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Summary 

Glucose-6-phospha te  dehydrogenase  (D-glucose-6-phosphate:  NADPH ÷ 
1-ox idoreduc tase ,  EC 1.1 .1 .49)  and 6 -phosphog lucona te  dehydrogenase  
(6 -phospho-D-g lucona te :NADP ÷ 2-oxidoreduc tase ,  EC 1.1 .1 .43)  have been 
pur i f ied  f r o m  methano l -g rown  Pseudomonas C. 

Glucose-6-phospha te  dehydrogenase  exhibi ts  act ivi ty  wi th  e i ther  NADP ÷ or  
NAD ÷ as coenzymes ,  V NADP ÷ = 0 .96 V NAD ÷. Km values o f  22, 290 ,  and 250 
pM are ob t a ined  for  NADP ÷, NAD ÷ and glucose 6-phosphate  (NADP + as the  
c o e n z y m e ) ,  respect ively .  ATP inhibits  Glc-6P dehydrogenase  act ivi ty  with 
NAD ÷ as c o e n z y m e  and to  a less e x t e n t  the  act ivi ty  wi th  NADP ÷. In the  pres- 
ence  o f  MgCl2, ATP inhib i t ion  o f  Glc-6P dehydrogenase  act iv i ty  is abolished.  

6 -Phosphog lucona te  dehydrogenase  has a dual  specif ic i ty  fo r  b o t h  NADP ÷ or  
NAD ÷ as coenzymes ,  V NADP + = 1.66 V NAD ÷. Km values o f  20, 500 and 100 
pM are ob ta ined  for  NADP ÷, NAD ÷ and 6 -phosphog lucona te  (NADP ÷ as the  
c o e n z y m e ) ,  respect ively.  With NAD ÷ as the  c o e n z y m e  ATP inhibits  6-phospho-  
g lucona te  dehydrogenase  act ivi ty ,  while wi th  NADP ÷ as the  c o e n z y m e ,  act ivi ty  
was less a f fec ted .  

The  possible role o f  these enzymes  in the  metabol i sm of  one-ca rbon  (C1)- 
c o m p o u n d s  in Pseudomonas C is discussed and c o m p a r e d  wi th  o th e r  methy l -  
o t rph ic  microorganisms.  

* To whom correspondence should be addressed. 



Introduction 

In a previous work [1] we have shown that  Pseudomonas C oxidizes 
methanol to CO2 both via formate and via a cyclic oxidation pathway [2]. 
Pseudomonas C assimilates Cl-compounds via the ribulose monophosphate 
pathway of formaldehyde fixation [3,4]. Thus, in Cl-utilizing bacteria such as 
Pseudomonas C, several enzymatic reactions are a part of both the cyclic oxida- 
tion pathway and the assimilation pathway of methanol. How the cell regulates 
the methanol carbon flux for energy production (NADH) and biosynthetic 
purposes (NADPH and C3-, Cs- and C6-building units) is unknown. 

A possible site of regulation is the glucose-6-phosphate dehydrogenase 
(D-glucose-6-phosphate:NADP ÷ 1-oxidoreductase, EC 1.1.1.49) step. This 
enzyme is known to be a regulatory enzyme in many microorganisms [5] and 
since in Pseudomonas C the enzyme exhibits activity with either NADP ÷ or 
NAD ÷ [1] it is a likely candidate for regulation of carbon flow in this 
bacterium. The same reasons are true for 6-phosphogluconate dehydrogenase 
(6-phospho-D-gluconate:NADP ÷ 2-oxidoreductase, EC 1.1.1.43) [6--8], which 
in Pseudomonas C is found after the branch point of the oxidation and 
assimilation pathways [1]. 

Recently these enzymes were purified from Candida boidinii, a methanol- 
utilizing yeast, and their properties studies [9]. It was therefore of interest to 
compare the properties of the two enzymes from the yeast with those of 
Pseudomonas C, a bacterium which utilizes methanol via the similar biochem- 
ical pathways [1,9]. 

