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Abstract. During growth of Hydrogenomonas eutro~)ha H16 on 2-ketogluconate, 
2-ketogluconate kinase and 2-keto-6-phosphogluconate reduetase were formed. 
These enzymes were absent from cells grown on fructose, gluconate, acetate, 
succinate or autotrophically. There was no evidence for extracellular oxidation of 
glucose, fructose or gluconate with the formation of ketogluconie acids. 

The utilization of 2-ketogluconate is neither subject to catabolite inhibition by 
hydrogen nor is 2-keto-6-phosphogluconate reductase inhibited by ATP, ADP or 
phosphoenolpyruvate. The enzyme is characterized by a high affinity for its sub- 
strates. 
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Besides fructose and gluconate, 2-ketogluconate is one of the few 
hexose derivatives utilized by Hydrogenomonas eutropha (Davis et al., 
1970). By  the wild type strains glucose is neither utilized (GottschMk 
et al., 1964 ; Kuehn and McFadden, 1968) nor oxidized to gluconie acid ; 
only a rare mutan t  (PHB-5)  defective in P H B  synthesis oxidized 
glucose to gluconic acid (Schlegel et al., 1970). With respect to these 
properties H.eutropha strain H16 differs markedly from some pseudo- 
monads which have recently been investigated for the metabolic route 
of 2-ketogluconate degradation. In  Pseudomonas aeruginosa a glucose 
dehydrogenase and a gluconate dehydrogenase act extracellularly, there- 
fore, glucose is metabolized by parallel pathways (Roberts et al., 1973). 
In  Pseudomonas putida the non-phosphorylative pa thway to 2-keto- 
gluconate followed by phosphorylation, reduction and further degrada- 
tion via the Entner-Doudoroff system is even the main pa thway of glu- 
cose utilization (Vieente and C&novas, 1973a). 

Although H. eutropha H16 is able to grow on 2-ketogluconate the 
degradative pa thway had not  been studied. We have, therefore, in- 
vestigated the pat tern  of induction of the enzymes involved, i.e. 2-keto- 
glueonokinase (E.C. 2.7.1.63), 2-keto-6-phosphogluconate reductase (E.C. 
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1.1.1.69), 6 - p h o s p h o g h i c o n a t e  d e h y d r a t a s e  a n d  2 -ke to -3 -deoxy-6 -phos -  

p h o g h i c o n a t e  a ldo lase  as  wel l  as  g h i c o s e - 6 - p h o s p h a t e  d e h y d r o g e n a s e  a n d  

g luconok inase ,  u s ing  e x t r a c t s  o f  cells g r o w n  on  v a r i o u s  c a r b o n  sources  

i n c l u d i n g  a u t o t r o p h i c a l l y  g r o w n  cells. F u r t h e r m o r e ,  t h e  m u t a n t  s t r a i n  

H 1 6 - - P t I B - 5  was  cons ide red  w h i c h  ox id izes  g lucose  to  g lucon ic  ac id  

b y  a n  e x t r a c e l l u l a r l y  a c t i n g  e n z y m e  (Schlegel  et al., 1970). A l t h o u g h  th i s  

a b i l i t y  h a d  b e e n  c l ea r ly  shown,  a poss ible  f u r t h e r  o x i d a t i o n  to  2-ke to-  

g h i c o n a t e  h a d  n o t  b e e n  t e s t ed .  

Methods 
Organisms and Growth. Hydrogenomonaseutropha H16 (~  Alcaligenes eutro- 

phus H16; ATCC 17699) and the mutants H16-PHB-4 and H16-PHB-5 derived 
therefrom (Schlegel et al., 1970) were taken as lyophylized samples from the culture 
collection of this institute. 

