andK 1.1 ,4«R ? were 

examined and gave th e  fo llo w in g  r e s u l t s .  A ll s t r a in s  were found to  be 

n o n -sp o rin g , Gram n e g a tiv e  ro d s  when view ed u n d er o il-e m e rs io n  a t  lOOOx 

m a g n if ic a tio n . The Gram re a c t io n  o f  each was confirm ed by exam ination  o f 

th e  c e l l  w a ll s t r u c tu r e  by e le c t r o n  m icroscopy a t  40 , 000x m a g n if ic a tio n .

I t  can be seen  from E ig . 22 t h a t  th e  s t r a i n  K 1.1 .4 .R 7 showed th e  c e l l  w a ll 

s t r u c tu r e  ty p ic a l  o f  Gram n e g a tiv e  b a c te r i a .  S im ila r  r e s u l t s  were o b ta in e d  

f o r  th e  o th e r  s t r a i n s .

The r e v e r ta n ts  were a l l .n e t h y l  re d  t e s t  p o s i t iv e ,  V oges-P roskauer t e s t  

n e g a tiv e , produced in d o le  a t  44° (E i jkman t e s t )  and were u n ab le  to  u t i l i s e  

c i t r a t e  as a  carbon so u rce . These r e s u l t s  i d e n t i f i e d  th e  s t r a in s  as  p ro b ab ly  

E. c o l i . F u r th e r  exam ination  u s in g  API 50 (E n te ro b a c te r ia c e a e )  m icro tube  

t e s t s ,  fo llow ed  by com puter a s s i s t e d  i d e n t i f i c a t i o n ,  confirm ed t h e i r  i d e n t i t y .

F in a l ly ,  th e  p a re n t s t r a i n  ABI62I was au x o tro p h ic  f o r  v ita m in  t h i s  

p ro p e r ty  was a ls o  e x h ib ite d  by ABI623 .R I, R6 and R9. S im ila r ly  th e  p a re n t 

s t r a i n  K1.1 was au x o tro p h ic  f o r  m eth ion ine  and thym ine; th e se  p ro p e r t ie s  

were sh ared  by K1.1.4.R7* T h ere fo re  i t  may be concluded th a t  ABI623 .RI ,R6 

and R9 a re  a l l  d e riv e d  from th e  o r ig in a l  w ild  ty p e  s t r a i n  AB1621. S im ila r ly , 

K1 . 1 . 4 .R7 i s  a, m utant o f th e  w ild  ty p e  K1 . 1 .
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F ig . 22; E le c tro n  m icrograph showing th e  ty p ic a l  c e l l  w a ll  

a r c h i te c tu r e  o f  Gram n e g a tiv e  b a c te r ia .

K.1.LH-X7 4-
^lype E3 r e v e r ta n t  (API 6P3-R9) a t  ^ 0 ,0 0 0 .

OM, o u te r  membrane o f  c e l l  w a ll .

L, in te rm e d ia te  la y e r s  o f  c e l l  w a l l .

PM, plasm a membrane.
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S e c tio n  F -  Manning o f th e  Gene Locus f o r  C i t r a t e  Synthase i n  th e  

E. c o l i  R ev e rta n ts

I n te r r u p te d  m ating  experim en ts were c a r r ie d  o u t to  map th e  approxim ate  

p o s i t io n  o f  th e  c i t r a t e  sy n th ase  gene. The donor s t r a i n  u sed  i n  t h i s  

experim ent was AB259» which i s  an  H fr s t r a i n  ( ara"*" gal"*" gltA*^ ) . T h is s t r a i n  

was m ated w ith  AB1623 ( a r a  g a l"  gltA ~ E") and th e  tim e o f  e n try  o f  th e  

m arkers was e s ta b l is h e d  (E ig . 2 3 ). I t  was found t h a t  th e  g ltA  ( c i t r a t e  

sy n th ase ) l e s io n  mapped a t  a  p o s i t io n  a lm ost c o - in c id e n t  w ith  th e  g a l  

m arker.

The r e v e r ta n ts  ABI623 .R6 and R9, a lth o u g h  th e y  had re g a in e d  c i t r a t e  

sy n th ase  a c t i v i t y ,  were u n ab le  to  grow on a c e ta te  as  s o le  carbon  so u rce  

(T ab le  1 9 ). Therefore^ by u s in g  th e se  s t r a i n s  a s  r e c ip ie n t s  and s t r a i n  

AB259 a s  donor, th e  e n try  o f  th e  g ltA  m arker co u ld  be de term ined  by  th e  

a b i l i t y  o f  th e  recom binan ts to  grow on a c e ta te .  I t  can  be seen  (P ig s .  24-  

25) t h a t  th e  g ltA  m arker a g a in  maps w ith  th e  g a l  m arker. F u rth e rm o re , th e  

c i t r a t e  sy n th ase s  o f  th e  recom binant s t r a i n s  had  th e  p ro p e r t ie s  o f  th e  

w ild  ty p e  enzyme ( i . e .  from AB259). The g a in in g  o f  one ty p e  o f  c i t r a t e  

sy n th ase  accompanying th e  lo s s  o f  th e  o th e r  c l e a r ly  su g g es ts  t h a t  th e y  

a re  a t  th e  same lo c u ^  and th e r e f o r e  t h a t  th e  gene cod ing  f o r  th e  r e v e r ta n t  

enzymes maps a t  th e  same p o s i t io n  as  t h a t  cod ing  f o r  th e  enzyme i n  th e  

w ild  ty p e  organism .

More p re c is e  mapping o f  t h i s  gene lo c u s  was c a r r ie d  o u t u s in g  phage P1- 

m ediated  tr a n s d u c tio n . S t r a in  ABI623 , and th e re fo re  ABI623 .R6 and R9, 

was found to  be r e s i s t a n t  to  PI i n f e c t i o n ; . t h i s  f in d in g  was confirm ed 

by o th e r  w orkers (R.A«Cooper, p e rso n a l com m unication; J .R .G u e s t, p e rso n a l 

com m unication). T h ere fo re  phage ly s a t e s  o f  s t r a i n s  K I . I .4  ( g a l '*' g ltA " ) 

and K 1.1 .4 .R 7 ( g a l'*’ g ltA ^^^) were p re p a re d . These l y s a t e s  were u sed  to  

in f e c t  s t r a i n  K 2.1, ( g a l gltA***). S e le c t io n  o f  recom binan ts  o f  th e  K2.1 

s tra in ^  which had g a in ed  th e  a b i l i t y  to  u t i l i s e  ga lac tose^  showed t h a t  th e
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m arkers by AB259»
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F ig . 24: K in e t ic s  o f  t r a n s f e r  a t  37 to  AB1625.R6 o f  thm A.rp.̂  ^11
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F ig . 25; K in e tic s  o f  t r a n s f e r  a t  37° to  AB162?.R9 o f  th e  dm., g i t  
■ and g a l m arkers by AB259.

Time p lo t te d  on th e a b sc is sa  i s  the in te r v a l between the
commencement o f  m ating and i t s  in ter r u p tio n .
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g ltA "  p ro p e r ty  was 22% c o - tra n s d u c ib le  w ith  th e  g a l m arker ( 4OO recom binan ts 

t e s t e d ) .  S im ila r ly , i t  was found th a t  th e  g ltA ^^^ m arker ( i d e n t i f i e d  by an 

i n a b i l i t y  to  grow on a c e ta te  as  s o le  carbon so u rce) was 2QP/o c o - tra n s d u c ib le  

w ith  th e  g a l  m arker ( I 50 recom binan ts t e s t e d ) .

The r e s u l t s  o f  b o th  th e  in te r r u p te d  m ating  experim ents and th e  phage 

m ed ia ted  tra n s d u c tio n  experim en ts c l e a r ly  dem onstrate  t h a t  th e  g e n e tic  lo cu s  

cod ing  f o r  c i t r a t e  sy n th ase  i n  ABI623 .R6 and E9 and K1.1.4«R7 i s  th e  same 

a s  th a t  coding f o r  th e  enzyme i n  th e  w ild  ty p e  E. c o l i .
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S e c tio n  G -  Comparison o f  th e  M olecu lar P r o p e r t ie s  o f  th e  E. c o l i  

R ev e rtan t C i t r a te  Synthases'

The p ro p e r t ie s  o f  Type E1, E2 and E3 c i t r a t e  sy n th ase s  were compared 

w ith  th o se  o f th e  enzyme from w ild  ty p e  E. c o l i , R. m egaterium , p ig  h e a r t  

and xylinum . The l a t t e r  organism  i s  a  Gram n e g a tiv e  b ac te riu m  which

produces a  c i t r a t e  sy n th ase  o f  th e  * la rg e*  ty p e , b u t t h i s  i s  n o t s e n s i t iv e  

to  NADH in h ib i t i o n ,  hav ing  re g u la to ry  p r o p e r t ie s  v e ry  s im i la r  to  th o se  o f 

Gram p o s i t iv e  b a c te r ia  and eu ca ry o te s  (S w issa  & Benziman, 1976).

The enzymes were p a r t i a l l y  p u r i f ie d  by ammonium s u lp h a te  f r a c t io n a t io n  

and passage  th rough  a  column o f  Sephadex G-200. The dependence o f  enzyme 

a c t i v i t y  on acetyl-C oA  c o n c e n tra tio n  was de term ined  by a ssa y  method 1 

(E ig s . 26- 27) and th e  dependence on o x a lo a c e ta te  was determ ined  by a ssa y  

method 2 (E ig s . 2 8 -2 9 ). Eor each enzyme th e  (o r  ^) v a lu e s  f o r  b o th  

s u b s t r a te s  were determ ined  and a re  g iv en  in  Table 11.

Double r e c ip ro c a l  p lo ts  o f  th e  dependence o f  enzyme a c t i v i t y  on a c e ty l -  

CoA c o n c e n tra tio n  in  th e  p re sen ce  and absence o f  a  v a r i e ty  o f  n u c le o t id e s  

(ATP, ADP, AMP, NADPH, NADH and NADP^) showed t h a t ,  a s  i n  th e  case  o f  th e  

p ig  h e a r t  enzyme (E ig s . 5-10)> th e  n u c le o t id e s  were s t r i c t l y  c o m p e titiv e  

in h ib i to r s  w ith  re s p e c t to  acetyl-C oA ; th e  v a lu es  f o r  each i n h i b i t o r  i s  

g iv en  i n  Table 11. S im ila r  s tu d ie s  showed th a t  a -o x o g lu ta ra te  a c ts  a s  an 

i n h ib i to r  o f  a l l  th e  enzymes in  a  s t r i c t l y  c o m p e titiv e  manner w ith  re s p e c t  

to  th e  s u b s t r a te  o x a lo a c e ta te ; th e  v a lu e s  f o r  t h i s  i n h i b i t o r  a re  a ls o  

g iv en  i n  Table 11.

A com parison was made o f th e  mol. wt^ o f  each enzyme by f i t t i n g  d a ta  

to  th e  e q u a tio n

m ol. w t. = 6 7T n N a*̂  s °

(1 -  V  p )

where 77 ( v i s c o s i ty )  = O .O Ipoise, N = Avogadros* Humber (6 .023  x 10^^), •
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1 5 Type E l

Wild type

10

5

0
10.0 12.57 . 50.0 2 . 5 5 . 0

1 / [ Â Œ T Y L - C o A ] ,  (mM)

F ig . 26; Double r e c ip r o c a l  p lo t s  o f  th e  r a t e  deuendènces o f  E. c o l l
w ild  ty p e  and Type El c i t r a t e  sy n th ase s  on th e  c o n c e n tra t io n  
o f  ace ty l-C oA .

Enzyme a c t i v i t y . ( i n  a rb itra ry  u n its )  was measured u s in g  a ssa y
method 1 a t a f ix e d  o x a lo a ceta te  con cen tra tion  o f  0.2mM,*
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Type E2

oo
Eu

Type E3

-100 -50 1 0 0

1/[AŒTYL-CoA], W1)

F ig . 27: Double r e c ip r o c a l  p lo ts  o f  th e  r a t e  dependences o f
. Type E2 and E3 c i t r a t e  sy n th ase s  on th e  c o n c e n tra t io n  

o f  ace ty l-C oA .

Enzyme a c t iv i t y  ( in  a rb itra ry  u n it s )  was measured u s in g
assay  method 1 a t a f ix e d  o x a lo a ceta te  con cen tra tio n  o f  0.2mM.
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iu

■ Wild type12

Type El

8

A

0 10 1550

1/[OXALOACETATE], (mM)

Fig« 28; ,Double r e c ip r o c a l  p lo t s  o f  th e  r a t e  dependences o f  
E. c o l i  w ild  type  and Type E1 c i t r a t e  sy n th a se s  on 

. th e  c o n c e n tra t io n  o f  o x a lo a c e ta te .

Enzyme a c t iv i t y  ( in  a rb itra ry  u n it s )  was measured u s in g  a s sa y
method 2 a t a f ix e d  acetyl-C oA  con cen tra tio n  o f  0.15niM,
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Type E2yv

h- Type E3
o .
o
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>

--100 -50 0 50
1/[OXALOACETATE], (mM)

F ig . 29; Double r e c ip r o c a l  p lo t s  o f  th e  r a t e  dependences o f  Type 
E2 and E$ c i t r a t e  sy n th ase s  on th e  c o n c e n tra t io n  o f  
o x a lo a c e ta te .

Enzyme a c t iv i t y  ( in  a rb itra ry  u n it s )  was measured u s in g  assay
method 2 a t a f ix e d  acetyl-C oA  con cen tra tio n  o f  0.1
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(s to k e * s ra d iu s )  was determ ined  f o r  each enzyme by g e l f i l t r a t i o n  i n  

th e  p resen ce  o f m arker p ro te in s  o f  known a? v a lu e , s°  ( S ed im en ta tio n  

c o e f f ic ie n t )  was determ ined  by active-enzym e c e n t r i f u g a t io n  o f th e  p a r t i a l l y  

p u r i f i e d  enzyme, v  ( p a r t i a l  s p e c i f ic  volume) was ap p rox im ate ly  0 .7 3 io l/g  f o r  

c i t r a t e  sy n th ase , as determ ined  by Dans on (1974) 3^^ P (d e n s i ty )  was about 

1 .0 .

T h is  e q u a tio n  was d e riv e d  from a  com bination  o f  th e  Stoke *s e q u a tio n s  I

f  = 6 7t 77 a^o '

(where f^  i s  th e  f r i c t i o n a l  c o e f f ic ie n t  o f  th e  m o le c u le ) , and th e  Svedberg 

eq u a tio n s  '

m ol.w t. f  8°= o

N ( l  -  vp)

by s u b s t i t u t in g  f o r  f ^ .

Table 12 l i s t s  v a lu e s  f o r  v , s^ , m ol.w t. and a? f o r  th e  p ro te in s  u sed  

as m o lecu la r w eight m arkers, i . e .  c a ta la s e ,  w ild  type  E. c o l i  c i t r a t e  

sy n th a se , l a c t a t e  dehydrogenase and m ala te  dehydrogenase.

The p a r t i a l l y  p u r i f ie d  enzyme e x t r a c ts  were each mixed w ith  th e  m arker 

p ro te in s  l i s t e d  above and a p p lie d  to  a  column o f  Sephadex G-200. The e lu t io n  

p r o f i l e s  o f th e  p ro te in s  were o f two ty p e s . F ig . 30 shows th e  g e l f i l t r a t i o n  

p r o f i l e  o f a  * la rg e  * c i t r a t e  sy n th ase  and F ig . 31 i l l u s t r a t e s  th e  p r o f i l e  

o f  a  * sm all * enzyme. F ig . 32 shows th e  r e la t io n s h ip  betw een th e  S toke * s 

ra d iu s  (a ° )  v a lu e  and th e  e lu t io n  volume from th e  column. From t h i s  

c a l i b r a t io n ,  th e  Stoke * s r a d i i  o f  a  v a r i e ty  o f  c i t r a t e  sy n th ase s  have been  

determ ined  and th e  v a lu e s  a re  p re se n te d  i n  Table 13. The sed im en ta tio n  

c o e f f ic ie n t  ( s ° )  v a lu e  and th e  c a lc u la te d  m o le c u la r  w eight a re  a ls o  g iv e n
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F i£ j 30; E lu t io n  o f  a*large*> c i t r a t e  sy n th ase  (from  jR. r^oH v i ld  
ty p e )  and m arker enzymes on g e l f i l t r a t i o n .

A m ix tu re  (2m l) o f  c i t r a t e  sy n th ase  (C S), c a ta la s e  (C ), l a c t a t e  
dehydrogenase ( l ) and m a la te  dehydrogenase (m) vas ru n  on a  column 
o f  Sephadex G-200 (2.5cm  x 35«cm), u s in g  *T ris b u ffe r*  to  e lu te  and 
c o l l e c t in g  1ml f r a c t i o n s .
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F ig . 3*1 : E lu t io n  o f  a  * sm all* c i t r a t e  sy n th ase  (from  Type E3
r e v e r t  a n t)  and m arker enzymes on g o l f i l t r a t i o i i .

...A m ix tu re  (2m l) o f  c i t r a t e  sy n th ase  (GS) , c a ta la s e  ( c ) ,  l a c t a t e -
dehydrogenase ( l ) and mal a te  dehydrogenase (m) was ru n  on a  column 
o f  Sephadex G-200 (2.5cm  x 55*cm), u s in g  *T ris b u ffe r*  to  e lu te  and 
c o l l e c t i n g  1ml f r a c t i o n s .
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F ig . 32: R e la t io n s h ip  betw een th e  S to k e s ' r a d i i  o f  p r o te in s  and
t h e i r  oom parative  e lu t io n  volum es from a  Sephadex G-200 
g e l  f i l t r a t i o n  oolnmn.

— ■ The p r o te in s  u sed  were ' l a r g e '  • o i t r a f e 's y n th a s e  (CS1) from  
E , n n l1 w ild  ty p e , o a ta la s e  (C ), l a c t a t e  dehydrogenase ( l ) ,  's m a l l '  
c i t r a t e  sy n th ase  (CS2) from  Type E3 r e v e r ta n t  and m a la te  
dehydrogenase ( m) .
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Table 13: D e term in a tio n  o f  th e  m o lecu la r w eigh ts o f  c i t r a t e  sy n th ase s

from a  number o f  organism s and from th e  E, c o l i  r e v e r t  a n t s t r a i n s .

Enzyme source  a? (x10 ^m)^ s^ (x10*^^seol^ m ol. vrb.

P ig  h e a r t  4 6 .1 5 .0 2  97,000

B. m egaterium  4 8 .0  5«10 102,800

Ac. xylinum  5 6 .2  10.93 258,000

E. c o l i  (w ild  ty p e ) 55 .3  9 «90 230,000

Type El r e v e r t  a n t 5^.1 10 .2  240,000

Type E2 r e v e r ta n t  54* 10 .7  242,700

Type E3 r e v e r ta n t^  48 . 4 .77 9^,200

Type E3 r e v e r ta n t^  47. 4 .8  94 ,800

a . D eterm ined by g e l f i l t r a t i o n  in  th e  p resen ce  o f  m arker enzymes.

b . D eterm ined by active-enzym e u l t r a c e n t r i f u g a t io n .

c . R ev e rtan t (AB1623.R9).

d. R ev e rta n t ( K I . I .4 .R7 ) .
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i n  t h i s  t a b le .

The th io l- b lo c k in g  re a g e n t DTNB h as  been  shown to  in a c t iv a te  w ild  ty p e  

E. c o l i  c i t r a t e  sy n th ase  (Weitzman, 1966a ; Danson & Weitzman, 1973). E ig s . 

33-34 show th e  r a t e  o f  in a c t iv a t io n  o f  a  range o f  c i t r a t e  sy n th ase s  by t h i s  

compound, when used  a t  a  c o n c e n tra tio n  o f  O.ImM. I t  was found th a t  a lth o u g h  

many o f  th e  enzymes were r a p id ly  in a c t iv a te d  by t h i s  t re a tm e n t,  th e  p resen ce  

o f  0.2mM o x a lo a c e ta te  com pletely  p ro te c te d  th e  enzymes from in a c t iv a t i o n  by 

DTNB. Table I 4 g iv e s  com parative r a t e s  o f  i n a c t iv a t io n  by DTKB tre a tm e n t 

o f  each enzyme in  th e  p resen ce  and absence o f o x a lo a c e ta te .

I t  has  been  shown th a t  po lyacry lam ide  g e l  e le c t r o p h o r e s is ,  a t  pH 8 . 9 , 

o f  w ild  ty p e  E. c o l i  c i t r a t e  sy n th ase  re v e a ls  th r e e  p r o te in  bands. E lu t io n  

o f  th e  p ro te in  from th e se  bands, fo llo w ed  by a ssa y  f o r  a c t i v i t y  a t  pH 8 .0 ,  

h as  shown th a t  a l l  th re e  bands c o n ta in  c i t r a t e  sy n th ase  a c t i v i t y .  S im ila r  

active-enzym e po lyacry lam ide  g e l experim ents were c a r r ie d  ou t on a  v a r i e ty  

o f  c i t r a t e  sy n th a se s . As d e sc r ib e d  i n  th e  Methods S e c tio n , each g e l was c u t 

i n to  th in  s e c tio n s  and th e se  were a ssay ed  f o r  enzyme a c t i v i t y  a t  pH 8 .0 .

E ig . 35 shows th e  a c t i v i t y  p r o f i l e  o b ta in e d  u s in g  w ild  ty p e  E. c o l i  enzyme. 

S im ila r  p r o f i l e s  were o b ta in e d  f o r  each o f  th e  E. c o l i  r e v e r ta n t  c i t r a t e  

sy n th a se s . However, th e  enzyme from xylinum , B. m egaterium  and p ig  h e a r t  

gave on ly  a  s in g le  a c t iv e  band. The v a lu e s  f o r  th e  active-enzym e bands 

f o r  each enzyme have been  c a lc u la te d  and a re  p re se n te d  i n  Table I 5 .

Type El Enzyme

The in  v i t r o  m o lecu la r p ro p e r t ie s  o f  t h i s  enzyme were i d e n t i c a l  to  

th o se  o f th e  enzyme from w ild  ty p e  E. c o l i . Both enzymes have a  m o le c u la r  

w eight o f  about 230,000 (T ab le  1 3 ), show sigm oida l s u b s t r a te  dependences 

(E ig s . 26 ,28) w ith  S^ ^ v a lu e s  o f  about 400pM f o r  acetyl-C oA  and 40pM f o r  

o x a lo a c e ta te  (T able  1 1 ). The e f f e c t  o f  a l l  i n h ib i to r s  s tu d ie d  was th e  same 

f o r  th e  two enzymes and, fu r th e rm o re , th e  pow erfu l in h ib i t i o n  by NABH and 

oc-oxoglu tarate  was a b o lish e d  in  th e  p resen ce  o f  0.1M KOI f o r  b o th  enzymes.
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Wild type + Oxaloacetate 
_Type El + ••

I—I—I
>
I—I

c
Wild type

Type El

2010 15
TIME (mm)

F ig . 33: I n a c t iv a t io n  o f  E. i m l l  w ild  ty p e  and Type E1 c i t r a t e  
sy n th a se s  by in c u b a tio n  w ith  ITNB.

Time co u rse  o f  in c u b a t io n  o f  th e s e  enzymes w ith  O.ImM DTHB. 
A c t iv i ty  was m easured u s in g  a ssa y  method 1.
P r o te c t io n  was a f fo rd e d  by th e  p re sen ce  o f  0.2mM o x a lo a c e ta te .
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40
TIME (sec)

F ig . 34; I n a c t iv a t io n  o f  Type E2 and E3 c i t r a t e  sy n th a se s  by 
in c u b a t io n  w ith  DTKB.

Time co u rse  o f  in c u b a t io n  o f  th e s e  enzymes w ith  O.ImM LTNB, 
A c t iv i ty  was m easured u s in g  a ssa y  m ethod 1 .
P r o te c t io n  was a f fo rd e d  by th e  p re sen ce  o f  0.2mM o x a lo a c e ta te .
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f o r  th e  in a c t iv a t io n  o f E. c o l i  w ild  ty p e  and

re v e r ta n t  c i t r a t e  sy n th ase s  r e s u l t i n g  from tre a tm e n t w ith  DTNB.

Enzyme source C o n tro l + O x alo ace ta te  (0.2mM)

E, c o l i  w ild  type 0.029  ^  0.001 0.002

R ev e rta n t Type E1 0.041 ± 0.001 0.002

R ev e rtan t Type E2 1.77  ± 0.02 0.007

R ev e rtan t Type E3^ 2.25  ± 0.03 0.008

R ev e rta n t Type E3^ 2.31 ± 0 .03 0.009

a ; ABI623 .R9 .

b: K I . I . 4 .R7 .
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P ig . 35: * A c tiv e  enzyme* p o ly acry la jn id e  g e l  .e le c t r o p h o r e s is  o f
, c o l i  w ild  ty p e  c i t r a t e  sy n th a s e .

The g e l  was c u t i n to  th in  s l i c e s  and th e  enzyme a c t i v i t y  i n  
each  s l i c e  was d e te rm in ed  u s in g  a s sa y  method 1.

The m arker dye had  t r a v e l l e d  a  t o t a l  d is ta n c e  o f  8 .0cm .
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The two enzymes were in a c t iv a te d  by DTEB a t  a  s im i la r  r a t e  (T ab le  I 4 ) .  The 

r e s u l t s  o f th e  po lyacry lam ide  g e l e le c tro p h o r e s is  o f  th e  enzymes showed 

th a t  th e y  b o th  e x i s t  as a t  l e a s t  th re e  m o lecu la r form s a t  pH 8 .9  and, 

fu r th e rm o re , th e  com parative v a lu e s  o f th e s e  th r e e  m o lecu la r sp e c ie s  a re  

v e ry  s im i la r  (T able  I 5) .

An exam ination  was made o f  th e  m  s i t u  p r o p e r t ie s  o f  th e  enzymes u s in g

c e l l s  made perm eable w ith  to lu e n e . The p r o p e r t ie s  examined in c lu d e d  th e

d e te rm in a tio n  o f  s u b s t r a te  dependences, 8 . ^ v a lu e s  f o r  acetyl-C oA  andU.

o x a lo a c e ta te  and th e  v a lu e s  f o r  HAHH, ATP and a -o x o g lu ta r a te . The r e s u l t s  

o f  th e se  in v e s t ig a t io n s  were i n  com plete agreem ent w ith  th e  J n  v i t r o  

o b se rv a tio n s  (T able  I 6 ) .

Type E2 Enzyme

The m o lecu la r w eight o f t h i s  enzyme was abou t 230,000 (T ab le  13) and 

th e  p a t te r n  o f  th re e  enzyme forms on p o lyacry lam ide  g e l  e le c tro p h o r e s is  

a t  pH 8.9» was v e ry  s im ila r  to  t h a t  observed  w ith  th e  enzyme from w ild  type  

E. c o l i  (T ab le  I 3) .  A part from th e se  f in d in g s ,  a l l  o th e r  p ro p e r t ie s  examined 

were v e ry  d i f f e r e n t  from th o se  o f  th e  w ild  ty p e  enzyme. The s t r i k in g  

c o r r e la t io n  betw een th e  p ro p e r t ie s  o f  Type E2 enzyme and th o se  o f  B. 

m egaterium . p ig  h e a r t, o r  e s p e c ia l ly  xvlinum  c i t r a t e  sy n th ase  can be 

c l e a r ly  seen  from Table 11. U n like  th e  enzyme from w ild  ty p e  E. c o l i . Type 

E2 c i t r a t e  sy n th ase  showed h y p e rb o lic  s u b s t r a te  dependences (P ig s . 27 ,29) 

w ith  a  low v a lu e  o f  30pM .for acetyl-C oA  and 15|JM f o r  o x a lo a c e ta te  (T ab le  

11) .  F u rth erm o re , th e  in h ib i to r y  e f f e c t s  o f th e  n u c le o t id e s  and a-oxo

g lu ta r a te  were v e ry  d i f f e r e n t  from th e  w ild  ty p e  enzyme, h av in g  v a lu e s  

f o r  each i n h i b i t o r  i n  c lo se  agreem ent w ith  th o se  o f  th e  B. m egaterium . p ig  

h e a r t  and xylinum  enzymes (T able  11). NABH and a -o x o g lu ta ra te  were n o t 

pow erfu l in h ib i to r s  o f t h i s  enzyme. M oreover, th e  v e ry  low le v e l  o f  

in h ib i t i o n  th a t  was observed  in  th e  p resen ce  o f  th e s e  two compounds was n o t 

a b o lish e d  by 0.1M KCl, and th e  r e s u l t s  o b ta in e d  by m u l t ip l e - in h ib i t io n
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Table 15; The determ ined  v a lu e s  o f  a number o f  c i t r a t e  syn thases, from 

a  v a r ie ty  o f  organism s and from th e  E. c o l i  r e v e r t  a n ts ,  u s in g  

po lyacry lam ide  g e l e le c t r o p h o r e s is .

Enzyme source 

P ig  h e a r t

Number o f enzyme sp e c ie s  

1

R^ v a lu e s

0.21

B. m egaterium 0 .2 8

Ac. xylinum

E. c o l i  (w ild  ty p e ) a

Type El r e v e r ta n t

Type E2 r e v e r ta n t

Type E3 r e v e r ta n t

Type E3 r e v e r ta n t

a . E, c o l i  w ild  type  (AB1621),

b . R ev ertan t (AB1623.R9).
c . R ev e rtan t ( K I . I .4 .R7 ) .