Materials and Methods 

Growth o f  microorganisms. The growth of the bacterium used in this study, 
Pseudomonas C, has been described previously [10,11]. Cells from the late 
exponential phase of growth were harvest for purification of enzymes. Cells 
were washed once with 50 mM phosphate buffer (pH 7.0) containing 5 mM 
MgC12 and 1 mM dithiothreitol and stored at --20°C until used. 

Enzyme assays. All assays involved NADP ÷ or NAD ÷ reduction which was 
followed at 340 nm using a Gilford recording spectrophotometer (model 240). 
Assays were performed at 30°C, and specific activities are expressed as interna- 
tional enzyme units (IU) per mg protein. Protein was measured as described by 
Lowry et al. [12], after precipitation in 10% trichloroacetic acid and resuspen- 
sion in 0.2 N NaOH, using bovine serum albumin as standard. 

Glucose-6-phosphate dehydrogenase (EC 1.1.1.49) assay mixtures contained, 
in a total volume of 1.0 ml, 100 mM of Tris-HC1 buffer (pH 8.4), 5 mM glucose 
6-phosphate and 0.5 mM NADP ÷ or 3 mM NAD ÷. 

6-Phosphogluconate dehydrogenase (EC 1.1.1.44) assay mixtures contained 
in a total volume of 1.0 ml, 100 mM of glycylglycine buffer (pH 8.4), 1 mM 6- 
6-phosphogluconate, 2 mM MgC12 and 0.2 mM NADP ÷ or 5 mM NAD ÷. 

Purification o f  enzymes. All manipulations were carried out at 4°C unless 
stated otherwise. 

(i) Glucose-6-phosphate dehydrogenase. Pseudomonas C cells (50 g cell wet 
weight) were suspen&~l in about 100 ml of 5 mM Tris-HC1 buffer (pH 7.5) 



containing 5 mM MgC12 and 1 mM 2-mercaptoethanol (buffer A). The cell 
suspension was ruptured and deoxyribonuclease (5 gg/ml) was added to the 
suspension which was then incubated for 15 min at 25°C. This suspension was 
centrifuged at 25 000 X g for 20 min and the clear supernatant solution 
obtained is referred to as "crude extract"  (Table I). 

After fractionation of  the crude extract with solid ammonium sulfate 
(Table I) the enzyme solution was applied onto a column (2.5 X 20 cm) of 
DEAE-cellulose pre-equilibrated with buffer A. Elution of  the enzyme was 
carried out with a linear gradient of  0--0.5 M KC1 (500 + 500 ml) in the same 
buffer. The fractions with enzyme activity (0.15--0.20 M KC1) were pooled and 
precipitated with solid ammonium sulfate (to 90% saturation). 

The ammonium sulfate fraction was applied to a blue dextran-Sepharose 4B 
column (2.5 X 15 cm) [13] which was eluted by a gradient of  0--5 mM NADP ÷ 
in buffer A. Fractions containing enzyme activity were collected between 3.3 
and 4.6 mM NADP ÷. 

(ii) 6-Phosphogluconate dehydrogenase. Proamine sulfate (2% solution, pH 
6.0) was added slowly to the crude extract of  Pseudomonas C (to give a final 
concentration of 0.1%) and the resulting precipitate was removed by centrifu- 
gation. To the clear supernatant solution obtained, 180 g (wet wt.) of phospho- 
cellulose (pre-equilibrated with 0.25 M sodium acetate buffer (pH 6.0) (buffer 
B)) were added and the mixture was stirred for 1 h. The enzyme was eluted 
from the phosphocellulose by 0.3 M sodium phosphate buffer (pH 6.3) and 
then applied onto a blue dextran-Sepharose 4B column pre-equilibrated with 
buffer A. The column was washed with buffer B which contained 5 mM NADH 
and then eluted with a linear gradient of  0--0.7 M KC1 in buffer A (200 + 200 
ml). Enzyme activity was eluted between 0.3 and 0.4 M KC1. Further purifica- 
tion of the enzyme was accomplished with a phosphocellulose column (2 X 5 
cm), washed with buffer B (50 ml) and then eluted with a solution of 6-phos- 
phogluconate (0.05%) in the same buffer. 

