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by 
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It has been established 1,2 that the product of glucose-6-phosphate dehydrogenase 
in Azotobacter is 6-phosphogluconate (6-PG) and that 6-phosphogluconolactone precedes 
the formation of 6-PG in dried yeast a. Furthermore, in yeast and Escherichia coli it 
has been found that 6-PG is oxidized to ribulose-5-phosphate by an enzyme, 6-phos- 
phogluconate dehydrogenase, specific for TPN ~, a. However, all attempts to demonstrate 
the presence of this enzyme in the Azotobacter have failed. 

Using isotopic labeled glucose, ENTNER AND DOUDOROFF in 1952 established that 
6-PG is split into two three carbon fragments, pyruvate and glyceraldehyde-3-phosphate 
(G-3-P), by Pseudomonas saccharophila 8. These authors, as well as KOVACHEVISCH AND 
WOODL have proved that the intermediate in this reaction is the dehydration product 
of 6-PG, 2-keto-3-deoxy-6-phosphogluconate. One enzyme was required for this dehydra- 
tion; another required for the splitting of this product into pyruvate and G-3-P by these 
organisms. 

This paper is concerned with the demonstration of the splitting of 6-PG into pyru- 
vate and G-3-P by extracts from A zotobacter vindandii .  The results support the conclusion 
that most of the oxidation of glucose by this organism passes through these steps. 

The further metabolism of pyruvate, one of the products of 6-PG splitting, has been 
discussed previously s, but the status of the remaining product, G-3-P , has not been 
studied. S~ONE .aND WERKMAN 9 reported that small amounts of phosphoglyceric acid 
accumulate in the Azotobacter during oxidation of glucose in the presence of fluoride, 
indicating that triose phosphate dehydrogenase is present. However, the direct demon- 
stration of this enzyme by the reduction of DPN (diphosphopyridine nucleotide) is not 
possible since Azotobacter extracts apparently contain alpha-glycerophosphate dehy- 
drogenase and isomerase and no net DPN reduction is observed 2. Azotobacter prepara- 
tions, however, do convert 3-phosphoglyceric acid to pyruvate as will be shown in 
this paper. 

Since these preparations also contain aldolase and hexosediphosphatase, as will be 
demonstrated, it is possible that part of the G-3-P is converted to hexose phosphate and 
recycles through glucose-6-phosphate dehydrogenase and the splitting enzyme. 

* Supported in part by grants from tile National Science Foundation and National Institutes 
of Health. 

** National Science Predoctorial Foundation Fellow. Present address: Chemical Department, 
Experimental Station, E. I. Du Pont de Nemours and Co., Wilmington, Delaware. 
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METHODS AND MATERIALS 

The 6-PG used in these exper iments  was obtained f rom W. A. \ ¥ o o n ,  Univers i ty  of Illinois; 
the F- I ,6 -P  (fructose-I ,6-diphosphate) and 3-PGA (3-phosphoglyceric acid) were obtained from 
Nutr i t ional  Biochemicals Corp. 

To demonst ra te  the presence of the spli t t ing and dehydra t ing  enzymes,  the following sys tem 
was used1°: 0. 5 ml ex t rac t  (23. 4 mg protein) from Hzotobacler vinelandi i  0 (Azolobacter agile var. 
v indand i i ) ,  I.O ml glycylglycine buffer at pH 7.6, I. 5 ml 6-PG solution (31 /lmoles), I.O ml of o.56 AI 
hydrazine  at p H  7.4, and I.o ml of io 2:1! arsenite. The hydrazine was added to t rap  the G-3-P 
formed and the arsenite to p reven t  fur ther  metabol ism of pyruvate .  In  one exper iment  the hydrazine 
was omit ted  to determine if more py ruva t e  would be formed from the G-3-P th rough  G-3-P de- 
hydrogenase,  enolase, and phosphoenolkinase,  or whe the r  instead F-I ,6-P  or a lpha-glycerophosphate  
might  be formed. 

