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Previous work has shown that Pseudomonas aernginosa ATCC 9027 oxidizes glucose 
by way of gluconic, 2 ketogluconic and pyruvic acids I a. Dried ceil preparations of the 
organism oxidized glucose or gluconie acid with the quantitative accumulation of 
2-ketogluconate. No evidence of a phosphate requirement was found with these dried 
cells, and added sodium fluoride or adenosine triphosphate had no influence on the 
oxidations. Using Pseudomonas/hwresce~l.s A 312, Wool) :\ND SCH\VERI)T 1 have confirmed 
the conversion of glucose or gluconate to 2-ketoglueonate. However, working with this 
same strain of P. ]g~torescens ENTNEI:; AND STANIER 5 concluded that 2-ketogluconate was 
not 1)art of the major pathway of glucose or gluconate breakdown. Moreover N:VRROI) 
,\N> WOOD a have reported that extracts of P. /h,)resce~s can phosphorylat(, gluconic 
acid with the formation of 6-phosphogluconate. This seems to be similar to the system in 
Kscherichia coli described by C()mCN v '(~. It is possible that the mechanism available for 
the oxidation of gluconate may vary with the bacterial species. An analogy can be drawn 
with the observation by }I.Y(;.\SANIK F[ al. 1° that two strains of Aerobacler aerogenes 
dissimilate glycerol by different pathways, one dehydrogenating it to dihydroxyacetone 
while the other phosphorylates it to L-a-glycerophost)hate. The present work was 
undertaken in an effort to clarify the picture with respect to i'seudomonas aeruginosa 
and deals with the isolation, partial purification and characterization of the gluconic 
acid dehydrogenase system of this organism. 

.~f.VI'ERI.\LS ANI)  METIIOI)S  

Pseudomonas aerugim~sa, VI'CC 9027, was used t h r o u g h o u t  these  studies.  Cultures were grown 
in t i le  l iquid s y n t h e t i c  n led ium of CAMPB~ELL t'[ tl/1 with  g luconie  acid subs t i tu ted  for glucose  as 
the carbon source .  I ;or r o u t i n e  w o r k  i l i ter  of m e d i u m ,  dispensed in l oo ml a m i m n t s  in R o u x  flasks, 
was  inocu la ted  wi th  I . O %  of a "4 h o u r  c u l t u r e  g r ( m n  on the  g luconic  acid m e d i u m  at 3 ° C. Cells 
were h a r v e s t e d  at -'4 hours ,  washed  twice  w i t h  ]1/3o p i t  7.o p h o s p h a t e  buffer and f inally suspended 
at  a c o n c e n t r a t i o n  of 2oo m g  wet  we ight  of cells per  ml  in the  phosphate  buffer. This  suspension 
was d i s in tegrated  by  e x p o s u r e  to a lo  kc R a y t h e o n  sonic  osc i l l a to r  for 2o minutes .  

Neutra l i zed  g luconic  acid was  used as the  carbon source in the  growth m e d i u m .  For  use in 
the  \MARBURG r e s p i r o m e t e r  or  t h e  s p e c t r o p h o t o m e t e r ,  g l u c o n o l a c t o n e  was  di luted in a v o l u m e t r i c  
f lask,  b r o u g h t  to p H  7.6 w i t h  N a O H  and m a d e  to  v o l u m e .  One  ml  of so lu t ion  c o n t a i n e d  - ' 51 .3 l  
of g luconate .  Sod ium adenos ine  t r iphosphate  from Schwarz  & C o m p a l l y ,  was disso lved in water ,  
passed through IRC-5o resin to separate  it from adenos ine  m o n o l ) h o s p h a t e  and adenine  and brought  
to  p H  O.o be fo re  use.  l ) i p h o s l ) h o p y r i d i n e  n m l e o t i d e  ( D P N )  and t r iphosphopyr id ine  nuc leot ide  {TPN) 
were used as freshly  prepared solut ions.  