Results 

A. Purification of  enzymes 
The results of  purifying glucose-6-phosphate dehydrogenase are given in 

Table I. A 220-fold purification of  the enzyme was achieved, the yield obtained 
was 58% and a single band of protein was seen on polyacrylamide gel electro- 
phoresis. 

Table II summarizes the purification of  6-phosphogluconate dehydrogenase 
from Pseudomonas C. A 245-fold purification of the enzyme was achieved, the 
yield obtained was 50% and a single band of protein was evident on polyacryl- 
amide gel electrophoresis. 

B. Properties o f  glucose-6-phosphate dehydrogenase 
General properties. The molecular weight of  Glc-6P dehydrogenase was 

determined by gel filration on a Sepharose 4B column and a value of  150 000 
was found. 

Glucose-6-phosphate dehydrogenase exhibited activith with either NADP ÷ or 
NAD* as coenzymes, V NADP ÷= 0.96 V NAD ÷. Maximum activity of  the 



T A B L E  I 

P U R I F I C A T I O N  OF G L U 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  FROM P S E U D O M O N A S  C 

E n z y m e  ac t iv i ty  was  m e a s u r e d  wi th  NADP + as c o e n z y m e .  

Pur i f ica t ion  step V o l u m e  To ta l  p ro t e in  Specific ac t iv i ty  R e c o v e r y  Pur i f ica t ion  
(ml)  (rag) ( I U / m g  pro te in )  (%) (-fold) 

1. Crude  ex t r ac t  125 4 3 7 5  0 .69  100 1.0 

2 . 4 0 - 8 0 %  (N H 4)2SO 4  f rac t ion  52 2028  1.33 89 1.9 

3. DEAE-Cel lulose  c h r o m a t o g -  91 177 13.9 81 20.1 

r a p h y  (poo led  f rac t ion)  

4. Blue d e x t r a n  Sepharose  4B 125 12 152 58 220  
c h r o m a t o g r a p h y  (poo led  
f ract ions)  

enzyme  with b o t h  coenzymes  was obta ined  at pH values be tween 8.5 and 9.5 
with 100 mM Tris-HC1, glycylglycine,  or g lyc ine /NaOH buffer .  

The enzyme  was specific for  glucose 6-phosphate .  Glucose 1-phosphate ,  
glucose, 6 -phosphog lucona te  and f ructose  6-phosphate  could no t  replace 
glucose 6-phosphate  as a substrate in the react ion either with N A D P  ÷ or with 
NAD ÷. E n z y m e  activi ty did no t  require the presence of  Mg 2÷ and at a concen-  
t ra t ion  higher than  0.5 mM, Mg 2÷ had an inhib i tory  effect  on the act ivi ty  o f  the 
enzyme  with NAD ÷. Glucose-6-phosphate  dehydrogenase  activi ty with NADP ÷ 
was less sensitive and the inhibi t ion by Mg 2÷ was no ted  only  above a Mg 2÷ 
concen t ra t ion  o f  35 mM. Similar effects were ob ta ined  with MnC12. 

Kinetic properties and inhibition studies of  Glc-6P dehydrogenase. The 
saturat ion curves o f  G6PDH for  glucose-6-phosphate ,  NADP ÷ and NAD ÷ were 
o f  hyperbo l ic  type ,  and f rom the Lineweaver-Burk curves the K m value o f  
Glc-6P dehydrogenase  with NADP ÷ as c o e n z y m e  was calculated to  be 0.25 mM 
and tha t  for  NAD ÷ was 0.16 mM. With respect  to the coenzymes  the K m value 
for  NADP ÷ was 0 .022 mM, and tha t  for  NAD ÷ was 0.29 mM. 

N A D H  was found  to  be a compet i t ive  inhibi tor  o f  the enzyme  with respect  
to  either N A D P  ÷ (Fig. 1A) or NAD ÷ (Fig. 1B). Also, N A D P H  was a compet i t ive  

T A B L E  II  

P U R I F I C A T I O N  OF 6 - P H O S P H O G L U C O N A T E  D E H Y D R O G E N A S E  F R O M  P S E U D O M O N A S  C 

E n z y m e  act ivi ty  was m e a s u r e d  wi th  N A D P  + as c o e n z y m e .  

