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In our strain of Acetobacter sttboxydans, three enzymes are present for the oxidation of 
gluconate: 

(I) a soluble TPN-specific dehydrogenase, yielding 2-ketogluconate (2-keto- 
gluconoreductase) : 

(2) a soluble TPN-specitic dckydrogenase, yielding 5-ketogluconate (5-keto- 
gluconolcductase) ; 

(3) a particulate, possibly cytochrome-linked gluconate oxidase, yielding 2-keto- 
gluconate. 

The specificity of these enzymes was studied. Gal.~ctonate is oxidized with a 
TPN-linked dehydrogenase to 2-ketogalactonate. Soluble TPN-linked dehydrogenases 
for glucose, rnannose, galactose, xylose and L-arabinose are present. A 5-ketoglucono- 
kinase was not detectable. Both 2- and 5-ketogluconates are metabolized by a 
reduetase into gluconate, followed by a gluconokinase and a' 6-phospho~lucono- 

4dehydrogenase.  
A strain of Acotobacter melmwge'mtm was also iuvestig~tted because in a period of 

one year  it had lost the power to make a brown pigment and now produced con- 
siderable amounts of Ca-5-ketogluconate. The new behaviour of this strain was due 
to the fact that  the 2-ketogluconoreduetasc was absent and the gluconate oxidase 
content  was low. 5-Ketogluconate is not metabolized by this strain, owing to the 
absence of a gluconokinase. 

INTRODUCTION 

Growing cultures of acetic acid bacteria of the suboxydans and mesoxydam_ group 
produce considerable amounts of both 2- and 5-ketogluconate during the oxidation 
of glucose and gluconate t-6. Acetobacter sttboxyda~s ~ is undoubtedly tile prototype, 
producing copious amounts of calcium 5-ketoghteonate ~* crystallizing out in the 

* Assoc i6  d u  F e n d s  N a t i o n a l  do  la  R e c h e r c h e  Sc i en t i f i que .  
t ,  T h e  f o l l o w i n g  a b b r e v i a t i o n s  wil l  b e  used  : 5 -ke tog lucona t t e  (5I{) ; 2 -ke tog l t t cona±e  (2K)  ; 

: d i p h o s p h o p y r i d i n e  n u c l e o t i d e  (1)PN} ; t r i p h o s p h o p y r i d i n e  n u d e o t i d e  ( T P N )  ; a d e n o s i n e  * r ipho~-  
• p h a t e  ( A T P )  ; g l u c o s e - f - p h o s p h a t e  {GriP) ; ~D l ucona t e -6 -phosp l t a t e  [6PG) .  
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medium.  However,  little is known about  the enzymic mechanism of tile format ion and  
of the fur ther  metabolism of both  keto-aeids in these species. A. nwla~ogenum is 
unique in tha t  it oxidizes 2K with the format ion of 2,5-diketogluconnte 7, which is 
then degraded with  tile format ion of a-ketoglutara te  via  pentoses s. There are a few 
indications in the l i terature tha t  in some Acetobaaters both ke tohexonates  m a y  be 
in termediates  in separate  pa thways  of glucose breakdown,  different from those 
previously described, such as the glycolysis cycle, the hexose monophospha te  oxidat ive  
cycle (shunt) or the Entner-Doudoroff  mechanism. Fo~ example,  JACKSON ct al. 9 
ment ioned briefly tha t  various A oetobacters m a y  produce d-tar tar ic  and  oxalic acids 
from 5-ketoglueonate and  t h a t  the oxida t ion  of gluconate  results in the product ion,  
first of 2-ketogluconate and  then of py ruva t e  and  CO2. FEWSTER v~ reported t h a t  
resting cells of Acetqbavter suboxyda~zs ATCC 621 oxidize 5-ke.togluconate wi th  an O 2 
consumption of 3-5 molesfmole subst ra te  and  ~.-ketogluconate with the up take  of 
o.5 mote O~. FEwsxER n ment ioned  tha t  D-xylulose and both 2- and  5-ketogluconate 
are phosphorylated.  I t  was suggested tha t  5-ketogluconate was decarboxyla ted  to 
i>-xylulose. Since D-xylulose-5-phosphate is an intermediate  in the hexose-mono-  
phosphate  oxidat ive cycle, the nearly complete oxidat ion of 5-ketogluconate could be 
explained. However,  exper imenta l  evidence for a conversion of 5K into o-xylulose  
was not  given. From his exper iments  FEWSTER 1° concluded " t h a t  g luconate  a n d  the  
two oxo acids are intermediates  of a main p~tthway for the extensive aerobic metabo-  
lism in A cotobacter subaxyd~ns".  

In a paper, published af ter  the present  manuscr ip t  was ready,  FEws'rl~re az reports" 
t ha t  his s train also oxidizes 2I{ wi th  the up take  of o.5 mole O 2 per mole subs t ra te ,  
the  prodtlction of o.5 mole CO 2 and  the apparen t  format ion  of arabonate .  

For  the present investigations,  a strain of Acetobaater suboxyda~,s was selected 
which was able to oxidize the ketohexonates ,  accumula t ing  in the med ium in the  
initial growth period, wi th  the format ion of CO z. I t  was therefore expected  t h a t  the 
enz3w~e systems for tile new types  of catabolism might  be present.  I t  was found,  
however, tha t  the pr imary  step in the metabol ism of both ketogluconates  consists  
in a reduction to gluconate,  which is then phosphory la ted  by  the gluconokinase.  The 
gluconate-6-phosphate formed is then metabol ized by  the H M P  oxidat ive  cycle, 
which was shown to be present in our strain.  I t  had  previously a l ready  been demon-  
s t ra ted  in another  s t rain of Acetobacter st~boxydal~s by HAUGE, KING AN1) CHELDELIN 13. 