For preparing the enzyme extracts the cells were grown in the usual media 
(Schlegel et al., 1961; Bowien and Schlegel, 1972) containing either 0.50/0 fructose 
or 0.50/0 glueonate or 0.20/0 2-ketogluconate or 0.20/0 acetate under air. Auto- 
trophically the cells were grown under a gas mixture of 10~ oxygen, 10~ carbon 
dioxide and 80~ hydrogen. 6 1 fiat-bottomed round flasks connected to gas res- 
ervoirs or an air supply were used as culture vessels. The suspension was magnet- 
ically stirred (400 rpm). The growth temperature was 30~ 

Preparation o] Bacterial Extracts. The cells harvested were washed once using 
0.067 M phosphate buffer pH 7.0 and were either frozen and stored at -- 20 ~ C or 
used immediately. The cell suspension was sonicated (1 min/ml) applying a Branson 
sonifier (20 kcycles, 600 W). Intact  cells and cell debris were removed by cen- 
trifuging for 20 rain at 10000 g. For removing particles including NADH oxidase 
centrffugation at 120000 g for 60--90 rain in an Omikron-eentrifuge (Heraeus- 
Christ, Osterode) was applied. The supernatant was used for enzyme determina- 
tions and for the preparation of 2:keto-6-phosphogluconate. The determinations 
were repeated using extracts from which low molecular weight compounds had 
been removed by filtration through Sephadex G-25. 

Preparation o/2-Keto-6-phosphogluconate. 5 ml of freshly prepared extract of 
2-ketogluconate grown cells (approx. 20 mg protein) was added to 50 ml 0.05 IV[ 
TEA buffer pH 7.6 containing 2 g 2-ke~ogluconate, 2 mmole ATP and 0.25 mmole 
MgC12. During incubation at  30~ the progress of the 2-ketogluconokinase reaction 
was followed by measuring the decrease of ATP. After overnight incubation the 
reaction mixture  was centrifuged at 30000 rpm for 1 h, and the supernatant was 
passed through a diaflo-cell for deproteinization. 10 g of active charcoal (norite) 
was added to the filtrate, then filtered through a Bfichner funnel and washed with 
water. 0.5 mmol barium acetate followed by 500 ml ice cold ethanol were added 
to the filtrate (100 ml). The precipitate was separated by centrifugation and dis- 
solved in 10 mi 0.1 N HC1; some 2 N HC1 was necessary for dissolution. The solution. 
was passed through a Dowex 50 column and the pH was adjusted to pH 7.0 with 
NaOH. The concentration was determined by an optical test with a partly purified 
preparation of 2-keto-6-phosphogluconate reductase to be 22 mM. The yield was 
616 ~mole. For the removal of non-phosphorylated 2-ketogluconate a small aliquot 
of the solution was chromatographed on cellulose thin layer plates using a mixture 
of n-propanol--ammonia--water  ~ 6: 3:1 as a solvent system. 

Enzyme Assays. All enzyme activities were measured by optical tests. The 
reaction mixtures for glucose-6-phosphate dehydrogenase, 6-phosphogluconate 
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dehydratase, 2-keto-3-deoxy-6-phosphogluconate aldolase and for the latter both 
enzymes together [Entner-Doudoroff (ED)-system] were essentially those used by 
Gottsehalk et al. (1964) and Blackkolb and Schlegel (1968a). 

For 2-keto-6-phosphogluconate reductase the reaction mixture contained 
0.84 ml 50 ml~I TEA-buffer pH 7.6, 0.03 ml 100 mM MgCla, 0.03 ml 12.5 mM 
NADH 2, 0.05 ml 22 mM 2-keto-6-phosphogluconate and 0.05 ml extract in 1.00 ml 
volume. 

2-Ketoglueonate kinase was measured in a test coupled with 2-keto-6-phospho- 
gluconate reduetase; the reaction mixture contained 0.74 ml 50 mM TEA buffer 
p i t  7.6, 0.03 ml 100 mM MgC12, 0.3 ml 12.5 mM NADH2, 0.1 ml 15 mMATP, 0. 05 ml 
25 mM 2-ketogluconate in 1.00 ml total volume. 

For measuring the activities of fructose-, gluconate- and 2-ketogluconate 
kinases the coupled test with pyruvate kinase and lactate dehydrogenase as 
auxiliary enzymes was used. Extracts filtered through Sephadex G-25 had to be 
used to keep inspecific reactions minimal. The reaction mixture contained in 3.00 ml: 
2.55 ml 50 mM TEA buffer pH 7.6, 0.1 ml 15 mM ATP, 0.1 ml 100 mM MgC12, 
0.1 ml 15 mM PEP, 0.05 ml 25 mM NADH~, 0.01 ml pyruvate kinase (5 mg/ml), 
0.01 ml lactate dehydrogenasc (5 mg/ml), 0.1 ml extract, 0.1 ml 25 mM fructose 
(gluconate or 2-ketogluconate, respectively). 