The reaction was followed by appearance of py ruva t e  which was determined by a method 
already described =. G-3-P was es t imated by  alkali labilityll;  by reaction wi th  orcinol and measure- 
ment  of the optical densi ty at 44 ° m/,12; and by  reaction wi th  anthrone  as will be described in the 
results. In  addition any  pentose formed was measured  by  reaction wi th  orcinol. S tandards  of each 
compound  were used for comparison.  

To establish the ident i ty  of the keto acid formed, the mix ture  after  deproteinization was t reated 
wi th  i.o ml of o.i % 2,4-dini trophenylhydrazine in i N HCI, and the derivative formed was extracted 
wi th  ether.  This procedure was also carried out  wi th  known pyruvate .  The derivatives were then  
chromatographed  on paper  using three different solvent sys tems:  (a) water  sa tura ted  phenol;  (b) 
wate r  sa tu ra ted  butanol ;  and (c) 50% butanol,  lO% ethanol,  4 ° o//o water.  All spots  on the chro- 
ma tograms  were identified by  the yellow color of the derivatives,  by  the formation of a red color 
upon spraying wi th  an alkali solution, and by  the appearance under  ul traviolet  light. Al though 
G-3-P formed a hydrazone,  it appeared to remain  wate r  soluble and non-extractable  by  ether.  

Aldolase was determined using a sys tem similar to tha t  of SIBLY AND LEHNINGER 13. The triose 
phosphate  formed was determined by  alkali labile phosphate ,  and by  reaction wi th  anthrone.  The 
concentrat ion of the F- I ,6 -P  remaining and triose phospha te  formed, at vary ing  t imes during tile 
incubation, was es t imated  by  reacting an al iquot wi th  anthrone  reagent ,  measur ing the optical 
density of the color formed at 49 ° and 6o0 m~t and de termining the  concentrat ions  by  solution of 
s imul taneous  equations.  

Fructose diphosphatase  was assayed by  measu remen t  of the phospha te  released f rom F- I ,6 -P  
when the lat ter  subs t ra te  was incubated wi th  an Azotobacter prepara t ion  and Mg ++. After complet ion 
of the reaction the products  were separated on Dowex-I  resin 14. 

• he sys tem from 3-PGA to py ruva t e  (phosphoglyceromutase,  enolase, and phosphoenolkinase)  
was measured by  the appearance of py ruva t e  when  3-PGA, ADP (adenosine diphosphate) ,  Mg ++ 
and arsenite were incubated wi th  an azotobacter  extract .  Arsenite was added to prevent  the  fu r the r  
metabol ism of pyruva te .  

RESULTS 

The stoichiometry of the action of Azotobacter extracts on 6-PG is presented in 
Table I. From 31 /,moles of 6-PG, 30.5 /,moles of pyruvate and 28/~moles of G-3-P were 
formed. In addition, a small amount of pentose was produced as was reported pre- 
viously 2. The RF values of the 2,4-dinitrophenylhydrazone derivatives of the product 
of 6-PG splitting, as well as those of known pymvate ,  are recorded in Table II. The 
spectra of the color produced when the, dephosphorylated product was reacted with 
orcinol and anthrone reagent together with the spectra of known glyceraldehyde and 
alpha-glycerophosphate are presented in Figs. I and 2, and agree closely with known 
glyceraldehyde, thus confirming the product as this compound. Pyruvate did not 
interfere with these reactions. Also it was found that if the hydrazine was omitted from 
the system used for measuring the splitting of 6-PG and if DPN was added, approxi- 
mately i /3  of the G-3-P was found as would be expected on the basis of splitting. 

The spectra obtained after reacting G-6-P (glucose-6-phosphate), glyceraldehyde, 
R-5-P (ribose-5-phosphate), and a mixture of the three with anthrone is presented in 
Fig. 3. Although R-5-P gave little or no color, glyceraldehyde and G-6-P (any hexose) 
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T A B L E  I 

STOICIIIOMETRY OF THE SPLITTING OF 6-i)(~ (31 / t inGles)  ~Y d z o l o b a c h ' r  v im,  l a m l i i  0 t~.xrRAc:cs* 

G ?-P l, moles 
Py¥1H'141~ "~* /I molt's 

Time Method o/c~m~lvsls 

A Ikali labile P04* No PO 4 .4 nthrone p o  ~.. Orcinol§ 

O O.O O.O O.I O.I O.O 
3 ° nI in  I8.O ~8.I . . . .  
6O rain 3o .4  3o .6  2S.5  2S.3 27.5 

* I n c u b a t i o n  m i x t u r e  as  in F i g .  i ; one m i x t u r e  conta ined  i o o  # m o l e s  of PO~,  t i le  o t h e r  g l y c y l -  
g l  y, c in  e buffer.  

