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Pathways of 5-ketogluconate catabolism in bacteria* 
5-Ketogluconate is a biochemical curiosity. In  nature,  it is formed only by A cetobacter species of the 
suboxydans and mesoxydans group, often in copious amounts ,  during the oxidation of glucose and 
gluconate.  Little is known concerning its fur ther  metabol ism 1, 2,3. 

Both 2- and 5-ketogluconic acids may  also be considered to be uronic acids, derived from the 
corresponding ketoses D-fructose and L-sorbose, by oxidat ion of one -CH2OH group. I t  would 
not  be surpris ing to find t ha t  the first step in the metabol ism of all uronates  follows the same prin- 
ciple. Indeed, from previous exper iments  on the metabol ism of glucuronate,  galacturonate  and 
2-ketogluconate (n-f ructo-I -uronate)  by  bacteria, it appears  tha t  this p r imary  reaction consists of 
a reduction of the - C H O  or ~C ~ O group.  Glucuronate and galacturonate  are converted into 
the corresponding L-hexonates by  a T P N H -  or DPNH-l inked  uronate  reductase from Erwinia and 
Aerobacter4; 2-keto-6-phosphogluconate ( f ructo-I-uronate-6-phosphate)  is converted into gluco- 
na te-6-phosphate  by a TPNH-l inked reductase from A erobacter cloacae 5. 2-Ketogluconate is reduced 
by  a similar enzyme 5. We therefore postula ted tha t  the catabolism of 5-ketogluconate (L-sorbo-6- 
uronate) could likewise proceed after  a prel iminary coenzyme-linked reduction. 

Enr ichment  cultures were set up at 3 °0 in a medium containing o.t % yeast  extract ;  o. 5 % 
KH~PO4; o. I5 % (NH4)2SO4; 0-5 % NaC1; 0.025 % FeSO4; 0.025 % MgSO 4.7H20;  o .o2M sodium 
5-ketogluconate;  p H  7.2, inoculated with soil, mud, river and ditch water,  By the usual procedures, 
eight s trains of bacteria were isolated, which all grew very well on 5-ketogluconate as sole carbon 
source and consumed it completely. Three s trains were identified as Klebsiella species (KAUFMAN'S 
nomenclature6), three as Escherichia coli, and the two other  strains have temporar i ly  been classified 
as  Alcaligenes. Each of these s trains was grown aerobically either on yeast  extract  and peptone or 
on a synthet ic  medium containing either glucose, gluconate or 5-ketogluconate. The rest ing cells 
were used in the Warbu rg  appa ra tus  for the s tudy  of the respirat ion curve of several substrates .  In  
every case glucose was oxidized with a set of const i tut ive enzymes. 2-Ketogluconate and D-xylulose 
were oxidized after  an induction period. 5-Ketogluconate was oxidized at once only wi th  cells grown 
on this substance;  cells grown on other  subs t ra tes  oxidized it only after  an induction period. 
However,  gluconate was oxidized at  once with both  gluconate- and 5-ketogluconate-grown cells, 
and after an induction period with cells grown under  other  conditions. These results show tha t  
gluconate and 5-ketogluconate are not  intermediates  in the glucose oxidat ion by these bacteria. 
The sequential  induction of 5-ketogluconate-grown cells to gluconate indicates tha t  5-keto- 
gluconate may  indeed be metabolized after a previous reduction, as the main physiological 
pa thway .  