An Eppendorf photometer equipped with a recorder was used for all spectro- 
photometric assays. One unit of activity was defined as 1 ~mol of NAD(tI) reduced 
(or oxidized) per minute. All values were corrected for a low but measurable NADH 
oxidation which occurred in the absence of any of the substrates. Km values were 
determined by conventional methods. Protein was determined by the method of 
Beisenherz et al. (1953) applying a modul of 19 mg per sample for calculating protein 
from extinction at 546 nm. 

Materials. Enzymes and bioehemicals were obtained from Boehringer Gmbtt, 
Mannheim. Conventional chemicals for nutrient solutions were purchased from 
E. Merck, Darmstadt, W.-Germany. 2-Ketogluconate was obtained as the calcium 
salt from E. Merck (Art.-Nr. 5190); the cation was removed by treatment with 
a column of Dowex 50 (H+-form). 

Results 

Growth  

Growth  of  the  wild t y p e  s t ra in  Hydrogenomonas eutropha H 1 6  occur- 
r ed  wi th  a doubl ing  t ime  of 110 rain a t  30~ wi th  2 -ke tog lucona te  as a 
subs t r a t e  compared  e.g. to  f ructose  or g luconate  wi th  doubl ing  t imes  of  
120 and  90 rain, respect ive ly .  

The  resp i ra t ion  of  fu l ly  a d a p t e d  s t a rved  cells r e sponded  to the  addi -  
t ion  of  2 -ke tog lucona te  more  s lowly t h a n  to  the  add i t i on  of  f ructose  or 
g luconate  (Fig. 1). This  lag of  r e sp i r a to ry  oxygen  u p t a k e  is r ega rded  as 
a consequence of  the  ea r ly  r educ t ion  s tep  in the  degrada t ion  p a t h w a y  
of  2-ketogluconate .  I n  s t a rved  cells the  genera t ion  of  reducing  power  
necessary  for r educ t ion  of  2 -ke to-6-phosphoglucona te  depends  on the  
d e h y d r o g e n a t i o n  of  g lyce ra ldehyde  phospha t e  and  p y r u v a t e  as  well as 
the  TCC in t e rmed ia t e s ;  these  reac t ions  are  la te  s teps  in the  degrada t ive  
p a t h w a y ;  the  func t ion  of  an  ear ly  s tep  is dependen t  on a p roduc t  of  
l a t e  steps.  Therefore,  the  r e sp i r a to ry  ra te  increased  slowly. The lag  was 
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Fig. 1. Time course of oxidation of 2-ketogluconate compared to fructose and 
gluconate by fully adapted, starved ceils of Hydrogenomonas eutropha H16 mutant 
PHB-4. The cells of this mutant, different from the wild type by the incapability 
to synthesize and accumulate poly-fl-hydroxybutyrate, had been grown on fructose, 
gluconate or 2-ketogluconate and after harvesting had been starved (shaken in 
mineral medium under air) for 5 h. The course of oxygen uptake was measured 
manometrically. The substrate was added after 13 min. Since the densities of the 
three suspensions differed slightly, the rates were recalculated based on an equal 
cell protein content (determined after Schmidt etal., 1963). Symbols: 

o o 2-ketogluconate, D = gluconate, A ~ fructose 

Fig. 2. Synthesis of 2-keto-6-phosphogluconate reductase after transfer of glueonate 
grown cells to a 2-ketogluconate medium, o o turbidity (E~a6), o D specific 

activity of reduetase 

C 

Boo 6 
& 

500 "~ 
E 

400 
# 
._. 

300 ~ 

200 
. i - ,  
r..) 
.-1 

100 "~ 
IX 

especially pronounced  when cells devoid of  storage materials were used; 
for the experiment  shown in Fig. 1 the m u t a n t  P H B - 4  was used which 
lacks the abili ty to  synthesize and  accumulate  poly-t~-hydroxybutyrate.  