Pur i f ica t ion  s tep V o l u m e  To ta l  p ro te in  Specific ac t iv i ty  R e c o v e r y  Pur i f ica t ion  
(ml)  (mg)  ( I U / m g  pro te in )  (%) (-fold) 

1. Crude  ex t r ac t  140 4 0 6 0  0 .23  100  1 

2. Phosphocel lu lose  72 98  7 .30  77 32 
(poo led  f rac t ions)  

3. Blue dex t r an -Sepha rose  4B 66 17 30.4  55 132 
(poo led  f rac t ions)  

4. Phosphocel lu lose  23 8.3 56.4 50 245  
(poo led  fractions) 
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Fig. 1. Inh ib i t i on  of  g lucose-6-phospha te  d e h y d r o g e n a s e :  A) by  N A D H  at  d i f fe ren t  c o n c e n t r a t i o n s  of  
NADP+; (B) by  N A D H  at  d i f f e r en t  c o n c e n t r a t i o n s  of  NAD+; (C) by  N A D P H  at  d i f f e ren t  c o n c e n t r a t i o n s  of  
N A D P  +, and  (D) by  N A D P H  at  d i f f e ren t  c o n c e n t r a t i o n s  o f  N A D  +. Reac t i on  m i x t u r e s  con ta in ing  in a final 
v o l u m e  of  1.0 ml ,  100 m M  Tris-HCl buf fe r ,  pH 7.6;  0 .5 mM glucose 6 -phospha te  and  var ious  concen t r a -  
t ions  o f  N A D  + or  N A D P H  +. Reac t ions  were  s t a r t ed  by  the  add i t ion  of  0.4 ~tg pur i f ied  e n z y m e .  Concen t r a -  
t ions  o f  inh ib i tors  (mM)  axe given in pa ren theses  in each figure.  
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Fig. 2. Inh ib i t i on  o f  g lucose -6-phospha te  d e h y d r o g e n a s e :  (A)  b y  ATP  wi th  d i f f e ren t  c o n c e n t r a t i o n s  of  
N A D  +. (B) b y  A T P  wi th  var ious  c o n c e n t r a t i o n s  of  glucose 6 -phospha te .  S t a n d a r d  r eac t ion  m i x t u r e s  were  
s t a r t ed  b y  t he  add i t i on  o f  0 .4  #g  of  pur i f ied  e n z y m e .  C o n c e n t r a t i o n s  of  inh ib i to r  (mM)  are given in 
parenthes is .  



inhibi tor  o f  the e n z y m e  with respect  to  e i ther  NADP ~ (Fig. 1C) or NAD * (Fig. 
1D). The Ki values for  NADH and NADPH are given in Fig. 1. 

Glucose,  glucose 1-phosphate ,  f ruc tose  6-phosphate ,  f ruc tose  1,6-diphos- 
phate ,  glucosamine,  2 -deoxyglucose  6-phosphate ,  6 -phosphoglucona te ,  r ibose 
5-phosphate ,  r ibulose 5-phosphate ,  r ibulose 1 ,5-diphosphate ,  erYthrose 5-phos- 
phate ,  xylulose  5-phosphate ,  sedoheptu lose  7-phosphate ,  c o e n z y m e  A, acetyl-  
phospha te ,  pyruva te ,  phophoenolpyruvate, glycerol  3 -phosphate  and 
3 ' ,5 ' -cycl ic  AMP all at 1--2 mM level had a lmost  no e f fec t  on the  act ivi ty  of  
Glc-6P dehydrogenase  when  measured  at  low concen t r a t i on  (2 mM) of  NADP ÷, 
NAD ÷ and glucose 6-phosphate .  

F r o m  the  adenine  nucleosides  on ly  ATP was fo u n d  to  be a significant 
inhibi tor .  The inh ib i to ry  e f fec t  of  ATP on Glc-6P dehydrogenase  act ivi ty  was 
more  p r o n o u n c e d  wi th  NAD ÷ than  wi th  NADP ÷ as coenzyme .  Fur the r  studies 
showed tha t  ATP was a compe t i t ive  inhib i tor  with respect  to  NAD ÷ (Ki = 1.1 
mM, Fig. 2A) and a mixed- type  inhibi tor  for  glucose 6-phosphate  (Fig. 2B). 
Addi t ion  o f  5 mM MgC12 coun te rac t ed  the  ATP inhibi t ion.  