0 .23

0 .23

0 .30

0 .45

0.26

0.37

0.48

0 .20

0 .29

0 .40

0 .28

0 .38

0 .53

0.21

0 .29

0 .45



97

I
<D

I

H I

I
%
m
(D

I

I
FI

I
g
CQ

IO
VO

I

ma>

I
0)

I

<D

I
<D

I

ra

HI

o
H

I
id
?

H I

I
I

T- O  
-H 44

o \
d

CM
44

'«t
d

CM
4-1
K\

4-1

g
44

I

I

KN

ON

00
OS

CM
41
VO

R

8
44

s ?KS IT\

g

m

ccP

M

T-
d
44 44

0\ "4"
d

O  CO

44 44

CO o
CM

CO T-
d
44 44
KN CM 
US CO

T- O  
US US

VO
VO

o
d

<D

i
o

us

oP

M

o
4-1

us
o
d

4-1

VO
d

CM
d
44

d
44

Cs
d

us
o
d
44

Ds
d

CM
d

4-4
o
CM

VO
d
44

NS
us

VO
d

4-1

us

^  VO
d  d

4-1 44

CO

CM
44
r -
KS

VO
CM

VO
US

OS

44
KS
d-

I
4-4 44 4-4 44

KS h - ■ ^
T- CM O VOUS CM CM

44 4-1

I

O

I

CM

4-i

O
OS

O
4-1

KS
OS

O

P o o oH Fl H■P -P -PI -P -P -P •Pi -P•Hi «H -HI *H i 4 |  *H •HI ■ •H
m | >. ml > mj |> mj >

VO
d
44

VO

US
d
44

CM
VO

OS US
d

4-1 44
KS VO

d

§ I
4-1 44

8  8

4-1 44 4-1 44 44 44 41 4-1 44
MS CMCM VO KS VO O o o O

o CO US KS o o o O
a '4- us CM CM

I -SI -SI .SI .SI

H M

I
•

© 1
CM t— 
VO •
TZgiü

o4 .o



98

a n a ly s is  showed th a t  NADH and ATP a c t  a t  th e  same s i t e  (P ig . 36) .  These 

r e s u l t s  s tro n g ly  su g g est t h a t  th e  a l l o s t e r i o  s i t e s  o f  t h i s  enzyme have 

been  l o s t .

I n  s i t u  s tu d ie s ,  u s in g  to lu e n e  t r e a te d  c e l l s ,  showed s im i la r  enzyme 

p ro p e r t ie s  as  th o se  observed  in  v i t r o . The s u b s t r a te  dependences were 

h y p e rb o lic ;  th e  v a lu e  f o r  acetyl-C oA  was about 35|JM and f o r  o x a lo a c e ta te  

was about 18pM. The v a lu e s  f o r  ATP, NADH and a -o x o g lu ta ra te  were 2.0mM, 

and 10.6mM re s p e c t iv e ly  (T ab le  I 6) .

Type E3 Enzyme

Two enzymes from t h i s  c a te g o ry  o f r e v e r t  a n ts  were in v e s t ig a te d .  The 

r e s u l t s  o f  th e  com parative s tu d ie s  o f th e  m o lecu la r p r o p e r t ie s  o f  th e s e  , 

enzymes showed t h a t ,  f a r  from resem bling  th e  c i t r a t e  sy n th ase  from w ild  

ty p e  E. c o l i . th e y  had p ro p e r t ie s  which were s u p e r f i c i a l l y  

in d is t in g u is h a b le  from th o se  o f th e  B. m egaterium  and p ig  h e a r t  c i t r a t e  

sy n th a se s . The m o lecu la r w eight o f th e  Type E3 enzyme was about 110,000 

(T ab le  13) .  The s u b s t r a te  dependences were h y p e rb o lic  (P ig s . 2 ? ,2 9 ) ; , th e  , 

E / v a lu e s  f o r  acetyl-C oA  (10|jM) and o x a lo a c e ta te  (11 pM) were s im i la r  to  

th o se  o f th e  p ig  h e a r t  and B. m egaterium  enzymes (T ab le  I I ) .  The K ^values 

f o r  a -o x o g lu ta ra te  and n u c le o tid e  in h ib i to r s  were a ls o  s im i la r  to  th o se  o f 

th e  p ig  h e a r t  and B. m egaterium  enzymes (T able  11 ). As w ith  Type E2 enzyme, 

m u l t ip le - in h ib i t io n  a n a ly s is  u s in g  th e  i n h ib i to r  p a i r  NADS and ATP, showed 

th a t  p a r a l l e l  l i n e  p lo t s  were o b ta in ed  (P ig . 37) in d ic a t in g  th a t  ATP and 

NADS i n t e r a c t  w ith  th e  same s i t e  on th e  enzyme. These r e s u l t s  su g g es t t h a t  

th e  a l l o s t e r i o  s i t e s  have been  l o s t .

I n  s i t u  s tu d ie s ,  u s in g  to lu e n e  t r e a te d  c e l l s ,  showed th a t  th e s e  enzymes 

have h y p e rb o lic  s u b s t r a te  dependences w ith  a  v a lu e  f o r  acety l-C oA  o f 

about lOpM and f o r  o x a lo a c e ta te  o f  about 12|JM; th e  v a lu e s  f o r  ATP, NADH 

and a -o x o g lu ta ra te  were about 0 .6 , 5*6 and 6 .2  r e s p e c t iv e ly .  (T ab le  I 6 ) .  

These r e s u l t s  do n o t d i f f e r  s i g n i f i c a n t ly  from th o se  o b ta in e d  w ith  th e  i n
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F ig . 36: M u ltip le  i n h i b i t i o n  a n a ly s is  o f  Type E2 c i t r a t e  sy n th a se
(from  AB1623 , R6) i n  th e  p re sen ce  o f  NADH and ATP. '

The enzyme a c t i v i t i e s  ( in  a r b itr a iy  u n it s )  were determ ined u sin g
a ssay  method 1.
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F ig . 37 : M u ltip le  i n h ib i t i o n  a n a ly s is  o f  Type E3 c i t r a t e  sy n th a se  
; (from  AB1625 . R9) i n  th e  p re sen ce  o f  NÆDH and ATP.

I The enzyme a c t i v i t i e s  ( in  a rb itra ry  u n it s )  were determ ined u s in g
a ssa y  method 1. ^
I . • ‘ . r ;
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v i t r o  c e l l - f r e e  e x t r a c t s .

In  a d d i t io n  to  th e se  com parative s tu d ie s ,  some f u r th e r  s tu d ie s  were 

made o f  th e  p ro p e r t ie s  o f  th e  Type E5 enzyme. As d e sc r ib e d  in  th e  Methods 

S e c tio n , a l l  i n  v i t r o  s tu d ie s  were perform ed i n  *Tris b u f f e r ' .  However, i t  

was un ex p ec ted ly  found th a t  i f  th e  r e v e r t  a n ts  c o n ta in in g  Type E3 enzyme 

were d is ru p te d  in  t h i s  b u f f e r  a d d i t io n a l ly  c o n ta in in g  ImM o x a lo a c e ta te ,  

some d if f e r e n c e s  in  m o lecu la r p ro p e r t ie s  were observed .

The enzyme e x t r a c t ,  p rep a red  in  th e  p resen ce  o f  o x a lo a c e ta te ,  was mixed

w ith  th e  m arker p ro te in s  c a ta la s e  and l a c t a t e  dehydrogenase i n  .

10% su cro se  . This m ix tu re  was a p p lie d  to  a  column o f  Sephadex G-200 which

had p re v io u s ly  been  e q u i l ib r a te d  in  'T r i s  b u f f e r '  c o n ta in in g  ImM o x a lo a c e ta te .

The r e s u l t in g  e lu t io n  p r o f i l e .  F i g .58, showed th a t  u n d er th e se  c o n d itio n s

th e  Type E5 enzyme had an e lu t io n  p r o f i l e  s im i la r  to  th a t  o f  w ild  ty p e  E. c o l i

c i t r a t e  sy n th ase ; e q u iv a le n t to  a  m o lecu la r w eight o f  about 230,000. T h e re fo re ,

th e  Type E3 enzyme had a  m o lecu la r w eight o f about 230,000 i n  th e  p re sen ce

o f o x a lo a c e ta te  and about 110,000 i n  th e  absence o f t h i s  compound. I t  i s

notew orthy  th a t  a lth o u g h  th e  m o lecu la r w eight changes i n  th e  p re sen ce  o f

o x a lo a c e ta te  o th e r  p ro p e r t ie s  examined rem ained r e l a t i v e l y  u n a l te r e d  (T ab le

17) .  A h y p e rb o lic  s u b s t r a te  dependence was s t i l l  observed  f o r  acetyl-C oA

and th e  K v a lu e  f o r  t h i s  s u b s t r a te  was about 20uM. The K. v a lu e s  f o r  NADH, m 1 .

ATP and a -o x o g lu ta ra te  were a ls o  unchanged b e in g  1 2 .3 , 1 .2  and lO.OmM 

re s p e c t iv e ly .

S im ila r ly , i t  was found th a t  when a c e l l - f r e e  e x t r a c t  c o n ta in in g  Type 

E3 enzyme in  'T r i s  b u ffe r*  was in c u b a ted  a t  4^ i n  th e  p resen ce  o f  1mM 

o x a lo a c e ta te  f o r  24h , t h i s  lig a n d -in d u c e d  in c re a s e  i n  m o lecu la r w eigh t was 

a g a in  observed .

F u r th e r  s tu d ie s , s u b s t i t u t in g  ImM acety l-C oA , NADH, ATP o r  a -o x o g lu ta ra te  

f o r  o x a lo a c e ta te , d id  n o t r e s u l t  i n  an in c re a s e  i n  th e  m o lecu la r w eight o f 

th e  Type E3 enzyme. S im ila r ly , th e  p re sen ce  o f  o x a lo a c e ta te  o r  any o f  th e se
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F ig . 38: E lu t io n  o f  Type E3 c i t r a t e  sy n th ase  and m arker enzymes
on g e l f i l t r a t i o n  in  th e  p re sen ce  o f ImM o x a lo a c e ta te .

A m ix tu re  (2m l) o f  c i t r a t e  sy n th ase  (C S )(p rep a red  i n  th e  
p re sen ce  o f  ImM o x a lo a c e ta te ) ,  c a ta la s e (C )  and l a c t a t e  
dehydrogenase (l ) was ru n  on a  column o f  Sephadex G-200 (2.5cm  x 
35«cm) which had been  p re v io u s ly  je q u i l ib r a te d  i n  ’T r is  b u ffe r*  
c o n ta in in g  ImM o x a lo a c e ta te .  T h is  same b u f f e r  was u sed  to  e lu te  
c o lle c t in g ,1 m l f r a c t i o n s .

j.\
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Table 17: Comparison o f  some o f th e  p ro p e r t ie s  o f th e  Type E3 c i t r a t e

sy n th ase  (from  r e v e r ta n t  AB1623.R9) in  c e l l - f r e e  e x t r a c ts  

p rep a red  b o th  in  th e  p resen ce  and absence o f  o x a lo a c e ta te .

C e l l - f r e e  e x t r a c t  o f Type E3 c i t r a t e  sy n th ase  

P ro p e r ty  4- O x a lo ace ta te  — O x a lo ace ta te

M olecu lar w eigh t^  (a p p ro x .)  230,000 110,000

acetyl-C oA  (pM) 20.1 ± 1 .3  1 0 .4  ± 0 .6

ATP (mM) 1 .2  ± 0.1 0 .6 l  ± 0 .0 5

K. MADE (mM) 12 .3  ± 0 .9  4-8  ± O.41

a -o x o g lu ta ra te  10.3  ^  1.1 9 »5 - 0 .7

a : D eterm ined u s in g  S to k e s ' ra d iu s  (from  g e l f i l t r a t i o n )  and sed im en ta tio n  

c o e f f ic ie n t  (from  active-enzym e c e n t r i f u g a t io n ) .
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o th e r  lig a n d s  d id  n o t a l t e r  th e  m o lecu lar w eight o f  th e  enzyme from 

B, m egaterium  o r  p ig  h e a r t .

Thermal I n a c t iv a t io n  S tu d ie s  on E. c o l i  R ev e rtan t C i t r a t e  Synthases

The th erm al in a c t iv a t io n  o f Type E1, E2 and E3 enzymes was determ ined  

i n  th e  p resen ce  and absence o f s u b s t r a te s  and a  number o f  i n h i b i t o r s .  The 

r e s u l t s  were compared w ith  th o se  o f th e  therm al in a c t iv a t io n  o f  w ild  ty p e  

E. c o l i  (ABI621) c i t r a t e  sy n th ase .

I t  was found th a t  th e  in a c t iv a t io n  o f  th e  w ild  ty p e  enzyme was m arkedly  

reduced  in  th e  p resence  o f  1mM s u b s t r a te s  o r  1mM NADH (F ig . 39) • The 

s p e c i f i c i t y  o f  th e  NADH p r o te c t io n  was dem onstrated  by th e  f a c t  t h a t  no 

s im i la r  e f f e c t  was observed  w ith  NADRH, NADP'*’ o r  NAD"̂  (F ig . 4O). F u rth erm o re , 

i t  was shown th a t  th e  s p e c i f ic  NADH p ro te c t io n  was a b o lish e d  in  th e  p re sen ce  

o f  0.1M KCl (F ig . 40) .

S im ila r  r e s u l t s  were o b ta in ed  f o r  th e  therm al in a c t iv a t io n  o f  Type E1 

enzyme; r a t e s  o f  in a c t iv a t io n  a re  g iv en  in  Table 18. Experim ents w ith  

Type E2 c i t r a t e  sy n thase  and th e  Type E3 enzyme from r e v e r ta n t  ABI623 .R9 , 

showed th a t  th e  therm al in a c t iv a t io n  o f  th e se  was n o t m arkedly d i f f e r e n t  

in  th e  p resen ce  o f  any o f  th e  compounds examined (T ab le  18 ).

However, i t  was observed  th a t  th e  r a t e  o f the rm al in a c t iv a t io n  o f  th e  

Type E3 enzyme from r e v e r ta n t  K I . I . 4 .R7 was g r e a t ly  in c re a s e d  in  th e  p re sen ce  

o f  ImM NADH (F ig . 4I)*  The s p e c i f i c i t y  o f t h i s  NADH e f f e c t  was shown by th e  

f a c t  th a t  th e  p resen ce  o f NADPH, NADP  ̂ o r  NAD^did n o t a l t e r  th e  r a t e  o f  

in a c t iv a t io n .  F u r th e m o re , i t  was found th a t  th e  ra p id  in a c t iv a t io n  o f  th e  

enzyme i n  th e  p resen ce  o f  NADH was a l l e v ia te d  by 0.1M KCl (F ig . 42) ;  th e  

r a t e s  o f  in a c t iv a t io n  a re  p re se n te d  in  Table 48 .
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NADH

kCetyl-CoA

Oxaloacetate

u

Control

TIME (mm)

F ig . 39: T h em al in a c t iv a t io n  o f  w ild  ty p e  c i t r a t e  sy n th ase
in  th e  p re sen ce  and absence o f  a  number o f  l ig a n d s .

 L igands were u sed  a t  a  c o n c e n tra t io n  o f  ImM.
The te m p e ra tu re  o f  in c u b a tio n  was 50°.
Enzyme a c t i v i t i e s  were m easured u s in g  a ssa y  method 1.
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TIME (mm)

F ig . 40: Thermal i n a c t iv a t i o n  o f  E. c o l i  w ild  ty p e  c i t r a t e  sy n th ase
i n  th e  p re sen ce  and absence o f a  number o f l ig a n d s .

K’C l was u sed  a t  a  c o n c e n tra t io n  o f  0.1M. •
L igands were u sed  a t  a  c o n c e n tra t io n  o f  1mA.
The te m p e ra tu re  o f  in c u b a t io n  was 50^.
Enzyme a c t i v i t i e s  were m easured u s in g  a ssa y  metho(i 1 . /
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F ig . 41 : Thermal i n a c t iv a t io n  o f Type E3 c i t r a t e  syn thage  (from
K1.1.4»R7) in  th e  p resen ce  and absence o f  l ig a n d s .

L igands were u sed  a t  a  c o n c e n tra t io n  o f  1mM.
The te m p e ra tu re  o f  in c u b a t io n  was 35°»
Enzyme a c t i v i t i e s  were m easured u s in g  a ssa y  method 1.

j'
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h-I—I

<c

10
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KCI+NADH

4

KCl

Control
NADPH
NADP"^
NAD+

3

2

V»
NADH

TIME (mm)

F ig . 42 ; Thermal i n a c t iv a t io n  o f  Type E3 c i t r a t e  sy n th ase  (from  
................... K1.1.4«R7) i n  th e  p resen ce  and absence o f  l ig a n d s .

KCl was u sed  a t  a  c o n c e n tra t io n  o f  0.1M.
L igands were u sed  a t  a  c o n c e n tra t io n  o f  ImM.
The te m p e ra tu re  o f  in c u b a tio n  was 35^»
Enzyme a c t i v i t i e s  were m easured u s in g  a s sa y  method 1.
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S e c tio n  H -  Oomparative P hysio logy  o f  th e  E. c o l i  R ev e rta n t s

R e p re se n ta tiv e  s t r a in s  o f  each group o f  r e v e r t  a n ts  were in o c u la te d  

on to  s o l id  medium c o n ta in in g  a number o f d i f f e r e n t  carbon  so u rc e s . The 

grow th , on each medium, was reco rd ed  a f t e r  $6h and compared w ith  t h a t  o f 

th e  w ild  ty p e  organism  (AB1621). I t  was shown (T ab le  19) t h a t  a l l  r e v e r ta n ts  

were a b le  to  grow on g lu c o se , su c c in a te  o r  g ly c e r o l .  However, o n ly  Type E1 

and E. c o l i  w ild  type  were a b le  to  u t i l i s e  a c e ta te  as  s o le  carbon  source  

f o r  grow th.

S im ila r  experim ents were c a r r ie d  ou t u s in g  l i q u id  m edia and th e  same 

carbon  so u rces  a s  above, each a t  a  c o n c e n tra tio n  o f  1CmM. Growth o f  each 

c u l tu r e  was m onito red  by m easuring  th e  absorbance ( a t  5501^ )  o f th e  

su sp en sio n s  a t  30min in t e r v a l s ;  th e  d oub ling  tim e f o r  each  c u l tu r e  was 

c a lc u la te d  and i s  g iv en  in  Table 20 J lg a in  i t  was found th a t  Type E2 and E3 

r e v e r t  a n ts  grew v e ry  p o o rly  on a c e ta te  as so le  carbon  so u rc e .

D e te c tio n  o f  th e  O verproduction  o f M e ta b o lite s

Type E2 and E3 r e v e r ta n ts  have c i t r a t e  sy n th ase s  which a re  in s e n s i t iv e  

to  in h ib i t i o n  by b o th  NADH and a -o x o g lu ta ra te .  T h e re fo re , i f  th e  in h ib i to r y  

e f f e c t  o f  th e se  compounds h as p h y s io lo g ic a l s ig n if ic a n c e ,  such r e v e r t  a n ts  

m ight be ex p ec ted , under c e r t a in  s u i ta b le  c o n d it io n s , to  overproduce th e se  

m e ta b o li te s .  I t  i s  d i f f i c u l t  to  d e v ise  a  t e s t  to  dem onstrate  th e  o v e r

p ro d u c tio n  o f  NADH, b u t th e  accum ulation  and e x c re t io n  o f  a -o x o g lu ta ra te  

m ight be more r e a d i ly  d e term ined . An a ttem p t was th e re fo re  made to  

dem onstra te  such an o v e rp ro d u c tio n .

A su sp en sio n  o f th e  g lu ta m a te - re q u ir in g  m utant o f  E. c o l i , ABI623 , was 

grown o v e rn ig h t i n  n u t r i e n t  b ro th . The c e l l s  were h a rv e s te d  and th e n  

resuspended  in  0.9% (w /v) s a l in e  to  a  f i n a l  c o n c e n tra tio n  o f  10^ b a c te r ia /m l .  

An a l iq u o t  (0 .1m l) o f t h i s  su sp en sio n  was sp read  onto  a  g lu co se  m inim al 

medium p la te .  P a tch es  o f  Type E l ,  E2 and E3 r e v e r t  a n ts  and E. c o l i  w ild
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T able 19: Comparison o f grow th o f  E. c o l i  w ild  ty p e  and th e  r e v e r ta n ts  on

a  v a r i e ty  o f carbon so u rces on s o l id  medium.

aCarbon so u rc e .

S t r a in G lucose G ly cero l S u cc in a te  A ceta te

E. c o l i  w ild  type

R ev e rta n t Type E1

R ev e rta n t Type E2

R ev e rta n t Type E3

R ev e rtan t Type E5

a ; Carbon source  was added to  g iv e  a  f i n a l  c o n c e n tra t io n  o f  1QmM.

b : ABI623 .R9 . 

c ; K I . I .4 .R7 .
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Table 20: Comparison o f th e  doub ling  tim es o f E. c o l i  w ild  ty p e  and th e

r e v e r ta n ts  on a v a r i e ty  o f carbon so u rces  i n  l iq u id  medium»

D oubling tim e (min) on carbon source a

S t r a in

E. c o l i  w ild  type

R evert a n t Type E1

R evert a n t Type E2

R ev e rta n t Type E3

R evert a n t Type E3

Glucose

100

100

210

320

360

G lycero l

110

100

150

120

150

S u cc in a te

130

140

150

150

160

A c e ta te

200

220

1420

2800

3200

a : Carbon source  was a t  a  c o n c e n tra tio n  o f  1QmM.

b : ABI623 .R9 .

c : K I . I . 4 .R7 .
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ty p e  were in o c u la te d  onto  t h i s  background lawn o f  b a c te r i a .  A f te r  o v e rn ig h t 

in c u b a t io n , th e  p a tch es  o f  b a c te r i a  had grown b u t th e  lawn rem ained c le a r .  

However, a f t e r  3 days o f  in c u b a tio n , h a lo e s  o f grow th appeared  i n  th e  lawn 

im m edia te ly  a d ja c e n t to  th e  p a tch e s  o f  Type E2 and E3 r e v e r t a n t s ,  in d ic a t in g  

t h a t  th e se  r e v e r ta n ts  were overp roducing  a  m e ta b o lite  which c ro s s - f e d  th e  

g lu tam ate  auxo troph  lawn. T his e x c re te d  compound was p ro b ab ly  e i t h e r  

o^-o x o g lu tara te , g lu tam ate  o r  p r o l in e .  No c ro s s - fe e d in g  was found to  o ccu r 

around th e  E. c o l i  w ild  ty p e  o r  Type r e v e r t  a n t p a tc h e s  o f  grow th (E ig . 4 3 ).

I n  an e f f o r t  to  id e n t i f y  th e  compound b e in g  overproduced , c u l tu r e s  o f  

Type E1, E2 and E3 r e v e r ta n ts  and o f  E. c o l i  w ild  ty p e  were grown on g lu co se  

minimal l i q u id  medium (b o th  a e r o b ic a l ly  and a n a e ro b ic a lly )  and th e  * sp en t * 

m edia, a f t e r  grow th, were examined f o r  th e  p resen ce  o f  overproduced 

m e ta b o li te s .  N e ith e r  g lu tam ate  n o r a -o x o g lu ta ra te  were d e te c te d  by a ssa y  

w ith  g lu tam ic  dehydrogenase. S im ila r ly , d rops o f  th e  's p e n t ' m edia p la c e d  

on to  a  lawn o f  th e  g lu tam ate  auxo troph , ABI623 , d id  n o t s a t i s f y  th e  

n u t r i t i o n a l  requ irem en t o f  t h i s  organism . T h e re fo re , i t  ap p ears  t h a t  none 

o f  th e se  s t r a i n s  overproduces th e  m e ta b o lite  i n  l i q u id  c u l tu r e .

The o b s e rv a tio n  th a t  grow th o f  c i t r a t e  sy n th ase  d e f i c i e n t  s t r a i n s  o f  

E. c o l i  on g lucose+ g lu tam ate  r e s u l t s  i n  th e  o v e rp ro d u c tio n  o f  p y ru v a te  

i n  th e  grow th medium was d e sc r ib e d  e a r l i e r  (F ig . 2 1 ). S im ila r ly , i t  was 

found t h a t ,  when grown in  l i q u id  medium. Type E2 and E3 r e v e r ta n ts  a ls o  

accum ulated p y ru v a te . T his accum ula tion  d id  n o t o ccu r i n  c u l tu re s  o f  Type 

E1 r e v e r t  a n t and E. c o l i  w ild  ty p e . T h is r e s u l t  su g g es ts  t h a t  th e  c i t r a t e  

sy n th ase  o f  Type E2 and E3 r e v e r ta n ts  i s  o p e ra tin g  a t  a  su b -o p tim a l r a t e .  

G lutam ate Dependence o f  E. c o l i  R ev e rta n ts

Type E l ,  E2 and E3 r e v e r ta n t s ,  E. c o l i  w ild  ty p e  and th e  c i t r a t e  

sy n th ase  d e f ic ie n t  s t r a i n  ABI623 , were each grown o v e rn ig h t i n  g lu c o se  

(iQmM) l i q u id  medium which was supplem ented w ith  g lu tam a te  (lmM). The
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F ig . l;3î C ro ss-feed in g  o f  a g lu tam ate  auxo troph  by 

» E. c o l i  r e v e r ta n t s .

A g lu tam ate  auxotroph o f  E. c o l i  (ABI623 ) was spread  

onto th e  su rfa c e  o f  a g lucose  m inim al medium p la te  

(10 b a c t e r i a / p l a t e ) .  The fo llo w in g  s t r a in s  were 

patched  on to  t h i s  law n:

1. E. c o l i  w ild  ty p e .

2 . Type El r e v e r ta n t .

3 . lÿpe E2 r e v e r ta n t .

U. Type E3 r e v e r ta n t .

Growth o f  th e  g lu tam ate  auxotroph can c l e a r ly  be 

seen around Type E2 and E3 r e v e r ta n ts  (3days in c u b a tio n  

a t  3 7 °).
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c u l tu re s  were h a rv e s te d  and th e n  washed w ith  0.9% (w /v) s a l i n e .  The c e l l  

su sp en sio n s  were in o c u la te d  in to  f l a s k s  o f  g lu co se  medium and grow th was 

fo llow ed  hy m easuring  th e  absorbance ( a t  550nm) o f  each c u l tu r e  a t  30niin 

i n t e r v a l s .  I t  can  c le a r ly  be seen  from F ig . 44 t h a t  Type E1 r e v e r ta n ts  grew 

a t  th e  same r a t e  as  th e  w ild  ty p e  organism , w hereas Type E2 and E3 r e v e r ta n ts  

grew a t  s ig n i f i c a n t ly  s low er r a t e s  and ABI623 d id  n o t grow a t  a l l .  However, 

upon th e  a d d i t io n  o f  g lu ta m a te , to  a  f i n a l  c o n c e n tra tio n  o f  ImM, a l l  

c u l tu re s  grew a t  th e  same r a t e ,  i . e .  t h a t  o f  th e  w ild  ty p e  o rgan ism . T h is 

r e s u l t  s tro n g ly  su g g e s ts , t h a t  f a r  from overp roducing  g lu ta m a te . Type E2 

and E5 r e v e r ta n ts  a re  un ab le  to  sy n th e s is e  s u f f i c i e n t  o f  t h i s  compound to  

s a t i s f y  t h e i r  own re q u ire m e n ts .

S im ila r  r e s u l t s  were o b ta in e d  f o r  c u l tu r e s  grown a n a e ro b ic a lly  on 

g lu co se  m inim al medium. However, grow th o f  a l l  r e v e r ta n ts  p roceeded  a t  

th e  w ild  ty p e  r a t e  when grown i n  su c c in a te  o r  g ly c e ro l  m inim al m edia; th e  

a d d it io n  o f  g lu tam ate  h a l  no e f f e c t  on th e  grow th o f  th e s e  c u l tu r e s .  

D e term in a tio n  o f  Enzyme L evels  i n  th e  E. c o l i  S tr a in s

The o v e rp ro d u c tio n  o f  p y ru v a te  and th e  u n d e r-p ro d u c tio n  o f  g lu tam ate  

by Type E2 and E3 re v e r ta n ts ,  when grown i n  g lu co se  a s  s o le  carbon  so u rc e , 

s tro n g ly  su g g es ts  t h a t  th e  c i t r a t e  sy n th ase  a c t i v i t y  i n  th e se  s t r a i n s  i s  

to o  low to  a llo w  s u f f i c i e n t  f lu x  o f  carbon t h r o u ^  th e  TCA c y c le  to  s a t i s f y  

th e  req u irem en ts  f o r  maximal grow th r a t e s .  I t  was th e r e f o r e  p e r t in e n t  to  

de term ine  enzyme le v e l s  i n  th e  th re e  r e v e r ta n t  ty p e s , and to  compare th e se  

w ith  th e  l e v e l s  i n  th e  w ild  ty p e  organism .

The th re e  r e v e r ta n t  ty p es  and E. c o l i  w ild  ty p e  were grown i n  g lu co se  

and i n  s u c c in a te  m inim al m edia. C e l l - f r e e  e x t r a c ts  were p re p a red  by
ê '

s o n ic a t io n  and th e  s p e c i f ic  a c t i v i t i e s  o f  c i t r a t e  sy n th a se , a c o n i ta s e ,  

NADP-linked i s o c i t r a t e  dehydrogenase, a -o x o g lu ta ra te  dehydrogenase, p y ru v a te

dehydrogenase and m a la te  dehydrogenase were determ ined  f o r  each  e x t r a c t .  I t

/
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. Wild type

Type El
g l u t c m a t e  a d d e d

Type E2

Type E3

o
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m

AB1623CDcr

2401 2 0

TIME (mm)

F ig . A'Ai D em onstra tion  o f  th e  g lu tam a te  dependence o f  th e  Type E1 
• and E2 r e v e r t a n t s ,  when grown on g lu co se  medimn.