Thus the metabol ism of 5-ketoglueonate in this species follows the same p a t h w a y  
as in Kl~bsiella and Eseheriohia ~*, a~ .~.~ o t-,÷,,,1 . . . . . .  +~ is metabol ized in the  s ame  
way as in Cory~teba~terinm hdvolum 's. Fur ther  it will be shown tha t  g luconate  is 
oxidized by  3 enzymes:  

(I) 2 soluble TPN-l inked dehydrogenases,  one yielding 5-ketogluconate a n d  one 
yielding 2-ketogluconate;  

{2) a particle-linked, coenzyme-indcpendent  oxidase yielding 2-ketogluconate.  

EXPERIMENTAL 

I. The strain of Aoetobacter suboxyda~,s was  isolated from beer and  identified 
according to FR..kTEUR s. I t  differed only in one aspect from the strain described b y  this  
au thor  as Aaetobaaler suboxyda~,s {K1.uYVER AND DE LIEEUW): when growing on 
yeast-glueose-CaCOa slants, the bacteria formed first acid and  crystals  of Ca-5-keto- 

Re/evences p. i;~'3. 
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g luconate  ; la ter  CaCO a was formed again, giving a s t rong irisatior,. This indicates tha t  
the  acids are comple te ly  oxidized.  

2. Mass cul tures were grown on 2 different medlar. Roux  flasks were used, 
conta ining a solid medinrr~ with Io % glucose, i '% 3.-east ex t rac t ,  ~ ~.~ % agar  and 
3 % CaCO~ (in suspension).  They_ were inoculated aild , ,cut,a~o~ at  30 ° for e,~,,,:,"'"^- 
48 to  72 h. The  cells were then wa.shed from the  agar surface with 3I /xoo phospha te  
buffer  p H  6.o. V~e also used a liquid medium,  conta ining 2 % Ca-gluconate,  o,2 % 
N H a H z P O  a, o . I  % K,HPO, , ,  o.o25 °i, 31gSO 4 and  0. 5 % yeast  ex t rac t ,  dispensed in 
E r l e n m e y e r  flasks in shal!ov" layers. After  inoculat ion,  the flasks were incuba ted  at  
3 °0 in a shaking-machine  for 48 or  72 h. The  cul ture  was then  freed from the  
p rec ip i t a t ed  Ca-5-ketogluconate  by decan ta t ion  and filtration. The  cells from bo th  
media  were ha rves ted  by  cent r i fugat ion  and were wa_shed twice wi th  . l / / I oo  phospha te  
buffer  p H  6.o. 

3-Cell-free ex t rac t s  were prepared  by t rea t ing  the ceil suspension (9-I2 g in 
5o ml 11I.]ioo phospha te  buffer  p H  6.4), in a re  KC, 25o XV R a y t h e o n  Sonic Oscillator 
f~r 15 min. 

The  suspension was then cent r i fuged for x tx a t  12,ooo rev. [min in an M.S.E. 
cent r i fuge  a t  4 % The  prec ip i ta te  was d iscarded and  the supe rna tan t  was called "c rude  
cell-free e x t r a c t " .  I t  was centr i fuged for 2 h a t  lO5,Ooo g and o ° in a Spinco refr igerated 
p r e p a r a t i v e  ul t t 'acentr ifuge.  In this way  it was separa ted  into a clear yellow solution, 
con ta in ing  the soluble enzymes,  called "par t ic le-f ree  s u p e r n a t a n t "  and  a reddish 
prec ip i ta te ,  conta in ing  the  bacteria]  particles. Sometimes the supe rna t an t  was dialyzed 
a t  4 ° against  31./ioo pho.~phate buffer pH b.o for I8 h. 2-3 nil of the sedimeuted  
part icles were suspended  in 5 ml of 31 / ioo  phospha te  buffer p H  6.0 with the aid of a 
Pot ter -Elvt f l l jem homogenizer .  

4. For  manomet r i c  exper iments  the convent iona l  Warbu rg  respi rometer  was 
used a t  30 ° . 

The  oxida t ions  by  rest ing cells were s tudied with 2 ml cell suspension in 3t,"z5 
phospha te  buffer p H  6.0 (about  IOO 15o nag living cells) : 5 t ~mo]es of the subs t ra te  
in o.z ml  were t ipped  in f rom the. s ide-arm, except  for Na-5-ketogluconate ,  of which 
8.1 umoles  were used. The  center  wells conta ined  o . r  5 ml K O H  solution. The gas 
phase was air. 

Kinases were de tec ted  b y  the me thod  of COLoW/CK .XNI~ K.\LCI~.AR 1"~. The  main 
c o m p a r t m e n t  of the \Varburg  vessel conta ined : o.6 ml part icle-free supe rna t an t  (from 
abou t  ioo  mg living cells), d ia lyzed or undia iyzed  as indica ted;  io /maoles  subs t ra te ;  
4 ° /xmoles  N a H CO a, i6  tzmolcs MgCI2; 2o/~moles NaF.  17 txmoles of Na-ATP in a 
volume of o.2 ml  0.o2 M NaHCOz were added  from the side-arm. The to ta l  vo lume 
was 2 ml. The  gas phase was 95 % N z -]- 5 % CO.,, final pH  7.4- 

The  ox ida t ion  of the different  subs t ra tes  by  the particle-free supe rna t an t  was 
tes ted in the  following sys tem:  0.3 ml enzyme  p repa ra t ion ;  36/~m0tes Tris buffer  
p H  7.4; 36 t, moles MgCle; o.65 mg N-methy lphenaz in ium methy lsu l fa te ;  0.3 t~mole 
D P N  or  T P N ;  2o gmoles  subs t ra te  itl a to ta l  volume of I. 9 ml. The center  well 
con ta ined  o . I  ml zo % K O H  solution. The gas phase was air. 

Oxidat ions  with the  particles were carr ied ou t  in .1//3o phospha te  buffer pH  6.0, 
corresponding to  abou t  o.I  m! packed  particles,  with 20/zmoles subs t ra te .  