Cell-free extracts  from 5-ketogluconate-grown cells were prepared either by grinding with 
a lumina  or by  disrupt ion in the Hughes  press, extract ing with o.ot M NH4C1-NH4OH buffer, 
p H  IO, followed by high-speed centr ifugat ion (ioo,ooo g for 2 h at  4 °) and dialysis. All the s t ra ins  
contained an enzyme for the reduction of 5-ketogluconate by  D P N H .  This enzyme was very active 
in Klebsiella and Escherichia, but  less so in A lcaligenes. Klebsiella 5 K3 B and Escherichia 5 K2 C were 
selected for fur ther  s tudy  of the  following reactions : 

5-ketogluconate + D P N H  + H + ~ gluconate + D P N  + (I) 

5-ketogluconate + T P N H  + H + ~- gluconate + TPN* (2) 

React ion (i) is about  twice as fast as (2). The enzyme is active between p H  4 and I I. The reaction 
is reversible: at  p H  6-7 the  reaction is heavily shifted to the right, while at  p H  t o - I  i the reverse 
reaction occurs (Fig. i). When 4 / ,moles  5-ketogluconate are incubated with an equimolar  a moun t  
of ei ther D P N H  or T P N H  and o.i ml enzyme in 3 ml o.o2 M t r i s (hydroxymethy l )aminomethane  
buffer, p H  7.3, gluconate could be identified in both  cases by  the conversion into the lactone, by  
the reaction with the hydroxy lamine  reagent  7 and by  paper  ch roma tography  in the upper  phase of 
a mixture  of bu t ano l - e thano l -w a t e r  (4 : i : 5)- Idonate ,  the other  possible end product  after  5-keto- 
gluconate reduction, was not  detectable. To demonst ra te  the end product  in the reverse reaction, a 
sys t em containing 50 /zmoles sodium gluconate, 2 /,moles D P N  or TPN, o. I ml enzyme in 3 ml 
o ,o2M glycocoll buffer, p H  io, was  incubated for i -2  h at  room tempera ture ,  decationized wi th  
Amberl i te  IR-I2O H +, dried in vacuo and chromatographed  on paper  for 48 h in the upper  phase of 
a mix ture  of n-propanol,  methylbenzoate ,  HCOOH and wate r  (7:3:2:5) .  After spraying wi th  
o-phenylenediamine s, a spot  was revealed which had the typical  blue color and the same posit ion 
as an authent ic  sample of 5-ketogluconate. The stoieheiometry of the reactions (i) and (2) in bo th  
directions could also be shown speetrophotometr ical ly  and by  est imation of 5-ketogluconate wi th  
the method of SCHRA~M 9. This enzyme prepara t ion  did not  reduce 2-ketogluconate, fructose or 
L-sorbose. We propose the name "5-ketogluconoreductase".  

* This work was suppor ted  in par t  by a g ran t  from the Nat ionaal  Fonds  voor "vVetenschappelijk 
Onderzoek. 
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Fig. I, Revers ib i l i ty  of t h e  5 -ke tog luconoreduc ta se  
reac t ion  in Klebsiella 5K3 B ex t r ac t  as m e a s u r e d  i n  
t h e  B e c k m a n  s p e c t r o p h o t o m e t e r  mode l  DU.  Lef t  
p a r t :  react io~ of 5 -ke tog lucona te  w i th  D P N H .  T h e  
s y s t e m  con ta ined  in 3 m l  o . o z M  t r i s  ( hyd roxy l -  
me thy l )  a m i n o m e t h a n e - H C l  buffer,  p H  7.2 : 0.3/~mole 
D P N H ;  o.o25 ml  e n z y m e ;  2 / , m o l e s  5 -ke tog lucona t e  
(curve A) or water ,  D-fructose,  L-sorbose or 2-keto-  
g lucona te  (curve B) is added  a t  t h e  arrow. R i g h t  
pa r t :  reac t ion  of g lucona te  wi th  D P N .  The  s y s t e m  
con ta ins  in 3 ml  o .o2M glycocoll buffer,  p H  io ;  50 
/ ,moles  s o d i u m  g lucona te ;  0. 3 /~mole D P N  and  o.I 
ml  e n z y m e  (curve C). Curve  D:  w i t h o u t  g luconate .  