G lucose was a t  a con cen tra tion  o f  lOmM»
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was found (T ab le  21) th a t  th e  le v e l s  o f  a l l  enzymes were f a r  low er in  th e  

g lucose-grow n th a n  th e  su cc in a te-g ro w n  c e l l s .  I t  was a ls o  observed  th a t  th e  

l e v e l  o f  each enzyme, excep t c i t r a t e  sy n th ase , was v e ry  s im i la r  i n  th e  

th r e e  r e v e r ta n ts  and th e  E. c o l i  w ild  ty p e . However, th e  s p e c i f ic  a c t i v i t y  

o f  c i t r a t e  sy n th ase  was n o ta b ly  v e ry  low i n  th e  Type E2 and E3 r e v e r ta n ts  

(T ab le  2 1 ),

The e x t r a c ts  from th e  g lucose-grow n c u l tu re s  were d i lu te d  to  a

c o n c e n tra tio n  o f  1mg p r o te in  /m l. The dependence o f c i t r a t e  sy n th ase  a c t i v i t y

on acetyl-C oA  c o n c e n tra tio n  was determ ined  f o r  each e x t r a c t  u s in g  0,01ml

e x t r a c t  f o r  each a ssa y . I n  t h i s  way a  com parative e s t im a tio n  o f  th e  c i t r a t e

sy n th ase  a c t i v i t y  was determ ined  (P ig , 45)» I t  was found th a t  a l t h o u ^  th e

v a lu e s  f o r  acetyl-C oA  f o r  th e  enzymes produced by Type E2 and E3

r e v e r ta n ts  were much low er th a n  th a t  o f  th e  w ild  type  enzyme, th e  V ̂ max
v a lu e s  were a ls o  s t r ik in g ly  reduced .
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Wild type
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F ig . 45; Comparison o f  th e  r a t e  dependences o f  F . on1 i  w ild  tyDe
and r e v e r ta n t  c i t r a t e  sy n th a se s  on acety l-C oA  ç o n c e n tra tio ii .

C e l l - f r e e  e x t r a c t s  o f  each s t r a i n  were d i lu te d  to  Img p ro te in /m l 
and 0.02m l o f  t h i s  e x t r a c t  was assay ed  f o r  c i t r a t e  sy n th ase  a c t i v i t y  
u s in g  a ssa y  method 1 . I n  t h i s  way a  com parative  d e te rm in a tio n  was 
made o f  th e  c i t r a t e  sy n th ase  a c t i v i t y  i n  each  e x t r a c t .
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S e c tio n  I  -  P r o p e r t ie s  o f  A. Iw o ff i R ev e rtan t Enzymes

The i s o l a t i o n  o f  A, Iw o ff i r e v e r ta n ts  from th e  c i t r a t e  sy n th ase  d e f ic ie n t  

s t r a i n s  4B-CSI and 4^-082, has been  p re v io u s ly  d e sc r ib e d . The ra p id  

te c h n iq u e s  were u sed  to  determ ine  th e  r e g u la to ry  p ro p e r t ie s  and m o lecu la r 

s i z e  o f  th e  c i t r a t e  sy n th ase  from a  number o f th e se  r e v e r ta n t s .  The r e s u l t s  

a r e  p re se n te d  i n  T able 22, and th e y  show th a t  th e  r e v e r ta n t  enzymes f a l l  

b ro a d ly  in to  two ty p e s .

A com parative s tu d y  has been made o f th e  m o lecu la r p ro p e r t ie s  o f  th e  

c i t r a t e  sy n th ase s  from a number o f  th e se  r e v e r ta n ts  and A. Iw o ff i  w ild  ty p e  

enzyme. The p ro p e r t ie s  in v e s t ig a te d  were m o lecu la r w eigh t, v a lu e s  f o r  

b o th  s u b s t r a te s ,  NAPS in h ib i t i o n  (and th e  e f f e c t  o f  AMP on t h i s  in h ib i t i o n )  

and a ls o  th e  e f f e c t  on enzyme a c t i v i t y  o f  in c u b a tin g  th e  enzyme w ith  th e  

t h i o l  b lo c k in g  re a g en t PTNB.

Type A1 Enzymes

The m o lecu la r w eight o f Type A1 enzymes was determ ined  by g e l 

f i l t r a t i o n  on Sephadex G-200 i n  th e  p resence  o f  m arker p ro te in s  o f  known 

m o lecu la r w e i ^ t .  P ig . 4^ shows a  ty p ic a l  e lu t io n  p r o f i l e  f o r  a  Type A1 

enzyme; t h i s  enzyme has a  m o lecu la r w eight o f about 250,000 (P ig . 4 7 ), 

s im i la r  to  t h a t  o f  A. Iw o ff i w ild  ty p e  c i t r a t e  sy n th ase  (T ab le  2 $ ).

The s u b s t r a te  dependences o f  th e  Type A1 enzyme were found to  be 

h y p e rb o lic  w ith  a  v a lu e  o f  about 75pM f o r  acetyl-C oA  and f o r  

o x a lo a c e ta te  (T ab le  25) .  These r e s u l t s  a re  v e ry  s im i la r  to  th o se  o b ta in e d  

w ith  th e  A. Iw o ff i c i t r a t e  sy n th ase .

Under th e  ro u tin e  a ssa y  c o n d itio n s  f o r  c i t r a t e  sy n th a se , i t  was found 

t h a t  A. Iw o ff i w ild  type  enzyme was about 90Çé in h ib i te d  by th e  in c lu s io n  

o f  O .51DM NAPE. T his in h ib i t i o n  was com ple te ly  overcome by 1mM AMP. I t  can 

be seen  from T able 25 th a t  Type A1 enzyme has v e ry  s im i la r  r e g u la to ry  

p r o p e r t ie s .

F in a l ly ,  in c u b a tio n  o f  A. Iw o ff i w ild  ty p e  c i t r a t e  sy n th ase  w ith
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F ig . aS i E lu t io n  o f  a  * la rg e*  c i t r a t e  sy n th ase  (from  a/T ype A1 
. r e v e r ta n t )  and m arker enzymes on g e l f i l t r a t i o n .

A m ix tu re  (2m l) o f  c i t r a t e  sy n th ase  (CS), c a ta la s e  ( c ) ,  l a c t a t e  
dehydrogenase (l ) and m a la te  dehydrogenase (m) was ru n  on a  column 
o f  Sephadex G-200 (2.5cm  x 35«cm), u s in g  'T r i s  b u ffe r*  to  e lu te  
and c o l l e c t in g  1ml f r a c t i o n s .
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F ig . 47 : R e la tio n s h ip  betw een th e  Stokes* r a d i i  o f  p r o te in s  and
t h e i r  com parative  e lu t io n  volumes from a  Sephadex G-200 
g e l  f i l t r a t i o n  column.

 The p r o te in s  u sed  were *la rg e*  c i t r a t e  sy n th ase  (CS1) from a
Type A1 r e v e r t a n t ,  c a ta la s e  ( c ) ,  l a c t a t e  dehydrogenase ( l ) ,  *sm all* 
c i t r a t e  sy n th ase  (CS2) from a  Type A2 r e v e r ta n t  and m a la te  
dehydrogenase (m ).

The*large* and * sm all * A. Iw o ff i  c i t r a t e  sy n th a se s  a r e  s l i g h t l y  
l a r g e r  th a n  t h e i r  E. c o l i  c o u n te r p a r ts .  T h e re fo re , th e  *la rg e*
A. Iw o ff i enzyme h as  a  m o lecu la r w eight o f  abou t 250,000 and th e  
* sm all* o f  about 110 ,000-120 ,000 .
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O.ImM DTI3B a t  25° had no e f f e c t  on enzyme a c t i v i t y  over a  p e rio d  o f  1Qmin 

(F ig . 48) '  However, Type A1 enzymes cou ld  he f u r th e r  su b d iv id ed  in to  two 

g roups; th o se  which were s im i la r ly  u n a ffe c te d  by DTNB (Type A I-I)  and 

th o se  which were ra p id ly  in a c t iv a te d  by t h i s  compound (Type A1-2) as can 

be  seen  from F ig . 48*

Type A2 Enzyme

The e lu t io n  p r o f i l e  o f t h i s  enzyme on Sephadex G-200 (F ig . 49) showed 

t h a t  i t  had a  m o lecu la r w eight o f  about 110,000; t h i s  i s  ap p ro x im ate ly  h a l f  

th a t  o f  th e  enzyme from A. Iw o ff i w ild  ty p e .

S u b s tra te  dependences were found to  be h y p e rb o lic ; th e  v a lu e  was 

about 70|jM f o r  acetyl-C oA  and about 5|JM f o r  o x a lo a c e ta te  (T able  25) .  These 

v a lu e s  a re  v e ry  s im i la r  to  th o se  o f  A. Iw o ff i w ild  ty p e  c i t r a t e  sy n th ase .

I t  was found th a t  Type A2 enzymes were on ly  weakly in h ib i te d  by NADH, 

and th a t  AMP had no e f f e c t  on i h i s  in h ib i t i o n  (T ab le  2 3 ). T h is  r e s u l t  s tro n g ly  

su g g es ts  t h a t  th e se  enzymes have l o s t  t h e i r  a l l o s t e r i c  s i t e  f o r  NADH 

in h ib i t i o n .

F in a l ly ,  as  w ith  th e  Type A1 enzymes, th e  Type A2 c i t r a t e  sy n th ase s  

co u ld  be su b d iv id ed  in to  two groups acco rd in g  to  t h e i r  s e n s i t i v i t y  to  DTMB.

One group (Type A2-1) was u n a ffe c te d  by in c u b a tio n  w ith  O.ImM DTEB f o r  

lOmin a t  25°, whereas th e  second group (Type A2-2) was ra p id ly  in a c t iv a te d  

by t h i s  tre a tm e n t (F ig . 48) .
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Wild typeType Ai - l  TypeA2-1

o

Type A 2 -2
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TIME (mm)

F ig . 48 ; I n a c t iv a t io n  o f  A. I v o f f i  w ild  ty p e  and r e v e r ta n t  
c i t r a t e  sy n th ase s  by in c u b a t io n  w ith  DTNB.

Time co u rse  o f  th e  in c u b a t io n  o f  th e s e  enzymes w ith  O.ImM DTNB,
red using" a ssa v  method. 1 .

Time co u rse  o f  th e  in c u b a t io n  o f  th e s e  enzyi 
A c t iv i ty  was m easured u s in g  a ssa y  method. 1 •

r
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F ig . 49 ; E lu tio n  o f  a 'sm a ll*  c i t r a t e  sy n th ase  (from  a  Type A2 
r e v e r ta n t )  and m arker enzymes on g e l f i l t r a t i o n .

Jl m ix tu re  (2m l) o f  c i t r a t e  sy n th ase " (C S ), c a t a l a s e ( c ) ,  l a c t a t e  
dehydrogenase (L) and m ala te  dehydrogenase (m) was ru n  on a  column 
o f  Sephadex G-200 (2.5cm  x 35*cm), u s in g  'T r i s  b u ffe r*  t o  e lu te  and 
c o l l e c t in g  1ml f r a c t io n s #
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S e c tio n  J  -  T ran sfo rm atio n  S tu d ie s  w ith  A. Iw o ff i 4B-CSI and 4®-CS2

A MA p re p a ra t io n  o f  A. Iw o ff i w ild  type  was made a s  d e sc r ib e d  i n  th e  

Methods S e c tio n . The c i t r a t e  sy n th ase  d e f ic ie n t  s t r a i n s ,  4B-CSI and 4^-CS2, 

were t r e a te d  w ith  t h i s  MA p re p a ra t io n  and th e n  p la te d  onto  su c c in a te  

m inim al medium. Such a p rocedure  was found to  enhance m arkedly th e  r e v e rs io n  

r a t e  o f  th e se  s t r a i n s .  These r e s u l t s  c le a r ly  dem onstrate  t h a t  th e  m u ta tio n  

i n  th e  c i t r a t e  sy n th ase  gene o f  4B-CSI and 4B-CS2 was r e a d i ly  r e p a ir e d  by 

th e  in t r o d u c t io n  o f  tra n s fo rm in g  MA.

S im ila r  experim ents were c a r r ie d  out i n  which th e  tra n s fo rm in g  MA 

p re p a ra t io n  was from  P s . a e ru g in o sa . B. m egaterium  and E. c o l i . T reatm ent 

o f  th e  c i t r a t e  sy n th ase  d e f ic ie n t  s t r a i n ,  4®-CS^ w ith  th e  DEA from  P s . 

a e ru g in o sa  produced a  g re a t  in c re a s e  i n  th e  freq u en cy  o f  i t s  rev e rs io n *  

no such e f f e c t  was observed  f o r  th e  4^-CS1 s t r a i n  when t r e a te d  w ith  th e  DNA 

from  P s . a e ru g in o sa . The p resen ce  o f  th e  DNA from E. c o l i  o r  B. m egaterium  

d id  n o t in c re a s e  th e  re v e r s io n  r a t e  o f  e i t h e r  /)B-C81 o r  ^ -C S 2 .
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S e c tio n  K -  Immunologie a l  S tu d ie s  w ith  A. Iw o ff i C i t r a te  Syn thases

A ntiserum  c o n ta in in g  a n tib o d ie s  r a is e d  a g a in s t  p u r i f i e d  A. Iw o ff i 

w ild  type  c i t r a t e  sy n th ase  was used  i n  double d i f f u s io n  t e s t s .  The 

p rocedure  has been  g iv en  in  th e  Methods S e c tio n , and F ig . 50 shows a  

ty p ic a l  im m u n o p réc ip ita tio n  p a t te r n  o b ta in ed  u s in g  t h i s  p ro ced u re . I t  

can  be seen  th a t  a  heavy p r e c i p i t i n  l i n e  developed betw een th e  an tise ru m  

and a  c e l l - f r e e  e x t r a c t  o f A. Iw o ff i w ild  ty p e . S im ila r  p r e c ip i t a t io n  

l i n e s  were o b ta in e d  f o r  th e  e x t r a c ts  o f /{B-CS1 and 4B-CS2, showing th a t  

a lth o u g h  th e re  was no d e te c ta b le  enzyme a c t i v i t y ,  th e  in a c t iv e  p ro te in  i s  

p ro b ab ly  p re s e n t i n  th e se  s t r a i n s .

S im ila r  experim ents showed th a t  e x t r a c ts  c o n ta in in g  Type A1-1, A1-2,

A2-1 and A2-2 enzymes a ls o  p o ssessed  c ro s s - r e a c t in g  m a te r ia l .  M oreover, i t  

was shown th a t  th e  tra n s fo rm a n ts  o f 4^-CSI and 2|B-CS2 which had re g a in ed  

c i t r a t e  sy n th ase  a c t i v i t y ,  a f t e r  tra n so rm a tio n  w ith  DNA from A. Iw o f f i , 

a ls o  p o ssessed  c ro s s - r e a c t in g  m a te r ia l .

I t  was shown th a t  c e l l - f r e e  e x t r a c ts  o f P s . a e ru g in o sa . B. m egaterium  

and E. c o l i  d id  n o t c o n ta in  c ro s s - r e a c t in g  m a te r ia l ;  fu rth e rm o re  th e  

tra n s fo rm a n ts  o f  4^-CS2 which had reg a in ed  c i t r a t e  sy n th ase  a c t i v i t y  a f t e r  

tre a tm e n t w ith  P s . a e ru g in o sa  BNA d id  no t p o sse ss  any c r o s s - r e a c t in g  p ro te in ,
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F ig . ^ 0 ; Imm-unodiffuslon p a t te r n  o f  an tise ru m  ( r a is e d  a g a in s t  

p u r i f ie d  c i t r a t e  syn thase  from A.- Iw o ff i ) and v a rio u s  

c e l l - f r e e  e x t r a c t s  o f  A. Iw o ff i  s t r a in s .

Antiserum, was p la ce d  in  th e  c e n tr e  w e ll .  The c o n te n ts  

o f  th e  o u te r  w e lls  were as  fo llo w s ;

1. G e l l- f r e e  e x t r a c t  o f  A. Iw o ff i w ild  ty p e .

2 . C e l l - f r e e  e x t r a c t  o f  i;B-CS1.

3 . C e l l - f r e e  e x t r a c t  o f  UB-CS2.

U. C e l l - f r e e  e x t r a c t  o f  Type A1 r e v e r ta n t .t
5 . C e l l - f r e e  e x t r a c t  o f  P s. a e ru g in o sa .

6 . C e l l - f r e e  e x t r a c t  o f  a s t r a i n  o f  UB-CS2 a f t e r  

tra n s fo rm a tio n  w ith  Ps. ae ru g in o sa ''DNA.
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There i s  a  s t r i k in g  c o r r e la t io n  betw een th e  Gram r e a c t io n  o f  a  

b ac te riu m  and th e  m o lecu la r and re g u la to ry  p ro p e r t ie s  o f  i t s  c i t r a t e  

sy n th ase  (Weitzman & Jo n es , I 968 ; Weitzman & Dunmore, 1969a ; Weitzman & 

Danson, 1976). Gram p o s i t iv e  b a c t e r i a l  c i t r a t e  sy n th a se s , l i k e  th o se  from 

e u c a ry o tic  so u rc e s , a re  in h ib i te d  by ATP, a re  u n a ffe c te d  by NADH, have a  

m o lecu la r w eight o f about 100,000 and a re  term ed * small* enzymes. On th e  

o th e r  hand. Gram n e g a tiv e  b a c t e r i a l  c i t r a t e  sy n th ases  a re  in s e n s i t iv e  to  

ATP, a re  p o w erfu lly  in h ib i te d  by NADE, have a  m o lecu lar w e i ^ t  o f  about 

250,000  and a re  term ed *la rg e  * enzymes.

I t  i s  d i f f i c u l t  to  e x p la in  t h i s  c o r r e la t io n  betw een enzyme p ro p e r t ie s  

and th e  Gram r e a c t io n  b u t ,  w ith  Lply a  few ex cep tio n s  (Weitzman & Danson, 

1976) ,  a l l  b a c t e r i a l  c i t r a t e  sy n th ase s  examined fo llo w  th e  p a t te r n  

o u t l in e d  above. The d iv is io n  o f  b a c te r i a  in to  Gram p o s i t iv e  and Gram 

n e g a tiv e  ty p es  has a  s ig n if ic a n c e  f a r  beyond th a t  o f  an  e m p ir ic a l s ta in in g  

p ro ced u re . Gram n e g a tiv e  b a c te r i a  a re  u s u a l ly  v e ry  a d a p ta b le  organism s 

w ith  h ig h ly  developed s y n th e t ic  c a p a b i l i t i e s  e n ab lin g  them to  grow on 

sim ple  m edia c o n ta in in g  on ly  a  carbon source  such as  g lu c o se , an  in o rg a n ic  

n i tro g e n  sou rce  and t r a c e s  o f  n e ce ssa ry  m in e ra l s a l t s .  They do n o t 

c o n c e n tra te  n u t r i e n ts  and m e ta b o lite s  and co n seq u en tly  have a low cy top lasm ic  

o sm o la r ity . By c o n t r a s t .  Gram p o s i t iv e  b a c te r i a  have more e x a c tin g  

n u t r i t i o n a l  re q u ire m e n ts . These organism s u s u a l ly  need to  supplem ent t h e i r  

l e s s  developed s y n th e t ic  c a p a b i l i t i e s  w ith  an  exogenous supp ly  o f  amino 

a c id s ,  v ita m in s  and grow th f a c to r s ;  co n seq u en tly  th e se  organism s a re  

grown on r i c h ,  u n d e fin ed  m edia i n  o rd e r  to  meet t h e i r  re q u ire m e n ts . The 

cytoplasm  has a  r e l a t i v e l y  h ig h  o sm o la r ity , as  th e se  organism s c o n c e n tra te  

low m o lecu la r w eight m e ta b o lite s  such as amino a c id s  and n u c le o t id e s .  

F u rtherm ore , th e se  g e n e ra l b iochem ica l d iv is io n s  a re  accompanied by la rg e  

d i f f e r e n c e s  i n  c e l l  w a ll a r c h i te c tu r e .  The Gram p o s i t iv e  b a c te r i a  have a
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th ic k  c e l l  wall, o f  a co m p ara tiv e ly  sim ple s t r u c tu r e  c o n s is t in g  o f  a  h i - l a y e r  

o f  te ic h o ic  a c id  and m urein . The c e l l  w a ll o f  Gram n e g a tiv e  b a c te r i a ,  

a lth o u g h  l e s s  th ic k ,  i s  v e ry  much more complex, hav in g  a  m u lt i la y e re d  

a r c h i te c tu r e  c o n s is t in g  o f  a  wide range o f  d i f f e r e n t  components.

T h is  w e l l - t r i e d  d iv is io n  o f  b a c te r ia  on th e  b a s is  o f  t h e i r  Gram r e a c t io n  

i s  o f  profound d ia g n o s tic  and taxonom ic im portance . However, some groups 

o f  b a c te r i a ,  p a r t i c u l a r ly  th e  sporefo rm ers and th o se  organism s known 

c o l l e c t i v e ly  as  th e  coryneform  b a c te r i a ,  g iv e  v a r ia b le  Gram s t a i n  

acco rd in g  to  th e  age and c o n d itio n  o f c u l tu r e .  As a  r e s u l t  o f  t h i s  

u n c e r ta in ty  i n  Gram r e a c t io n ,  th e  c l a s s i f i c a t i o n  o f  many o f  th e se  b a c te r i a  

h as  proved b o th  d if f ic u lt_ .a n d  c o n tr o v e r s ia l .  Weitzman and Jones (1975) have 

proposed  th a t  an  exam ination  o f  th e  m o lecu la r s iz e  and r e g u la to ry  p ro p e r t ie s  

o f  c i t r a t e  sy n th ase  may be used  as  a  taxonom ic to o l  i n  th e  c l a s s i f i c a t i o n  

o f  such b a c te r i a .  These w orkers have s tu d ie d  th e  p ro p e r t ie s  o f  th e  c i t r a t e  

sy n th ase  from a  number o f  b a c te r i a  o f  d isp u te d  taxonom ic p o s i t io n  ( Jones 

& W eitzman, 1974» Weitzman & Jo n es , 1975) and, i n  each c a se , t h e i r  

r e s u l t s  ag ree  w ith  th e  c u r re n t  c l a s s i f i c a t i o n  o f th e se  organism s as  

a s s e s s e d  by o th e r  c r i t e r i a ,  such as c e l l  w a ll s t r u c tu r e .  T h e re fo re , th e  

v a lu e  o f  t h i s  t e s t  as a  taxonom ic a id  has been  f u l l y  j u s t i f i e d .

Many o th e r  t e s t s  u sed  by b a c t e r i a l  tax onom ists  have a  s im i la r  

b io ch em ica l b a s i s .  These u s u a l ly  in v o lv e  t e s t i n g  f o r  th e  p re sen ce  o r  

absence o f a  g iv en  enzyme. F o r exam ple, th e  absence o f  th e  enzyme c a ta la s e  

i s  a  c h a r a c t e r i s t i c  o f most s t r i c t  anaerobes and i s  a ls o  u sed  as a  

d ia g n o s t ic  f e a tu r e  o f th e  l a c t i c  a c id  b a c te r i a .  S im ila r ly , th e  o x id ase  

t e s t  in d ic a te s  th e  p resen ce  o f  cytochrome c ; th e  e n te r ic  group o f  b a c te r i a  

a re  c h a r a c t e r i s t i c a l l y  o x idase  n e g a tiv e . These and many o th e r  t e s t s  a re  

u sed  ro u t in e ly  i n  d ia g n o s tic  b a c te r io lo g y  and in  taxonom ic s tu d ie s ;  th e  

ex am ination  o f  th e  p ro p e r t ie s  o f  c i t r a t e  sy n th ase  cou ld  be added to  t h i s  

number.
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The method employed by Weitzman and Jones (1975) c o n s is te d  o f  growing 

a  la rg e  volume o f  b a c te r i a ,  p re p a rin g  a c e l l - f r e e  e x t r a c t ,  f r a c t io n a t in g  

w ith  ammonium su lp h a te  and c a r ry in g  ou t g e l  f i l t r a t i o n  on a  la rg e  column 

o f  Sephadex G-200. T his p u f ic a t io n  s u c c e s s fu l ly  removes m ala te  

dehydrogenase^ th e  p resen ce  o f  t h i s  enzyme would i n t e r f e r e  w ith  th e  

exam ination  o f th e  in h ib i t i o n  o f  c i t r a t e  sy n th ase  by NADE. The m o lecu la r 

s iz e  o f  th e  c i t r a t e  sy n th ase  i s  determ ined  from i t s  e lu t io n  from th e  

column. However, t h i s  method i s  tim e-consum ing and in v o lv es  th e  u se  o f 

equipm ent which may n o t alw ays be a v a i la b le  i n  b a c te r io lo g y  l a b o r a to r ie s ,  

th e re b y  r e s t r i c t i n g  th e  w idespread  use  o f  t h i s  tech n iq u e  as a  taxonom ic

C "t o o l .

D uring th e  course  o f  th e  p re se n t work ra p id  te ch n iq u es  have been  

developed to  determ ine th e  m o lecu la r s iz e  and re g u la to ry  p r o p e r t ie s  o f  

c i t r a t e  sy n th a se . We have proposed (H arfo rd , Jones & Weitzman, 1976) th a t  

th e se  te ch n iq u es  p erm it th e  exam ination  o f  la rg e  numbers o f b a c t e r i a l  

c i t r a t e  sy n th ase s  in  a  s h o r t  tim e , u s in g  in ex p en siv e  ro u tin e  la b o ra to ry  

equipm ent.

The m o lecu la r s iz e  has been  determ ined  by u s in g  a  sm all column o f  

Sephadex G-200, g r e a t ly  red u c in g  th e  n e ce ssa ry  lo a d in g  volume o f  e x t r a c t  

and th e  tim e ta k e n  to  e lu te  th e  enzyme. The r e s o lu t io n  o f  th e  column has 

been  shown to  be q u ite  a c c e p ta b le , and as f r a c t io n s  a re  c o l le c te d  f o r  a  

p e r io d  o f  on ly  15 min th e  u se  o f  a  f r a c t i o n  c o l l e c to r  i s  no lo n g e r  

e s s e n t i a l .

The r e g u la to ry  p ro p e r t ie s  o f  th e  enzyme were examined by o b serv in g  

th e  e f f e c t iv e n e s s  o f ATP and NADH as i n h ib i to r s  o f th e  enzyme w ith in  

to lu e n is e d  p a tch e s  o f b a c te r i a  on f i l t e r  p a p e rs . I t  was found t h a t  m ala te  

dehydrogenase e lu te d  from to lu e n is e d  c e l l s  by washing i n  a  la rg e  volume o f 

b u f f e r  (P .D .J . Weitzman, p e rso n a l com m unication). The method th e re fo re

/

/
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av o id s  th e  need f o r  grow ing la rg e  volumes o f b a c te r ia  and f o r  u n d e rta k in g  

any enzyme p u r i f i c a t io n ,  th e re b y  g r e a t ly  red u c in g  th e  tim e re q u ire d  to  

s tu d y  th e  re g u la to ry  p ro p e r t ie s  o f th e  enzyme. F urtherm ore , I  would 

p ropose t h a t ,  whenever a  s u i ta b le  c o lo r im e tr ic  a ssay  p rocedu re  i s  a v a i la b le ,  

t h i s  method cou ld  be adap ted  f o r  o th e r  enzyme system s when i t  i s  

n e c e s sa ry  to  scan  la rg e  numbers o f b a c te r i a ,  p a r t i c u l a r ly  m utant s t r a i n s ,  

f o r  th e  p resen ce  o r  absence o f  an enzyme o r  o f  enzyme in h ib i t i o n  by a  

g iv en  e f f e c to r .

The r e l i a b i l i t y  o f  th e  ra p id  methods was te s t e d  by com paring t h e i r  

r e s u l t s  w ith  th o se  o b ta in ed  by th e  p rev io u s  method o f  Weitzman and Jones 

( 1975) • Out o f  a  t o t a l  o f  3  ̂ b a c te r ia  t e s t e d ,  à  s e le c t io n  o f  which h as 

been  p re s e n te d , th e  r e s u l t s  were i n  com plete agreem ent i n  55 cases(^_JChese 

te ch n iq u es  enab le  th e  m o lecu la r and re g u la to ry  p ro p e r t ie s  o f  c i t r a t e  

sy n th ase  to  be determ ined  a c c u ra te ly  and r a p id ly ,  th e re fo re  p e rm itt in g  

ex am ination  o f th e se  p ro p e r t ie s  to  be u sed  as a  ro u tin e  taxonom ic to o l .

The one b ac te riu m  which cou ld  n o t be s tu d ie d  u s in g  th e se  te ch n iq u es  
0

was lin e z is . T h is organism  co n ta in ed  a  b r ig h t  ye llow  pigm ent which 

obscured  th e  exam ination  o f  th e  co lo u r developm ent and th e  method may 

th e r e f o r e  be in a p p lic a b le  w ith  h e a v ily  pigm ented b a c te r ia .  I f  n e c e s sa ry , 

t h i s  problem  o f  p ig m en ta tio n  may be overcome by growing th e  b a c te riu m  u n d er 

c o n d itio n s  which do n o t fa v o u r pigm ent p ro d u c tio n  o r  i t  may be p o s s ib le  

to  e x t r a c t  th e  compound from to lu e n is e d  c e l l s ,  u s in g  a  so lv e n t which does 

n o t s e v e re ly  in a c t iv a te  c i t r a t e  sy n th ase .