D e t e r m i n e d  by  m e t h o d  ol  KING ~s, c o n t i r n i e d  b y  c h r o m a t o g r a p h y  ( T a b l e  I1). 
*** D e t e r m i n e d  b y  t h e  m e t h o d  of  L O . M a X N  AND 51I';YERItOF 11. 

§ D e t e r m i n e d  b y  o r c i n o I  r e a c t i o n  aga ins t  s t a n d a r d  g l y c e r a l d e h y d e  as  in F ig .  r. 

"I'A H I . E  1I 

CHROMATOGRAPHY OF 2,4-DINITROPH/~;NYI.IIYDRAZONE OF RI+;ACTION PI~ODUCTS O1; (I-[~(~ ~['LIFTING * 

RF 

Solvenl syslem Hydrazone Hydrazone o[ IIydrazone 
o] [yruvate reaction products o/mixture 

W a t e r  s a t u r a t e d  p h e n o l  o .86  o.,'q~ o.,S 7 

W a t e r  s a t u r a t e d  b u t a n o l  o .3o  o .3o  o . - '9  

5 ° % b u t a n o l  
Io  % e t h a n o l  o .53  o .53  o .52  
4 ° % w a t e r  

* D e r i v a t i v e s  w e r e  p r e p a r e d  b y  a d d i n g  I.O m l  of  O.I O~ 2 , 4 _ d i n i t r o p h e n y l h y d r a z o n  e in t N IIC1 
to  t h e  d e p r o t e i n i z e d  m i x t u r e ,  a l l o w i n g  t h e  h y d r a z o n e s  t o  fo r ln ,  a n d  e x t r a c t i n g  w i t h  e . ther .  "Fhc 
d e r i v a t i v e  in  e t h e r  w a s  s p o t t e d ,  a n d  t h e  s e p a r a t i o n  m a d e  b y  the, r e s p e c t i v e  s o l v e n t  s y s t e m s .  

gave pronounced peaks at 49 ° and 620 m/* respectively. The fact that the extinction oI 
hexose is at a minimum when glyceraldehyde is at a maximum and vice versa, readily 
lends itself to estimation of mixtures of these compounds by solution of simultaneous 
equation 15. This is further substantiated since the absorbancies at these wavelengths, 
49 ° and 62o m/*, when added yield as sum the absorbancy of the mixture (see Fig. 3). 
Good recovery was obtained using this method for determining concentrations of triose 
and hexose in mixtures. For example, when a mixture of o.51 /*moles of G-6-P and 
1.2 / ,moles of glyceraldehyde was analyzed by solution of simultaneous equations, the 
results indicated that the solution contained o.52 /*moles of G-6-P and 1.14 t, moles 
of glyceraldehyde. 

The stoichiometry of the action of aldolase on F-I,6-P is given in Table III. Here it 
is seen that aldolase splits F-I,6-P into triose phosphate and dihydroxyacetone phos- 
phate at the rate of approximately 13 /~moles split/h/46 mg extract protein. Fructose 
diphosphatase from Azotobacter hydrolyzes the J# I phoshate from F-I,6-P at the rate of 
II  /*moles/h/46 mg extract protein, and the products of the hydrolysis of 19. 4 /*moles  
of F-I,6-P were 3.0 /~moles free hexose, 14.3 / ,moles of a mixture of G-6-P and F-6-P 

Re[erences p.  244 .  
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I o \ • Experimental 
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Fig. I. Orcinol spec t rum of the products  of 6-PG 
splitting. The reaction mixture  contained:  o. 5 ml 
ext rac t  protein  (23 rag), i .o ml of o.56 M hydra-  
zine at  p H  7.4, i .o ml lO _2 M arsenite, and 
1.5 ml containing 31 ffmoles 6-PG. Duplicate 
mix tures  were made, one containing in addition 
to the above, IOO/z moles of phosphate .  Trichloro 
acetic acid was added after  6o minutes  incuba- 
tion at 3o°C  and the ppt.  protein  removed.  
One t en th  mt of the mixture  after  t r e a t m e n t  
wi th  phospha tase  was reacted wi th  oreinol and 
a spectroanalysis  of the color developed was 
recorded against  a blank wi thou t  subs t ra te  
t rea ted  in the same manner ,  a-glycerophosphate 
and glyceraldehyde were included for comparison.  