5. Spee t ropho tomet r i c  de te rmina t ions  ~ere  carried ou t  with the Beckman  
appara tus ,  model  DU, a t  abou t  2o °. Dehydrogenase  ac t iv i ty  was estir, l a ted  by  reading 

Jfe[erences p.  1~' 3. 
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the  optical  dens i ty  a t  340 m/z. The  sys tem conta ined:  60/~moles Tris buffer p H  7.4; 
6o/~moles MgCl~; 0.3/~molcs T P N ;  z/xmoles  subs t ra te  (ethanol, Na-G6P or Na-6PG) 
and o. 3 ml pm'ticle-free supe rna t an t  in a to ta l  vo lume of 2. 9 ml. 

The enzymic reduct ion of ke togluconates  b y  T P N H  was s tudied  in the following 
way:  T P N H  was genera ted  b y  one of the  dehydrogenases  jus t  ment ioned,  xo/xmoles 
of the  ketogluconates  in o.I  ml were added  to the same sys tem and the decrease in the  
O.D. followed at  340 mt  z~ The oxidat ion of hexona tes  and pen tona tes  wi th  c~ther F P N  
or D P N  was demons t r a t ed  in a sys t em containing:  60 tzmoles glycine buffer p H  zo; 
50 ttmoles subs t r a t e ;  0.3 tcmole coenzyme and  0.3 ml particle-free supe rna t an t  in a 
to ta l  vo lume of 3.0 ml. 

6. To detec t  the endproduc t s  of the phosphory la t ion  of 5-ketogluconate  b y  A T P  
the tollowing react ion mixture  ~ a s  incuba ted  at 3 o ' ;  67 t~moles phospha te  buffer  
p H  7.4; I6/zmolcs MgCI2; 20 t,moles N a F ;  r 7 / ,moles  ATP;  x3 ~moles 5-ke togluconate ;  
o.3 t~mo]e T P N  and o.4 ml dia lyzed particle-free supe rna tan t  in a to ta l  volume of 2 na.l. 
At  regular intervals  a o.I  ml sample  was wi thdrawn,  wi th  which the  cys te ine-carbazo l  
react ion 18 and the CyRI  reaction lg was  c a r d e d  out .  5 -Ketoglucona te  gave a purpl ish 
colour in the cys te inc-carbazol  reaction. However ,  the optical  densities a t  54 ° and  
56o m/z were low. In the C y R I  react ion 5-ketogluconate  yields a green colour  wi th  a 
b road  absorpt ion  m a x i m u m  at  54o m/~. 

7. Ketogluconates  were de tec ted  b y  descending paper  ch roma t og raphy  for 48 h 
in the  upper  phase  of a mix ture  of n-propanol ,  me thy lbenzoa te ,  foranic acid and  wa te r  
(7 :3 :2 :5 ) .  The o-phenylenediamine sp ray  z° was  used to reveal  the  posi t ion of the  
ketogluconic acids. Af ter  heat ing for 3 rain at 95-xoo °, 2-ketogluconate  gives a green 
spo t  wi th  yel low-green fluorescence and  5-ketogluconate  gives a blue spo t  w i t h o u t  
fluorescence. 2-Ketogluconate  was de te rmined  b y  the react ion wi th  o-phenylene-  
diamiue-HC1, according to the me thod  of LA~NL~G AND COHEN 2° and  5-ke tog lucona te  
b y  the  react ion wi th  ~-methyl,  x-phenylhydrazine  sulfate  according to the  m e t h o d  
of  SCHRA~II~121. 

I~ESUI, TS 

I.  Expevimems with ~'esth~g ~dls 

Fig, x represents  the result of a typ ica l  exper iment  wi th  rest ing cells. Glucose, 
g]uconate,  ~- and  5-ketoglueonate  are oxidized wi th  an O~ consumpt ion  of  6o-70  % 
of the  a m o u n t  needed for complete  oxidat ion.  Since our  strain oxidizes ~--ketogluconate 
wi th  an O~ consumpt ' :on of 3-4 moles/mole subs t ra te ,  it is different  from Aaetoba~t~" 
suboxydaus ATCC 6~.~, used b y  FEwsT~-R, which consumed  only  o.5 mole I°, I~. E thano l  
is oxidized readi ly with an O a consumpt ion  of x mole/mole sabs t ra te ,  as expec ted  
tor an Acaobaater suboxyda,ts. 

Table  i summarizes  the  results of tim oxidat ions,  carried ou t  b y  resting cells. 
Galactose was slowly oxidized;  the  Oa consumpt ion  was a lways  greater  than  o.5 mole] 
mole subs t ra te .  Ga lac tona te  was also slowly oxidized. Wi th  gMactose and  ga lac tona te  
the endpoint  of the  oxidat ion was never  reached.  

2. Enzymes  i~ tlw 75arlivle-/ree super~a&o,.l 

(a) hehydrogenases. The particle-free prepara t ion  contains  several coenzyme-  
l inked dehydrogenases  for the  oxidat ion of some aldoses, hexonates ,  e thanol ,  G6P  
and  ~ o  
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In our  s t rata  a glucose denydrog  nase is present ,  which is absolu te ly  T P N -  
specific. This enzyme seems to be different from the DPN-specif ic  one described b y  
K I N G  AND CHELI)ELIN a2 in another  s train of Acetobacter suboxydans. 

