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Synthesis of C4-dicarboxylic acids from acetate by a "91yoxylate bypass" 
of the tricarboxylic acid cycle 

Pseudomonas K B  i I grows rapidly on a synthet ic  medium containing acetate as the sole source 
of carbon 2. Washed suspensions of whole cells readily oxidise acetate and all the members  of 
the tr icarboxylic acid cycle, indicating t ha t  the cycle occurs in this organism when it is grown 
on acetate 3, as it does when it is grown on succinate 1. Shor t - te rm incubations (3 sec to 15 min) 
of rapidly growing cultures with 14C-labelled acetate confirmed the occurrence of the cycle. They 
fur ther  indicated tha t  acetate enters the cycle a t  two sites 8, and tha t  a compound in ready 
equil ibrium with  CO 2, which is probably  oxaloacetate, lies on the initial stages of the p a t h w a y  
of acetate 2. 

Cells of acetate-grown Pseudomonas KB I were crushed in a HUGHES press 4, homogenized 
with o.I M potass ium phosphate  buffer, p H  7.5, and centrifuged for 3 ° min at  25,0oo g. When  
this cell-free ext rac t  was incubated wi th  14CHsCOONa, ATP*, CoA, glutathione and sodium 
glyoxylate,  malate  was the only labelled compound formed in the early stages of incubation.  
The malate was isolated by  two-dimensional  paper  chromatography,  located by  autoradiography,  
and identified by  co-chromatography  with authent ic  malic acid. The rate of formation of 14C- 
malate  was linear over one hour, and was of the same order as the rate of acetate activation, 
as measured by  the format ion of hydroxamic  acid ~ (Table I). When isocitrate replaced glyoxylate 
in the above system, malate was again the first labelled compound formed. The rate of 14C-malate 
format ion from 14CH3COONa and isocitrate, which was also linear over the period studied (IO min), 
was approx.  3 .7/zmoles /h/extract  from 6 mg dry wt. of cells. This rate was more than  doubled 
by  preincubat ion of the extract  with 14CHzCOONa, ATP, glutathione and CoA; the observed 
rate was therefore a m in im um  one, and was limited by  the amounts  of acetate-activating enzyme 
present  in the 5 months-old  ext rac t  used. In  the absence of glyoxylate or isocitrate, no labelled 
compounds  other  than  traces of acetyl CoA were formed. There was also no incorporation of 14C 
from 14CHaCOONa in the absence of ATP, CoA or glutathione, or with boiled cell extract  (Table I). 

T A B L E  I 

R A T E S  O F  A C E T A T E  A C T I V A T I O N  A N D  O F  1 4 C - M A L A T E  F O R M A T I O N  F R O M  

14CH3COONa AND GLYOXYLATE 

The rate  of acetate act ivation was measured by  the procedure of JONES AND LIPMANN 5. The 
incorporat ion of 14C from acetate was  determined by incubating IOO/~moles of K phosphate  
p H  7.6, io  #moles of glutathione, io  #moles of MgC12, 0.08/*moles of CoA, 2/*moles of 14CH3COONa 
(giving 7.4" lO5 counts /min  under  the conditions used), io/~moles of sodium glyoxylate, o.i ml 
of cell-free ext rac t  and wate r  to o.97 ml. At  zero time, 6/zmoles of ATP were added. The reaction 
was s topped by  the addit ion of 3 ml of boiling 95 % ethanol. The precipitate was removed, washed 
wi th  i ml of 2o% ethanol and discarded. The combined superna tan t  solutions were evaporated 
to dryness under  a s t ream of N 2 at  5 °0 C, the dried material  redissolved in 0. 5 ml of water  and 
port ions (O.l-O.25 ml) analysed by  two-dimensional  chromatography  and autoradiography.  The 
radioact ivi ty of the labelled malate was assayed, with a mica end-window fl-counter tube, directly 

on the chromatograms.  

Solution Time (rain) Hydroxamio acid t4C-malate 
/ormed (pmoles) ]ormed (Itmoles) 

Boiled enzyme 
No CoA 
lqo ATP 
No glutathione 

No glyoxylate 

Complete sys tem 

6o o o 
6o o o 
6 0  o o 

6o o o 
20 0.53 o 
4 ° 1.06 o 
60 1.6o o 

2 - -  0.052 
5 - -  o . io i  

I 0  - -  O . 2 1  

3 ° - -  0.60 
60 - -  1.24 

* The following abbrevia t ions  have been used : ATP = adenosine t r iphosphate ,  AMP = adeno- 
sine monophospha te ,  PP  = inorganic pyrophosphate ,  CoA = coenzyme A. 
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The  ne t  fo rma t ion  of ma l a t e  f rom ace ta te  and  e i ther  i s o c i t r a t e  or g lyoxyla te ,  unde r  anaerobic  
condi t ions ,  is shown  in Table  II.  In  t he  absence  of aceta te ,  i soc i t ra t e  fo rms  only  succ ina te  and  
g lyoxy la t e  by  t he  ac t ion  of isocitr i tase6,7,  s. The  presence of an  e n z y m e  p r e s u m a b l y  identical  with 
t he  ma la t e  s y n t h e t a s e  of \VoNG AND A J L  9 is shown  by  the  fo rmat ion  of ma la t e  f rom ace ta te  
a n d  g lyoxyla te .  

T A B L E  II  

SYNTHESIS OF MALATE BY THE REACTIONS OF THE "GLYOXYLATE BYPASS" 

E a c h  flask con ta ined  3o0 pmo l e s  of p o t a s s i u m  p h o s p h a t e  buffer  p H  7.6, IO /*moles of MgCI2, 
5 /*moles  of g tu ta th ione ,  o . 16 / ,mo l e s  of CoA, 4 ° / , m o l e s  of ATP,  o. 5 ml  of cell-free ex t r ac t  and  

wa te r  to  3.0 ml. I n c u b a t i o n  was  for one hour  a t  3 °°  unde r  n i t rogen.  