R e su lts  have been  p re se n te d  which confirm  th e  f in d in g s  o f  o th e r  

in v e t ig a to r s ,  t h a t  th e  n u c le o tid e  i n h ib i t i o n  o f  Gram p o s i t iv e  b a c t e r i a l  

and e u c a ry o tic  c i t r a t e  sy n th ase s  i s  a  g e n e ra l n o n -s p e c if ic  in h ib i t i o n ;  i n  

a l l  c a se s  s tu d ie d  (p ig  h e a r t ,  c e r e v is ia e  and B, m egaterium ) th e  o rd e r  

o f  e f f e c t iv e n e s s  o f th e  n u c le o tid e  in h ib i to r s  i s  ATP ̂  ÆDP )  AMP ̂
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NAIH) NAPP" .̂

I t  has been dem onstrated  t h a t  a lth o u g h  v e ry  much h ig h e r  c o n c e n tra tio n s  

o f  in h ib i to r s  a re  re q u ire d , t h i s  g e n e ra l n o n -s p e c if ic  n u c le o tid e  

in h ib i t i o n  i s  a ls o  found f o r  th e  enzyme from Gram n e g a tiv e  b a c te r ia  

( a . I v o f f i  and P s . a e ru g in o sa ) . The same o rd e r  o f  e f f e c t iv e n e s s  i s  

o bserved  w ith  th e  e x ce p tio n  th a t  NADH a c ts  as an  ex trem ely  pow erful 

i n h i b i t o r  o f  th e se  enzymes. T his NADH in h ib i t i o n  i s  s p e c i f ic ;  NADHI, NA]^ 

o r  NAPP^ do n o t produce t h i s  in h ib i to r y  e f f e c t .

Weitzman and Dans on (1976) have p roposed  th a t  th e  n o n -s p e c if ic  

n u c le o t id e  i n h ib i t i o n  found f o r  a l l  c i t r a t e  s y n th a se s , l i k e  th e  g e n e ra l 

n o n -s p e c if ic  d i -  and t r i - c a r b o x y l i c  a c id  in h ib i t i o n  o f  fum arase (Massey, 

1953) ,  i s  an i s o s t e r i c  phenomenon r e s u l t in g  from th e  common s t r u c tu r a l  

f e a tu r e s  sh ared  by th e  n u c le o tid e s  and th e  s u b s t r a te  acety l-C oA . They 

showed th a t  th e re  i s  a  r e la t io n s h ip  betw een th e  s e n s i t i v i t y  to  ATP 

in h ib i t i o n  and th e  Km v a lu e  f o r  acety l-C oA . The s p e c i f ic  NADH in h ib i t i o n  

e x h ib ite d  by a l l  Gram n e g a tiv e  b a c t e r i a l  c i t r a t e  s y n th a se s , however, i s  

p ro b ab ly  an a l l o s t e r i c  mechanism. C o n sid e rab le  ev idence has been  re p o r te d  

h e re  i n  su p p o rt o f  t h i s  h y p o th e s is .

I t  h as been  shown t h a t ,  i n  a l l  cases  s tu d ie d , th e  n o n -s p e c if ic  

n u c le o t id e  i n h ib i to r s  compete w ith  th e  s u b s t r a te  acety l-C oA . F u rth erm o re , 

a  d i r e c t  r e la t io n s h ip  has been  dem onstrated  betw een th e  Km v a lu e  f o r  

acety l-C oA  and th e  Ki v a lu e s  f o r  th e  v a r io u s  n u c le o tid e  i n h i b i t o r s . I t  i s  

no tew orthy  th a t  th e  s p e c i f ic  NADH in h ib i t i o n  o f  Gram n e g a tiv e  b a c t e r i a l  

c i t r a t e  sy n th ase s  i s  n o t always co m p etitiv e  w ith  t h i s  s u b s t r a te  (F ig . 12)? 

a  f in d in g  c o n s is te n t  w ith  th e  view  th a t  t h i s  l a t t e r  in h ib i t i o n  i s  

a l l o s t e r i c .

The r e la t io n s h ip  betw een th e  Km v a lu e  f o r  acetyl-C oA  and th e  Ki 

v a lu e s  f o r  th e  n o n -s p e c if ic  n u c le o tid e  in h ib i to r s ,  prom pted a  sea rc h  o f
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th e  l i t e r a t u r e  f o r  v a lu e s  o f  th e  Ki f o r  ATP and th e  Km v a lu e s  f o r  a o e ty l -  

CoA f o r  a  la rg e  number o f  c i t r a t e  sy n th ase s ; th e se  a re  g iv en  in  T able 24 . 

P lo t t in g  o f  th e se  v a lu e s  (P ig . 51) shows th a t  th e re  i s  a  s t r i k in g  

c o r r e la t io n  betw een th e  two p a ram ete rs .

Good c o r r e la t io n  betw een th e  Km v a lu e  f o r  acetyl-C oA  and th e  Ki v a lu e  

f o r  NADH was a ls o  n o ted  f o r  th e  e u c a ry o tic  and Gram p o s i t iv e  b a c t e r i a l  

c i t r a t e  syn thases^  However, th e  r e la t io n s h ip  was n o t observed  f o r  th e  

Gram n e g a tiv e  b a c t e r i a l  enzymes in d ic a t in g  th a t  NADH had a d i f f e r e n t  mode 

o f  a c t io n  i n  th e se  c a se s .

A v a r i e ty  o f  tre a tm e n ts  o f  th e  Gram n e g a tiv e  b a c t e r i a l  enzymes g r e a t ly  

d e c re a se s  th e  e f fe c t iv e n e s s  o f  NADH as an in h ib i to r ,  whereas th e  non

s p e c i f ic  n u c le o t id e  in h ib i t i o n  o f  ATP rem ains u n a ffe c te d . T reatm ent o f  

P s . a e ru g in o sa  c i t r a t e  sy n th ase  w ith  th e  th io l- b lo c k in g  re a g en t DTND, 

a b o lis h e s  th e  in h ib i to r y  e f f e c t  o f NADH (Weitzman & Hewson, i n  p re p a ra t io n ) .  

The p resen ce  o f  0.2M KOI has th e  same e f f e c t  on th e  NADH in h ib i t i o n  o f  th e  

E. c o l i  c i t r a t e  sy n th ase  (Weitzman, 1966a ) .  I n  t h i s  work th e se  f in d in g s  

have been  confirm ed^ and m utan ts o f E. c o l i  and A. Iw o ff i have been 

i s o la t e d  which produce a  c i t r a t e  sy n th ase  which has l o s t  s e n s i t i v i t y  to  

NADH w hile  r e t a in in g  th e  g e n e ra l n o n -s p e c if ic  n u c le o tid e  in h ib i t i o n .  These 

f in d in g s  a re  c o n s is te n t  w ith  th e  view  th a t  th e  s p e c i f ic  NADH in h ib i t i o n  o f 

th e  Gram n e g a tiv e  b a c t e r i a l  enzyme i s  a l l o s t e r i c ,  w hereas o th e r  n u c le o tid e  

i n h ib i to r s  a c t  i s o s t e r i c a l l y .

The f i n a l  ev idence f o r  t h i s  h y p o th e s is  r e l i e s  on th e  method o f  

m u l t ip le - in h ib i t io n  a n a ly s is  (Y onetani & T h e o re ll ,  I 964) .  The i n t e r p r e t a t i o n  

o f  th e  r e s u l t s  o b ta in ed  from t h i s  k in e t i c  s tu d y  a re  as  fo llo w s . P a r a l l e l  

l i n e  p lo t s  in d ic a te  th a t  th e  b in d in g  o f  one in h ib i to r  t o t a l l y  ex c ludes 

th e  b in d in g  o f  a  second. A lthough i t  i s  p o s s ib le  th a t  a  la rg e  m o lecu le , 

b in d in g  a t  one s i t e ,  may s t e r i c a l l y  p rev en t th e  b in d in g  o f  a  second
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inhibitor at an independent site, the inhibitors used in' the present work 

were all relatively small and structurally related; it has been assumed 

that in this case, parallel line plots indicate that the two inhibitors 

act at the same site, thereby mutually excluding the binding of each other.

An intersecting pattern of lines indicates that the two inhibitors act 

at independent sites. This intersecting plot may be of three types. The 

binding of one inhibitor may partially interfere with the binding of the 

second (thus increasing its Ki value), or it may enhance the binding of the 
second (thereby decreasing its Ki value) or, finally, the binding of the 

two inhibitors may be totally independent and therefore the Ki value of 

each will be unaffected by the presence of the other.

Using this technique, Harford and Weitzman (1975) have shown that ATP 
inhibits eucaryotic. Gram positive bacterial and Gram negative bacterial 
citrate synthases at the same site as the inhibitor bromoacetyl-CoA. NADH 

also acts at the bromoacetyl-CoA site of the eucaryotic and Gram positive 
bacterial enzymes, but at a different site in the case of Gram negative 

bacterial citrate synthases. Furthermore, in this latter case, the Ki 
value for each inhibitor was unaffected by the presence of the second, 

thereby showing that the binding of the inhibitors is totally 

independent. However,after treating the Gram negative bacterial enzyme to 

abolish the specific NADH inhibitory response, NADH was then found to act 

at the bromoacetyl-CoA site. Bromoacetyl-CoA can act as a substrate, 

albeit a poor one, for citrate synthase and it would therefore seem 

reasonable to assume that this compound acts isosterically at the acetyl- 
CoA site. Thie being the case, the results indicate that the specific 

NADH inhibition of the Gram negative bacterial enzyme is an allosteric 

effect whereas other nucleotide inhibitions are exerted isosterically.

Clements, Wallace and Keech (197&) have recently claimed that the
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method o f  s y n th e s is in g  bromoaoetyl-CoA, a s  re p o r te d  by Chase and Tubbs 

( 1969)» i s  u n s a t i s f a c to r y .  Clements ^  (1976) found th a t  th e  p roduct

o f  s y n th e s is  r e a c t s  ch em ica lly  w ith  a  m ix tu re  o f  o x a lo a c e ta te  and DTNB a t  

i d e n t i c a l  r a t e s  i n  th e  p resen ce  o r  absence o f  enzyme; th e y  th e r e f o r e  

concluded  th a t  brom oacetyl-CoA i s  n o t th e  p ro d u c t o f  l i i i s  s y n th e s is .  The 

m ethod o f  Chase and Tubbs (19&9) h as been used  i n  t h i s  p re s e n t  work f o r  

p re p a r in g  brom oacetyl-CoA . I n  my hands, th e  p ro d u c t d id  n o t r e a c t  w ith  

th e  a ssa y  re a g e n ts  i n  th e  absence o f  enzyme. M oreover, when u sed  as  an 

i n h i b i t o r ,  th e  g r e a te r  th e  c o n c e n tra tio n  o f  bromoacetyl-CoA i n  th e  assay  

m ix tu re  th e  g r e a te r  was th e  observed in h ib i t i o n .  These f in d in g s  c o n f l i c t  

w ith  th e  p ro p o sa ls  o f  C lem ents e t  (197&) a s ,  i f  th e  r e a c t io n  were 

non-enzym ic, th e  observed  r a t e  shou ld  in c re a s e  w ith  in c re a s in g  bromo- 

acetyl-C oA  c o n c e n tra tio n . However, i t  was found th a t  th e  bromoacetyl-CoA 

r a p id ly  d ecreased  i n  c o n c e n tra tio n  and, as a  r e s u l t ,  was alw ays u sed  w ith in  

24b  o f  s y n th e s is ,  o v er which p e rio d  o f  tim e th e  compound was rea so n a b ly  

s t a b l e .  I t  i s  th e re fo re  p o s s ib le  th a t  th e  i n s t a b i l i t y  o f  t h i s  compound 

may be re s p o n s ib le  f o r  th e  d if fe re n c e  betw een r e s u l t s  o b ta in e d  by  Chase 

and Tubbs (19&9) and i n  t h i s  p re s e n t work and th o se  o b ta in e d  by Clements 

e t  a l .  (1976).

I n  co n c lu s io n , th e  h y p o th e s is  th a t  th e  g e n e ra l n o n -s p e c if ic  n u c le o tid e  

i n h ib i t i o n  o f  c i t r a t e  sy n th ase  i s  an  i s o s t e r i c  phenomenon w hereas s p e c i f ic  

NADH in h ib i t i o n  o f  Gram n e g a tiv e  b a c t e r i a l  enzyme is- a l l o s t e r i c ,  seems v e ry  

w e ll su p p o rted  by th e  f in d in g s  re p o r te d  h e r e .

I t  h as  been  found th a t  a -o x o g lu ta ra te  a c ts  a s  a  pow erfu l i n h i b i t o r  o f  

c i t r a t e  sy n th ase  from E. c o l i  and o th e r  Gram n e g a tiv e  f a c u l t a t i v e  anaerobes 

(V rig h t e t  a l . , 19^7; Weitzman & Dunmore, 1969b ) , and th a t  t h i s  i n h ib i t i o n  

i s  overcome i n  th e  p resen ce  o f 0.1M KCl, in d ic a t in g  an  a l l o s t e r i c  e f f e c t .

I n  th e  p re s e n t work, m utan ts o f  E. c o l i  have been i s o la te d  which produce
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c i t r a t e  sy n th ase s  which have l o s t  t h e i r  s e n s i t i v i t y  to  a -o x o g lu ta ra te ,  

th e re b y  p ro v id in g  f u r th e r  ev idence f o r  th e  view  th a t  a -o x o g lu ta ra te  a c ts  

a s  an  a l l o s t e r i c  i n h ib i to r .

F in a l ly ,  th e  p lo t s  from th e  m u l t ip le - in h ib i t io n  a n a ly s is  show t h a t  th e  

weak a -o x o g lu ta ra te  i n h ib i t i o n  observed  w ith  c i t r a t e  sy n th ase s  from 

e u ca ry o te s  (p ig  h e a r t )  and Gram p o s i t iv e  b a c te r i a  (B. m egaterium ) i s  

e x e r te d  a t  th e  same s i t e  as  f lu o ro -o x a lo a c e ta te  i n h ib i t i o n .  As t h i s  

f lu o r o -  d e r iv a t iv e  can  a c t  as  a  s u b s tr a te  f o r  c i t r a t e  sy n th a se , i t  would 

seem re a so n a b le  to  assume th a t  i t s  in h ib i to r y  a c t io n  i s  a t  th e  a c t iv e  s i t e .  

I n  c o n t r a s t ,  th e  pow erfu l a -o x o g lu ta ra te  i n h ib i t i o n  o f  E. c o l i  c i t r a t e  

sy n th ase  i s  e x e r te d  ait a  d i f f e r e n t  s i t e  from th a t  o f  f lu o ro -o x a lo a c e ta te  

and i s  th e re fo re  a l l o s t e r i c .  M oreover, i t  has been  shown th a t  when 

exam ining th e  in h ib i t i o n  o f  th e  E. c o l i  enzyme i n  th e  p re sen ce  o f  0.1M KCl, 

th e  r e s id u a l  weak a -o x o g lu ta ra te  i n h ib i t i o n  i s  e x e r te d  i s o s t e r i c a l l y ,  a t  

th e  f lu o r o -o x a lo a c e ta te ,  o r  a c t iv e ,  s i t e .

The su ccess  o f  m u ltip le  in h ib i t i o n  a n a ly s is  i n  th e  s tu d y  o f  th e  

mechanism o f  in h ib i t i o n s  has prom pted o th e r  w orkers i n  t h i s  la b o ra to ry  to  

ap p ly  th e  method to  o th e r  in h ib i to r s  and enzymes. Lucas and Weitzman (1977) 

have shown th a t  succinyl-C oA  a c ts  as  an a l l o s t e r i c  i n h i b i t o r  o f  c i t r a t e  

sy n th a se s  from th e  b lu e -g re e n  b a c te r ia  and H a ll and Weitzman (1977) have 

shown th a t  th e  NADH b in d in g  s i t e  o f  A, Iw o ff i a -o x o g lu ta ra te  dehydrogenase 

i s  d i s t i n c t  from th e  a -o x o g lu ta ra te  b in d in g  s i t e .  A l th o u ^  o th e r  

in v e s t ig a to r s  have u sed  t h i s  tech n iq u e  w ith  b e n e f i t  (N orth rop  & C le lan d , 

1974) ;  view  o f  th e  su ccess  o f  th e  p rocedure  i n  t h i s  la b o ra to ry ,  i t  i s  

s u r p r is in g  th a t  th e  method o f  m u l t ip le - in h ib i t io n  a n a ly s is  h as n o t found 

more w idespread  a p p l ic a t io n  in  th e  s tu d y  o f  i n h ib i t i o n  mechanisms.

S tr u c tu re - fu n c t io n  r e la t io n s h ip s  f o r  c i t r a t e  sy n th ase  have been  

proposed  from th e  r e s u l t s  o f  i n  v i t r o  s tu d ie s ;  th e  p h y s io lo g ic a l

/

/
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s ig n if ic a n c e  o f  re g u la to ry  b eh av io u r h as been proposed on th e  b a s is  o f 

th e s e  in v e s t ig a t io n s .  A d i f f e r e n t  approach h as been adopted  i n  th e  p re se n t 

work i n  which m utan ts have been  i s o la te d  which produce s t r u c t u r a l l y  

a l t e r e d  c i t r a t e  sy n th a se s . A s tu d y  o f  th e  p ro p e r t ie s  o f  th e s e  enzymes 

co u ld  re v e a l  v a lu a b le  in fo rm a tio n  concern ing  s t r u c tu r e - f u n c t io n  

r e la t io n s h ip s  and, as  th e se  enzymes a re  produced i n  v iv o , a  s tu d y  o f  th e  

ph ysio logy  o f th e se  m utan ts may p rov ide  ev idence f o r  th e  m  v iv o  s ig n if ic a n c e  

o f  th e  enzyme p ro p e r t ie s  observed  m  v i t r o .

A. s im i la r  approach  h as been  s u c c e s s fu lly  employed by o th e r  w orkers . F or 

example, Cohen ( I 969) d e sc r ib e d  th e  i s o l a t i o n  o f  a  m utant o f  E. c o l i  which 

lack ed  th e  ly s in e - s e n s i t iv e  a sp a r to k in a s e . A number o f  r e v e r t  a n ts  were 

s e le c te d  and some o f  th e se  produced an enzyme w ith  a l t e r e d  re g u la to ry  

p r o p e r t ie s ;  such r e v e r t  a n ts  were found to  overproduce, and e x c r e te , ly s in e  

in to  th e  grow th medium. S im ila r ly ,  th e  f i r s t  enzyme o f  h i s t i d i n e  b io s y n th e s is ,  

c a ta ly s in g  th e  fo rm atio n  o f  N-1 - (  5 * -p h o sp h o rib o sy l) -ATP from ATP and 

phosphoribosy l pyrophosphate^ was shown to  be a l l o s t e r i c a l l y  in h ib i t e d  by 

h i s t i d in e  under i n  v i t r o  c o n d itio n s  (M artin,Ames & G arry , I 96I ) .  Moyed 

( 1961) i s o la te d  m utan ts o f E. c o l i  which grew i n  th e  p resen ce  o f  th e  

h i s t i d in e  analogue , 2 - th ia z o le a la n in e .  These m utants were found to  produce 

an enzyme which was no lo n g e r  s e n s i t iv e  to  in h ib i t i o n  by h i s t i d i n e  and i t  

was found th a t  th e y  overproduced and e x c re te d  h i s t i d in e  in to  th e  grow th 

medium. These m utan ts p ro v id e  good evidence f o r  th e  a l l o s t e r i c  n a tu re  o f 

th e  h i s t i d i n e  in h ib i t i o n  as  i t  was dem onstrated  th a t  th e  i n h i b i t o r  s i t e  

cou ld  be l o s t  w ith o u t a f f e c t in g  a c t i v i t y .  F u rtherm ore , th e  o v e rp ro d u c tio n  

o f  h i s t i d in e  by such m utan ts s tro n g ly  in d ic a te s  th a t  h i s t i d i n e  i n h ib i t i o n  

o f  t h i s  enzyme does have a  p h y s io lo g ic a l r o le  i n  th e  r e g u la t io n  o f  

h i s t i d in e  b io s y n th e s is .  I t  was hoped th a t  a  s im i la r  r e s u l t  might  be 

o b ta in ed  w ith  m utan ts o f  c i t r a t e  sy n th ase .

0



B efore  d is c u s s in g  th e  r e s u l t s  o b ta in ed  u s in g  th e  c i t r a t e  sy n th ase  

m u tan ts , i t  i s  p e r t in e n t  to  d is c u s s  th e  s t r a te g y  f o r  t h e i r  i s o l a t i o n .  As 

no p rocedu re  cou ld  be en v isaged  th a t  would d i r e c t l y  s e le c t  f o r  m utan ts w ith  

s t r u c t u r a l l y  a l t e r e d ,  b u t n o n e th e le ss  a c t iv e ,  c i t r a t e  sy n th a se , i t  was 

n e c e s sa ry  to  adopt a  two s ta g e  approach.

The f i r s t  s ta g e  was to  i s o l a t e  m utants which had an  a l t e r e d  c i t r a t e  

sy n th ase  gene, r e s u l t i n g  i n  th e  p ro d u c tio n  o f  in a c t iv e  c i t r a t e  sy n th ase .

The n a tu re  o f  t h i s  a l t e r a t i o n ,  o r  m u ta tio n , was p re fe ra b ly  a  s in g le  base  

s u b s t i t u t io n ,  as  t h i s  would le a d  to  minimal a l t e r a t i o n  i n  th e  amino a c id  

sequence o f  th e  p r o te in  and would a lso  be th e  e a s ie s t  f o m  o f  m u ta tio n  

from  which to  o b ta in  r e v e r t  a n t s .  The subsequent s e le c t io n  o f  r e v e r t  a n ts ,  

which a g a in  produced an  a c t iv e  c i t r a t e  sy n th ase , r e l i e d  on th e  f a c t  th a t  

a  second m u ta tio n  i n  th e  c i t r a t e  sy n thase  gene may le a d  to  a  second change 

i n  th e  amino a c id  sequence o f  th e  p ro te in ,  and t h i s  may com pensate f o r  

th e  i n i t i a l  a l t e r a t i o n  th e re b y  r e s to r in g  a c t i v i t y .  However, t h i s  enzyme 

would p ro b ab ly  have a  s l i ^ t l y  a l t e r e d  amino a c id  sequence compared w ith  

t h a t  o f  th e  p a re n t enzyme; t h i s  change i n  s t r u c tu r e  may be accom panied by 

changes i n  th e  m o lecu la r and re g u la to ry  p ro p e r t ie s  o f  th e  enzyme.

The organism s u sed  i n  t h i s  p a r t  o f  th e  work were E. c o l i  and A. Iw o f f i . 

These b a c te r i a  were chosen because th e  c i t r a t e  sy n th ase s  which th e y  

produce have been  in te n s iv e ly  s tu d ie d  i n  t h i s  and o th e r  l a b o r a to r i e s .

Only Gram n e g a tiv e  b a c t e r i a l  c i t r a t e  sy n th ase s  have been  shown to  have 

a l l o s t e r i c  b in d in g  s i t e s  and t h i s  makes t h e i r  s tu d y  more c h a lle n g in g .

A. I w o f f i . a  s t r i c t  a e ro b e , has a  c i t r a t e  sy n th ase  which i s  a l l o s t e r i c a l l y  

i n h ib i t e d  by  NADH, and t h i s  in h ib i t i o n  i s  overcome by AMP (W eitzman &

Jo n e s , 1968) .  E. c o l i  i s  a  f a c u l t a t iv e  anaerobe and produces a  c i t r a t e  

sy n th ase  which i s  a l l o s t e r i c a l l y  in h ib i te d  b o th  by NADH and a-oxo

g l u t a r a t e .

I
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I t  was f i r s t  n e ce ssa ry  to  i s o l a t e  m utants o f  each organism  

d e f ic ie n t  i n  c i t r a t e  sy n th ase  a c t i v i t y .  Such m utants o f  E. c o l i  have 

been  s u c c e s s fu l ly  i s o la te d  by o th e r  w orkers (Ashworth, K om berg &

Nothmann, I 965) by s e le c t io n  f o r  g lu tam ate  auxo trophs; some o f  th e se  

s t r a i n s  have been  u sed  in  th e  p re se n t work. The s e le c t io n  method r e l i e s  

on th e  f a c t  t h a t  a  s t r a i n  la c k in g  c i t r a t e  sy n th ase  a c t i v i t y  i s  u n ab le  to  

grow on g lu co se  medium, u n le s s  supplem ented w ith  g lu tam a te , p ro l in e  o r  

a -o x o g lu ta ra te .  The p resen ce  o f  p e n ic l l in  k i l l s  on ly  grow ing b a c te r ia .

By grow ing a  c u l tu r e  o f  E. c o l i  on g lucose  minimal medium, i n  th e  p resen ce  

o f  p e n i c i l l i n ,  i t  was p o s s ib le  to  e n r ic h  th e  p o p u la tio n  w ith  re s p e c t  to  

auxo trophs as  th e se  were a b le  to  w ith s tan d  th e  b a c te r ic id a l  e f f e c t  o f 

th e  p e n i c i l l i n .  The su rv iv in g  p o p u la tio n  was sc reen ed  by r e p l i c a  p la t in g  

to  id e n t i f y  th e  g lu tam ate  auxotrophs and some o f  th e se  were found to  la c k  

c i t r a t e  sy n th ase  a c t i v i t y .  A s im i la r  method was used  i n  th e  p re s e n t  work, 

g lu tam a te  auxotrophs b e in g  e n ric h ed  by p e n i c i l l i n  tre a tm e n t o f  an  E. c o l i  

c u l tu r e  i n  su c c in a te  m inim al medium. A m utant o f  E. c o l i  was s u c c e s s fu l ly  

i s o l a t e d  which la ck ed  c i t r a t e  sy n th ase  a c t i v i t y .

When t h i s  approach was used  i n  an a ttem p t to  i s o l a t e  s im i la r  c i t r a t e  

sy n th ase  d e f ic ie n t  m utan ts o f  A. Iw o ff i i t  was n o t s u c c e s s fu l .  As a  s t r i c t  

a e ro b e , th e  dependence o f  t h i s  organism  on th e  TCA cy c le  i s  g r e a te r  th a n  

i s  th e  case  f o r  E. c o l i  and t h i s  may, in  p a r t ,  e x p la in  th e  f a i l u r e . 

M oreover, i t  was found th a t  th e  p e n i c i l l i n  enrichm ent te ch n iq u e  was n o t 

v e ry  s u c c e s s fu l w ith  t h i s  organism  as  most o f  th e  w ild  ty p e  s t r a i n  a lso  

su rv iv e d  th e  tre a tm e n t. F u r th e r  a ttem p ts  were made to  in c re a s e  th e  l e t h a l  

e f f e c t  o f  t h i s  a n t ib io t i c ,  J>y in c re a s in g  th e  p e n i c i l l i n  c o n c e n tra t io n  and 

by u s in g  a  v a r i e ty  o f  d i f f e r e n t  p e n i c i l l i n  d e r iv a t iv e s ,  b u t th e se  changes 

d id  n o t improve th e  enrichm ent p ro ced u re . An a l t e r n a t iv e  te ch n iq u e  was 

th e r e f o r e  developed which would d i r e c t l y  s e le c t  f o r  c i t r a t e  sy n th ase
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d e f ic ie n t  m u tan ts . To do t h i s ,  grow th c o n d itio n s  had to  be d ev ised  i n  

such a  way a s  to  fav o u r th e  grow th o f  m utants which la c k  c i t r a t e  sy n th ase  

a c t i v i t y  compared w ith  th e  grow th o f  th e  w ild  type  organism .

The method d ev ised  r e l i e d  on th e  l e t h a l  e f f e c t  o f  f lu o r o a c e ta te  on 

many form s o f l i f e .  P e te r s  (1952) showed th a t  f lu o r o a c e ta te  i s  m e ta b o lise d  

by th e  c e l l  to  f l u o r o c i t r a t e .  P lu o r o c i t r a te  i s  a  pow erful c o m p e titiv e  

i n h i b i t o r  o f  th e  enzyme a c o n ita s e  (P e te r s ,  1955) th u s  e f f e c t iv e ly  b lo c k in g  

th e  TCA c y c le  a t  t h i s  s te p  and cau s in g  an accum ula tion  o f  c i t r a t e .

One r e s u l t  o f  t h i s  in h ib i t i o n  may be th a t  th e  organism  i s  u n ab le  to  

s a t i s f y  i t s  req u irem en t f o r  TCA c y c le  in te rm e d ia te s ,  r e s u l t i n g  i n  th e  

c e s s a t io n  o f  grow th. However, th e  p resen ce  o f g lu tam ate  i n  th e  grow th medium 

d id  n o t overcome th e  l e t h a l  e f f e c t  o f  f lu o r o a c e ta te  on E. c o l i  w ild  ty p e .