T A D I , E  i 

O a IJPT,a.KI~ B Y  RIgSTIN'Gr C E L L S  O F  .-~ CetO~)(gcte~" sz tboxydaJzs  WITH SEv~reAL S U B S T R A T I B S  

Substmte Molt O.. 'mole 3ub:~tr d* 

Glucose  4,4 3.9 
G l u c o n a t e  3-7 3.4 
5- IKe tog lucona te  2.8 3.z 
2 - K e t o g l u e o n a t e  3-5 3.3 
F r u c t o s e  4,0 4.4 
G a l a c t o s e  ~> 0.53 
G a l a c t o n a t e  <:  0.2 
Ma l to se  :> 6. 7 
D-Xylo~e o, 5 
L~Arabinose  tr. 4 
o - i a r t n o s e  O. 5 
E t h a n o l  1 .o 0, 9 
l ' y r u v a t e  0. 4 
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Fig.  z.  D v h y d r o g e ~ a t i o n  of  s ev e ra l  
a l d o s e s  b y  T P N  in  t.r,e p r e s en ce  of t h e  
p a r t i c l e - f r e e  s u p e r n a t a n t  of  , ' : / .  s u b o x y -  
darts .  C o n t e n t  of  t h e  B e c k m a n  vesse l s ,  

see  t e x t .  

F ig .  z, O x i d a t i o n  of  s eve ra l  s u b s t r a t e ~  b y  r e s t i n g  cel ls  o f  A cetobectev s u b o x y d a n s .  C o n t e n t  of  t h e  
V t a r b n r g  vesse ls ,  see  t e x t ,  S u b s t r a t e s  u s e d :  M (mal tose) .  G (glucose),  GA {gluconate) ,  5i~ (5-keto-  

glncouate L 2K (2-keCoglucon~te), Et (ethanol), End (no substrate). 

T h e  o x i d a t i o n  o f  m a n n o s e  p r o c e e d e d  at  a p p r o x i m a t e l y  t h e  s a m e  rate  as  t h a t  o f  
g l u c o s e .  D-Galactose, D-xylose, L-arabinose were oxidized slowly (Fig. 2). D-1Zibose and 

• I>-arabinose were no t  oxidized. The la t te r  results are in agreement  with our  obse~-a t ion  

i R~lerenees #. z S l .  
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t h a t  this strain does not  show acid p roduc t ion  on yeas t - ex t r ac t  (ribosc or D-arabinose)-  
CaCOz slauts. These  dehydrogenases  are obvious ly  cons t i tu t ive ,  since the cells had  
been grown on gluconate.  These ex t r ac t s  also conta in  ve ry  act ive T P N H - l i n k e d  
rcduetascs  for 5- and  2-ketogluconates  (Fig. 3 and Fig. 4}. The ac t iv i ty  of these 

5K 2K 
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F i g .  3" F i ~ .  4- F i g .  5. 

F i g .  3 . . \  T P N - l i n l c e d  e t h a m f l  d e h y d r ( ~ g e n a s e  a n d  t h e  5 I~:- l i nd  ; I ,~- redue tu .~vs  i n  t h e  p a r t i c l e - f r e e  
S u l ) e r n a ~ a n t  ~mf , l ,  s l tbo~ 'yda~zs .  C o n t e n t  o f  t h e  B e c k m a n  v e s s e l s ,  se~: t~,xt .  

Fi~;. -I. T l ' N - l i n k ~ ' d  ( ; 6 P -  a n d  ~J P G - d e h v d r t > g e n a s c s  a n d  t h e  51"~- red l l c t a se  in  t h e  p a r t i c h ' - f r e c  
s u p e r n a t a n t  o f  ,q .  s t ~ b f , x y d a ~ s ,  ( ' t m t e n t  n f  t h e  B e c k m a ,  x -cs sc l s ,  se.~ t e x t .  

Fizz. 5. i ) x i d a t m n  <~I g l n e < m a t e  a n d  g a l a c t o n a t e  b y  T P N  a t  p l  I i o a n d  a h i g h  s u b s t r a t e  c ( m c e n t r a t i o ~ a  
w i t h  p a r t i c I e - f r e e s u p o r n a t a n t  ~ f  .-I, s u b o x ) , d c f ~ s ,  C o n t e n t  o f  t h e  P ; e c k m a n  v e s s e l s ,  s e e  t e x t .  

enzymes  is of tile same order  a.s the  similar enzymes  descr ibed in Klebs ie l la  anti  
Esvher i6h ia  1~ and  in Coryncbacteri t t~n l~.elvoh, n ,  TM. In the l a t t e r  cases tile e n d - p r o d u c t  
of the react ion was shown to be gluconate .  A react ion wi th  D P N H  could  not  be 
demons t ra ted ,  for our  p repara t ions  conta ined  a ve ry  act ive D P N H - o x i d a s e .  No 
reductases  wet,: present  for p y r u v a t e ,  D-glucuronate,  D-galacturonate  and  5-k~,to-L- 
galactol~atc with TPNI4 .  

i h e  react ions  : 
5 ~ k e t o g l U C m l a t e  - - ' f l J N [ l  ~ El '  , ~  g l u e m l a t e  + ' F I N N  • 

and 
2 - k e t o g l u c o n a t e  + T I ~ N H  - -  f t ~ - ~ ,  g l l t c m m t e  + "I'I~N ' 

are readi ly  reversed at  pH  Io and  a high g lueonate  concen t ra t ion .  T P N l t  fo rmat ion  
under  these c i rcumstances  is shown in Fig. 5. Ga lac tona te  was also oxidized.  B,~th 
hexonates  were slowly oxidized in the presence of DPN.  ~-Gulonate ,  Jg-mannonate,  
1~-arabonate, D-ribonate and  D-xylonate  were not  oxid ized  with T P N .  

In order  to confirm the  previous  react ions and  to  de tec t  the e n d p r o d u c t  of the  
hexo:,.ate oxida t ion ,  XVarburg-expcriments were carr ied ou t  in the presence of 
coenzymes  and  art auto-oxidizable  c?rrier.  N -me thy lphenaz in ium m e t h y l  sulfate  was 
found to be superior  to me thy lene  blue for this purpose.  Fig. 6 gives an example  of such 
an exper iment .  In this way  the coenzyme oopeeificity could  be checked.  The rate  of 
react ion with T P N  was abou t  3 t imes as fast  as wi th  DPN.  The  ox ida t ion  of g lueonate  
in the  presence of T P N  was about  twice as fast as the galactor ta te  ox ida t ion  under  the 
same condit ions.  The endproduc : s  of the  oxidat ions  were ana lyzed  by  paper  ch romatog-  
raphy.  From D-gluconate both  9._ and  5-ketogluconatc  had  been formed.  The  
oxida t ion  of ga lac tona tc  yielded only  one spot,  which had  the  same posi t ion and  

lCe/~re~zces p. x X 3 .  



voL. 34 (1959) tfEX~.X'.VrL MFTAI'OIASM I77 

displayed the same colour as :z-ketogluconat,., when sprayed with o-phenylenediamine. 
Thus probably 2-ketogalactonate had been produced. 