Reactants (l, moles) Products (l~moles) 

Potassium Sodium d-Isocitrate* 
Succinate** Malate*** Glyoxylate§ Sum o] malat~ 

+ glyoxylate acetate glyoxylate initial final --z~ 

60 4 ° - -  3.2 
- -  4 ° - -  i . o  

60 - -  - -  0. 5 
300 - -  15.8 2. 7 13.1 11.8 8.2 0.9 

- -  - -  31.6 16.8 14.8 13. 4 I . I  9-5 
9.1 

lO.6 

* Measured  wi th  i soc i t r ic  dehydrogenase .  
** Measured  wi th  succinoxidase .  

* ** Measured  wi th  mal ic  decarboxy lase  1°. 
§ D e t e r m i n e d  b y  t he  m e t h o d  of FRIEDEMAN AND HAUGEN 11. I t  WaS identif ied by  ch roma to -  

g r a p h y  of i ts  2 ,4 -d in i t ropheny lhydrazone  and  compared  wi th  t h a t  of a u t h e n t i c  g lyoxy la te  as 
s t a n d a r d .  

I t  follows t h a t  P s e u d o m o n a s  K B  I, w h e n  growing  on ace ta te  as sole carbon  source,  possesses,  
in add i t ion  to t he  enzymic  reac t ions  of t he  t r icarboxyl ic  acid cycle, an  auxi l i a ry  m e c h a n i s m  
which  provides  an  a l t e rna t ive  rou te  f rom i s o c i t r a t e  to ma la te .  Th i s  rou te  is nonox ida t ive  and  
cons is t s  of  t h e  c leavage of i s o c i t r a t e  by  isocitri taseS,7,s(i)  and  t he  condensa t ion  of acetyl  CoA 
a n d  g ly0xy la t e  by  m a l a t e  synthetaseg(i i i ) .  T he  resul t  of th i s  "g lyoxy la t e  b y p a s s "  (Fig. i) is t he  
f o r m a t i o n  of two C4-dicarboxylic ac ids  f rom i s o c i t r a t e  and  ace ta te  (iv) : 

i soc i t ra t e  - -+  succ ina te  + g lyoxy la te  (i) 

ace ta te  + A T P  + CoA - -+  acetyl  CoA ( +  A M P  + PP)  (ii) 

ace ty l  CoA + g lyoxy la te  - ->  ma l a t e  ( +  CoA) (iii) 

S u m :  ace ta te  + i soc i t ra t e  + A T P  ~ m a l a t e  + succ ina te  ( +  A M P  + PP) (iv) 

Ace ty l  CoA / 
/ 

oxa lace ta te  

-> c i t ra te  > i soc i t ra t e  

CO,  ~ - ~ /  

a -ke tog lu t a r a t e  

CO~ ~ - - ~  

m a l a t e  ma l a t e  <--- f u m a r a t e  <---- succ ina te  

Acetyl  C o A / ~  

g lyoxy la te  < 

Fig. I. Metabol ic  p a t h w a y s  in ace t a t e -g rown  P s e u d o m o n a s  K B  I :  t he  t r icarboxyl ic  acid cycle 
and  t he  "g l yoxy l a t e  b y p a s s " .  
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If this bypass  is used instead of the oxidative reactions of the tr icarboxylic acid cycle, one t u rn  
of the cycle results in the  net  format ion of one molecule of C4-dicarboxylic acid from two molecules 
of acetate. A reaction of this  type,  the direct condensation of two molecules of acetate to form 
one molecule of suceinate (v), 

2 acetate - -  2H ~ succinate (v) 

was first postula ted by  THUNBERG 12, bu t  the evidence for its occurrence has been disputed. The 
overall effect of reaction (iv), plus the reactions of the tricarboxylic acid cycle leading to the 
synthesis  of isocitrate (vi) and to the regeneration of oxalacetate (vii), is identical with t ha t  of 
the " T h u n b e r g  condensat ion",  a l though the mechanism is entirely different: 

acetate + oxalacetate --+ citrate ---> isocitrate (vi) 
acetate + isocitrate ---> malate + succinate (iv) 
malate - -  2H --+ oxalacetate (vii) 

Sum:  2 acetate - -  2H --~ succinate. 

Since both  reactions (i) and (iii) seem to be widespread among micro-organisms 1~, it is likely 
t ha t  the format ion of fumaric acid from ethanol or acetate by  Rhizopus nigricans, reported by  
FOSTER et al. 1~, occurred by  the "glyoxylate  bypass"  ra ther  than  the "Thunberg  condensat ion".  
The labelling pa t t e rns  observed by  FOSTER et al.l~, 15, suppor t  this conclusion. 

When  micro-organisms grow on two carbon compounds,  such as acetate or ethanol, as the 
sole source of carbon, net  synthesis  of C4-dicarboxylic acids mus t  occur from the simple precursors  
to replace materials  drained from the triearboxylic acid cycle. These conditions apply part icular ly 
during rapid growth,  when tricarboxylie acid cycle intermediates are used for the synthesis  of 
other  cell consti tuents,  and also when incomplete oxidations occur• Examples  of the latter are 
the  accumulat ion of fumaric acid in Rhizopus nigricans 1~ and of citric acid in AspergilluslS, 17. 
The operat ion of the  "glyoxylate  bypass"  would account  for all these observations.  
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