Convent iona l  \VARBURG techniques  were  used, and each flask conta ined  a l imi t ing  a m o u n t  of 
e n z w n e  source ,  ~.5 ml of p h o s p h a t e  lmf fe r  p H  5.0, a n d  o.2 mI  (5 I ~31) of substrate ;  tota l  v o l u m e  
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was 3.0 ml and temperature 3 o~ C. When a hydrogen acceptor was required, 0.2 ml (75 ° y) of pyo- 
cyanine solution was added. I t  was also possible to follow the rate of reaction spectrophotometrically 
by observing the rate of reduction of 2:6-dichlorophenol indophenol at 6oo m/,. 

In the cruder enzyme preparations, protein was estimated by the biuret method of HILLER, 
GRIEF AND BECKMAN 11 with slight modifications. Casein was used as the standard. Subsequent to 
protamine sulphate treatment protein was measured by determining the ratio of optical densities 
at 28o and 26o ml~12. Enzyme activity, as determined in the \Varlmrg respirometer, was calculated 
as the oxygen uptake at one hour of activity at maximum rate. The specific activity, defined as 
the microliters of oxygen uptake per hour per mg of protein, was used as an index of purity. 

RESULTS 

Isolation and purification o/the enzyme 

The sonicate  resul t ing from the d i s in tegra t ion  of the h e a v y  cell suspension was 
cent r i fuged  at  25,ooo × g for 5 minutes .  However ,  ve ry  l i t t le  ma te r i a l  was thrown d o w n  
The reddish  supe rna t an t  fluid was s tored  at - - I O  ° C where i t  would re ta in  full a c t i v i t y  
for lO-15 days.  This ex t rac t  conta ined  bo th  glucose and gluconie acid dehydrogenases  
and  oxid ized  i /,,.1[ of glucose wi th  the  u p t a k e  of I /zM O~ and 1 /zM of gluconie acid 
with the  up t ake  of V'_,/,M 0 2. The oxida t ions  were comple te  wi th in  30 minu tes  and no 
CO 2 was evolved.  

At this  s tage the  enzymes  were not  in a soluble form and d id  not  lend themselves  to 
purif icat ion.  A t t e m p t s  ,sTere, therefore,  made  to br ing the  enzymes  into  solut ion or at 
least  to decrease the par t ic le  size by  the use of surface act ive agents.  One g ram of sodium 
glyeochola te  was added  to IO ml of the  sonic ex t rac t ,  the  mix tu re  homogenized  tor 
I minu te  in a POTTER homogenizer  and  f inal ly cent r i fuged at  25,000 "/. g for 30 mimltes .  
The solid ma te r i a l  which was th rown down was resuspended  in the  original  volume, of 
M / I  5 phospha te  buffer a t  p H  7.2. Ne i the r  the  resuspended solid mate r ia l  nor the 
s u p e r n a t a n t  had  any  ac t i v i t y  towards  glucose or g luconate  as measured  by  oxygen 
up take  in the  WARnURC, respi rometer .  The addi t ion  of o 2 ml (15o 7) of a solut ion of 
2 :6-d ich lorophenol  indophenol  or pyocyan ine  (750 7) however,  r e ac t i va t ed  the  super-  
na t an t  p r e sumab ly  by  comple t ing  the hydrogen  t r anspor t  system.  Tile resuspended  
pa r t i cu la t e  m a t t e r  showed no ac t iv i ty ,  even in the  presence of the dye.  Ne i the r  me thy lene  
blue nor po tass ium fer r icyanide  were effective as hydrogen  acceptors .  The former al lowed 
a very  slow react ion,  while the  l a t t e r  appa ren t l y  poisoned the sys tem.  Pyocyan ine  
p e r m i t t e d  the  most  r ap id  ra te  of ox ida t ion  as measured  by  oxygen up take .  