While growth on fructose is repressed (Gottschalk, 1965) as well as 
inhibited (Blaekkolb and  Schlegel, 1968a) by  hydrogen,  the utilization 
of  gluconate and  2-ketogluconate is no t  impaired by  hydrogen.  These 
observat ions a l ready indicated tha t  the enzymes involved in the de- 
gradat ion of  2-ketoglueonate are no t  subject  to such a strict control by  
cataboli te inhibit ion as is glucose 6-phosphate dehydrogenase (Blackkolb 
and Schlegel, 1968b; Bowien et al., 1974). I f  gluconate grown cells were 
t ransferred to a medium containing 2-ketoglueonate as the sole carbon 
source the enzymes of  2-ketogluconate metabolism were quickly induced. 
The specific ac t iv i ty  of  2-keto-6-phosphoglueonate reductase even reach- 
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Table 1 
Assay of enzymes of 2-ketoglucenate metabolism of Hydrogenomonas eutropha H16 

grown heterotrophically on various carbon sources and autotrophically 

Enzyme determined Specific activity of enzymes 
(~moles/min �9 g protein) 
Cells grown on 

2-Keto- Glu- Fruc- Ace- Auto- 
glu- conate tose tare trophi- 
conate cally 

Glucose 6-phosphate dehydrogenase 31 16 201 4 3 
6-phosphogluconate dehydrogenase 149 123 138 24 7 
KDPG-Aldolase 230 178 107 46 10 

ED-System 130 210 83 3 ~ 1 
2-Keto-6-phosphogluconate 

reductase 488 ~ 1 13 ~ 1 5 
2-Ketegluconokinase 65 ~ 1 ~ 1 ~ i ~ 1 
Gluconokinase 6 14 ~ 1 ~ 1 ~ 1 
NADtt2-oxidase 5 4 5 2 2 

ed values higher than those measured in cells harvested at  the end of 
the exponentia] growth phase (Fig. 2). 

The specific enzyme activities listed in Table 1 are in accordance 
with the assumption tha t  2-ketogluconate is degraded via 2-keto- 
6-phosphogluconate and 6-phosphogluconate followed by the Entner- 
Doudoroff pathway.  As has been tested by two kinds of optical assay, 
2-ketogluconate is act ivated by  a specific kinase. Using a test  with 
2-keto-6-phosphogluconate reductase as the auxiliary enzyme the 
specific act ivi ty  was determined. From the results of the second test  
using pyruvate  kinase and lactate dehydrogenase as auxiliary enzymes 
the conclusion could be drawn, tha t  2-ketogluconate kinase is only 
synthesized during growth on 2-ketogluconate and neither on fructose 
or g!uconate nor on acetate or during autotrophic growth. 

With respect to the induction pat tern  the same results have been 
obtained for the second enzyme, 2-keto-6-phosphogluconate reductase. 
This enzyme is only present in 2-ketogluconate grown cells. Using a 
purified preparat ion of 2-keto-6-phosphogluconate and the crude extract  
or a partially purified 2-keto-6-phosphogluconate reductase of 2-keto- 
gluconate grown cells the product of the reduction of 2-keto-6-phospho- 
gluconate was identified as 6-phosphogluconate: after NADH 2 oxidation 
due to the reduction of 2-keto-6-phosphogluconate the reaction mixture 
was supplemented by  NADP and 6-phosphogluconate dehydrogenase; 
the fast  increase of optical density indicated the product to be 6-phospho- 
gluconate. 

2* 
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2-Keto-6-phosphogluconate Reductase 

The enzyme has a rather high specific activity in 2-ketogluconate 
grown cells (approx. 500 nnits/g protein). I t  was purified twenty fold by 
removing the nucleic acids by protamine sulfate precipitation, followed 
by precipitating the reductase by ammonium sulfate (40~ saturation) 
and DEAE-cellulose chromatography; the enzyme was eluted by approx. 
50 mM phosphate buffer pI{ 7.0. The preparation had a specific activity 
of 9 600 units/g protein. The enzyme is characterized by high affinities 
for its substrates (Figs. 3 and 4). The So. 5 for 2-keto-6-phosphogluconate 
amounted to 0.16 mM. The enzyme used both reduced nicotinamide 
dinucleotides, ~qADH~ and NADPH~; the S0.5-values were 0.02 mM 
NADtt~ and 0.1 mM NADPI-I~. 