Fig. 3. Comparison of the spectra  of glyceralde- 
hyde,  G-6-P, and R-5-P alone and mixed after  
reaction wi th  anthrone.  The mix tu re  contained 
1.2 ffmoles of glyceraldehyde, o.51 /zmoles of 
G-6-P and I.O #moles  of R-5-P. The quant i t ies  
indicated were diluted to 1. 5 ml and 4-5 ml of 
an throne  reagent  was added. The mix ture  was 
heated in a boiling wate r  ba th  for 3 minutes ,  
cooled by  immersing in cold water  and the 
spect ra  recorded in the  Beckman spectrophoto-  

meter  against  a reagent  blank. 

500 O/Ir~O~ 

~ / ,0%A 0 Experimental 

. i "~ • 7.0/JPI glyceral 

- glycerophosphate 

3OO 
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\ ' ,_ 

I I I I " - ? t  
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Fig. 2. Anthrone spectrum of the products of 
6-PG spli t t ing by ext rac ts  of Azotobacter  v ine lan-  
dii  O. The reaction mixture  and t r e a t m e n t  were 
as in Fig. x; o.2 ml of the mixture  af ter  treat-  
men t  wi th  phospha tase  and removal  of the free 
sugars  by  t r e a t m e n t  wi th  Dowex-1 resin was 
reacted wi th  anthrone  reagent  and a spectro- 
analysis  of the color was made. Known  glyceral- 
dehyde and a-glycerophosphate  were included 

for comparison.  
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(65% to 35% respectively),  and 23 ~moles  of phosphate (corrected for phosphate  in 
preparation).  Fluoride (IO -2 3I) complete ly  inhibi ted hexose diphosphatase from this 
organism.  

That  3-PGA in the presence of arsenite is readi ly  conver ted  into pyruva te  by ex- 

t racts  of Azotobacter is shown in Table IV. "[he concentra t ion of py ruva te  accumula t ing  

never  reached tha t  of the initial 3-PGA and, in fact, decreased after  reaching a level of 

9.5 /xmoles. Fluoride (IO -2 M) comple te ly  inhibi ted the product ion of py ruva te  from 

3-PGA. The rate  of conversion of 3-PGA to pyruva te  was approx imate ly  5 tzmolcs/h/46 
mg ext rac t  protein.  

TABLE lII 

S T O I C H I O M E T R Y  OF T H E  S P L I T T I N G  OF } 4 " - I , 0 - P  B Y  A z o l o b a c l e r  A L D O L A S E  

Triose phosphate  F-~,t~ P 

T i m e  
Alkali: labile By anlhrone B y  anthrone 
P O  t iI moles reagent ¢~ moles reagent/ t  moles 

o r a i n  o .o  0 .3  t 9 . 4  
3 ° r a i n  - 12.8 12. 9 

60  r a i n  2 I .S 19 .5  8.5 

Conditions: Incubation mixture contained: 19.5/*moles of F-I,6-P, 2 ml glycylglycine buffer 
at pH 7.4, o.56 M hydrazine, and i .o ml of enzyme protein (46 mg) made to a total volume of 5 hal. 