The t o x i c i t y  o f  f lu o r o a c e ta te  may th e re fo re  be th e  r e s u l t  o f  an 

accum ula tion  o f  c i t r a t e  and f l u o r o c i t r a t e ,  which i n  tu r n  may a c t  a s  

i n h ib i to r s  o f  o th e r  enzymes, e .g .  f l u o r o c i t r a t e  has been  shown to  i n h i b i t  

s u c c in ic  dehydrogenase a c t i v i t y  i n  v i t r o  (Kun, I 969) .

Lakshmi and H e llin g  (1976) have re p o r te d  t h a t  i s o c i t r a t e  dehydrogenase 

d e f ic ie n t  s t r a i n s  o f  B. c o l i  grow on ly  v e ry  slow ly  on g lu co se  p lu s  

g lu tam a te  medium. However, f a s t  growing c o lo n ie s  may r e a d i ly  be i s o l a t e d  

and, vdien a n a ly se d , th e se  f a s t  growing m utan ts were found to  la c k  c i t r a t e  

sy n th ase  a c t i v i t y  in  a d d i t io n  to  th e  o r ig in a l  i s o c i t r a t e  dehydrogenase 

d e f ic ie n c y . These w orkers e x p la in ed  th e  r e s u l t s  by th e  f a c t  t h a t  i s o c i t r a t e  

dehydrogenase d e f ic ie n t  s t r a i n s  produce a  b u ild -u p  o f  c i t r a t e  which i s  

to x ic  to  th e  c e l l ;  th e  c i t r a t e  sy n th ase  d e f ic ie n t  s t r a i n s  cannot produce 

c i t r a t e  and th e re fo re  t h i s  to x ic  s y n th e s is  i s  overcome.

T h e re fo re , w hatever th e  to x ic  e f f e c t  o f  f lu o r o a c e ta te ,  c i t r a t e  sy n th ase  

d e f ic ie n t  m utan ts may be u n a ffe c te d  by th e  p resen ce  o f  t h i s  compound, b e in g  

u n ab le  to  co n v ert i t  to  f l u o r o c i t r a t e .  Indeed , i t  h as  been  shown th a t  when
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grown on a  m ix tu re  o f  s u c c in a te ,  g lu tam ate  and f lu o r o a c e ta te  (c o n d itio n s  

which co m ple te ly  i n h i b i t  th e  grow th o f  w ild  ty p e  E. c o l i ) c i t r a t e  

sy n thase  d e f ic ie n t  s t r a in s  o f  t h i s  organism  grow no rm ally . Two o f  th e  

f lu o r o a c e ta te  r e s i s t a n t  m utan ts o f  A. Iw o ff i th a t  were s e le c te d  were 

found to  la c k  c i t r a t e  sy n th ase  a c t i v i t y .  F o llow ing  th e  su ccess  o f  t h i s  

s e le c t io n  p ro ced u re , o th e r  in v e s t ig a to r s  i n  t h i s  la b o ra to ry  have a p p lie d  

t h i s  method to  o b ta in  f u r th e r  c i t r a t e  sy n th ase  d e f ic ie n t  m u tan ts . H arfo rd  

and Weitzman ( i n  p re p a ra t io n )  have proposed th a t  t h i s  method co u ld  be 

used to  o b ta in  c i t r a t e  sy n th ase  d e f ic ie n t  m utants o f  a  wide v a r i e ty  o f 

b a c te r ia  and even o f  e u c a ry o tic  organism s. There a re  some organism s 

however, e .g .  a e ru g in o sa , which has a  d e to x i f ic a t io n  mechanism 

vhereby i t  i s  a b le  to  h y d ro ly se  t h i s  compound re n d e rin g  i t  h a rm le ss ; 

th e re fo re  i t  may n o t be p o s s ib le  to  s e le c t  f o r  c i t r a t e  sy n th ase  d e f ic ie n t  

m utants o f  such organism s by t h i s  method.

The m u ta tio n s  g iv in g  r i s e  to  th e  c i t r a t e  sy n th ase  d e f ic ie n t  s t r a i n s  

o f  E. c o l i  and A. Iw o ff i may each be i n  one o f  two p o s s ib le  l o c i .  The 

m u ta tio n  may e i t h e r  be i n  th e  s t r u c tu r a l  gene o f  c i t r a t e  sy n th a se , 

r e s u l t in g  i n  th e  p ro d u c tio n  o f an in a c t iv e  enzyme, o r  i t  may be i n  a  

re g u la to ry  gene, th e re b y  p re v e n tin g  th e  s y n th e s is  o f  th e  o th e rw ise  a c t iv e  

enzyme. The p re s e n t work r e l i e d  on th e  i s o l a t i o n  o f  m utan ts which 

produce a  s t r u c t u r a l l y  a l t e r e d ,  in a c t iv e  enzyme; re g u la to ry  m utan ts b e in g  

o f  no d i r e c t  i n t e r e s t ,  i t  was n e ce ssa ry  to  c h a r a c te r is e  each m u tan t.

A ntibody, r a i s e d  a g a in s t  p u r i f i e d  c i t r a t e  sy n th ase  from w ild  ty p e  

A. Iw o ff i was found to  c ro s s  r e a c t  w ith  m a te r ia l  i n  th e  crude e x t r a c t s  

o f  th e  c i t r a t e  sy n th ase  d e f ic ie n t  s t r a in s  o f  t h i s  organism . T his c ro s s 

r e a c t in g  m a te r ia l  s t ro n g ly  su g g es ts  th e  p resen ce  o f  in a c t iv e  c i t r a t e  

sy n th ase  p r o te in  i n  th e se  e x t r a c t s ,  and th a t  th e  m u ta tio n  l i e s  i n  th e  

s t r u c tu r a l  gene o f  th e se  m utan ts ( P e r r in ,  Jacob & Monod, I 960) .  A ntibody
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a g a in s t  p u r i f ie d  E. c o l i  c i t r a t e  sy n th ase  was n o t a v a i la b le ,  th e re fo re  

th e  method o f  im m uno-d iffusion  cou ld  n o t be u sed  f o r  t e s t i n g  th e  m utan ts 

o f  t h i s  organism . However, i f  th e  lo c u s  o f  a  m u ta tio n  was i n  a  re g u la to ry  

gene, th e  s t r u c tu r a l  gene b e in g  u n a ffe c te d , r e v e r t  a n ts  which had 

re g a in e d  c i t r a t e  sy n th ase  a c t i v i t y  would be expected  sim ply  to  r e p a i r  

t h i s  re g u la to ry  d e fe c t ,  and th e  s t r u c tu r e  and p ro p e r t ie s  o f  th e  c i t r a t e  

sy n th ase  produced by a l l  th e se  r e v e r t  a n ts  would be id e n t i c a l  to  th o se  

o f  th e  enzyme from th e  w ild  type  organism . I t  i s  c l e a r  t h a t  t h i s  i s  no t 

th e  case  f o r  any o f  th e  c i t r a t e  sy n thase  d e f ic ie n t  s t r a i n s  o f  E. c o l i  o r  

A. Iw offi^  as  th e  enzyme produced by some o f  th e  r e v e r t  a n ts  o f  each o f  

th e s e  m utan ts e x h ib ite d  v e ry  d i f f e r e n t  p ro p e r t ie s  from th o se  o f  th e  w ild  

ty p e  organism , in d ic a t in g  th a t  m u ta tio n s  had indeed  o ccu rred  i n  th e  

s t r u c tu r a l  gene in  a l l  c a se s .

I n  o rd e r  to  e s tim a te  th e  l i k e l y  e x te n t o f  th e  change i n  amino a c id  

sequence o f  th e  a c t iv e  c i t r a t e  syn thase  from th e  r e v e r t  a n t s t r a i n s ,  i t  

was n e c e ssa ry  to  e s t a b l i s h  th e  n a tu re  o f  th e se  m u ta tio n s  be th e y  base  

s u b s t i t u t io n ,  fram e s h i f t  o r  d e le t io n .  D e le tio n  m utan ts do n o t r e v e r t  

to  produce a c t iv e  enzymes (H ayes, 1970). As r e v e r t  a n ts  which had re g a in ed  

enzyme a c t i v i t y  cou ld  r e a d i ly  be i s o la te d  from a l l  th e  c i t r a t e  sy n th ase  

d e f ic ie n t  s t r a i n s , t h e  m u ta tio n s  were 'u n l ik e ly  to  be th e  r e s u l t  o f  

d e le t io n s .  The p resen ce  o f  a lk y la t in g  a g en ts  has been  shown to  g r e a t ly  

enhance th e  freq u en cy  o f  re v e rs io n  o f  base  s u b s t i tu t io n s  b u t to  have no 

e f f e c t  on th e  re v e r s io n  o f  frame s h i f t s  (W h itf ie ld , M artin  & Ames, I 966) .  

E th y l methane su lp h o n ate  i s  an example o f  such an a g e n t, and i t  was found th a t  

th e  freq u en cy  o f  re v e r s io n  o f a l l  th e  c i t r a t e  sy n th ase  d e f ic ie n t  m utan ts 

was g r e a t ly  in c re a s e d  i n  th e  p resen ce  o f  t h i s  compound. These f in d in g s  

s t ro n g ly  in d ic a te  th a t  each c i t r a t e  sy n th ase  d e f ic ie n t  m utant i s  th e  

r e s u l t  o f  one, o r  p o s s ib ly  more, base  s u b s t i tu t io n s  i n  th e  s t r u c tu r a l
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gene f o r  th e  enzyme.

R evert a n t s ,  which had re g a in ed  c i t r a t e  sy n th ase  a c t i v i t y  were e a s i ly  

i s o l a t e d  as th e  s e le c t io n  p rocedure  in v o lv ed  th e  i s o l a t i o n  o f  p ro to 

t ro p h ic  organism s from a  background o f  g lu ta m a te - re q u ir in g  auxotrophs* A ll 

r e v e r t  a n ts  were found to  have re g a in ed  c i t r a t e  sy n th ase  a c t i v i t y .

Many r e v e r t  a n ts  were i s o la te d  from th e  c i t r a t e  sy n th ase  d e f ic ie n t  

s t r a i n s  o f  b o th  organ ism s; some o f  th e se  r e v e r t  a n ts  produced enzymes w ith  

a l t e r e d  p r o p e r t ie s .  B efo re  a  d i r e c t  com parison o f  th e  m o lecu la r p ro p e r t ie s  

o f  th e se  enzymes was u n d e rtak en , i t  was n e ce ssa ry  to  dem onstrate  t h a t  

th e  enzymes were n o t th e  p ro d u c t o f a  con tam in a tin g  so u rc e . T his 

co n tam in a tio n  cou ld  ta k e  one o f  two form s; e i t h e r  a t  th e  b a c t e r i a l  o r  

gene l e v e l .  F or exam ple, th e  r e v e r t  a n t p roducing  Type E2 enzyme cou ld  be 

a  co n tam in a tin g  A c e to b a c te r . and th a t  p roducing  Type E^^or A2 enzyme 

cou ld  be a  Gram p o s i t iv e  organism . C ontam ination  a t  th e  gene le v e l  cou ld  

be ach iev ed  i f  E. c o l i  o r  A. Iw o ff i p o sse ss  more th a n  one c i t r a t e  sy n th ase  

gene. Under la b o ra to ry  grow th c o n d itio n s  i t  may be t h a t  on ly  th e  gene 

cod ing  f o r  th e  'la rg e *  w ild  ty p e  enzyme i s  ex p re ssed . However, when t h i s  

gene i s  m uta ted  to  produce in a c t iv e  enzyme, subsequen t m u ta tio n  may 

a l t e r  a  second gene to  produce th e  'l a t e n t*  c i t r a t e  sy n th a se . Both o f  

th e se  co n tam in atio n  p o s s i b i l i t i e s  were in v e s t ig a te d .

A ll o f  th e  A. Iw o ff i r e v e r t  a n ts  were shown to  be Gram n e g a tiv e  ro d s . 

Growth c h a r a c t e r i s t i c s  o f  th e  A. Iw o ff i r e v e r t  a n ts  compared w e ll w ith  

th o se  o f  th e  w ild  ty p e  organism  and, u s in g  API i d e n t i f i c a t i o n  t e s t s ,  i t  

was shown w ith  99 «97% co n fidence  th a t  th e  r e v e r t  a n ts  were d e riv e d  from 

A. Iw o ff i  w ild  ty p e . T his i d e n t i f i c a t i o n  was f u r th e r  su p p o rted  by th e  

r e s u l t s  from th e  im m uno-dif fu s io n  t e s t s ,  from which i t  was found th a t  

th e  r e v e r t  a n t c i t r a t e  sy n th ase s  re a c te d  w ith  an tise ru m  r a is e d  a g a in s t  

th e  p u r i f i e d  enzyme fom A. Iw o ff i w ild  ty p e . The c o n c lu s io n  drawn from
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th e se  o b se rv a tio n s  was t h a t  th e  r e v e r t  a n ts  were a l l  from th e  o r ig in a l  

A. Iw o ff i s t r a i n .  F urtherm ore , th e  immuno-dif fu s io n  r e s u l t s  show th a t  th e  

enzymes produced by th e se  r e v e r t  a n ts  must have a  number o f  s t r u c tu r a l  

f e a tu r e s  i n  common w ith  th e  w ild  ty p e  enzyme, th e re b y  in d ic a t in g  th a t  th e  

gene coding  f o r  c i t r a t e  sy n th ase  i n  th e  r e v e r t  a n ts  i s  th e  same as  t h a t  

cod ing  f o r  th e  enzyme i n  th e  w ild  ty p e  organism .

The B. c o l i  r e v e r t  a n ts  were a l l  shown to  be Gram n e g a tiv e  ro d s ; t h i s  

f in d in g  was dem onstra ted  by th e  co n v en tio n a l Gram s ta in in g  p rocedu re  and 

by e le c t r o n  m icroscopy o f  th e  c e l l  w a ll. A lthough th e  e lec tro n m icro g rap h s  

a re  a  l i t t l e  a s t ig m a tic ,  th e  c h a r a c t e r i s t i c  m u lti la y e re d  a r c h i te c tu r e  o f 

Gram n e g a tiv e  b a c te r i a  cou ld  be c le a r ly  seen . API t e s t s ,  fo llo w ed  by 

com puter a s s i s t e d  i d e n t i f i c a t i o n ,  showed th a t  w ith  99 «959  ̂ co n fid en ce  th e  

r e v e r t  a n ts  were s t r a in s  o f  E. c o l i . F urtherm ore , th e  f a c t  t h a t  th e  E. c o l i  

r e v e r t  a n ts  sh ared  th e  same au x o tro p h ic  req u irem en ts  as  th e  p a re n t 

organ ism s, c le a r ly  dem onstrated  th a t  th ey  were d e riv e d  from th e  o r ig in a l  

E. c o l i  w ild  ty p e  s t r a i n s .

The c i t r a t e  sy n th ase  gene (gib A) has been  mapped i n  E. c o l i , i n  a  

p o s i t io n  c lo se  to  th e  g a la c to s e  g enes. B a c te r ia l  c o n ju g a tio n  experim ents 

have shown th a t  th e  gene cod ing  f o r  th e  c i t r a t e  sy n th ase  i n  th e  E. c o l i  

r e v e r t  a n ts  a ls o  l i e s  v e ry  c lo se  to  th e  g a la c to s e  m arker. F u rtherm ore , 

phage-m ediated  tr a n s d u c t io n  experim ents showed th a t  th e  gene lo c u s  coding  

f o r  Type E3 enzyme was com ple te ly  in d is t in g u is h a b le -  from th e  gene lo c u s  

o f  E. c o l i  w ild  ty p e  c i t r a t e  sy n th ase . M oreover,. , a l l  a tte m p ts  to  

i s o l a t e  a  recom binant s t r a i n  p roducing  b o th  a  w ild  ty p e  and a  Type E2 o r  

E3 enzyme were u n su c c e s s fu l, th e re b y  in d ic a t in g  th a t  th e  p re sen ce  o f  one 

gene t o t a l l y  excluded  th e  o th e r ;  such would be th e  case  when b o th  genes 

were a t  th e  same lo c u s .

H aving e s ta b l is h e d  th a t  th e  c i t r a t e  sy n th ase  produced by th e  r e v e r t  a n ts
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was n o t d e riv e d  from a  co n tam in a tin g  so u rce , a  com parative s tu d y  was 

made o f  th e  m o lecu la r p ro p e r t ie s  o f  th e  r e v e r t  a n t enzymes w ith  th o se  o f 

th e  c i t r a t e  sy n th ase s  from n a tu r a l ly  o c c u rr in g  organism s.

The enzymes used  i n  t h i s  work were from p ig  h e a r t  ( e u c a r y o t ic ) ,  B. 

m egaterium  (Gram p o s i t iv e  b a c te r iu m ), E. c o l i  and A, Iw o ff i  (Gram n e g a tiv e  

b a c te r ia )  and Ao. xvlinum . T his f i n a l  organism  i s  a ls o  a  Gram n e g a tiv e  

b ac te riu m , b u t one which produces a  c i t r a t e  sy n thase  w hich, a lth o u g h  o f  

th e  'la rg e *  ty p e , i s  a ty p ic a l  i n  t h a t  i t  i s  n o t in h ib i te d  by NADH.

A. Iw o ff i  w ild  ty p e  c i t r a t e  sy n th ase  has been  in te n s iv e ly  s tu d ie d  i n  

t h i s  and o th e r  l a b o r a to r i e s ,  and th e  r e s u l t s  re p o r te d  i n  th e  p re s e n t work 

a re  i n  good agreem ent w ith  p rev io u s  f in d in g s .

The enzyme h as  a  m o lecu la r w e i ^ t  o f  about 250,000and h as  been  shown 

by Johnson and Hanson (1974) to  c o n s is t  o f  fo u r  monomeric u n i t s ,  each  w ith  

a  m o lecu la r w eight o f  about 60 ,000 . O n ly .th e  te tra m e r ic  a s s o c ia t io n  has 

been  shown to  p o sse ss  c a t a l y t i c  a c t i v i t y  (Weitzman & Dans on, 1976). The 

enzyme had a  r e l a t i v e l y  h ig h  Km f o r  acetyl-C oA , was in s e n s i t iv e  to  ATP, 

b u t was p o w erfu lly  in h ib i te d  by NADH; t h i s  l a t t e r  i n h ib i t i o n  was overcome 

by th e  p resen ce  o f  AMP, as  o r ig in a l ly  observed  by Weitzman and Jo n es  ( 1968) .

Chemical m o d if ic a tio n  s tu d ie s  have su g g ested  th a t  h i s t i d i n e  may be 

im p o rtan t f o r  b o th  c a ta ly s i s  and r e g u la t io n  by NADH ( i r e d a le  & Weitzman, 

i n  p r e p a r a t io n ) .  S tu d ie s  w ith  th e  th io l- b lo c k in g  re a g en t DTNB d id  n o t 

im p lic a te  a  su lp h y d ry l group i n  e i t h e r  fu n c tio n  , b u t i n a c t iv a t io n  w ith  

HgClg d id  im p lic a te  t h i s  group i n  a c t i v i t y  (p .D .J .  Weitzman, p e rso n a l 

com m unication). I t  may w e ll be th a t  w hile  th e  su lp h y d ry l group i s  

a c c e s s ib le  f o r  HgClg, th e  p ro te in  s t r u c tu r e  p r o te c ts  t h i s  group from  th e  

much l a f g e r  re a g e n t, DTNB.

The A. Iw o ff i r e v e r t  a n ts  i s o la te d  produced c i t r a t e  sy n th ase s  o f  two 

ty p e s . The f i r s t .  Type A1, had p ro p e r t ie s  v e ry  s im i la r  to  th e  w ild  type

/

/
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c i t r a t e  sy n th ase . However, th e  second ty p e  o f  r e v e r t  a n t produced an 

enzyme w ith  a  much low er m o lecu la r w eight o f  about 100,000, presum ably 

a  d im eric  a s s o c ia t io n  o f  s u b u n its . The c a t a ly t i c  and r e g u la to ry  p ro p e r t ie s  

in v e s t ig a te d  showed th a t  th e  enzyme had a  Km v a lu e  f o r  acetyl-C oA  s im i la r  

to  t h a t  o f  th e  w ild  ty p e  enzyme, was in s e n s i t iv e  to  ATP and, fu r th e rm o re , , 

was n o t in h ib i te d  by NADH.

I n  view  o f  th e  chem ical m o d if ic a tio n  r e s u l t s  ach ieved  w ith  th e  w ild  

ty p e  enzyme, th e  f a c t  t h a t  some o f  th e  r e v e r t  a n t c i t r a t e  sy n th ase s  were 

in a c t iv a te d  by tre a tm e n t w ith  DTNB was n o t a l to g e th e r  s u r p r is in g .  As 

p re v io u s ly  d is c u s se d , a l t h o u ^  th e  w ild  type  enzyme i s  n o t a f f e c te d  by 

DTNB, n o n e th e le s s , su lp h y d ry l groups have been  im p lic a te d  i n  a c t i v i t y  

by tre a tm e n t w ith  o th e r  re a g e n ts .  T h e re fo re , th e  r e v e r t  a n t enzymes which 

a re  in a c t iv a te d  by DTNB may have a  s l i g h t l y  a l t e r e d  s t r u c tu r e  re n d e r in g  

th e  su lp h y d ry l groups more a c c e s s ib le  to  t h i s  compound.

The E. c o l i  w ild  ty p e  c i t r a t e  sy n th ase  has a lso  been  in te n s iv e ly  

in v e s t ig a te d  i n  a  number o f  l a b o r a to r i e s .  The a c t iv e  enzyme h as a  

m o lecu la r w eight o f  about 230,000  and c o n s is ts  o f  fo u r  i d e n t i c a l  s u b u n its ,  

each h av in g  a  m o lecu la r w eight o f  about 60,000 (Danson & Weitzman, 1973)• 

Many m o lecu la r forms have been  re p o r te d  f o r  th e  enzyme. W right and Sanwal 

( 1971) have dem onstra ted  t h a t ,  betw een pH 8 .0  and 9 •5» th e  enzyme e x i s t s  

a s  a  monomer , te tra m e r  and octam er, a l l  forms e x is t in g  i n  a  dynamic 

e q u ilib r iu m . Tong and Duckworth (1975) have a ls o  shown th a t  d im eric  and 

hexam eric form s a re  fav o u red  u n der c e r t a in  c o n d itio n s . I n  s p i te  o f  t h i s  

d iv e r s i ty  i n  m o lecu la r s p e c ie s ,  on ly  th e  te tra m e r ic  a s s o c ia t io n  has  been  

shown to  p o sse ss  c a t a l y t i c  a c t i v i t y  (W right & Sanwal, 1971; Danson & 

Weitzman, 1973).

I n  th e  p re s e n t work, th e  m o lecu la r and r e g u la to ry  p ro p e r t ie s  o f  E. c o l i  

w ild  ty p e  c i t r a t e  sy n th ase  have been  s tu d ie d , and th e  r e s u l t s  o b ta in e d
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a re  i n  v e ry  good agreem ent w ith  th o se  o f  o th e r  w orkers. S u b s tra te

dependences were s igm oidal w ith  h ig h  Sq ^ v a lu e s  f o r  b o th  acetyl-C oA

and o x a lo a c e ta te .  The enzyme was in s e n s i t iv e ,  to  ATP b u t p o w erfu lly

in h ib i te d  by b o th  NADH and a -o x o g lu ta ra te ,  th e se  l a t t e r  in h ib i t i o n s

b e in g  overcome by th e  p re sen ce  o f  0.1M KCl. The enzyme was r a p id ly

in a c t iv a te d  by DTNB, im p lic a t in g  a  su lp h y d ry l group i n  a c t i v i t y ;  t h i s

in a c t iv a t io n  was co m ple te ly  overcome by th e  p resen ce  o f  O.ImM o x a lo a c e ta te .

T his DTNB in a c t iv a t io n  made d e te rm in a tio n  o f  enzyme r a t e ,  a t  low

o x a lo a c e ta te  c o n c e n tra tio n , v e ry  d i f f i c u l t .  T h e re fo re , when d e te rm in in g

th e  S_ q v a lu e  f o r  o x a lo a c e ta te ,  th e  p e la ro g ra p h ic  a ssa y  p ro ced u re  was u . p
employed (Weitzman, 1969b ) , th e re b y  o b v ia tin g  th e  need f o r  DTNB.

A ctiv e  enzyme c e n t r i f u g a t io n  o f  th e  w ild  type  enzyme showed th a t  th e  

te t r a m e r ic  form was a c t iv e .  P o lyacry lam ide  g e l e le c tro p h o r e s is  showed 

t h a t ,  a t  pH 8 . 9 , th e re  were th r e e  m o lecu la r forms o f  th e  enzyme/ presum ably 

th e  monomer, te tra m e r  and octam er observed  by W right and Sanwal ( l9 7 l )  and 

Danson and Weitzman (1973).

The E. c o l i  r e v e r t  a n t c i t r a t e  sy n th ase s  f e l l  in to  th re e  d i s t i n c t  

g ro u p s.

Type E l: * la rg e * , w ith  k in e t i c  and re g u la to ry  c h a r a c t e r i s t i c s  s im i la r  

to  w ild  ty p e  E. c o l i  enzyme.

Type E2: * la rg e  *, b u t o th e rw ise  l i k e  th e  * sm all * c i t r a t e  sy n th ase  i n  

k in e t i c  and re g u la to ry  p r o p e r t ie s .

Type E3; * sm all *, w ith  k in e t i c  and re g u la to ry  p ro p e r t ie s  ty p ic a l  o f 

* sm all * c i t r a t e  sy n th ase .

I t  i s  rem arkable  th a t  t h i s  fam ily  o f  enzyme ty p es  i n  f a c t  resem bles 

th o se  o c c u rr in g  n a tu r a l ly  i n  d iv e rse  b a c te r i a  -  i . e .  E. c o l i , A c e to b a c te r  

and Gram p o s i t iv e  b a c te r i a  r e s p e c t iv e ly .  Whereas th e  Type El enzymes show 

sigm oida l s u b s t r a te  dependences, a  h ig h  Sq ^ v a lu e  f o r  acety l-C oA , a re



in s e n s i t iv e  to  ATP b u t a re  s e n s i t iv e  to  a l l o s t e r i c  i n h ib i t i o n  by NADH 

and a -o x o g lu ta ra te ,  th e  TypeE2 and E3 enzymes show h y p e rb o lic  s u b s tr a te  

dependences, a  low Km v a lu e  f o r  acetyl-C oA , a re  s e n s i t iv e  to  ATP in h ib i t i o n  

b u t in s e n s i t iv e  to  a l l o s t e r i c  in h ib i t i o n  by NADH and a -o x o g lu ta ra te .

Some o f  th e  p ro p e r t ie s  o f  a l l  E. c o l i  m utant c i t r a t e  sy n th ase s  were 

s im i la r  to  th o se  o f th e  w ild  ty p e  enzyme. I t  was found, u s in g  po lyacry lam ide  

g e l  e le c t ro p h o r e s is ,  t h a t  Type E1, E2 and E3 enzymes a l l  e x is te d  as  th re e  

d i s t i n c t  m o lecu la r form s a t  pH 8 . 9 . A lthough i t  was n o t p o s s ib le  to  

d e term ine  th e  m o lecu la r w eight o f each enzyme s p e c ie s ,  th e se  th re e  forms 

may w ell be th e  monomer, te tra m e r  and octam er observed  f o r  th e  w ild  type  

enzyme. T his m u l t i p l i c i t y  o f  enzyme forms co m p lica te s  th e  i n t e r p r e t a t i o n  

o f  r e s u l t s  f o r  th e  Type E3 enzyme. At pH 8 .0 ,  t h i s  enzyme has on ly  one 

a c t iv e  s p e c ie s ,  a  * sm all* enzyme w ith  a  m o lecu la r w eight co rresp o n d in g  

to  a  d im er. However, a t  pH 8 . 9 , t h i s  dim er may n o t be p re s e n t ,  su g g es tin g  

th a t  a t  t h i s  pH v a lu e  th e  d im eric  a s s o c ia t io n  i s  n o t fav o u red . F u rth erm o re , 

th e  ev idence su g g es ts  th e  p resen ce  o f  a  te t r a m e r ic  form a t  pH 8 .9 ; as 

t h i s  form was n o t observed  as an a c t iv e  s p e c ie s  a t  pH 8 .0  i t  must be 

concluded, t h a t  a t  t h i s  pH, e i t h e r  th e  te tra m e r  was n o t formed o r ,  th a t  

i f  p r e s e n t ,  t h i s  a s s o c ia t io n  o f  su b u n its  does n o t r e s u l t  i n  an  a c t iv e  

enzyme.

As d e sc r ib e d  e a r l i e r ,  E. c o l i  w ild  ty p e  enzyme i s  r a p id ly  in a c t iv a te d  

vdien in c u b a ted  w ith  th e  th io l - b lo c k in g  re a g e n t DTNB. The in a c t iv a t io n  i s  

p rev en ted  i n  th e  p resen ce  o f  o x a lo a c e ta te , th e re b y  im p lic a t in g  a  su lp h y d ry l 

group as  im p o rtan t i n . t h e  a c t iv e  s i t e .  S im ila r  r e s u l t s  were o b ta in e d  f o r  

a l l  th re e  r e v e r t  a n t enzyme ty p e s , b u t th e  in a c t iv a t io n  was v e ry  much 

more ra p id  f o r  th e  Type E2 and E3 enzymes, su g g e s tin g  th a t  th e  a l t e r a t i o n  

i n  p r o te in  s t r u c tu r e  o f  th e se  c i t r a t e  sy n th ase s  r e s u l t s  i n  g r e a te r  

a c c e s s i b i l i t y ,  o r  r e a c t i v i t y ,  o f  th e  su lp h y d ry l g roups.
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The a l l o s t e r i c  in h ib i t i o n  o f  c i t r a t e  sy n th ase  by NABH i s  r e s t r i c t e d  

to  th e  Gram n e g a tiv e  b a c t e r i a l  enzymes (Weitzman & Jo n es , I 968) w hich 

su g g es ts  th a t  th e  NADH s i t e  may o n ly  be found on th e  te tr a m e r ic  s p e c ie s .  