C. Properties of 6-phosphogluconate dehydrogenase 
General properties. The molecular  weight  o f  6 -phosphog lucona te  dehydro -  

genase was de t e rmined  by  gel f i l t ra t ion on a Sepharose 4B co lu m n  and a value 
o f  220 000 was found .  Upon  e lec t rophores is  in acry lamide  gel conta in ing  urea,  
sodium dodecy l  sulfate,  and 2 -mercap toe thano l  the  subuni t ' s  molecular  weight  
o f  abou t  55 000 was evident .  

6 -Phosphogluconate  dehydrogenase  was specific for  NADP ÷ and NAD ÷, V 
NADP ÷= 1.66 V NAD ÷. Max imum act ivi ty o f  6 -phosphoglucona te  dehydro -  
genase with NADP ÷ and NAD ÷ was ob ta ined  at pH values be tween  8 and 9 in 
100 mM of  glycylglycine,  Tris-HC1 or  g lyc ine /NaOH buffer .  The e n z y m e  
requi red  the  presence  o f  Mg 2÷ for  m a x i m u m  act ivi ty  and sa tura t ion  was 
achieved at  a concen t r a t i on  o f  2 mM Mg 2+. 

Kinetic properties and inhibition studies of 6-phosphogluconate dehydro- 
genase. The sa tura t ion  curves o f  6 -phosphoglucona te  dehydrogenase  for  
6 -phosphoglucona te ,  NADP ÷ and NAD ÷ were of  hyperbo l ic  t ype  and f ro m  the  
Lineweaver-Burk curves the  Km value o f  6 -phosphoglucona te  with NADP ÷ was 
calculated to  be 0.1 mM and wi th  NAD ÷ 0 .04 mM. With respect  to  the  
coenzymes ,  the Km value for  NADP ÷ was 0.02 mM and tha t  for  NAD ÷ was 0.5 
mM. 

NADH and NADPH inh ib i t ed  the  act ivi ty o f  6 -phosphoglucona te  dehydro -  
genase b o t h  wi th  NADP ÷ and NAD ÷. Using sa tura ted  concen t ra t ions  of  
ox id ized  coenzymes ,  50% inhibi t ion o f  6 -phosphoglucona te  dehydrogenase  
act ivi ty with NAD ÷ was ob ta ined  wi th  75 t~M of  N A D H  and 70 pM o f  NADPH.  
E n z y m e  act ivi ty wi th  NADP ÷ was inhibi ted  by  50% with  48 pM of  NADH and 
28 ttM of  NADPH.  

A survey for  possible e f fec tors  o f  6PGDH act ivi ty revealed tha t  while ADP 
and AMP had a lmost  no e f fec t  on  e n z y m e  act ivi ty,  ATP was found  to  be a 
po t en t  inhib i tor  o f  this enzyme .  Fig. 3 shows tha t  the  inhibi t ion is more  
p r o n o u n c e d  on  6 -phosphog lucona te  dehydrogenase  act iv i ty  with NAD ÷ as 
c o e n z y m e  than  wi th  NADP ÷. The  addi t ion  o f  5 m n  MgC12 to the reac t ion  
mix tu re  caused a decrease in the  ex t en t  o f  ATP inhib i t ion  bu t  did no t  abolish 
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F i g .  3 .  E f f e c t  o f  A T P  o n  t h e  a c t i v i t y  o f  6 - p h o s p h o g l u c o n a t e  dehydrogenase .  Standard reac t ion  m i x t u r e s  

conta in ing  d i f f eren t  c o n c e n t r a t i o n s  o f  A T P  p l u s  o r  m i n u s  MgC12 ( 5  m M  f i n a l  c o n c e n t r a t i o n )  w e r e  started 
b y  t h e  a d d i t i o n  o f  1 # g  o f  p u r i f i e d  e n z y m e .  P e r c e n t  a c t i v i t y  w a s  c a l c u l a t e d  f r o m  a c o n t r o l  s y s t e m  w i t h o u t  