TABLE IV 

CONVERSION OF 3-PGA TO PYRUVATE BY EXTRACTS Azotobacter vinelatzdii 0 OF 

Pyruvate  I, moles 
T i m e  in minu tes  Condit ions 

3o i 2 0  210 

Fluoride + PO 4 o.o o.o o.o 
No fluoride + PO 4 0. 5 8. 5 8. 7 
No fluoride No PO 4 2. 4 9.5 7 .2 

System contained: io #moles ADP, io -2 M Mg ++, lO -2 M fluoride when designated, 22. 3 
#moles of PO e when designated, AsO 2 lO -2 M, 3-PGA 2o/,moles, and 1 ml enzyme protein (46 mg) 
diluted to 5 ml with o.o 5 M glycylglycine buffer at pH 7-4- 

DISCUSSION 

The conversion of 31 / ,moles  of 6-PG into 3 ° /xmoles of py ruva t e  and 28 /~moles 

of G-3-P by Azotobacter extracts  indicates the presence of the 6-PG spli t t ing system. 
The dehydra t ion  of 6-PG in to  2-keto-3-deoxy-6-phosphogluconate before spl i t t ing 
demonst ra ted  by MAC GEE AND DOUDOROFF TM and KOVACHEVIC AND WOOD 7 probably  

also occurs in this organism. Since G-6-P and 6-PG are oxidized rapidly  by these 
Azotebacter extracts  wi th  the final difference in oxygen consumption consistent  wi th  the 
one step oxidat ion of G-6-P to 6-PG (17), since these extracts  contain high levels of 

zwischen/erment (2) and the spli t t ing system, and since phosphohexokinase  and 6-PG 
dehydrogenase are not  demonstrable  2, it appears tha t  all G-6-P and 6-PG are meta-  
bolized through pyruva te  and G-3-P. The ra te  of conversion of G-6-P to 6-PG, 6oo 

Re/erences p. 244. 
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/~moles/h/46 mg ex t r ac t  p ro te in  2, and  of the  sp l i t t ing  of 6-PG, about  72 t, moles  spl i t /  
h/46 mg ex t rac t  prote in ,  is consis tent  wi th  th is  view. 

Of the  fur ther  me tabo l i sm  of the  produc ts  of 6-PG spl i t t ing,  only p y r u v a t e  diss imila-  
t ion has been inves t iga ted  s. Two possible p a t h w a y s  for fur ther  me tabo l i sm of G-3-P 
are : (a) conversion b y  tr iose phospha te  dehydrogenase ,  phosphoglycer icmutase ,  enolase,  
and  phosphoenolkinase  to  p y r u v a t e ;  and  (b) convers ion of pa r t  of the  G-3-P to d ihy-  
d roxyace tone  phosphate ,  condensa t ion  of the  l a t t e r  compound  wi th  G-3-P by  aldolase to 
y ie ld  F - I ,6 -P ,  and  hydro lys i s  of the  ~ I phospha te  of F - I , 6 - P  by  fructose d iphospha tase  
to  yie ld  F-6-P.  The F-6 -P  could be conver t ed  into G-6-P 2, and  whole sys tem recycled 
t h r ough  zwischen/erment and the sp l i t t ing  sys tem.  

The respect ive  ra tes  of conversion of G-3-P to p y r u v a t e  b y  sys tem a and to  F -6 -P  
by  sys tem b are consis tent  wi th  the opera t ion  of bo th  these p a t h w a y s  in Azotobacter 

extrac ts .  Fo r  example ,  a l though in the  presence of hydraz ine  72 / ,moles  of 6-PG is 
spl i t  in to  72 /xmoles of G-3-P in one hour,  only 55 /xmoles of 6-PG d i sappea r  in i ts  
absence. F r o m  these  55 /xmoles of 6-PG, 2 4 / , m o l e s  appear  as G-3-P, leaving  31 / ,moles  
of G-3-P to  be accounted.  Since the ra te  of conversion of G-3-P to  hexose phospha te  
(G-6-P and  F-6-P) by  isomerase,  aldo!ase,  and  fructose d iphospha tase  is a p p r o x i m a t e l y  
22 /zmoles/h/46 mg ex t rac t  p ro te in  (2 g lyce ra ldehyde-3 -phospha te -~  I hexose phos- 
pha te  + I phosphate)  and  the  ra te  of conversion to  p y r u v a t e  via enolase is approxi -  
ma te ly  5 /*moles/h/46 mg ex t rac t  protein,  these sys tems combined  could account  for 
the  d i sappearance  of 27 t, moles  of the  G-3-P formed from the  sp l i t t ing  of 55 t *moles 
of 6-PG. Therefore,  of the  55 t, moles  of G-3-P 51 ~moles  (24 + 27) could be accounted  
for b y  the  remain ing  G-3-P and  t h a t  conver ted  to p y r u v a t e  and hexose phospha te  b y  
sys tems  a and b. I t  is l ike ly  t ha t  pa r t  of the  G-3-P formed recycles th rough  G-6-P to 
y ie ld  again  G-3-P and  py ruva te ,  the  overal l  resul t  being the  oxida t ion  of one molecule of 
G-3-P to  py ruva t e .  