However ,  t he re  is still a n o t h e r  p a t h w a y  for 5 -ke tog lucona te  me tabo l i sm.  By  t he  m a n o m e t r i c  
m e t h o d  of COLOWICK AND KALCKAR TM, a 5-ke tog luconokinase  was  de tec ted .  5 -Ke tog lucona te  did 
no t  d i sappea r  in t h e  absence  of ATP.  The  k inase  was  p r e sen t  in g rea te s t  ac t iv i ty  in t he  Klebsiella's. 
I t  could h a r d l y  be  de tec ted  in t he  o the r  s t ra ins .  C o n c o m i t t a n t  ana lys i s  of 5 -ke tog lucona te  d isap-  
pea rance  and  CO¢ fo rma t i on  du r ing  t h e  p h o s p h o r y l a t i o n  showed t h a t  a b o u t  2 moles  of CO S a r e  
l ibera ted  per  mole  s u b s t r a t e  metabol ized .  T he  reac t ion  t h u s  proceeds  beyond  t he  p r i m a r y  phospho-  
ry la t ion ,  wh ich  we a s s u m e  to be t he  fo rma t ion  of 5 -ke to -6-phosphoglucona te .  A ca lcu la t ion  of t h e  
re la t ive  i m p o r t a n c e  of e i ther  p a t h w a y ,  based  on t he  e n z y m e  ac t iv i t ies  in  t he  ex t rac t s ,  showed  t h a t  
5 -ke tog lucona te  is me tabo l i zed  a b o u t  3o0 t i mes  as fas t  by  t he  r educ t ive  p a t h w a y  as b y  t h e  phos-  
phory la t ive .  T h a t  t h e  fo rmer  p a t h w a y  is physiological ly  t he  more  i m p o r t a n t  in our  bac te r ia  
follows also f rom t h e  above  m e n t i o n e d  e x p e r i m e n t s  on t he  sequen t i a l  i nduc t ion  p a t t e r n  of r e s t i n g  
cells. W o r k  on t h e  m e c h a n i s m  of t he  phosphoro ly t i c  p a t h w a y  is in progress .  
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* Associ6 of t he  Nationffal  F u n d s  voor  We tenschappe l i j k  Onderzoek.  

The path of electrons in the respiratory chain of enzymes 

Kine t i c  s tud ies  of t he  r e sp i r a to ry  e n z y m e s  of whole  whea t  roots  a n d  bake r ' s  yea s t  1, 2, 3 h a v e  shown  
t h a t  t h e  m a i n  enzymes ,  viz. c y t o c h r o m e s  a v c and  b, f lavoprote in  (FP) and  d iphosphopyr id ine  
nucleot ide  (DPN),  are  reduced  in a charac te r i s t i c  t i me  order,  if t h e  cells or  t i s sues  are  exposed  
to anaerobiosis .  One  e x p e r i m e n t  w i t h  yea s t  y ie lded t he  following figures of t he  s t a r t  t imes  following" 
a shi f t  f rom air  to N~: 

a s c b F P  I D P N  

0.5 I.O 8.2 7.4 1 24. 7 sec 

The  reox ida t ion  (shif t  f rom N~ to air) r u n s  cons iderab ly  faster .  I t  could be shown,  however ,  t h a t  
t h e  t i m e  order  is now reversed ,  i.e. c y t o c h r o m e  b is more  rap id ly  oxidized t h a n  cy toch rome  c, etc. 
As s h o w n  f rom con t i nuous  records  of t he  spec t ra l  b a n d s  a t  increas ing  r educ t ion  af te r  anae rob ios i s ,  
t h e  g roup  c y t o c h r o m e s  as-c is nea r ly  reduced  before t he  g roup  cy toch rome  b - F P  s t a r t s  r e d u c t i o n ,  
and  D P N  s t a r t s  r educ t ion  abou t  s i m u l t a n e o u s l y  wi th  t he  comple ted  reduc t ion  of cy toch rome  b - F P ,  