A T P .  [] •, N A D P  + p l u s  M g C I 2 ;  • m N A D P  + m i n u s  MgC12;  o o N A D  + p l u s  M g C I 2 ;  

• • ,  N A D  + m i n u s  M g C I  2.  

it. ATP was found to be a competitive inhibitor of 6-phosphogluconate 
dehydrogenase activity with respect to NAD ÷ (K i = 0.6 mM) and a non- 
competitive inhibitor with respect to 6-phosphogluconate. 

Discussion 

A partial purification of  Glc-6P dehydrogenase has been reported for 
Pseudomonas W6, an obligate methylot roph able to grow on methane, 
methanol and methylated amines, but not  on non Cl-compounds [14]. Pre- 
liminary results on the purification of Glc-6P dehydrogenase have been 
reported for Methylomonas M15 grown on methanol as a sole carbon source 
[15]. Glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydro- 
genase were purified from a methanol utilizing yeast, Candida boidinii [9]. 

All these microorganisms have similar pathways as compared to 
Pseudomonas C for the oxidation and assimilation of Cl-compounds [9--10, 
14--16]. 

Table III shows the comparison between the properties of  Glc-6P dehydro- 
genase and 6-phosphogluconate dehydrogenase isolated from Pseudomonas C 
and C. boidinii. It appears that  the major difference in the properties of these 
enzymes between the bacterium and the yeast is in their specificity toward the 
coenzymes. 

In Pseudomonas C Glc-6P dehydrogenase and 6-phosphogluconate dehydro- 
genase react both with NADP ÷ and NAD ÷ at comparable rates. Similar 
coenzyme dual specificity is found in Glc-6P dehydrogenase of the methylo- 
trophs Pseudomonas W6 [14], and Methylomonas M15 [15] and in other non- 
methylotrophs Pseudomonas aeruginosa [17], Hydrogenomonas H16 [ 18], 
Leuconostoc mesenteroides [19] and Paracoccus denitrificans [20]. 6-Phospho- 
gluconate dehydrogenase with dual coenzyme specificity is found in the 
methylot roph Pseudomonas W5 [14], and in other non-methylotrophs 
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T A B L E  n I  

C O M P A R I S O N  B E T W E E N  T H E  P R O P E R T I E S  O F  G 6 P D H  A N D  6 P G D H  F R O M  P S E U D O M O N A S  C 

A N D  C A N D I D A  B O I D I N I I  

P r o p e r t y  G l u 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  6 - P h o s p h o g l u c o n a t e  d e h y d r o g e n a s e  

P s e u d o m o n a s  C C. bo id in i i  * P s e u d o m o n a s  C C. bo id in i i  

P u r i f i c a t i o n  ( f o l d )  2 2 0  1 7 1 4  2 4 5  3 3 1  

F i n a l  spec i f i c  a c t i v i t y  1 5 2  5 1 6  5 6 . 4  3 9 . 7  

( H I / m g )  
M o l e c u l a r  w e i g h t  1 0 5  0 0 0  1 1 8  0 0 0  2 2 0  0 0 0  1 1 0  0 0 0  

O p t i m a l  p H  8.9---9.5 8 . 5 - - 9 . 0  8 . 0 - - 9 . 0  8 . 0 - - 8 . 5  

R e q u i r e m e n t  f o r  MgC12 - -  - -  2 m M  2 0  m M  

A c t i v i t y  w i t h  N A D  + yes  n o  yes  n o  

K m v a l u e s :  (~M)  N A D P  + 2 2  1 4  2 0  13 

G 6 P  ** ( N A D P  +) 2 5 0  8 6 0  - -  - -  

6 P G  ***  ( N A D P  +) . . . .  

* R e s u l t s  are t a k e n  f r o m  K a t o  e t  al .  [ 9 ] .  

** G l u c o s e  6 - p h o s p h a t e .  

* * * 6-Phosphogluconate. 