SUMMARY 

A system for splitting 6-phosphogluconate to glyceraldehyde-3-phosphate and pyruvate at the 
rate of approximately 72 ttmoles/h[46 rag enzyme protein has been demonstrated in extracts of 
Azotobacter vinelandii O. Part of the glyceraldehyde-3-phosphate formed appears to recycle through 
aldolase, fructose diphosphatase, and phosphohexoisomerase to G-6-P; the rest is converted into 
pyruvate through triose phosphate dehydrogenase and enolase. The ratio of conversion by these 
two pathways is limited by the level of triose phosphate dehydrogenase which is unknown in this 
organism. 

The use of simultaneous equations to determine the concentrations of trioses and hexoses in 
mixtures after reaction with anthrone reagent is proposed. Good confirmation of this method was 
obtained when it was checked with mixtures of these compounds in known concentrations. 

Rt~SUM]~ 

Un syst~me transformant le 6-phosphogluconate en glyc6rald~hyde-3-phosphate et pyruvate, 
une vitesse d'environ 72 #tmoles/h/46 mg de prot6ine enzymatique, a 6t~ mis en dvidence dans 

des extraits d'Azotobacter vinelandii O. Une partie du glyc6ralddhyde-3-phosphate form~ rentre dans 
le cycle apr~s transformation en G-6-P en prdsence d'aldolase, de fructose diphosphatase et de 
phosphohexoisom6rase; le reste est transform5 en pyruvate sous Faction d'une triose phosphate 
d6shydrog6nase et d'une ~nolase. L'importance relative de ces deux voies mdtaboliques est d6terminde 
par la teneur en triose phosphate d~shydrog~nase, teneur inconnue chez cet organisme. 

L'emploi d'6quations simultan6es pour le dosage des trioses et des hexoses en m~langes, apr~s 
r~action avec le r6actif ~ l'anthrone, est propos6. La validit~ de la m~thode a 6t~ contr61de ~ l'aide 
de mdlanges de compositions connues. 

Re]erences p. 244. 



244 L . E .  MOI~TElX'SON, P. l~. HAMILTON, P. W. WILSON VOL. 16 (r955) 

Z U S A M M E N F A S S I I N G  

Ein System, das 6-Phosphoglukonat  in Glycer inaldehyd-3-Phosphat  und P y r u v a t  mit einer 
Spal tungsrate  yon 72 #Mol/Std.  und 46 nag Enzynlpro te in  umsetzt ,  wird demonst r ier t  in Ex t rak ten  
yon ~zotobacter vinelav.dii O. Ein Toil des gebildeten Glycerinaldehyd-3-Phosphats  scheint sich 
zuriickzubilden zu 6-P-G dureh Aldolase, Fruktosediphosphatase ,  und Phosphohexoisolnerase.  Der 
Rest  wird in Brenztraubens&ure verwandel t  durch Tr iosephosphatdehydrogenase  und Enolase. Das 
Verh&ltnis der U m w a n d l u n g  auf diesen beiden Wegen ist begrenzt  dutch  den Triosephosphat-  
dehydrogenase-Gehalt ,  der bei diesem Organisnms u n b e k a n n t  ist. 

Es wird die Benu tzung  yon Sinmltan-Gleichungen vorgeschlagen, um die Konzent ra t ionen von 
Triose und Hexose in Gemischen nach Reakt ion mit  Anthron-Reagenz  zu bes t immen.  Eine gute 
Best/i t igung dieser Methode wurde erhalten,  bei ihrer Priifung dutch  Mischungen der beiden Ver- 
b indungen in bekann ten  Konzent ra t ionen.  
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