The substrate saturation curves indicate that the enzyme does not 
follow straight Miehaelis-Menten kinetics. In the reciprocal plot the 
curve is bent slightly upwards indicating weak positive cooperativity. 
Hill plots confirmed this impression; n-values were calculated for the 
three enzyme substrates tested: n = 1.3 for 2-keto-6-phosphogluconate; 
n = 1.4 for NADPH~ and n = 1.5 for NADH~. The cooperativity is 
apparently limited to homotropic effects. ATP and PEP, which exert 
a pronounced inhibitory effect to the glucose 6-phosphate dehydrogenase 
of the same organism (Blackkolb and Schlegel, 1968b), do not impair 
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Fig.3. Substrate (2-keto-6-phosphogluconate)saturation curve of a 10-fold purified 
preparation of 2-keto-6-phosphoglueonate reduetase from Hydrogenomonas eutropha 
H16. The reaction mixture contained 0.05 ml enzyme preparation containing 4.7 ~g 
protein, otherwise as described under "Methods". The insertion shows the reciprocal 
(Lineweaver-Burk) plot from which So.~ was calculated. The Hill-plot resulted in 

n ~  1.3 
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the enzyme at  all even at  1.5 mM concentration. Other metabolites 
possibly causing: heterotropic effects at  the enzyme have not been tested, 
The results obtained are in accordance with the in vivo observation that  
the utilization of 2.ketoglueonate is not inhibited by hydrogen in the 
gas atmosphere. 

The mutant  H16--PHB-5, which oxidized glucose to gluconic acid 
(Schlegeletal., 1970), was grown on suceinate (0.5o/0) as well as on 
suceinate supplemented by  0.50/0 fructose or glucose. Although glucose 
was converted to gtuconate by  the mutant  cells, the ceils did not  exhibit 
any activity of 2-ketogluconokinase and 2.keto-6-phosphoglueonate re- 
dnctase; even the enzymes of the Entner-Dondoroff pathway and glucose 
6-phosphate dehydrogenase were absent. 

Discussion 

The presence of the Entner-Doudoroff pathway in gluconate grown 
Escherichia cell (Eiscnberg and Dobrogosz, 1967) as well as the utilization 
of glucose by  Pseudomonas putida via gluconate and 2-ketoglueonate 
(Nutted and V~Tood, 1956; Vicente and C~novas, 1973a, b) and the 
utilization of glucose via gluconate and 2-ketogIuconate by  parallel 
pathways in P. aeruginosa were surprising and emphasize the diversity 
of glucolytic routes in bacteria. Compared to the mechanisms described 
for these organisms Hydrogenomonas eutropha H16 offers a t r ivial  case. 
The enzymes for the utilization of gluconate or 2-ketogluconate are 
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induced by  these substrates. The basal level of the substrate specific 
enzymes is rather low. Since after growth on 2-ketogluconate the specific 
activities of 2-ketogluconate kinase and 2-keto-6-phosphoghiconate 
reductase are very high, the conclusion appears justified that  the utiliza- 
tion of 2-ketogluconate in H16  occurs via 2-keto-6-phosphoghiconate 
and 6-phosphogluconate. With the wild type strains no observations 
were made indicating a direct oxidation of glucose or gluconic acid by 
extracellularly acting dehydrogenase. 

2-Ketogluconate belongs to those substrates whose primary degrada- 
tion steps depend on a metabolite which is produced in a later step of 
the degradative pathway. In the case of 2-ketogluconate and hydro- 
carbons (alkanes, aranes) this metabolite is reduced pyridine nucleotide. 
Carbon dioxide and ATP represent further examples. 

The carboxylation of an early intermediate, fl-methylcrotonyl co- 
enzyme A to form fl-methylglutaconyl-CoA is involved in the degradative 
pathway of leucine or isovaleric acid. This carboxylation reaction pre- 
cedes steps in which carbon dioxide is generated. Respiration and growth 
of an Achromobacter strain on isovalerate proved to be highly dependent 
on the C0~ partial pressure (Lafferty, 1963). 

ATP is required to support the transport and initiate the degradation 
of hexoses. The short lag phase of hexose utilization by fully induced 
starved cells may be attributable to the lag of energy generation. 
A severe retardation of sulfate respiration was observed when cells of 
Desul/ovibrio desul/uri~ns depleted from ATP were exposed to a non- 
fermentable substrate (hydrogen) as H-donor and sulfate as the H-accep- 
tor. The lag could be overcome by the addition of pyruvate (which 
provides ATP generated by fermentation) or sulfite (which served as 
H-acceptor without having to be activated beforehand) (Peck, 1960). 
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