(b) Nimtses. I t  seemed quite possible tha t  both 2- and 5-ketogluconate could be 
metal;olized by  way of kina_aes. Therefore experinwnts were set up, using the mano-  
metric method  of CoLOWU'K .~.xD I~.xI.CI~ate, which in the absence: of ATP can also 
dentonstrat,y decarboxvlase act ivi ty .  Fig. 7 shows the results of such an exper iment  
wi th  the undialyzed particle-free suFerr*atant. Both glucose and gluconate are 
phosplmryla ted  to the corresponding phosphoric esters, ~ince in each case o. 9 mole 
CO~/mole substra te  wa~ liberated. However, with the ketoglueonates the theoretical  
value of z CO o was exceeded: for 2-ketoghtconate I.z mole COs was obtained in this 
par t icular  experiment  and for 5-ketogluconate 1. 9 mole CO2:'mole substrata.  In the 
absence of ATP ito CO~ was formed, showing tha t  decarboxylases for both keto- 
t ,exonates were absent.  The suggestion of FEws-r~.:rc, tha t  5-ketogtuconate is first 
t r ans formed  into D-xylulose. could thus not ~ '  corrobontted.  The fact, t ha t  ~ moles 
CO z are l iberated from 5-ketogluconate apparent ly  suggests tha t ,  if 5-keto-6- 
phosphogluconate  were formed, it would be decarhoxyla ted  with the hJrmation of one 
extra  mote COo, However,  ht r ther  investigation did not s t rengthen this view. When a 
dialyzed particle-fr.,e superna tan t  was u.~e(I (Fig. S), the rate of CO~ evolution from 
5-ketogluconate and  ATP wa_~ marked ly  diminished. The rate of phosphorylat ion oL 
glucose or ghtconate  was not  influenced by dialysis. However,  when the phosphoryl:t- 
tion of ketoghteonate  was carried out in the presence of the ca ta ly t ic  amomat of 
0.3 tzmole TPN,  the original ac t iv i ty  was restored. This result suggests then ~wry 
strongly tha t  5-ketogluconate was ro t  phosphoryla ted by a kinase, lint converted 
by  a more complex set of enzymes,  requiring a cata lyt ic  amot ,nt  of TPN, and  an 
internal  oxida t ion-reduct ion .  This s i tuat ion was analogous to other  unpublished 
experiments,  carried out previously in this laboratory  t~ on the metabolism of 5-keto- 
gluconate in Klebsiella and Eschericl~ht, a'llere the metabolism of this substra ta  
proceeds by a combinat ion of 5-ketoglucono-reductase, gluconokinase and  6PG- 
dehydrogenase.  When these preparat  ions of.4 vetobavter s,¢boxyda~ts were saturated with 
solid (N I[4) ~%O aaii the proteins were precipitated. After ccntrifugation,  the precipitate 
was dissolved in 3I,;Ioo phosphate  buffer pH 6. 4 to restore the original volume and 
the solution was dialyzed to remove the (NHtloS() t. This preparation still eontain.a a 
very  active ATPase, bu t  it ,careely phosphorytate.~ 5-ketoglueonate with ATP. 
Again when a catalyt ic  amoun t  of TPN is added, C02 evolution is restored to its 
original extent  and  ~. moles COs are evolved (Fig. 9)- 

I t  is to he expected tha t  5-ketoglueonate is thus u l t imate ly  converted into 
ribulose-5-phosphate and  CO z and  is oxidized through the hexose-monophosphate 
oxidat ive cycle. This could indeed be shown by the application of the cys te ine-  
earbazole and  the CyRI  methods.  

The appearance of an absorptkm m a x i m u m  at 54 ° m~ with tile cys te ine-  
carbazole reaction shows tha t  indeed a ketopentosephosphate  is fo~med (Fig. IO). 
After  3 t/.) h of incubat ion the O.D. at  54 ° m/z reached its maximum.  Afterwards it 
dimini ' ,hed and  the peak shifted towards tile 56o my- maximum,  indicating the accu- 
mula t ion  of fructose-6-phosphate. The C y R I  showed tha t  during the decomposition 
of 5-ketogluconate sedolmptulose-phosphate was slowly formed. 

This mechanism, whereby 514, is metabolized only after a previous reduction offers 
an explanat ion for the phenomena observed by FEwsrErd"-. This au thor  noticed tha t  
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Fig.  6. 