Thermal in a c t iv a t io n  s tu d ie s  were c a r r ie d  ou t on th e  Type E1, E2 and E3 

enzymes and E. c o l i  w ild  type  c i t r a t e  sy n th ase  to  determ ine  w hether th e  

NADH s i t e  i s  a b sen t from th e  Type E2 and E3 enzymes, o r  w hether th e re  

a re  any v e s t ig e s  o f  t h i s  s i t e ,  a l b e i t  w ith  a  d e f ic ie n t  tra n sd u c in g  system  

f o r  m odu la ting  c a t a l y t i c  a c t i v i t y .

The therm al s t a b i l i t y  o f  E. c o l i  w ild  ty p e  c i t r a t e  sy n th ase , i n  th e  

p resen ce  o f e f f e c to r  m o lecu les , p a r a l le l e d  th e  r e g u la to ry  b e h av io u r o f  

t h i s  enzyme. The a l l o s t e r i c  i n h i b i t o r ,  NADH, a ffo rd e d  c o n s id e ra b le  

p ro te c t io n  o f  th e  enzyme a g a in s t  th erm al i n a c t iv a t io n .  D iis  e f f e c t  was 

s p e c i f ic  f o r  NADH) NADEH, NADP  ̂ o r  NAD  ̂ a ffo rd e d  no such p ro te c t io n .  

F u rth erm o re , th e  p resen ce  o f  0.1M KCl, which a b o lish e s  th e  a l l o s t e r i c  

in h ib i t i o n  by NADH, was a ls o  found to  overcome t h i s  enhanced th e rm al 

s t a b i l i t y .  S im ila r  s tu d ie s  w ith  Type E3, 'sm a ll* , c i t r a t e  sy n th a se , from 

K1.1.4*R7> showed th a t  th e  th erm al in a c t iv a t io n  o f  t h i s  enzyme was 

m arkedly in c re a s e d  i n  th e  p resen ce  o f  NADH; t h i s  e f f e c t  was s p e c i f i c ,  

NADPH, NADP"*” o r  NAD**” h av in g  l i t t l e  o r  no e f f e c t .  F u rtherm ore , th e  p resen ce  

o f  0.1M KCl was shown to  com ple te ly  overcome t h i s  NADH e f f e c t .  T h e re fo re , 

i t  ap p ears  th a t  a  s p e c i f ic  s i t e  e x i s t s  on th e  d im eric  enzyme, and th e  

b in d in g  o f  NADH to  t h i s  s i t e  produces a  co n fo rm atio n a l change in  th e  

p r o te in  which h e re  r e s u l t s  in  an  in c re a s e d  h e a t l a b i l i t y  o f  th e  enzyme.

The s i m i l a r i t y  o f  th e  r e s u l t s  f o r  th e  Type E3 enzyme and th e  E. c o l i  

w ild  ty p e  c i t r a t e  sy n th ase  su g g es ts  t h a t  th e  a l l o s t e r i c  b in d in g  s i t e  f o r  

NADH may s t i l l  be p re s e n t on t h i s  d im eric  enzyme s p e c ie s , b u t t h a t  b in d in g  

o f  NADH to  t h i s  s i t e  produces a  co n fo rm atio n a l change which does n o t 

m a n ife s t i t s e l f  by in h ib i t i o n  o f  c a t a l y t i c  a c t i v i t y .
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S im ila r  experim en ts d id  n o t in d ic a te  th e  p resen ce  o f  s p e c i f ic  

b in d in g  s i t e s  f o r  NADH and a -o x o g lu ta ra te  on o th e r  Type E3 o r  E2 enzymes. 

T h is was e i t h e r  because  th e  b in d in g  s i t e s  were com ple te ly  ab se n t from 

th e se  enzymes, o r  th e  b in d in g  o f  th e se  compounds does n o t  

s ig n i f i c a n t ly  a f f e c t  th e  th erm al s t a b i l i t y  o f  th e se  c i t r a t e  sy n th a se s .

I t  seems p e c u l i a r  th a t  th e  's m a l l ' enzyme, a t  pH 8 .0 ,  does no t 

a s s o c ia te  in to  an a c t iv e  te tra m e r . T his f in d in g  i s  p a r t i c u l a r l y  

i n t e r e s t i n g  in  view  o f  th e  f a c t  th a t  g e l e le c tro p h o r e s is  o f  th e  'sm all ' 

enzyme shows what ap p ears  to  be a  te t r a m e r ic  s p e c ie s . I t  must th e re fo re  

b e , t h a t  a t  pH 8 .0 ,  e i t h e r  th e  fo rm atio n  o f  a  te tra m e r  i s  n o t favoured  

o r ,  t h a t  i f  th e  te tra m e r  does e x i s t ,  i t  i s  n o t c a t a l y t i c a l l y  a c t iv e .

To s tu d y  th e  a s s o c ia t io n  o f  th e  d im eric  u n i t s  in to  te t r a m e rs ,  l ig a n d -  

induced  a s s o c ia t io n  was a ttem p ted , u s in g  o x a lo a c e ta te  a s  th e  l ig a n d . At 

pH 8 .0 , in  th e  p resen ce  o f  o x a lo a c e ta te ,  th e  dim er was found to  a s s o c ia te  

in to  an a c t iv e  te tra m e r ; th e  c a t a l y t i c  and r e g u la to ry  p r o p e r t ie s  o f 

t h i s  enzyme d id  n o t d i f f e r  s ig n i f i c a n t ly  from th e  d im er. F u rtherm ore , i t  

was found th a t  t h i s  a s s o c ia t io n  was r e v e r s ib le ;  i f  o x a lo a c e ta te  was removed 

by d i a l y s i s ,  th e  enzyme reassum ed i t s  d im eric  form .

L igand-induced  a s s o c ia t io n - d is s o c ia t io n  has been  observed  f o r  o th e r

enzymes, e .g .  CTP s y n th e ta se  from E. c o l i  h as a  m o lecu la r w eight o f

2+about 200,000 in  th e  p resen ce  o f  a  m ix tu re  o f  ATP, UDP and Mg b u t 

o f  about 100,000 i n  i t s  absence (L e v itz k i & K oshland, 1970). I n  f a c t ,  

th e se  w orkers have proposed  th a t  t h i s  phenomenon may se rv e  a s  a  u s e f u l  

p ro p e r ty  i n  th e  p u r i f i c a t i o n  o f  such enzymes. A method s im i la r  to  th a t  

v h ich  th e y  d e sc r ib e d  was ,used in  th e  p re s e n t work in  an  a tte m p t to  p u r if y  

th e  Type E3 enzyme ( r e s u l t s  n o t re p o r te d  h e r e ) .  The method in v o lv ed  th e  

passage  o f  a  c e l l - f r e e  e x t r a c t  th rough  a  Sephadex G-200 column in  th e  

p re sen ce  o f  o x a lo a c e ta te  ( i . e .  w ith  th e  enzyme i n  i t s  te t r a m e r ic  fo rm ).



The poo led  f r a c t io n s ,  c o n ta in in g  on ly  'la rg e *  p r o te in s ,  were c o l le c te d  

and ammonium su lp h a te  added to  p r e c ip i t a t e  th e  p ro te in .  T h is p r e c ip i t a t e  

was resuspended  and d ia ly s e d  to  remove o x a lo a c e ta te ; th e  enzyme, now in  

i t s  d im eric  form , was a g a in  passed  th rough  a  Sephadex G-200 column, b u t 

i n  th e  absence o f  o x a lo a c e ta te . I n  t h i s  way, a  p u r i f i c a t i o n  o f  1 0 0 -fo ld  

was ach iev ed  w ith  a  f i n a l  reco v ery  o f  99̂ .

Of th e  lig a n d s  t e s t e d ,  on ly  o x a lo a c e ta te  produced t h i s  lig a n d -in d u c e d  

a s s o c ia t io n ;  ATP, NADH, a -o x o g lu ta ra te  o r  acetyl-C oA  had no e f f e c t  on th e  

m o lecu la r s iz e  o f  th e  enzyme.

The su b u n it com position  o f  a  number o f  c i t r a t e  sy n th ase s  h as  been  , 

s tu d ie d . The 's m a l l ' enzymes, from eu ca ry o te s  and Gram p o s i t iv e  b a c te r i a ,  

a re  d im ers, and th e  ' l a r g e '  enzymes, from Gram n e g a tiv e  b a c t e r i a ,  a re  

te tra m e rs . The m o lecu la r w eight o f  th e  monomeric su b u n it o f .  b o th  ' l a r g e '  

and 's m a l l ' enzymes h as been  shown to  be about 60,000 (Shepherd & G arland , 

1969; V rig h t & Sanwal, 1971; Danson & Weitzman, 1973). On th e  b a s is  o f 

th e  s im i l a r i t y  i n  th e  m o lecu la r w eigh ts o f  a l l  th e  s u b u n its ,  i t  i s  

c o n ce iv ab le  t h a t  a l l  c i t r a t e  sy n th ase s  a re  composed o f  v e ry  s im i la r  

monomeric u n i t s .  Ind eed , S re re  (1972) has claim ed a  s t r i k i n g  s i m i l a r i t y  

i n  th e  amino a c id  com positions o f  's m a l l ' ,  mammalian, and ' l a r g e ' ,  E. c o l i  

w ild  ty p e  c i t r a t e  s y n th a se s . No obvious s i m i l a r i t i e s  were observ ed  

by Weitzman and Danson (1976) when th e y  re p e a te d  th e  com parison w ith  

t h e i r  d a ta .  However, t h i s  r e s u l t  does n o t d isco u n t th e  p o s s i b i l i t y  th a t  

th e re  may be e x te n s iv e  a re a s  o f  homology i n  th e se  two enzymes, e s p e c ia l ly  

i n  th e  fu n c t io n a l  re g io n s  o f  s u b s t r a te  b in d in g  s i t e s ,  e .g .  as found f o r  

s e v e ra l  a ld o la s e s  (G ibbons, Anderson & Perham, 1970), and f o r  a  number o f  

ch lo ram phen ico l a c e ty l - t r a n s f e r a s e s  (W.V. Shaw, p e rso n a l com m unication).

The s tu d ie s  on th e  r e v e r t  a n t enzymes from A. Iw o ff i and E. c o l i  show 

t h a t  th e  te t r a m e r ic  form o f  th e  Gram n e g a tiv e  b a c t e r i a l  c i t r a t e  sy n th ase s

I

!

/
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i s  n o t a  p r e - r e q u i s i t e  f o r  t h e i r  a c t i v i t y ;  w ith  on ly  v e ry  m inor changes 

i n  amino a c id  sequence an  a c t iv e  dim er i s  r e a d i ly  o b ta in e d . M oreover, th e  

f a c t  t h a t  r e v e r t  a n ts  which produce an  a c t iv e  monomer have n o t been  i s o l a t e d  

does su g g est t h a t  a t  l e a s t  th e  d im eric  a s s o c ia t io n  i s  n e c e ssa ry  f o r  a c t i v i t y ;  

t h i s  view  i s  su p p o rted  by th e  f a c t  t h a t  no n a tu r a l ly  o c c u rr in g  monomeric 

c i t r a t e  sy n th ase  h as been  re p o r te d .

The i s o l a t i o n  o f  r e v e r t  a n ts ,  o f  b o th  A. Iw o ff i and E. c o l i , which 

produce a c t iv e  enzymes t h a t  a re  in s e n s i t iv e  to  NADH in h ib i t i o n ,  f u r th e r  

confirm s th e  view  th a t  NADH i s  an a l l o s t e r i c  i n h i b i t o r  o f Gram n e g a tiv e  

b a c t e r i a l  c i t r a t e  sy n th a se s . S im ila r ly , E. c o l i  r e v e r ta n ts  have been i s o l a t e d  

\d iich  produce an enzyme th a t  i s  in s e n s i t iv e  to  a -o x o g lu ta ra te ,  th e re b y  

su p p o rtin g  th e  view  th a t  t h i s  compound to o  i s  an a l l o s t e r i c  i n h i b i t o r  

o f  th e  enzyme from  Gram n e g a tiv e  f a c u l t a t iv e  an ae ro b es.

E. c o l i  r e v e r t  a n ts  p roducing  Type E2 and E5 enzymes were unab le  to

grow on a c e ta te .  The f u r th e r  i s o l a t i o n  o f  m utan ts o f  th e se  r e v e r t  a n t^  

which had re g a in ed  th e  a b i l i t y  to  grow on a c e ta te ,  showed th a t  th e  Type 

E2 and E3 gene cou ld  be r e a d i ly  co n v erted  to  a  Type El gene.

I t  ap pears  th e r e f o r e ,  th a t  w ith  o n ly  m inor a l t e r a t i o n s  i n  th e  amino

a c id  sequence o f  th e  enzyme from E. c o l i  and A. Iw o f f i , f a m il ie s  o f  enzymes 

may be o b ta in e d  w ith  many d i f f e r e n t  p r o p e r t ie s .  The in te r r e la t io n s h ip s  

o f  th e se  enzyme forms a re  i l l u s t r a t e d  i n  P ig . 52. The f a c t  th a t  th e  

p ro p e r t ie s  o f  th e se  enzymes c lo s e ly  resem ble th o se  o f  n a tu r a l ly  o c c u rr in g  

c i t r a t e  sy n th ase s  su g g es ts  t h a t  t h i s  in v e s t ig a t io n  may have p a r a l le l e d  

th e  e v o lu tio n a ry  p a th  by which one c i t r a t e  sy n th ase  developed from o th e r s .

I t  i s  c le a r  th a t  a  d e ta i le d  s tu d y  o f  th e  amino a c id  sequence o f  n a tu r a l ly  

o c c u rr in g , and rev e rtan t^  enzymes cou ld  g iv e  v a lu a b le  in fo rm a tio n  co n cern in g  

th e  degree  o f  homology in  d i f f e r e n t  c i t r a t e  s y n th a se s , th e  groups in v o lv ed  

in  su b u n it a s s o c ia t io n ,  a l l o s t e r i c  in h ib i t i o n  s i t e s  and a c t iv e  s i t e s  o f
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*l a r g e ’

Aoi" in h ib i te d  by NADH 

(ïÿpe ^  r e v e r ta n t )

(E.. c o l i  w ild  ty p e , iÿpe  El r e v e r t a n t )  
’l a r g e ’

1 I
in h ib i te d  by NADH 

►

sm sm

in a c t iv e  enzyme

( e .g .  AB 1623)

sm

+ o x a lo a c e ta te

Tÿpe E3 r e v e r ta n t  
-  o x a lo a c e ta te
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’ sm all ’

sm

T  n o t in h ib i te d  by NADH 

(iÿpe E3 r e v e r ta n t )

(a . Iw o ff i w ild  ty p e . Type A1 r e v e r ta n t )  

’l a r g e ’ 
in h ib i te d  by NADH

sm sm

in a c t iv e  enzyme 

(UB-CS1, UB-CS2)

sm

’ sm all ’ 

n o t in h ib i te d  by NADH 

(üÿpe A2 r e v e r ta n t )

P ig . ^2 : I n te r r e la t io n s h ip s  o f  th e  w ild  ty p e  and r e v e r ta n t  enzymes

a . R e la tio n sh ip s  o f  E. c o l i  s t r a in s
b .  R e la tio n sh ip s  o f  A. Iw o ff i s t r a in s  
sm, spontaneous m u ta tio n .
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th e  enzyme.

F u r th e r  ev idence to  su g g est a  h i ^  degree o f  homology i n  th e  c i t r a t e  

sy n th ase  s t r u c tu r e ,  from d i f f e r e n t  b a c te r i a ,  was p ro v id ed  by th e  t r a n s 

fo rm atio n  s tu d ie s  w ith  A. I w o f f i . I t  was found th a t  one c i t r a t e  sy n th ase  

d e f ic ie n t  s t r a i n  o f A. Iw o ff i  was tran sfo rm ed , a t  a  hÿgh freq u en cy , i n  th e  

p re sen ce  o f  P s . a e ru g in o sa  DM, to  re g a in  c i t r a t e  sy n th ase  a c t i v i t y .  I t  

was found th a t  th e  c i t r a t e  sy n th ase  produced by th e  tra n s fo rm a n ts  n e i th e r  

r e a c te d  w ith  an tib o d y  r a is e d  a g a in s t  A. Iw o ff i w ild  ty p e  c i t r a t e  sy n th ase , 

n o r  d id  i t  lo s e  NADH s e n s i t i v i t y  when t r e a te d  w ith  DTNB. The c o n c lu s io n  

must be t h a t  th e  ^  a e ru g in o sa  DNA has recom bined w ith  p a r t  o f  th e  A. Iw o ff i 

c i t r a t e  sy n th ase  gene, r e s u l t i n g  in  th e  p ro d u c tio n  o f  an  a c t iv e  enzyme, 

b u t one which h as s i m i l a r i t i e s  to  b o th  th e  P s . a e ru g in o sa  and A. Iw o ff i 

c i t r a t e  sy n th a se s . T h e re fo re , some p a r t i a l  DNA sequence homology i s  

in d ic a te d  betw een th e  A. Iw o ff i  and P s . a e ru g in o sa  c i t r a t e  sy n th ase  genes. 

T ran sfo rm atio n  o f c i t r a t e  sy n th ase  d e f ic ie n t  s t r a in s  o f  A. Iw o ff i  w ith  

DNA from o th e r  b a c te r i a  h as n o t y e t  been ach iev ed , how ever, u s in g  t h i s  

same tech n iq u e  i t  may be p o s s ib le  to  e s ta b l i s h  f u r th e r  hom ologies. 

F u rth erm o re , t h i s  same m ethod, o r  a  m o d if ic a tio n  o f i t ,  may make i t  

p o s s ib le  to  s tu d y  hom ologies betw een th e  E. c o l i  gene and th o se  o f  

r e l a t e d  and u n re la te d  g en e ra .

A ll in v e s t ig a t io n s  so f a r  d isc u sse d , have been  c a r r ie d  ou t i n  v i t r o  

u s in g  c e l l - f r e e  e x t r a c t s .  The p h y s io lo g ic a l s ig n if ic a n c e  o f  th e se  i n  

v i t r o  o b se rv a tio n s  rem ains u n c e r ta in ,  and th e  m  v iv o  s ig n if ic a n c e  o f  th e  

r e g u la to ry  b eh av io u r , i n  p a r t i c u l a r ,  i s  a  c h a lle n g in g  problem .

The i n h ib i t i o n  o f  y e a s t  c i t r a t e  sy n th ase  by ATP (Hathaway & A tk inson , 

1965) ,  was in te r p r e te d  a s  a  n e g a tiv e  feedback  mechanism f o r  r e g u la t in g  

th e  a c t i v i t y  o f  th e  i n i t i a l  enzyme o f  a  pathway by an u l t im a te  e n d -p ro d u c t. 

The f in d in g  th a t  ADP and AMP a ls o  in h ib i te d  th e  enzyme, a lth o u g h  to  a
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l e s s e r  e x te n t ,  su g g ested  th a t  i t  m ight he th e  r e l a t i v e  c o n c e n tra tio n s  

o f  th e se  i n h ib i to r s  t h a t  de term ined  th e  a c t i v i t y  o f  c i t r a t e  sy n th ase  in  

v iv o ; t h i s  id e a  has su b seq u en tly  been  developed in to  th e  ’energy  c h a rg e ’ 

concep t (A tk inson , 1968).

Many o th e r  c i t r a t e  sy n th ase s  have been  shown to  be in h ib i te d  by ATP, 

and a ls o  by a  number o f  o th e r  n u c le o t id e s .  T h is g e n e ra l n o n -s p e c if ic  

n u c le o t id e  in h ib i t i o n  i s  i s o s t e r i c ;  th e  in h ib i to r s  a c t in g  c o m p e titiv e ly  

w ith  acety l-C oA  I s o s t e r i c  in h ib i t i o n  may o f te n  be an a r t e f a c t  o f  th e  in  

v i t r o  a ssa y  c o n d itio n s ;  i n  v iv o , th e  c o n c e n tra tio n  o f e f f e c to r  may n ev er 

re a ch  a  l e v e l  s u f f i c i e n t  to  cause a  s ig n i f i c a n t  i n h ib i t i o n .  U sing 

p e rm e a b ilise d  c e l l s ,  Weitzman and Hews on (1973) have t r i e d  to  s im u la te  

th e  i n  v iv o  c o n d itio n s  o f  th e  enzyme in  y e a s t  c e l l s ;  Reeves and S o ls  (1973) 

have su g g ested  th e  term  i n  s i t u  to  d e sc r ib e  such a  system . I n  f a c t ,  Weitzman 

and Hewson (1973) found th a t  th e  p ro p e r t ie s  o f  th e  enzyme i n  s i t u  

d i f f e r e d  c o n s id e ra b ly  from th o se  o f  th e  i s o la t e d  enzyme ; th e  most 

im p o rtan t d if f e r e n c e s  b e in g  i t s  ap p aren t la c k  o f  s e n s i t i v i t y  to  ATP 

accompanying an in c re a s e  i n  th e  Km v a lu e  f o r  acetyl-C oA  from f o r  

i s o l a t e d  enzyme to  SOOpM f o r  th a t  i n  p e rm e ab ilise d  c e l l s .  F u rtherm ore , 

i t  h as been  dem onstrated  t h a t  p h y s io lo g ic a l c o n c e n tra tio n s  o f  Mĝ "*̂  a b o lis h  

ATP in h ib i t i o n  o f  c i t r a t e  sy n th ase  (K osick i & Lee, I 966) ;  t h i s  i s  p ro b ab ly  

due to  th e  c h e la t io n  o f  th e  c a t io n  by th e  pyrophoshate  group o f  ATP, 

r e s u l t i n g  i n  a  weakened in te r a c t io n  o f  th e  n u c le o tid e  w ith  th e  b in d in g  

s i t e  on th e  enzyme. I n  o rd e r  to  a s s e s s  th e  s ig n if ic a n c e  o f  ATP in h ib i t i o n  

o f  c i t r a t e  sy n th a se . G arland  e t  a l . ( 1969) ,  u s in g  r a t  l i v e r  m ito ch o n d ria , 

o b ta in e d  r e s u l t s  c o n s is te n t  w ith  th e  view  th a t  ATP may c o n tro l c i t r a t e  

sy n th ase  a c t i v i t y ,  w hereas O lson and W illiam s (1971) reach ed  th e  o p p o s ite  

c o n c lu s io n , th a t  ATP does n o t have an  im p o rtan t r o le  i n  th e  c o n tro l  o f 

t h i s  enzyme. However tem p tin g  th e  e x tr a p o la t io n  o f  th e  in  v i t r o
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o b se rv a tio n s  o f  ATP in h ib i t i o n  to  th e  in  v iv o  s i t u a t io n ,  th e  f i n d i n g  

o u tl in e d  above h ig h l ig h t  th e  d i f f i c u l t y  i n  doing  so . S im ila r  d i f f i c u l t i e s  

a re  encoun tered  when a t t r i b u t i n g  p h y s io lo g ic a l s ig n if ic a n c e  to  th e  NADH 

in h ib i t i o n  o f  th e  enzyme from Gram n e g a tiv e  b a c te r ia ,  and to  th e  a -oxo - 

g lu ta r a te  i n h ib i t i o n  o f  th e  f a c u l t a t iv e  a n ae ro b es .

The NADH in h ib i t i o n  o f  Gram n e g a tiv e  b a c t e r i a l  c i t r a t e  sy n th ase s  has 

been dem onstrated  b o th  i n  v i t r o  and i n  s i t u . T his i n h ib i t i o n  may be a  

n e g a tiv e  feedback  mechanism whereby th e  i n i t i a l  enzyme i s  re g u la te d  by 

an end -p roduct o f  th e  TCA c y c le . The p o s s ib le  p h y s io lo g ic a l s ig n if ic a n c e  

o f  t h i s  f in d in g  i s  s tre n g th e n e d  by th e  f a c t  t h a t  th e  NADH i n h ib i t i o n  i s  

a l l o s t e r i c .  I t  would seem an u n l ik e ly  co in c id en ce  th a t  a l l  Gram n e g a tiv e  

b a c t e r i a l  c i t r a t e  sy n th ase s  would have a  d i s t i n c t  s i t e  w ith in  t h e i r  

s t r u c tu r e  which s p e c i f i c a l l y  re c o g n ise s  NADH, u n le s s  th e re  was a  

p h y s io lo g ic a l s ig n if ic a n c e  f o r  t h i s  s i t e .  However, i t  h as  been  found 

th a t  p h y s io lo g ic a l c o n c e n tra tio n s  o f  KOI overcome t h i s  i n h ib i t i o n  i n  

some c i t r a t e  sy n th ases  (Weitzman & Danson, 197^)> and th e re fo re  i t s  in  

v iv o  s ig n if ic a n c e  rem ains to  be confiim ed . However, i t  i s  an  i n t e r e s t i n g  

p o in t th a t  0.1M KCl h as  been  found to  I n a c t iv a te  Type E2 and E5 enzymes 

( r e s u l t s  n o t p re se n te d  h e re ) ;  th e  f a c t  t h a t  a c t iv e  enzyme can  be 

i s o la te d  from th e  Type E2 and E3 r e v e r t  a n ts  in d ic a te s  t h a t ,  i n  v iv o , th e  

enzyme i s  i n  some way p ro te c te d  from th e  KCl. T his p r o te c t io n  may ta k e  

th e  form o f  compartment a l i  s a t  io n  o f  th e  enzyme o r  i t  may be t h a t ,  i n  v iv o , 

th e  enzyme has a  s l i g h t l y  a l t e r e d  confo rm ation , making i t  i n s e n s i t iv e  to  

KCl. T his in fo rm a tio n  does su ggest th a t  th e  c i t r a t e  sy n th ase  o f  E. c o l i  

w ild  type  may s im i la r ly  be p ro te c te d  from KCl, and t h a t ,  i n  v iv o , th e  

KCl does n o t a b o lis h  th e  NADH in h ib i t i o n .

T h e re fo re , i f  NADH in h ib i t i o n  o f  c i t r a t e  sy n th ase  i s  p h y s io lo g ic a l ly  

im p o rtan t, th e  E. c o l i  and A. Iw o ff i r e v e r ta n ts  which produce an  enzyme
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th a t  i s  in s e n s i t iv e  to  t h i s  compound should  have some change i n  t h e i r  

m etabolism . However, th e  most l i k e l y  outcome o f  t h i s  in c re a s e d  f lu x  o f 

carbon th rough  th e  TCA c y c le  would be an o v e rp ro d u c tio n  o f  NADH. T his 

ov erp ro d u c tio n  o f an e n e r g e t ic a l ly  im p o rtan t compound cou ld  be m a n ife s ted  

in  any number o f  ways and would seem a  v e ry  d i f f i c u l t  p a ram ete r to  a s s e s s .  

Since r e v e r ta n ts  have been i s o la te d  which produce a c i t r a t e  sy n th ase  

t h a t  i s  in s e n s i t iv e  to  NADH, i t  would ap p ear th a t  t h i s  c o n tro l  mechanism 

i s  n o t e s s e n t i a l  f o r  v i a b i l i t y .  In  th e  case  o f  th e  E. c o l i  r e v e r ta n t s ,  i t  

may be su g g ested  th a t  s e n s i t i v i t y  to  ATP has been  s u b s t i tu te d  f o r  s e n s i t i v i t y  

to  NADH, and th a t  e i t h e r  o f  th e se  compounds may serv e  to  r e g u la te  c i t r a t e  

syn thase  a c t i v i t y .  However, some o f  th e  A. Iw o ff i r e v e r ta n ts  ap p ea r to  be 

in s e n s i t iv e  to  NADH and ATP b u t s t i l l  r e t a i n  v i a b i l i t y  and th e se  

r e v e r ta n ts  seem as  com petent i n  grow th as  th e  w ild  ty p e  organism , su g g es tin g  

th a t  la c k  o f  NADH in h ib i t i o n ,  i n  t h i s  b ac te riu m , does n o t have s e r io u s  

p h y s io lo g ic a l consequences.

I t  may be argued  t e l e o lo g ic a l ly ,  th a t  s e n s i t i v i t y  o f  A. Iw o ff i w ild  

type  c i t r a t e  sy n th ase  to  NADH i s  m ain ta in ed  i n  th e  n a tu r a l  p o p u la tio n  

f o r  some pu rp o se . I t  may be th a t  th e  la c k  o f  t h i s  i n h ib i t i o n  r e s u l t s  in  

th e  organism  b e in g  a t  a  v e ry  s l i g h t  d isad v an tag e  compared w ith  th e  w ild  

ty p e . A lthough i t  may n o t be p o s s ib le  to  d is c e rn  t h i s  d y s fu n c tio n , under 

la b o ra to ry  c o n d itio n s , th e  s e le c t io n  o p e ra tin g  on a  n a tu r a l  p o p u la tio n  

would d is c r im in a te  a g a in s t  such an organism . I t  may w ell be t h a t  c i t r a t e  

syn thase  a c t i v i t y  i s  c o n tro l le d  by a  number o f  mechanisms, and t h i s  lo s s  

o f r e g u la t io n  by NADH may be la r g e ly  com pensated by th e se  o th e r  c o n t r o l l in g  

f a c to r s ;  t h i s  view  i s  su p p o rted  by Krebs (19 7 0 ), who em phasised t h a t  i t  

i s  u n r e a l i s t i c  to  a t t r i b u t e  c o n tro l o f  t h i s  enzyme to  any s in g le  f a c to r .  