Pseudomonas multivorans (Type I) [8] and Streptococcus faecalis (Type I) 
[7].  In all these cases the enzymes have higher affinities for NADP ÷ than for 
NAD ÷, but as the in vivo concentrat ion of  NAD + is in the range of 2--6 mM 
[21--25] as compared to NADP ÷ concentrat ions of  0.3--1.8 mM [22--23,25] it 
can compensate for the lower affinities of  both  enzymes for NAD ÷. It appears 
that  the intraceUular levels of  substrates and coenzymes concentrat ions are high 
enough to allow maximum activities of  these enzymes, which in Pseudomonas 
C might furnish both  NADH and NADPH for cell metabolism, while in C. 
boidinii only NADPH might be formed [9].  

The product ion of  NADPH by these enzymes might be of  importance under 
physiological conditions as the C~-utilizing bacteria and C. boidinii do not  
possess a complete tr ichloroacetic acid cycle (a-oxoglutarate dehydrogenase 
activity cannot  be detected) and the growth substrate carbon is oxidized to 
CO2 by the cyclic oxidation pathway [1,9,14--15].  

Inhibition studies with reduced coenzymes have shown that  in Pseudomonas 
C NADH and NADPH inhibited Glc-6P dehydrogenase and 6-phosphogluconate 
dehydrogenase activities both  with NADP ÷ and NAD ÷ as coenzymes.  The 
inhibition caused by NADH in Pseudomonas C is in contrast  with the results 
obtained in C. boidinii [9],  where no inhibition by NADH on both  enzyme 
activities was observed. As was pointed out  by Kato et al. [9],  the lack of  
inhibition by NADH on both enzyme activities in the methanol-grown yeast 
might indicate that there is no direct interaction between the oxidation path- 
way of  formaldehyde via formate to CO2 (which produces NADH) and the 
dissimilatory ribulose monophosphate  cycle (the cyclic oxidation pathway),  
unlike the case of  Pseudomonas C. In other  methylot rophic  bacteria (Pseudo- 
monas W6 and Methyomonas M15) NADH inhibits the activity of  Glc-6P 
dehydrogenase with NADP ÷ and NAD ÷ as coenzymes [9,15],  while data for 
6-phosphogluconate dehydrogenase have not  yet  been reported.  

ATP was found to  be an inhibitor of  the activities of both enzymes in 



Pseudomonas C; the activity of 6-phosphogluconate dehydrogenase was more 
sensitive than that  of Glc-6P dehydrogenase to ATP inhibition. ATP inhibited 
more profoundly the activities of these enzymes with NAD + than with NADP ÷, 
similar to the results obtained for Glc-6P dehydrogenase of  Pseudomonas W6 
when grown on methanol [14], or of other bacteria such as Bacillus licheni- 
formis [22] and P. denitrificans [20]. In the yeast C. boidinii [9] the addition 
of  MgC12 counteracted the ATP inhibition of both enzymes while in Pseudo- 
monas C the inhibition of 6-phosphogluconate dehydrogenase activity caused 
by ATP was only partially reversed by the addition of  MgC12 (Fig. 3). 

The inhibitory effect of ATP on these enzymes might be of physiological 
importance in Pseudomonas C. It can be considered that  as Glc-6P dehydro- 
genase and 6-phosphogluconate dehydrogenase are consecutive enzymes [1], 
small variations in ATP concentrations can result in profound changes in the 
flux of carbon via the different biochemical pathways. When the concentration 
of  ATP increases the NAD*-dependent activity of  these enzymes is inhibited, 
and thus the continued flux of carbon through the cyclic oxidation pathway 
will result in a higher production of  NADPH (relative to NADH). In C. boidinii, 
where these enzymes are specific only for NADP ÷ [9], an increase in the intra- 
cellular concentration of ATP might lower the flux of  carbon via the dissimila- 
tory ribulose monophosphate  cycle, and increase it via the direct oxidation 
pathway (via formic acid) causing a higher production of NADH (relative to 
NADPH). 

For the elucidation of the in vivo regulation of Glc-6P dehydrogenase and 
6-phosphogluconate dehydrogenase activities in Pseudomonas C the intra- 
cellular levels of the metabolites involved during growth need to be known. 
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