F ig .  6. O x i d a t i o n  of g l u c o n a t e  a n d  ga l ac -  
t o n a t e  in  t h e  p r e s e n c e  of T P N  or  D P N ,  
N - m e t h y l - p h e n a z i n i u m  m e t h y l s u l f a t e  a n d  
t h e  par t ic le -gree  s u p e r n a t a n t  e r a  . s uboxydans .  
C o n t e n t  of t h e  ~Varburg  vessels ,  see t e x t .  
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Fig.  7. T h e  p h o s p h o r y l a t i o n  of g lucose  {G), g t u c o n ~ t c  (GA),  z- an( i  5 -ke tog lucon~t te  in  t h e  p r e s e n c e  
of A T P  a n d  t h e  u n d i a l y z e d  p a r t i c l e - f r e e  s u p e r n a t a n t  of A .  s~¢hoxydans. C o n t e n t  of  t h e  ~,Varbttrg 

v e s s e l s ,  see t e x t .  
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Fig.  8. T h e  p h o s p h o r y l a t i o n  of 5 - k e t o g l u c o n a t e  w i t h  
AT1 ~ in  t h e  p r e s e n c e  a n d  a b s e n c e  of a c a t a l y t i c  
a m o u n t  of T P N  b y  t h e  dia lyzed  pa r t i c l e - f r ee  s u p e r -  
n a t a n t  oI /~. suboxydu~s .  C o n t e n t  of t h e  ~,Varburg 

ve s se l s  as  for  Fig.  7- 
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Fig.  9. P h o s p h o r y l a t i o n  of 5 - k e t o g l u c o n a t e  w i t h  A T P  in  t h e  p r e s e n c e  a n d  a b s e n c e  of  T P N .  T h e  
e n z y m e  p r e p a r a t i o n  was  o b t a i n e d  f r n m  t h e  pa r t i c l e - f r ee  supernaCamt  of A .  s u b o x y d a n s ,  b y  
s a t u r a t i o n  w i t h  a m m o n i u m  s u l f a t e  a t  p H  5 -6 ,  c e n t r i f u g a t i o n  of t h e  p r o t e i n s ,  r e d i s s o l v i n g  t h e m  in  

t h e  s a m e  a m o u n t  o1 b u f f e r  a n d  dia lym~.  C o n t e n t  of t h e  ~ V a r b u r g  v e s s e l s  as  be fore .  
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resting cells of his s t rain oxidized 5K only  when a trace o f ' some  other  oxidizable 
substance was present (either from a slightly decomposed 5K solution, obta ined b y  
s tanding  several days  at  room temperature ,  or t rom the endogenous substrates in the  
cells). They obviously use these substances a,s a source of T P N H  to initiate 5K 
respiration. Thoroughly  washed ceils of our strain oxidized 5K less rapidty:  fresh or 
aged solutions of 5 K were oxidized a t  the s a m e  rate. Apparent ly  our str;~in still 
contained enough endogenous substrates  to spark the 5 K oxidation.  

0.2 

03 

~ .  h 

500 5 50 600 mat 

25 L .,¢, mot<~n CO 2 

~ ' i ~  A TP o s O  

| i i I 

0 450 0 50 100 t50 rni~ 

Fig. v~. Fig. t x. 

I'~ig. lo .  T h e  fo rmat t ion  cJ kctopent,)~t-" Idm~l)h ; t t es  a n d  5 ruc tose  p h o s p h a t e  d u r i n g  t h e  phosphor .v! ; t -  
t io t l  o5 5 - k e t u g l u c o n a t e  w i t h  A T P  b y  t h e  d i a l y z e d  p a r t i c l e - f r e e  s u p e r n a t a n t  of A .  sube.rvdaus in  
t h e  p r e s e n c e  o f ' r e x .  C y s t e i n e - c a r b a z ~ d e  r e a c t i o n .  C o m p o s i t i o n  of  zhe  r e a c t i o n  m i x t u r e ,  see  t e x t .  

F ig .  I I. T h e  p l m s p h o r y l a t i o n  of z -ke tog lucoz . , t t e  w i t h  ATI" in  t h e  p r e s e n c e  a n d  a b s e n c e  o5 ~t 
c a t a l y t i c  a m o u n t  of  T P N  I>y t h e  d;,dyc~d p a r t i c l e - f l e e  s u p e r u a t a n t  oSA.  sub, Jxydo:~s. C o n t e n t  ~A t h e  

"~Varburg ve.~sel.% see  t e x t .  

I t  is very probable,  t h a t  the mechanism of z-ketogtucon~.te follows the same 
pa t te rn  as t ha t  of 5-ketoghlconate.  Dialyzed ex t rac t s  are still able to pllosphorylare 
2-ketogluconate a t  a considerable rate in the prt,sence of ATP. Here also the phos- 
phory la t ion  in the presence of a cata iyt ic  amoun t  of TPN proceeds much  faster. 
I n  both  cases approx imate ly  x.5 to ~.6 moles CO~/'mole substra te  are formed (Fig. x I). 
I t  cannot  be excluded tha t  par t  of the 2-ketogluconate is phosphoryla ted  by  a 
2-ketogluconokinase as described ill A,.'robacter cloacae 2a,''t,a~. 

3. Oxidations with particulate enzymes 

Aaetobacter suboxydans contain:;, moreover, a third enzyme for the oxidat ion of 
g luconate :  a particle-linked, possibly cytoehrome-l inked giuconate oxidase. The 
particles oxidize the subs t ra te  wi th  an 0 2 up take  of 0. 5 mole O,,/mole substra te .  By  
paper  ch roma tog raphy  and  colorimetric methods  it could be strewn tha t  the end 
produc t  consisted solely of 2-ketogluconate.  No trace of 5-ketogluconate could be 
detected.  This oxida t ion  is independent  of added  TPN or DPN. 

Fig. IZ shows the  pH op t imum to be a round  5. D-Galaetonate is oxidized a t  1"]IO, 

D-gulonate a n d  D-mannonate  a t  about  I[~o o[ the rate  of gluconate.  Maltobionate,  

Re~erences p. r83. 
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lactobionate,  D-ribonatc, D-arabonate, ga lac turonate  and glt lcuronate are not oxi- 
dized. The packed particles af ter  centr i fugat ion are d is t inc t ly  red. Wi th  a hand  
spectroscope the following eytochrome bands  can be seen: at  555 m/~ a very  strong 

2.5 t " i ~ 1  

0 "~ 5 6 7 6* 9 pH 

I0 

5 

jJ rqo[e3 02 

GgtA 

/ ~ M a n n , A  

50 700 t50 m}n 

Fig.  l ; .  F ig ,  z 3. 
F ig .  t z. O x i d a t i o n  r a t e  of  g l n c o n a t e  b y  t h e  p a r t i c l e s  of  .4, subt~x3'dto~ as "a f u n c t i o n  of t h e  p H .  