Randle ^  (1970) have in d ic a te d  th a t  v a r i a t io n  i n  acetyl-C oA

c o n c e n tra tio n  may serv e  to  r e g u la te  th e  a c t i v i t y  o f  th e  r a t  h e a r t  enzyme.



S im ila r ly , v a r i a t io n  in  th e  c o n c e n tra tio n  o f  o x a lo a c e ta te  cou ld  impose a  

v e ry  s ig n i f i c a n t  re g u la to ry  e f f e c t  on th e  enzyme from r a t  h e a r t  m ito ch o n d ria  

( oLaNoue e t  , 1973)» The im portance o f  o x a lo a c e ta te  c o n c e n tra tio n  f o r  

c i t r a t e  sy n th ase  a c t i v i t y  was a ls o  em phasised hy L ehn inger (194^) and, 

more r e c e n t ly ,  by Lopes-Cardozo and van den Bergh (1972).

Gram n e g a tiv e  f a c u l t a t iv e  an aero b es, when grown u n d er an ae ro b ic  

co n d itio n s , o r  d u rin g  some s ta g e s  o f  a e ro b ic  grow th on g lu c o se , have a 

s p l i t  TCA c y c le ; th e  enzyme a -o x o g lu ta ra te  dehydrogenase b e in g  a b se n t, o r  

p re se n t a t  a  v e ry  low le v e l  (Amarasingham & D av is, 19&5). Under c e r t a in  

co n d itio n s  a -o x o g lu ta ra te  i s  a  d i r e c t  en d -p roduct o f  th e  pathway and 

th e re fo re  th e  f in d in g  th a t  t h i s  compound a l l o s t e r i c a l l y  i n h i b i t s  th e  

c i t r a t e  sy n th ase  from th e s e  b a c te r i a  su g g es ts  a  feedback  in h ib i t i o n  mechanism. 

The p h y s io lo g ic a l s ig n if ic a n c e  o f  t h i s  in h ib i t i o n  i s  su p p o rted  by th e  

f in d in g  t h a t ,  w hereas a l l  Gram n e g a tiv e  f a c u l t a t i v e l y  a n ae ro b ic  b a c t e r i a l  

c i t r a t e  sy n th ase s  e x h ib i t  t h i s  p ro p e r ty , th e  e f f e c t  i s  n o t observed  w ith  

th e  enzyme from s t r i c t  a e ro b es . F urtherm ore , th e  m  s i t u  o ccu rren ce  o f 

t h i s  i n h ib i t i o n  has been  dem onstra ted  u s in g  to lu e n e -p e rm e a b ilis e d  c e l l s  

o f  E. c o l i .

I f  t h i s  in h ib i t i o n  i s  p h y s io lo g ic a l ly  im p o rta n t, i t  would be ex p ec ted  

th a t  th e  r e v e r ta n ts  o f  E. c o l i  which produce a  c i t r a t e  sy n th ase  which i s  

in s e n s i t iv e  to  a -o x o g lu ta ra te  sho u ld , under s u i ta b le  c o n d it io n s , o v er

produce and p o s s ib ly  e x c re te  t h i s  m e ta b o lite ,

A m ic ro b io lo g ic a l method was developed to  d e te c t  th e  p resen ce  o f  

a -o x o g lu ta ra te , o r  a  s im i la r  compound, i n  th e  grow th medium. M ic ro b io lo g ic a l 

a ssay  system s have found w idespread  u s e , p a r t i c u l a r l y  i n  th e  p h a rm aceu tica l 

in d u s try , i n  b o th  th e  q u a l i t a t i v e  and q u a n t i ta t iv e  a n a ly s is  o f  ch em ica ls .

The c i t r a t e  sy n th ase  d e f ic ie n t  s t r a i n  o f  E. c o l i , ABI625 , r e q u ire d  

g lu tam a te , o r  some r e l a t e d  compound, f o r  grow th on g lu c o se . The o v e r-



166

p ro d u c tio n  o f  any o f  th e se  compounds should  m a n ife s t i t s e l f  hy c ro s s 

fe e d in g  t h i s  g lu tam ate  auxo troph . I n  t h i s  way i t  h as c l e a r ly  been  shown 

th a t  th e  Type E2 and E3 r e v e r ta n ts  do in d e ed  overproduce a  compound which 

w i l l  c ro s s - fe e d  th e  g lu tam a te  auxotroph  when grown on th e  s u rfa c e  o f  

g lu co se  minimal medium a g a r  p la t e s .  A lthough t h i s  a ssa y  system  i s  a  

v e ry  s e n s i t iv e  q u a l i t a t iv e  te ch n iq u e , i t  i s  n o t p o s s ib le  to  ad ap t t h i s  

p a r t i c u l a r  method to  g iv e  q u a n t i ta t iv e  r e s u l t s .

A ttem pts were made to  dem onstrate  th e  o v e rp ro d u c tio n  o f  in te rm e d ia te s  

i n  l i q u id  c u l tu re  b u t th e se  were n o t s u c c e s s fu l .  A number o f  r e s u l t s  

in d ic a te d  t h a t ,  a lth o u g h  Type E2 and E3 r e v e r ta n ts  produced c i t r a t e  

sy n th ases  which were in s e n s i t iv e  to  a -o x o g lu ta ra te  and NADH, th e  enzyme 

was ’i n e f f i c i e n t '  and th e  r e v e r ta n ts  w ere, i n  e f f e c t ,  le a k y  m u tan ts .

C i t r a te  sy n th ase  d e f ic ie n t  s t r a in s  o f  E. c o l i  were shown to  

accum ulate p y ru v a te  when grown on g lu c o se . T his p y ru v a te  accum ula tion  was 

p robab ly  a  d i r e c t  consequence o f  th e  la c k  o f  c i t r a t e  sy n th ase  a c t i v i t y ,  

r e s u l t in g  in  a  b u ild -u p  o f  acetyl-C oA  w hich, by in h ib i t i n g  th e  a c t io n  o f  

p y ru v a te  dehydrogenase (S an w a l,1970 ) ,  le a d s  to  p y ru v a te  accum ula tion .

W hile E. c o l i  w ild  ty p e  and Type El r e v e r ta n ts  d id  n o t overproduce 

p y ru v a te  under th e se  c o n d it io n s , th e  Type E2 and E3 r e v e r ta n ts  d id .  T his 

r e s u l t  in d ic a te s  th a t  i n  th e se  r e v e r ta n ts  th e re  i s  a  b u ild -u p  o f  acetyl-C oA  

and t h i s  i s  p ro b ab ly  due to  th e  ’i n e f f i c i e n c y ’ o f  th e  c i t r a t e  sy n th ase  i n  

th e se  s t r a i n s .

I t  has  been reaso n ed , and i n  f a c t  dem onstra ted , t h a t  c i t r a t e  sy n th ase  

d e f ic ie n t  organism s a re  r e s i s t a n t  to  f lu o r o a c e ta te ;  t h i s  r e s i s ta n c e  i s  

p ro b ab ly  th e  r e s u l t  o f  th e  f a i l u r e  to  m e ta b o lise  f lu o r o a c e ta te  to  

f lu o r o c i t r a t e .  I t  was found th a t  E, c o l i  w ild  ty p e  and Type El r e v e r ta n ts  

were s e n s i t iv e  to  t h i s  compound whereas th e  Type E2 and E3 r e v e r ta n ts  

were r e s i s t a n t  to  i t s  to x ic  e f f e c t s .  Thus th e se  two r e v e r ta n t  ty p e s  do
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n o t r e a d i ly  m e ta b o lise  f lu o r o a c e ta te  to  f l u o r o c i t r a t e .

The s p e c i f ic  a c t i v i t y  o f  c i t r a t e  sy n th ase  from Type E2 and E3 

r e v e r ta n ts  was shown to  be v e ry  low compared w ith  th a t  o f  Type E1 and 

E. c o l i  w ild  ty p e  enzyme. I t  was a ls o  dem onstra ted  t h a t  th e  ’e f f e c t iv e  

l e v e l '  o f  a c t i v i t y  o f  th e  Type E2 and E3 enzymes, a t  a  s ta n d a rd  p ro te in  

c o n c e n tra tio n , was v e ry  low over a  range o f  acetyl-C oA  c o n c e n tra tio n s .

When grown on g lu co se  minimal medium, th e  grow th r a t e  o f  Type E2 

and E3 r e v e r ta n ts  was f a r  below th a t  o f th e  E. c o l i  w ild  ty p e . However, 

th e  a d d i t io n  o f  a  sm all amount o f g lu tam ate  to  th e se  c u l tu r e s  in c re a se d  

th e  grow th r a t e  to  th a t  o f  th e  w ild  ty p e . T his r e s u l t ,  i n  co n ju n c tio n  

w ith  th e  o b se rv a tio n  o f  r e l a t i v e  enzyme l e v e l s ,  p y ru v a te  accum ula tion  

and r e s i s ta n c e  to  f lu o r o a c e ta te ,  su g g es ts  th a t  f a r  from overp roducing  

a -o x o g lu ta ra te  ( o r  a  r e l a t e d  compound), th e  Type E2 and E3 r e v e r ta n t s ,  

i n  l iq u id  c u l tu r e ,  cannot s a t i s f y  t h e i r  own requ irem en t f o r  t h i s  compound. 

T herefore  i t  may be f o r  t h i s  re a so n  th a t  th e  o v e rp ro d u c tio n  was n o t 

observed  i n  l i q u id  c u l tu r e .

I n  l i q u id  c u l tu r e ,  a l l  c e l l s  m e tab o lise  and grow u n t i l  th e  carbon 

source  i s  ex h au sted , o r  some o th e r  f a c to r  p re v e n ts  f u r th e r  grow th.

However, when a  co lony i s  formed on s o l id  medium, th e  c e l l s  a t  th e  c e n tre  

o f  grow th a re  n o t d iv id in g  b u t sim ply m e ta b o lis in g ; on ly  a  sm all 

p e rcen tag e  o f  c e l l s  on th e  p e rip h e ry  a re  r e p l i c a t in g .  Under th e se  

c o n d itio n s  i t  i s  p o s s ib le  t h a t  th e  non-grow ing c e l l s  o f  Type E2 and E3 

r e v e r ta n ts  m e ta b o lise  g lu co se  th rough  t h e i r  ’u n c o n tro l le d ’ c i t r a t e  

sy n th ase . As th e se  c e l l s  a re  n o t undergo ing  a c t iv e  d iv is io n ,  th e  

a -o x o g lu ta ra te  produced may n o t be re q u ire d  and th e re fo re  i s  e x c re te d  

in to  th e  grow th medium, whereupon i t  i s  u t i l i s e d  by th e  g lu tam a te  

au x o tro p h s .

This proposal would account fo r  the occurrence o f  c ro ss -fe ed in g  o f

/

/
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th e  g lu tam a te  auxotroph  on s o l id ,  b u t n o t i n  l i q u id ,  medium. The re a so n  

vdiy c ro s s - fe e d in g  was n o t observed  u n t i l  th e  t h i r d  day o f  in c u b a tio n  

may be because th e  p ro p o r tio n  o f non-grow ing c e l l s  i n  th e  r e v e r ta n t  

co lony has  to  re ach  a  h ig h  le v e l  to  produce s u f f i c i e n t  a -o x o g lu ta ra te .

I n  c o n c lu s io n , a  number o f  s t r a in s  o f  E. c o l i  and A. Iw o ff i  have 

been  i s o la t e d  which produce c i t r a t e  sy n th ase s  w ith  a l t e r e d  p r o p e r t ie s .  

These p ro p e r t ie s  have been  in te n s iv e ly  s tu d ie d  and some im p o rtan t 

s t r u c tu r e - f u n c t io n  r e la t io n s h ip s  have been  in d ic a te d .  A more d e ta i l e d  

s tu d y  o f  th e  p ro te in s  shou ld  g iv e  in fo rm a tio n  concern ing  su b u n it 

a s s o c ia t io n  and a llo w  th e  i d e n t i f i c a t i o n  o f  im p o rtan t groups o r  

s t r u c tu r a l  f e a tu r e s  f o r  c a ta ly s i s  and a l l o s t e r i c  r e g u la t io n  by NADH 

and a -o x o g lu ta ra te .  The s tu d y  o f  th e  p h y s io lo g ic a l  r o le s  o f  th e  ^  v i t r o  

o b se rv a tio n s  co n cern ing  th e  r e v e r ta n t  enzymes h as made some p ro g re s s  

b u t much f u r th e r  work rem ains to  be u n d e rtak en  in  t h i s  a re a .  A l th o u ^  

i t  has  been dem onstra ted  t h a t  E. c o l i  r e v e r ta n ts  which produce an  

enzyme vÆiich i s  in s e n s i t iv e  to  a -o x o g lu ta ra te  do overproduce t h i s ,  o r  

a  r e l a t e d  compound, i t  i s  c l e a r  th a t  many problem s a re  f a r  from so lv ed  

and th a t  th e  m  v iv o  s ig n if ic a n c e  o f  many p r o p e r t ie s  rem ains unconfirm ed .

No work has  been a ttem p ted  w ith  th e  A. Iw o ff i r e v e r ta n ts  p roducing  

c i t r a t e  sy n th ase s  which la c k  s e n s i t i v i t y  to  NADH. I f  , a s  su g g es ted , th e  

consequence o f  th e  lo s s  o f  t h i s  p ro p e r ty  i s  s l i ^ t  i t  may be p o s s ib le ,  

u s in g  mixed p o p u la tio n s  o f  th e se  r e v e r ta n ts  and A. Iw o ff i w ild  ty p e , in  

a  con tinuous c u l tu re  fe rm e n te r , to  show a  s e le c t iv e  advantage f o r  th e  

w ild  ty p e  organism  over a  p e r io d  o f tim e .

The work w ith  Type E2 and E3 r e v e r ta n ts  has  shown th a t  th e se  a re  

p ro b ab ly  ’leaky* m utan ts p roducing  a  v e ry  i n e f f i c i e n t  enzyme which i s  

in s e n s i t iv e  to  a l l o s t e r i c  in h ib i t i o n  by NADH and a -o x o g lu ta ra te .  T h is  

i n e f f i c i e n t  enzyme may in d ic a te  why th e  la c k  o f  NADH s e n s i t i v i t y  i n  E.
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c o l i  d id  no t r e s u l t  i n  a  s e r io u s  p h y s io lo g ic a l  im balance. In d eed , i t  

may be sp e c u la te d  th a t  a  r e v e r ta n t  p roducing  a  more a c t iv e  enzyme which 

was no t re g u la te d  by NADH may n o t be v ia b le ,  th u s  e x p la in in g  why such 

m utants were n o t i s o la te d  i n  th e  p re s e n t work. However, t h i s  i s  p u re ly  

s p e c u la tiv e  and more work i s  n e c e ssa ry  to  d e v ise  a  s e le c t io n  f o r  such 

r e v e r ta n ts ; .  th e se  should  prove more s u i ta b le  f o r  t e s t i n g  th e  im portance 

o f th e  a l l o s t e r i c  in h ib i t io n s  and th e re b y  c l a r i f y  some o f  th e  f in d in g s .

When t h i s  p r o je c t  was f i r s t  u n d e rtak en , th e  f e a s i b i l i t y  o f  th e  

g e n e tic a l  approach was u n t r i e d .  The i s o l a t i o n  o f  a  c i t r a t e  sy n th ase  

d e f ic ie n t  s t r a i n  o f a  s t r i c t  aerobe had n o t been  re p o r te d  and such a  

s t r a i n  may n o t have been  v ia b le .  The method used  to  o b ta in  r e v e r ta n ts  

hav ing  c i t r a t e  sy n th ase s  w ith  a l t e r e d  p r o p e r t ie s  had n o t been  u sed  in  

t h i s  system  and may have proved u n s u c c e ss fu l. The f a c t  t h a t  c i t r a t e  

syn thase  d e f ic ie n t  m utan ts o f A. Iw o ff i  were o b ta in e d , and th a t  

r e v e r ta n ts  o f E. c o l i  and A, Iw o ff i were i s o la t e d  which p o sse ssed  a  

c i t r a t e  sy n th ase  w ith  a l t e r e d  p ro p e r t ie s  f u l l y  j u s t i f i e s  th e  o r ig in a l  

approach. I  th in k  th a t  th e  m utan ts o b ta in e d  in  t h i s  work shou ld  prove 

v a lu ab le  i n  f u r th e r  s tu d ie s  on c i t r a t e  sy n th ase  and, t h a t  th e  su cc e ss  o f 

th e  method should  encourage o th e r  w orkers i n  t h i s  la b o ra to iy  to  embark 

on a  s im i la r  s tu d y  u s in g  d i f f e r e n t  organism s and m u tan ts .



TTü

APPENDIX I .

/

/



171

The fo u r  programs l i s t e d  below were o r ig i n a l ly  o b ta in e d  from  P ro fe s s o r  

V.W, C le lan d , D epartm ent o f  B io ch em is tiy , U n iv e rs ity  o f  W isconsin , M adison, 

W isconsin . The program s have been  m o d ified  s l i ^ t l y  to  make them more 

s u i t a b l e  f o r  th e  p re s e n t work.

Program I  -  (GRAPH) was u sed  when r e c ip ro c a l  p lo t s  o f  i n i t i a l  v e lo c i ty  v s . 

s u b s t r a te  c o n c e n tra tio n  were l i n e a r ;  th e  ap p a ren t v a lu e  was computed. 

Program I I  -  (SIGM) was u sed  i n  th e  c a lc u la t io n  o f  th e  ^ v a lu e  f o r  a  >. 

s u b s t r a te  i n  case s  where r e c ip ro c a l  p lo t s  o f  i n i t i a l  v e lo c i ty  v s . s u b s t r a te  

c o n c e n tra tio n  were n o n - l in e a r .

Program I I I  -  (COMPG) was u sed  i n  th e  c a lc u la t io n  o f  th e  v a lu e  f o r  a  

co m p etitiv e  i n h i b i t o r  o f  an  enzyme.

Program IV -  (LINE) was u sed  i n  th e  c a lc u la t io n  o f  th e  l e a s t  sq u ares  f i t  

o f  d a ta  to  a  s t r a i ^ t  l i n e .

I n  a d d it io n  a  g ra p h ic a l  r e p re s e n ta t io n  o f  th e  d a ta  was o b ta in e d  from 

each program u s in g  a  Culham L a b o ra to r ie s  Ghost Package. An example o f  how 

t h i s  was ach ieved  can be seen  from th e  S u b ro u tin e  GPLOT o f  th e  Program 

GRAPH.

D uring th e  p re s e n t work I  have ad ap ted  a  number o f  program s u sed  in  

th e  departm ent to  g iv e  g ra p h ic a l  o u tp u t whenever t h i s  i s  re q u ire d . These 

program s a re  b e in g  u sed  f o r  u n d erg rad u ate  te a c h in g , i n  th e o r e t i c a l  s tu d ie s  

o f  p ro te in  s y n th e s is  and in  th e  p r e d ic t io n  o f  p r o te in  secondary  s t r u c tu r e  

from amino a c id  sequence. A ll g raphs p re se n te d  i n  t h i s  t h e s i s  were produced 

u s in g  th e  com puter g raph  p l o t t i n g  f a c i l i t i e s .



v r z

PROGRAM I
PROGRAM GRAPH ( INPUTr OUTPUT, TAPE7=INPUT r TAPE2=0UTPUT) 

DIMENSION 0 ( 2 0 ) 7  A ( 2 0 ) ,  W(20) ,  S ( 3 , 4 ) ,  0 ( 3 ) ,  SM(3) ,  S S ( 3 ) ,  
2REC01( 2 0 , 8 ) y RECV2( 20 , 8 ) ,  RECA( 20 , 8 ) ,  RECA1( 20 , 8 ) ,  NC( 8) ,  
3RECK(8),  Y( 2 0 ) ,  5 0 1 ( 2 0 ) ,  5 0 2 ( 2 0 ) , PHRASE(8)

WRITE ( 2 , 1 0 0 )
WRITE ( 2 , 1 1 9 )

119 FORMAT (38H THIS IS THE DATA SET FOR GRAPH NO 1)
100 F0RMAT(35H FIT TO HYPERBOLA 0=OMAX*A/(K+A) / / / )

11 FORMAT ( 1 3 ,  17X, 42H 
300 FORMAT( / /  )

K0UNT=1 
JJ = 0 
LL=1 
KK=1
NGRAPH=0 

CALL PAPER(l)
14 PRINT(2,%)"ENTER THE NUMBER OF POINTS"

READ ( 7 , * )  NP
IF (NP) 9 9 , 9 9 , 1 2

12 PRINT( 2 , >K)'ENTER ONE SUBSTRATE CONC, & ONE OELOCITY"
IF (NP.GT.lOO) NGRAPH = 1
IF (NP.GT. lOO) NF-NP-100
M = 1
N = 2
P = NP-N
N1 = N i l
N2 = N+2
GO TO 2

15 READ ( 7 , * )  A ( I ) ,  0 ( 1 )
W(I) == 1 , 0
0 ( 1 )  = 0 ( I ) * * 2 / A ( I )
0 ( 2 )  = 0 ( I ) * * 2  
0 ( 3 )  = 0 ( 1 )
GO TO 13

16 CK = S ( l , l )  /  S ( 2 , l )
JJ = JJ+1 
NC(JJ)=NP

WRITE( 2 , 3 0 0 )
WRITE ( 2 , 1 1 )  JJ 
NT = 0 '
M = 2 
GO TO 2

17 D = CK + A( I )
0 ( 1 )  = A( I )  /  D 
0 ( 2 )  = 0 ( 1 )  /  D 
0 ( 3 )  = 0 ( 1 )
GO TO 13

18 CK = CK -  S ( 2 , l )  /  S ( l , l )
NT = NT + 1
IF (NT-5)  2 , 2 1 , 2 1

21 S2 = 0
DO 22 1 = 1 , NP

22 S2 = S2 + ( 0 ( 1 )  -  S ( 1 , 1 ) * A ( I )  /  (CK+A(I) ) ) * * 2  * W(I)

con tinued .
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PROGRAM I (cont.)
SI = SORT (S2)
SL = CK /  S ( l , l )
VINT = 1,  /  S ( l , l )
VK = 1,  /  SL 
DO 10 J=2,N1  
DO 10 K=1,N 

10 S ( K, J )  = S ( K, J )  t  SM(K) * S M( J - l )
SEVT = SI * SORT ( S ( l , 2 )  )
SECK = SI * SORT ( S ( 2 , 3 )  ) /  S ( l , l )
SEVI=SEVT/S(1 , 1 ) * * 2
S ( l , 3 )  = S1&S0RT ( CK* * 2 * S( 1 , 2 )  + S ( 2 , 3 )  + 2 , * C K * S ( 1 , 3 )  )
SESL = S ( l , 3 )  /  S ( l , l ) * * 2
SEVK =■■ S ( l , 3 )  /  CK**2
WCK = 1,  /  SECK**2
WV=1,/SEVT**2
WSL = 1,  /  SESL**2
WVI = 1,  /  SEVI**2
WVK = 1.  /  SEVK**2
WRITE ( 2 , 3 0 )  CK, SECK, WCK
WRITE ( 2 , 3 1 )  S ( 1 , 1 ) , SEVT,WV
WRITE ( 2 , 3 2 )  SL,  SESL, WSL
WRITE ( 2 , 3 3 )  VINT, SEVI,  WVI
WRITE ( 2 , 3 4 )  VK, SEVK, WVK
WRITE ( 2 , 3 5 )  S2,  SI

30 FORMAT (7H K = , F 1 2 , 6 , 1 3 H S , E , (K) = , F 1 1 , 6 , 5 H W = , E 1 4 , 5 )
31 FORMAT (7H V = , F 1 2 , 6 , 1 3 H S , E , (V) = , F 1 1 . 6 , 5 H W = , E 1 4 , 5 )
32 FORMAT (7H K/V = , F 1 2 , 6 , 1 3 H S , E , (K/V) = , F 1 1 , 6 , 5 H w = , E 1 4 , 5 )
33 FORMAT (7H 1/V = , F 1 2 . 6 , 1 3 H S , E , ( 1/V) = , F 1 1 , 6 , 5 H w = , E 1 4 , 5 )
34 FORMAT (7H V/K = , F 1 2 , 6 , 1 3 H S , E , (V/K) = , FI 1 ,6,511 w = , E 1 4 , 5 )
35 FORMAT (12H VARIANCE = , E 1 4 , 5 , 1 0 H  SIGMA = , F 1 2 . 7 / /  )

WRITE(2,104)
104 FORMAT( 70H V S BEST V 1/V 1 / S  BE

2ST 1/V )
DO 50 1 = 1 , NP
Y( I )  = S ( 1 , 1 ) * A ( I )  /  (A(I)+CK)
R E C V 1 ( I , J J ) = 1 , / V ( I )
RECV2(I, J J ) = 1 , / Y ( I )
RECAd,  JJ)=1 , / A ( I )
RECAl( I , J J ) =RECA( I , J J )
S V l ( I )  = A( I )  /  V( I )
SV2 ( I )  = A( I )  /  Y( I )

105 F0RMAT(9F10,5)
50 WRITE ( 2 , 1 0 5 )  V( I ) , A( I ) , Y( I ) , RECVl( I , J J ) , RECA( I , J J ) ,

2RECV2(I ,JJ)
RECK(JJ)=1, /CK
IF (NGRAPH,E0,1) CALL GPLOT ( J J , NC, RECA, RECAl, RECVl, RECV2,

2RECK, KOUNT, PHRASE, NGRAPH)
GO TO 14 

: MATRIX SOLUTION SUBROUTINE
2 DO 3 J=1, N2  

DO 3 K=1,N1
3 S ( K, J )  = 0 

DO 4 1 = 1 , NP
GO TO ( 1 5 , 1 7 ) ,  M 

13 DO 4 J =1,N1 
DO 4 K=1,N

4 S ( K, J )  = S ( K, J )  + Q( K) * 0 ( J ) * W( I )
DO 5 K=1,N

5 SM(K) = 1,  /  SORT (S(K,K)  )
SM(Nl) = 1 , 0
DO 6 J=1,N1  
DO 6 K=1,N

6 S ( K, J )  = S ( K, J )  * SM(K) * SM(J)
SS( N1 ) = - 1 , 0
S ( 1 , N 2 )  = 1 , 0

continued.
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   PROGRAM I (cont.) . ........... .............................  ........................
DU 8 L = 1 ,N 
no 7 K = 1,N 

7 S8(K) = S (K, 1 )
no 8 J = 1,N1 
no 8 K= 1 ,N

8 S ( K, J )  = S (K+1 , J+1)  -  SS(K+1)  * 8 ( 1 , J+1)  /  S S ( 1 )
DO 9 K=1,N

9 S ( K, 1 )  = S ( K, 1 )  t  SM(K)
GO TO ( 1 6 , 1 8 )  , M

99 WRITE ( 2 , 3 6 )  JJ
36 FORMAT (23H PROGRAM COMPLETED FOR , 1 4 ,  6H LINES )

 ̂ CALL GREND
STOP 
END
SUBROUTINE GPLOT ( N, NPN, X,X1,Y,Y1,R,K,PHRASE, NGRAPH)

DIMENSION NPN( 8) , X ( 2 0 , 8 ) ,  Y ( 2 0 , 8 ) ,  X I ( 2 0 , 8 ) ,  Y l ( 2 0 , 8 ) ,  R( 8 )  
2,X1MAX(8),  Y1MAX(8)

YMAX=0,0 
YTMAX=0,0 
XMAX = 0 . 0  
RMAX=0,0 
DO 1 J=1,N 
NP=NPN(J)
Y1MAX(J)=0,0 
DO 2 1 = 1 , NP
IF(X(I ,J) ,GT.XMAX)XMAX=X(I,J)
IF (Y(I ,J) .GT.YMAX) YMAX=Y(I,J)
IF ( Y K I ,  J)  .GT. YIMAX(J) ) YIMAX ( J ) =Y1 ( I , J )

2 CONTINUE
IF (YIMAX(J).GT.YTMAX) YTMAX=Y1MAX(J)
IF (R(J),GT,RMAX) RMAX=R(J)

1 CONTINUE
IF (YMAX.GT.YTMAX) YTMAX=YMAX 
RAX=RMAX 
YAX =YTMAX 
YFAC = 1 0 , /YAX 
DO 100 J=1,N 
NP=NPN(J)
DO 200 1 = 1 , NP 
Y( I , J ) =Y ( I , J ) * YF AC  

200 Y1 ( I , J ) =Y1 ( I , J ) * YF AC  
100 Y1MAX(J)=Y1MAX(J)*YFAC 

YAX=YAX*YFAC 
L=1 
M=1 
NN=1
D = 1,  /  ( 1 2 , 5 * 2 , 5 4 )
CALL DENSTY (2)
CALL PSPACE ( 2 . * D , 2 5 , * D , 4 , * D , 2 6 , * D )
XM = XMAX / 1 0 * * 6  
LCOUNT = 1 

97 XM = XM * 10,
IF(XM,GT,10)G0T0 107 
LCOUNT = LCOUNT +1 

GOTO 97
107 IF(XM,GT,90)XAX=100,

DO 108 I = 1 0 , 8 0 , 1 0  
IX = 100 - I

108 IF(XM,LT,IX)XAX=IX 
IF(XM,LT,1 5 , )XAX=15,

C.' 