T h e  O .  u p t a k e  a f t e r  a5 ra in  is p l o t t e d .  

Fig.  t3 .  T h e  o x l d a t i o n  ;~f g l u c o n a t e  {OA}, g a l a c t o n a t e  (Ga lA) ,  m a n n o n a t e  ( M a n n . . \ )  a q d  g u l o n ~ t e  
{( ;UI . .  A) b y  t h e  p a r t i c l e s  of .4, snboxyda~s.  C o n t e n t  of. t h e  t, V a r l m r g  v e s s e l s ,  s ee  t e x t .  

band, between 52(>-525 m/L a s t rong one, between 560-57 ° and  5z8-534 weak ones 
and  a very weak band a t  about  515 m~. \Vimn a suspension of particles is shaken in 
air, it becomes practically colourless and the cy tochrome bands disappear.  When a 

|1.d,'7"TGte5 02 
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5 1,4 at~ n 

G -, , .End 
0 GO 220 180 .240 ratt~ 

i 
o 50 tO0 rnicJ 

Fig .  z 4. Fig.  ~5. 
Fig.  f 4- T h e  o x i d a t i o n  of  s e v e r a l  h e x o s e s  a n d  p v l l t o s e s  b y  t h e  p a r t i c l e s  of ..I, suboxydaJ~s, G l u c o s e  
(G}, g a l a c t o s e  (GAD, m a n n o s e  ( M a n n ) ,  x y I o s e  (N.vl), L-arabin(~se (L-a,-ab), u - a r a b i n o s e  (i J -a rab}  

a n d  r i b o s e  (t~-rib). 

Fig.  z 5- T h e  o x i d a t i o n  ¢~f g l u c o s e  (G), g h l e o n a t e  (GA) a n d  z - k e t o g l u c o n a t e  ( a K )  b y  p a r t i c l e s  of  
.4. metaJzogejz~m. C o n t e n t  of t i m  \ V a r l m r g  ves se l s ,  s ee  t e x t .  

few Fmoles of gluconate  are added,  the suspension s t  once becomcs reddish and  the  
cytochrome bands  are again visible. These particles ate  also able to oxidize D-mannitol  
wi th  an up take  of o.5 mole Oa and glucose, D- and  L-lactate with an up take  of 
x mole O~.mole substra tc .  D-Xylose and I.-arabinose are oxidized with the up take  of 

l¢ejcrences p. x83, 



vor~. 34 (~959) m~xoxaTV..~w'r.u~or.~x~ xSr 

0.5 mole O~ and  the [orlnatio,a of a lactone and lactonizable acid. Galacto,e  mul t~- 
arabinose are slowly oxidized, mannose and  ribose scarcely at  all (Fig. i4). 

The acid format ion obta ined by growing cultures on sugar--yeast extract-CaCO:~ 
slants in the case of mannose is main ly  due to thc soluble TPN-linked dehydrogenase,  
while wi th  L-arabinose and  D-xylose the particle-linked oxidases are responsible. 

Gluconate oxidases have been described in Pse~tdomonas ~wrugi~osa 0-~ and in 
Pseudomonas fluorescevs~L In both  cases the enzyme were particle-linked. The 
properties of these enzymeshave  been studied af ter  they  had been detached from the 
particles mid therefore it cannot  be determined whether  these 3 enzymes are 
ident ical  or not. 

4. E n z y m e  systems b~. Acetobacter  melanogenum 

We also made  a comparison hetween the metaimlisn~ of the hexonic and keto- 
hexonie acids in our Acctabacter sztboxvda~z,s and tha t  of a strain of Acetobaclcr 
melanogemtm, which we obta ined  by the c.ourtesy of Prof. Dr. T. O, WIKF.x, Delft.  
Before the comparison was carried out,  t, his strain had been main ta ined  on yeast  
extract-glucose-CaCO~ slants for one year. At fir.~t it produced quite rapidly the 
brown coloration characterist ic  for A cctobacter l~t,'[atto,.,,c~zttm, which wa.~ shown by 
KATZN/£LSON, "I\xNENr~AU.Xl AND "F.Vt'U.~I 7 to be due to the formation of 2,5-diketo- 
gluconate  from 2-ketogluconate.  At tha t  t ime it produced only few crystals  of C,'t- 5- 
kctogluconate .  During this period the properties of the strain clmnged. At present it 
produces large amoun t s  of Ca-5-ketogluconate and  sometimes it is necessary to 
incubate  the slants for 7 days  before a weak brown coloration can lye observed. 
Comparable changes in the product ion of ke tog lueoua te -have  been reported by  
BERNHAUER AND Gi3RLICI[ ~ for Accgobaatcr ghtconicum and by  KULK.X AND W . \ L K I - I (  ~'~ 

' for several o ther  M~vtoba~;ters. This m a y  also hc the reason w h y  Ftu).\ -xi~D \'.XU(;HN z~ 
reported t h a t  Acaobacter ,~t¢la~loge;tltl;~ produces only 5-ketogluconate,  while 
KATZNELSON ~r[ al. reported at  the same time tha t  A~:clvb~.clcr ~nel, rno.~,,3mtm produced 
2,5-diketogluconate and  t h a t  this was the reason f~r the brown coloration. 

Since the  mechanism of the metabolism of 2- and  5-ketoglnconatc in ,-lc~'lobm~lcr 
suboxyda,~s had been worked out ,  it was thought  interesting to give an enz-~mlic 
explanat ion of these changes. Unfor tunate ly ,  however, the enzymic ar rangement  bbfore 
the  change could not  be established, but  it cart safely be assumed tha t  originally there 
was only  a weak 5-ketogluconoreductase and an act ive sys tem for the production cf 
~-ketogluconate.  This s t rain was a lways  grown on the glucose medium. Rest ing cells 
oxidized gluconate with an  average O z up take  of o.(~ mole/mole substrate.  