r '

O

C

G

C

C

c

continued.
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PROGRAM I (contG
XAX = XAX * 10**6/ (10**LC0UNT)
YAX=10,
CALL CTRMAG (12)
LX=5
LY=5
CALL MAP(-RAX,(XAX+,001) , 0 * 0 , (YAX+.OOl))

----------CALL-AXESSI ( (XAX)/LX,  (YAX)/LY)
CALL CTRSET (4)
DO 22 J=1,N 
NP=NPN( J )
N0C=49+J 
DO 21 1 = 1 , NP

21 CALL PLOTNC ( X ( I , J ) ,  Y( I , J ) , NOC)
POINT ( - R ( J ) , 0 . )

22  CALL JOIN ( XMAX, Y1MAX( J ))
PSPACE ( 0 * , 3 0 , * D , 0 , * D , 3 0 , * D )

, 3 0 * , 0 * , 3 0 . )

CALL
CALL
CALL
CALL
CALL
CALL
PRINT
READ

MAP ( 0 ,  
BORDER 
CTRSET 

( 2 , * )  
( 7 , 8 3 )

83

37

43

GOTO 37 
( 2 0 , , 1 , 5 , 20H 1/rOXALOACETATEJ, (20 )

( 20 , , 
( 2 ) 
(25 )  
( 1  ) 
( 5 ha:i 
( 2 ) 
(23)
( 1 )
(23 )
(49 )

1 , 5 , 12H 1/CACETYL-C,12)

( , 5 )

119
23

( 1 )
•IF SUBSTRATE IS ACETYL-COA( 1 ) ,  OXALOACETATE( 2 )  
J

FORMAT ( I I )
IF ( J , E 0 , 1 )
CALL PCSEND 

43
PCSEND 
CTRSET 
TYPENC 
CTRSET 
TYPECS 
CTRSET 
TYPENC 
CTRSET 
TYPENC 
TYPENC
= 23, / (RAX+XAX)

RDIS=(RAX*XFAC)-1,
CALL CTRORI ( 1 , )
CALL PCSEND ( RDIS, 2 0 , , 1 IH 
K=K+1
WRITE ( 2 , 1 1 9 )  K 
CALL FRAME 
N=0
CALL CTRORI ( 0 , 0 )
NGRAPH = 0 
FORMAT (35H1 THIS 
RETURN 
END

GOTO
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
XFAC

1/VELOCITY,11)

IS THE DATA SET FOR GRAPH NO,14)
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PROGRAM II

b5

7 Ù

11

P' U' i GyA 1 S I GM ( r i ' ^- ' MT. OUTP' JT , T A P £ 7 = I M y i J T ,  TAPF [ =  O U T P U T )  
01  ' C MS  I I  I V ( 0 . ) , A C : ' ) ,  S ( . * , T ) ,  U ( A , : l ) ,  G M ( ^ ) ,  GS  ( 4  ) , 

2 K C U / 1  C o j l .  ) , F : G ' : ( ? C , 1 . ) , _ P I C ^ ( 2 : , C ) ,  N A ( 0 ,  C I V ( 1 L
•5 I Gri \i_ 0 ( t> ) , Y ( 2 A ) , ^ c C A l ( A C , b ) ,  f ; i C  F ( b )

FOr . . | ; , T(  1 3 , 1 1 / e c u
* F 0 : ' . ! 1 / . T ( 2 F 1 .  . : >)

G Al L t)A i s  AY ( 2  0 F ’J , 1 1  0 Ü , 1 0 J u , 1

1 4  r.‘. E A 0 ( 7 , l l )  N P ,  Nw
1 0  NGr CPM =vJ

I F  ( N : \  L L .  : ) GO TO 0 0  
I F  C P .  l T . ^ G O  ) GO TO 1 2  
NG- . Ar >H=l  
N P = . l P - l i ) ' J  

1 5  C A l L P A P E R  ( 1 )1 ? :l =
N =  
3  = . | P - f i
,N1 = M + 1
N 2 = N + 2
GO TO 2
KEA 0 ( 7 , 1 )
0 ( 1 , : )  =
Q( E , : )  =

20
1 5  kC A 0 C 7 1 )  ' / ( I ) ,  / C l )

V ( I ) * + 2 / A f I ) * * 2  
V ( I ) * * L / A ( I )

2 5  0 ( 3 , 1 )  = V ( : ) » + 2
Q ( 4 , i )  = V ( l )
GO TO 1 3  

l b G A = S ( l , l ) / 5 ( 3 , l )

3 0
NA(  JJ) - N' - ^
W R I T E ( 2 , 1 1 )  J J , N P  
NT = ']
N = 2

3 5  GO TO 2
1 7  0  = Oa  + 2 , * C P * % ( 1 )  + A ( l ) *  + 2

0 ( 1 , : )  = A ( I ) # * 2 / 0
0 ( 1 , 1 )  = A ( : ) * » L / n * « 2
J(5, I )  = A(I)»*3/0»»2

4 0  0  ( - , . )  = V ( I )
GO TO 1 3

1 8  CA = Ok -  S ( 2 , i ) / S ( l , l )
G 9 = CO -  3 ( 3 , 1 ) / ( I P S  ( 1 , 1  ) )
•IT = -IT-*-:.

4 5  I F ( N T - o )  2 ,  6 7 ,  8 7
6 7  S 2  = 0

C 7 2 =  5 ( 1 , 1 )
0 1 7 =  l , / 3  ( 1 , 1 )
DO o 2  1 = 1 , OP

5 0  3 2  S 2  = S L + ( 7 ( : ) - C 7 2 * A ( : ) * * 2 / ( G A + 2 , * C 3 * A ( T ) + A ( l ) » f 2 ) ) * + 2
S 2  = S 2 / Ü  
5 1  = S ORT ( 3 2 )
Ü 0  1 •• J  = 2 , - 
DO 1 3  < = 1 ,
5 ( K , i )  = 3 ( K , ) ) * S I ( K ) * 3 M ( J - 1 )  
SEA = S 1 * 5 0 R T ( 5 ( 2 , 3 ) ) /  5 ( 1 , 1 )  
S E N  = , 5 + 3 l » S 0 F T ( S ( 3 , ^ ) )  / S ( l , l  
S E 7  = S l * S O M T ( S ( l , : ) )
S E ^ 7 =  5 E 7 / S ( l , l ) + + 2

6 0  W7 = 1 . / 3 I 7 + * :
N l 7  = 1 . / S : 1 7 * * 2
WRI TE ( . - , 3 7 )  o A ,  SEA 
WRI T E  ( c - , 3 o )  C D ,  S - D  
W R I T E ( 2 , J y )  0  7 2 ,  3 1 7 ,  M7
W R i T _ 1 2 , - . ■) C l  7 ,  S - 1 7 ,  W17

3 7 FOR C . K u N A = , F i E . o , 1 5 H S .  E . ( A ) -  ,
3 n F O R M A T ( u N D = , F i ^ , 3 , 1 : 4 S . E . ( 9 ) = ,
4 : F Dr. L  T ( uM 1 / 7 =  , F I R C ,  1 5  4 S . E .  ( 1 / 7 ) -  ,
3 0 Ff) - .  C T  ( o N 7 = , F i 2 . , , 1 5 4 S .  E . ( 7  ) = ,

r i l . - )
F11 . c )
F l l , C , c M  W = , E l b . 5  ) 
F l l . L , c H  W = , E 1 4 . 0  )

N A l = i l A ( J J )
I A _ = ' I a ( J J  ) +2  

C T = C - * 2
FUN =SO- ' . T C  D * * 2 + 4 * C A )

7 5  . Xl= ( - G t P F ) N  ) / ( - _ )
X2  = ( - C  Î - - Ü N )  /  ( - 2 )
WR I T z  ( 2 , v : )  Y l , X E  

6 5  FORMA T ( 2 ^ l L - . r .  )
I F  ( Y l . G T  , .  ) S N k L" ( I )5 = Y1

6C I F  ( X E . G T ,  . )  3 m m L-  ( J J ) = Y 2
IF ( Y l , L T . _ . . m N J . < 2 , L T . : , )  S M A L F ( J J ) = :

continued.
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PROGRAM II (cont̂ ).
P EC 7 2  ( 2 ,  J  J )  = C I 7  ( J J )  
r < £ 0 C 2 , J J ) =
R E U \ 1 ( L , J J )  = L ,  

c b  K- _CVj  ( 1 ,  j  -I) = J.
R : C F ( J J )  = 1 . / S H A L F ( J J )
K E O A C t J J )  = - l . / S - A L F ( J J )
K E C C l  ( 1 , J  J) = - 1 . / S m a l F (  J J )  

i l = .
9 C DO 5 .  1 = 1 , N A l

Y C )  = G 7 2 » A ( I ) * * 2  /  ( C A + 2 * C D * A ( I ) + A ( I ) * * 2 )
1 1 = 1  + 2
R E Ü m C ,  J l ) = l .  / A  ( I )
K £ G 7 _ ( I , J J » = i , / 7 ( I )

5 5  R E G 7 ^ ( I : , J J ) = 1 . / Y ( T )
R E J / C  ( i i ,  J J )  = R: i GA ( I ,  J J )

5 :  C O N T I N U E  
KA= v
R E C F ( J J ) = J .

1 0 0  I F  ( I G ' A P U . L Q . l )  CALL G P L O T  ( J . ) ,  N A,  RE CA,  R E C A l ,  R £ G 7 1 ,  p£  C 7 2  , RE CP , < A )
GO TJ  1 4  

C MAT RI X 5 ' J L Ü T i Q N  S U B R O U T I N E  
2 0 0  3 J = 1 , I:

DO 3 K = i ,  11 
1C 5 3  S ( / , J )  = .

0 0  4  1 = 1 , NP 
GO TO ( 1 0  , x 7 )  , M 

1 3  0 0  4  J = 1 ,  11
0 0  4  < = 1 , 1

1 1 0  4  S ( K , J )  = 3 ( K , J )  + 0 ( < , I ) * 0 ( J , I )
0 0  3 K = l ,  I

5  S M ( < )  = 1 ,  /  S ORT ( S ( K , K )  )
3  M ( : Il  ) = 1 .  :
OO G J = l ,  1_

1 1 5  0 0  o K = l ,  I
o  S ( \ , J )  = S ( K , J )  ♦ 5 M ( K )  * S M ( J )

3 S ( N _ )  = - 1 , :
5 ( ^ , 1 1 2 )  = 1 . Û  
0  0  ij L = 11  N 

1 2  0 0  0 7 K = 1 , N
7 SSCO = 3 ('<,!)

0  0 3 J = i , N l  
0 0  3 <=  1 , 1

6 3 ( K , J )  = S ( K + i , J + l )  -  S S ( K + 1 )  ^ 3 ( 1 , J + 1 )  /  S S  ( 1 )
1 2 5  0 0  9 < = 1 , N

9  3 ( K , 1 )  = 3 ( < , 1 )  ♦ S M ( K )
GO TO ( l o , I S ) , M

J ) " P I T :  ( 2 , 5 ) )  J J
5 b  FOrOLi T ( 2  34  RROGRA I C OMP L E T E D  F OR  , l 4  , 6 H L I N E S  )

1 3 C  CALL G i E N J
S T OP
£ M0

/

/
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PROGRAM III
PROGRAM CO IPG ( i r P D T  , OUT P UT  , TAPE 7 = 1 N ^ U T ,  TA P ' 2  = OU TP UT )
UI U- .  I 3 I U  ! ' / ( . J )  , A C ; . ) ,  : : ( £ u ) ,  C ( G , t ) ,  0 ( 4 , % . ) ,  SM (U ) ,

2 3 1 ( 3 ) ,  U < : ( l J ) ,  Kl CVI  ( 3 o , l . ' ) , 1 _ C V 2  ( 1 2 , 1 1 ) ,  -  £ G A ( 5 ■’ ) , Y ( 3 : ) ,
3 C i U ( 3 : , l u ) ,  I L ( I L ) ,  I C ( l u ) ,  SLO- ^E ( :  G,  I D  ,  C L u P 2 ( : u , l L )

W 0  j. T 1  ( 2  » 1  J . )
WF I T E  ( 2 , i : - - . 0

1 1 9  P Or D A T  ( 3 . 4  TL' I S  1 3  THz  DAT A S E T  F J p  GF A P U NO 1 )
I wC FOr / I A T ( 4 . U P I T  TO Y = V * A / ( < ( 1 + I / K I )  + A)  / / / )

1 1  F O R MA T ( 1 3 , i l 7 , 4 ü U
1 0  J FORrl . nT ( 2 F 1 U .  G . l O Y ,  F l D . 5 )

3 J l  F O R MA T ( / /  )
C y j  F O i . l ^ T  ( / 3 3 - I  I T E R A T I V E  V A L U E S  OF KM,  V U A X ,  AND KI  )

KO' J UT = i  
J J  = C 

1 5  L L p 1
1 4  R E A D ( 7 , 1 1 )  U P ,  NO 

•|G;-'.APH = i
I F  ( J P - l J j )  5 1 , 5 1 , DU 

o J  f | P = U P - l o .
2 0  . | G R A P H = i

5 1  1 F ( U D  9 J , j U , 1 2
1 2  M = 1 

N = 3
P = MP- M 

2 5  M l =  U + i
M2 = 11+2  
M T = i
J J  = J J + 1  
GO TO 2

3  0 1 5  REl - . 0 ( 7 , 1 )  V ( I  ) , A(  I )  , C l  ( I )
0 1 . 1 ( 1  , I J )  = G .  ( 1 )
I F  ( I . G T . l )  GO TO

2 0  0 ( 1 , 1 )  = V ( : ) * * 2 / A ( I )
0 ( c , I )  = V C )  * + 2 * v I  ( I ) / A  ( I )

3 5  0 ( 0 , 1 )  = V ( l ) * * 2
0  ( A , X ) = V C )
GO TO 1 5

4 0  I F  ( C I U ( I T , J J ) , M E , 0 1 ( I ) )  K T = M T + 1  
C I H C I T ,  J J ) =  G U I )

4 C  GO TO 2 j
1 6  CV = 1 ,  /  3 ( 3 , 1 )

CK = S ( l , l )  /  3 ( 3 , 1 )
C K I O  = 3 ( 1 , 1 )  /  5 ( 2 , 1 )
W R I T :  ( 2 , 5  J )

4 5  W R I T E ( 2 , 1 1 )  J J ,  M3
WRITE ( 2 , 4 . .  )
NT = Ü 
M = 2 
GO TO 2

5 0  1 7  0 =  ( 1 .  + C I ( I ) / C K I 5 ) » C K  /  A ( I )  + 1 .
Q ( 1 , I )  = 1 ,  /  Ü
0 ( 2 , 1 )  = ( 1 .  + C I O / C K I l )  /  A C )  /  0 * * 2  
0 ( 3 , 1 )  = C l  ( I )  /  A ( I )  /  0 * * 2  
0 ( 4 , 1 )  = V C )

5  5 GO TO 1 5
1 6  OV =

CK =
C K I S  = C K I 3 * ( 1 .  + S ( 3 , 1 )  * : < I S / S ( 1 , 1 ) / C K
WRI T:  ' '

t  C 11 T =
I F C l l  

S 7  S 2  =
W R I T E ( L , 5 0

8 ( 1 , 1 )
C< - 3 ( 2 , 1 ) / S ( 1 ,  1 )
= CK 1 3 * ( 1 . + S ( 3 , 1 )
( 1 , 1 ) CK, GV , C K I S
N T + l
- J ) 2 ,  8 7 , 8 7

0 0 Ac I =! , • ' ! P
16 5 62 8 2  = 3 2 + ( V I  ) - : v / ( (1 . + Cl ( J ) / C K I S )

SE = S 2 / P
1 3 1  = 3 U< T( 3 2)

DO 1 .  J = 2 , f 1
' TO 1;  < = 1 , - :
7 0 1 0 S ( K , J )  = 31K, J ) *8 ( K ) ♦5 M ( J - 1 )

5EV = 3 1  * 3 0 " T( S ( 1 , 2 ) )
SEK = S i  * SORT ( 3 ( 2 , 5 ) ) /  8 ( 1 , 1 )
S'EKIS = 3 i  * C KI S * * 2 *  SO RT (5 ( 3 , 4  ) )
WV = 1 ,  /  S z V * * 1

7 5 WK = 1 .  /  : _ K * * 2
w < : s = i .  /  3 E K I S * '
WRI TE(2,-3) CK,  S EK, WK
WRITE (x , 3  .n 3 V,  5 E V , WV
WRITz (x , 3 7 ) CKI S , 5 - < I S ,  WKI S

8 0 4 3 F O R MA T ( 7U K -  , F l 2 , C , 1 5 H S .
3 7 F0 ( .  i; t ( 7 m K I S  = , F 1 2 , E , i ? u  s .

/  5 ( 1 , 1 )  /  CK

, FI 1 . 5 , 7  4' w = , L l i . e  )
,  F 1 1 ,  5 ,  7 U W = , E 1 4 .  Ô )

con tinued .

/

/
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PROGRAM III (c o n tJ

65

9 1

95

CD

lIL

.15

.20

.25

L30

135

= , F l l . 6 , 7 H  W = , E 1 4 . 6  )

+ 4 ( 1 )  )

3 0  FQ- - 1 AT( 7 M V = , F l 2 , 5  , 1  :> H S . E . ( V )WRIT: (._ , T-f) 3 2 
4 4  FORMAT( 1 2  ( VARIANCE = , 5 1 ^ . 5  / / )

W R I T E ( 1 , 1 . 2 )
l v 2  F O R MA T ( o j M A I V 3 E S T  V

2 V 3 1  ST 1 / V  )
CKI  ( J J )  =vSKI S  
: i T = i
3 L ( 1 )  = C K * ( i ,  + 0 1 ( 1 )  / C < I S )  / C V  
S L O P x ( M T , J J ) = S L ( 1 )
0 0  5 0  1 = 1 , 'IP
Y ( I )  = CV", .  ( I  ) /  (FK* ( l . + C I  ( D / C K I S )
R E C A C )  = 1 ,  /  A d )
R F C V l ( i , J J )  = l . / V ( I )
R I C V 2 ( I , J J )  = l . / Y ( I )
S L ( I )  = C < * ( 1 .  + 0 1 ( I ) / C K I S )  /  CV
I F  ( s l o p ;- ( IT , J J )  ,  I E,  3 l  ( I )  ) MT = MT + 1  
S L O P E  ( -IT,  J J )  = S L ( I  )
S L 0 P 2 ( N T , J J )  = S L O P E ! N T , J J )

1 0  3 F O R M A T ! , F I , 5 )
EG WRI T E  ( 2 , 1 : 3 ) A ( I ) ,  C K I ) ,  V ( I ) ,  Y ( I ) ,

2 R £ 0 V x ( I , J J )
3 , S l ( 1 )

N C (  J I ) = -lT
I F  ( N G R A P H , E Q . l )  CALL GP L OT ( N C , C I M , S L O P E , S L O P ? , C K I , J J ,  

2 K n U J T )  
b O TO 1 4  

; MA T R I X  S O L U T I O N  S U B R O U T I N E  
2 NO 3 J = 1 , N 2  

0 0  3 ’< = 1 ,  II

1 / A 1 /

R E C A ( I ) , R E C V l ( I , J J )  ,

S ( K , J )  = L 
0 0  4  1 = 1 , IP 
GO TO ( 1 ) , 1 7 ) ,  M 
0 0  4 J  = 1 , N 1  
J 0 4  K = 1 , I 
3 ( n ,  I)  = ] ( K , J )  + 
0 0  3 K= 1 , , N  
S M ( K )  = 1 .  /  S ORT  
S N ( N l )  = l . u  0 0 6 1 = 1, N1
0  0  Ü K— 1 ,  I 
S ( K ,  J )  = S ( K ,  J )  * 
S S ( N l )  = - l . i  
3 (1 ,;i?) = 1 . .

0 ( K , I ) * 0 ( J , I )  

( S ( K , K )  )

S M ( K )  * S M ( J )

S ( 1 , J + 1 )  /  S S ( 1 )

0 0  7 < = ' 1 , 1  
7 S S ( K )  = 3 ( K , l )

0  0  3 J = 1 , Ml  
0  0  j  K= . , N  

6 S ( K , J )  = K K  + 1 , J + 1 )  -  S S ( K  + 1 )
0  0  Ô K = l , I  

9  S ( K , 1 )  = S ( K , 1 )  * S M ( K )
GO TO ( 1 6 , - 6 ) ,  M 

9 9  CAL L GP' - OT ( N P ,  G I N , S L O P E , S L O P ? , C X I , J J , K O U N T )  
WRI TE ( 2 , 3 . )  JJ 

3 b  FORMAT ( 2 3 M p ROGFAN C O MP L E T E S  F OR , I 4 , 5 H L I M E S  
S T OP  

END



1 8 0

PROGRAM IV

10

1 5

20

3 0

4 0

Lb

60

lOj
11

14
12

1 7
1 5
1 5

PRO67.4 I LIN: (INPUT , OUTPUT , TnP' :7=IUPUT, TAP 
Lr-AIT : i u , r  _ ' IT TO ST-x.IGHT LlUc W.TH 
PI i _ u i r i u  v d ' j . ) ,  4 ( 1 . ; ) ,  w ( 1 l C) 

WR:T_(x,i.  )
Fj - i..T (I- ,H FIT TO LIN: Y=A*X + U 

F0TU4T(iJ , : i7,4.H
F0-.1AT ( F I ; , 5, F I l-.L-, P1I .3)

J J =  j
K:A0(7, i i )  IIP,no

IP (;d) Ub, 00,12 
5 l  = o 

S2=L
50 =L 
S4 = u 
P P = -
no 2 i = : , N P  

p.- . 4 0 ( 7 , 1 )  V ( I  ) , A ( I  ) , W ( I )
WRIT _ ( . . , ! )  V ( I ) ,  A d )

I" ( W ( D )  1 . 1 ,  l y ,  1 6
■ W ( l ) = l ,

51 =S1 + W(I)*A(I)
3 2 = 0 2  + W ( I ) * A  ( _ ) * * 2
Sv = 33+ U( I ) * / ( ! ) * , (I)34 = Sy + W ( I ) ( I )
P O - P D  + . J ( J )
0.: = p?*32 - 31**2 

AL  = 3 P * 3 3  -  3 1 * 3 u 
3.-: = 3 2 * 0 4  -Sl*S3■ 44 = aL/O:
3 = 3:/i)_VH = J/Ax
P.U = 1 . /  0
Aj  =AA/J 
3 = 1 '
0) 5 1=1, UP
3 = 3+ ( V ( I )  -44*1(1) -  ' 3 ) * * 2 * W ( D  
P = 'P'-C 
3 = 3/P
33 = SOFT (3/0: )
74 = 33*3 )FT ( p p )
V J = 3 3 * 3 0 - T ( 3 x )
V.% 3 = 70/ i**2

- o  =
:.RF

O U T P U T )  
0^3 3-2 4 “ d  C L r L A N )  

/// )
)

V J l  = S 3 * 3  0 - 1 ( 3 2 * V H * * 2 * P P  + 2 « * VH * S 1 ) / ; A
V : 1 = V ■Vm * A 3 * V 1

J J  = J J + 1
4 V F J . - . U „ T d 3 U S L OP E  = A = . F I 2 . ?  ’ I 3U S . E ( x ) = , F l ? . 7
- 1 F J \  1,1. T d '  3 U V :  RT . I ' l T E F C E P T r 3 = , F l 2 , 3 0 S . E ('■ ) = , F 1 2 . 7
4 2 FO.F 1 4 T ( 2 3 H U O R . I ' l T z ' C E P T  = 3 / 4 = , P i 7 0 S . E ( / A ) = ,F: 7
y  J F I  . I F T d j M 1 / = , F • "0 S « 1 ( 1 /  y ) = ,F l * , 7
4 4 FO- . - i  \ T (  l o U A / 8 -  , F l 4 3H S . E ( r / 3 ) = , F l 2 , ?y r F 0 - .  ITT ( 1 2  ( V A R : " ' : 3 : = , E 1 4 t 6 / / / )

3 o
9y

WR I T .  ( 3 , 1 1 )  J J ,  \ P  
W T.. ( 2 , y J ) 4 .. , Ma
W R I T : ( 2 , 4 1 )  3 , 7 4
w i iT.  ( _, - ; )  vu,  V :,  
Wa I T _ ( . , ^ o ) F D  VR3  

RI T z ( r. , A V ) 1 -•>, V A r 
WRI T .  ( 1 , ^ 6 )  3 

OmLl  s t a t ' i t  ( v , ; , ' i p )  
GO TO H-
F J- , 4T ( 2 5 U  P F 3 S * F D  

WRI T z ( x , 3 p ) J J  
S T OP  

El'10

C O M P L I T I O  FOR , I y ,  p H L I N E S
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s.HARFORD Ph.D. THESIS 1977
e mode o f  a c t io n  o f  a  number o f  i n h i b i t o r s  o f  c i t r a t e  sy n th ase  has  

tu d ie d .  The r e s u l t s  su g g es t t h a t  a -o x o g lu ta ra te  a c t s  a s  an  a l l o s t e r i c  

b i t o r  o f  th e  enzyme from Gram n e g a tiv e  f a c u l t a t i v e l y  a n a e ro b ic  

b a c t e r i a ,  b u t a s  an  i s o s t e r i c  i n h i b i t o r  o f  th e  enzyme from  o th e r  s o u rc e s . 

S im ila r ly ,  NADH h as  been  shoivn to  be a  pow erfu l a l l o s t e r i c  i n h i b i t o r  o f  

c i t r a t e  sy n th a se s  from Gram n e g a tiv e  b a c t e r i a ,  b u t an  i s o s t e r i c  i n h i b i t o r  

o f  th e  enzyme from  Gram p o s i t iv e  b a c t e r i a  and e u c a ry o te s . O th e r n u c le o t id e s  

have b een  shown to  a c t  o n ly  as  i s o s t e r i c  i n h i b i t o r s  o f  c i t r a t e  sy n th a se s  

from  a l l  so u rc es  exam ined.

I I  ■ Techniques have been  developed which f a c i l i t a t e  th e  r a p id  d e te rm in a tio n  

o f  th e  r é g u lâ to iy  p ro p e r t ie s  o f  a  c i t r a t e  sy n th ase  and i t s  m o le c u la r  s i z e .  

The s t r i k i n g  c o r r e la t io n  betw een th e s e  p r o p e r t i e s  and th e  Gram r e a c t io n  o f  

b a c t e r i a  i s  d is c u s s e d . I t  h as  been  p roposed  t h a t  th e  r a p id  te c h n iq u e s  

d e sc r ib e d  h e re  cou ld  be o f  v a lu e  i n  b a c t e r i a l  tàxonôm ic s tu d ie s  and f o r  

b a c te r io lo g ic a l  i d e n t i f i c a t i o n .

I l l  A c i t r a t e  sy n th ase  d e f i c i e n t  m utant o f  E s c h e r ic h ia  c o l i  h a s  b een   

i s o l a t e d  u s in g  a  p e n i c i l l i n  enrichm ent te c h n iq u e . A method h as  been  

developed  which a llo w s f o r  th e  d i r e c t  s e le c t io n  o f  c i t r a t e  sy n th ase  

d e f i c i e n t  m u tan ts  by v i r t u e  o f  t h e i r  i n t r i n s i c  r e s i s t a n c e  to  f lu o r o -  

a c e t a t e .  Two c i t r a t e  sy n th ase  d e f i c i e n t  s t r a i n s  o f  A c in e to b a c te r  Iw o ff i  

„ have been  i s o l a t e d  u s in g  t h i s  m ethod.

lY A number o f  r e v e r t  a n t s ,  which have re g a in e d  c i t r a t e  sy n th ase  a c t i v i t y ,

were i s o l a t e d  from th e s e  c i t r a t e  sy n th ase  d e f i c i e n t  s t r a i n s .  A co m parative  

s tu d y  o f  th e  m o le c u la r , c a t a l y t i c  and r e g u la to iy  p r o p e r t i e s  o f  th e s e  

enzymes h a s  been  c a r r ie d  o u t and p o s s ib le  s t r u c tu r e - f u n c t io n  r e l a t io n s h ip s  

have been  d is c u s s e d .



V U sing r e v e r t  a n t s t r a i n s  o f  E. c o l i  which produce c i t r a t e  sy n th a se s  

w ith  re g u la to ry  p ro p e r t ie s  d i f f e r e n t  to  th o se  o f  th e  enzyme from  th e  w ild  

ty p e  organism , an  a tte m p t h as  been  made to  in v e s t ig a te  th e  p h y s io lo g ic a l  

s ig n if ic a n c e  o f  t h i s  a l t e r e d  r e g u la to ry  b e h av io u r o f  th e  enzyme.

R ev ert a n ts  which have a  c i t r a t e  sy n th ase  which i s  n o t in h ib i t e d  by 

a -o x o g lu ta ra te  (a n  a l l o s t e r i c  i n h i b i t o r  o f  th e  enzyme from  E. c o l i  w ild  

ty p e )  ap p ea r to  overproduce and e x c re te  t h i s  ( o r  a  r e l a t e d )  compound 

u n d e r c e r t a in  grow th co n d i.tio n s . Such a  f in d in g  does su g g es t t h a t  th e  

a -o x o g lu ta ra te  i n h i b i t i o n  o f  c i t r a t e  sy n th ase  h a s  a  p h y s io lo g ic a l  r o le  

i n  th e  r e g u la t io n  o f  t h i s  enzyme i n  t h i s  organ ism .