Suspensions of both young  and old cells of the used strain oxidized -'.-ketogluconate 
wi th  an Oz consumpt ion  of 0.5 mole/mole substrate .  The fur ther  oxidat ion of 2,5- 
d iketogluconate  to a-ketoglutar ic  ackl, described by D_~a-T.X .~xl) K.xa'zxv:LSO.~ s is thus 
absent  Jn our  strain.  5-Ketogluconate  is not oxidized. 

The results wi th  resting cells a l ready give a partial  explanat ion of tlm lack of 
brown colour format ion by this changed strain ; a l though z-ketogluconate can still be 
oxidized rapidly  to 2,5-diketogluconate,  yet  gluconate is oxidized mainly  to 5-keto- 
gluconate.  Cell-free extracts  were prepared and  separated into a dark  brown part iculate  
fraction and a particle-free superna tant .  These particles oxidized glucose rapidly witI~ 
an O 2 consumpt ion  of 0.5 mole/mole substrate ,  then the rate of O,a uptake dropped and  
became identical to t ha t  of gluconate oxidat ion.  2-Netogluconate is oxidized with an 
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up take  of 0.4 mole O~/mole subs t ra te  (Fig. x5). The particle-free supe rna tan t  had  no 
TPN- l inked  z-ketogluconoreductase .  I t  contained,  however ,  a v e r y  a - l ive  5-keto-  
g luconoreductase .  These enzymic da t a  explain the physiological behav iour  and the  
change tha t  occurred in the  strain : obv ious ly  the  enzymes for the  product ion  of 2-keto- 
gluconate  f rom gluconate  in this  s t rain have lost most  of their  ac t i v i t y  and therefore  
not  enough 2-ketogluconate,  and  from this  ~,5-diketogluconate  could be formed for 
the  product ion  of the  brown eolour. The result is, tha t  g luconate  is oxidized main ly  b y  
the 5-ketogluconoreduetase .  These ext rac ts  do not  contain  a gluconokin~se,  This 
finding explains w h y  5-ke togluconate  is not  oxidized by  rest ing Acetobaater 
f~elanogemt~, cells and cor robora tes  the  reaction sequence pos tu la ted  above ,  according 
to which ghtconokinase is a member  of  the  set  of enzyines for the metabol i sm of 
5-ketogluconate .  

DISCUSSION 

The principal feature of the  ca tabol ism of ke tohexonic  acids b y  micro-organisrris has 
also been confirmed in the  genus of Acetobacter. I t  has previous ly  been  shown tha t  
members  of the  family of the  Enterobacter iaceae ,  of Bacilli, of Corynebacter ia ,  some 
yeas ts  and some molds  metabol ize  ke tohexonic  acids only af ter  a previous  reduct ion.  
Also from tiffs invest igat ion it  appears  tha t  ~- and  5-ketogluconate  are not  on the  
main p a t h w a y  of sugar  metabol ism in the genus A cetobaater. 

The ca tabol ism of 5-ketogluconate  is represented b y  the following scheme:  

5K-reductas~" 
g l u c o n a t e  5 - k o t o g l u c o n ; t t e  <--- 

(: 

i 
; 

gluconokina.~e "t" PN T ~'Nll 

ATP 

,I 
61JG ,,l,il.de-],~Tt-r~nase--~ ribulose-5-phosphate 4- C()~ 

The fo.*mation of z ,5-diketoglueonate  appears  to  be  the  on ly  except ion to this rule. 
The liberal format ion of the  two  ke tohexona te s  in this genus is on ly  a side pa th  and  
here also t h e y  have  to be reduced to giuconate,  before they  can enter  the  hexose -  
m o n o p h o s p h a t e  ox ida t ive  cycle.  
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S U M M A R Y  

T h e  p r e p a r a t i o n  a n d  p r o p e r t i e s  o f  a s u b m i t o c h o n d r i a l  e n z y m e  ~ y s t e m  c o n t a i n i n g  

p r e d o m i n a n t l y  c y t o e h r o m e  a h ~ t v e  b e e n  d e s c r i b e d .  T h i s  s y s t e m  i s  c a p z b ! e  o f  c a t  ~ ! y z ; . n g  

t h e  o x i d a t i o n  o f  r e d u c e d  c o e n z y m e  Q b y  m o l e c u l a r  o x y g e n .  T h i s  p a r t i c u l a t e  e n z 3 n n e  

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

i n  o r d e r  ¢o  c a t a l y z e  t h e  a b o v e  r e a c t i o n .  T h e  r e s u l t s  p r e s e n t e d  i a  t h i s  c o m m u n i c a t i o n  
s u g g e s t  t h a t  e o e n z y m e  Q is  s i t u a t e d  i n  t h e  a f o r e m e n t i o n e d  l i p o p r o t e i n  b e t w e e n  

e y t o c h r o m e s  b a n d  6. 

T h e  a b b r e v i a t i o n s  u s e d  i~  t h e  t e x t  a r e  a s  follow,~: D I ' N  a n d  I ) P N H ,  o x i d i z e d  a n d  r e d u c e d  
d i p h 6 s p h o p y r i d i n e  n u e l e o t i d e :  A I ) P ,  a d e m J s i n e  d i t ) h o s p h a t e :  "I'ris, T r i . ~ ¢ h y d r o x y m e t h y l ~ a m i n o -  
m e t h a n e ,  a n d  Q H  z, t h e  red.areal f o r m  of  e o e n z y m c  Q. C o e n z y m e  Qt0 r" w a s  t h e  h o n a o l o g u e  used  
t h r o u g h o u t  t h i s  i n v e s t i g a t i o n .  

" P o s t d o c t o r a l  t r a i n e e  o i  t h e  U n i v e r s i t y  of  XVisomsin ,  I n s t i t u t e  f o r , E n z y m e  E e s e a r c h .  
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