The supe rna t an t  was chil led to 5 ° C  and solid a m m o n i u m  sulphate  was added  
slowly with  cons tan t  s t i r r ing to br ing  the mix tu re  to 25 % of sa tura t ion .  The resul t ing  
p rec ip i t a t e  was r emoved  b y  cent r i fuga t ion  and  resuspended  in the  original  volume of 
M / I  5 phospha te  buffer, p H  7.2. In  the  presence of pyocyan ine ,  the  resuspended  pre-  
c ip i t a te  oxidized glucose at  a good ra te  while i ts act ion on gluconate  was ve ry  weak.  The 
superna tan t ,  on the  o ther  hand,  oxidized gluconate  at  a good ra te  and  had  very  weak 
a c t i v i t y  towards  glucose I t  would appear ,  therefore,  t ha t  this  s tep has  largely  separa ted  
the  two enzymes.  

Solid a m m o n i u m  sulphate  was again added  to the  chil led supe rna tan t ,  s lowly and 
with  cons tan t  s t i rr ing,  unt i l  90% of s a tu ra t ion  was reached.  The resul t ing  p rec ip i t a t e  
was s epa ra t ed  b y  centr i fuging and dissolved in the  original  volume of M/3o phospha te  
buffer of p H  7.0 and t e s ted  for i ts  a c t i v i t y  towards  gluconic acid. 

The 25-9 ° f ract ion was d ia lyzed  agains t  cold dis t i l led wa te r  for I hour  wi th  cons tan t ,  
vigorous mechanica l  st irr ing.  The d ia lyzed  p ro te in  was t r e a t e d  wi th  p ro t amine  su lpha te  
to remove nucleoprote ins  b y  the  me thod  of LINDSTROM in. Sufficient p ro t amine  su lpha te  
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solut ion was added  to br ing  the nucleic acid conten t  of the  supe rna t an t  to about  5 %r ' .  
The p rec ip i t a t e  was cent r i fuged off at  25,ooo x g for 2o minutes  and discarded.  The 
s u p e r n a t a n t  which was clear and  nea r ly  colourless,  was d ia lyzed  agains t  M / I o  tris- 
( 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  buffer p H  7.o to p rec ip i t a te  any  nucleoprote in  which 
might  remain  dissolved due to the presence of t races  of a m m o n i u m  sulphate .  If  a 
p rec ip i t a t e  formed,  i t  too was cent r i fuged off and  discarded.  

The solut ion was now d iv ided  into four por t ions  by  prec ip i ta t ion  with var ious  
degrees  of s a tu ra t ion  of ammonium sulphate ,  namely  o-25,  -42,  ~59 and  - 9 0 % .  The 
ac t i v i t y  of these var ious  f ract ions (made up to  the  original  volume) agains t  gluconic 
acid  was de t e rmined  manomet r i ca l ly .  The a c t i v i t y  was found to be in the  o~25 and  25-42 
fractions.  Ano the r  exper imen t ,  using o-2o,  ~35 and -42  sa tu ra t ions  wi th  a m m o n i u m  
sulphate ,  resu l ted  in the  ma jo r  ac t i v i t y  heing concen t ra t ed  in the  2o-35 fract ion.  This  
last named  fract ion was dissolved in the  original  volume of M 3o p H  7.o phospha te  troffer 
and was fur ther  purif ied.  

This 2o-35 por t ion  was fur ther  f r ac t iona ted  wi th  s a t u r a t e d  a lkal ine  ammonium 
su lpha te  of p H  7.5 The gluconic dehydrogenase  was found to be in the  2o-3o cut. 
Es t ima t ion  of the  pro te in  conten t  in this  f ract ion showed tha t  the  enzyme had been 
purif ied more t han  2o0 fold b y  these  s teps  (Table I). 

"1"=\ t~ I . E  1 

PURIFICATION OF GLUCONIC DEHYDROGENASE 

Volto~ac 
5la~e ,,/purificutio~ m: 

Sonic extract l o 
Glycocholate solution l o 
25- 90 (NH4)2SO 4 fraction 2o 
Protamine sulphate treated 3 ° 
-'o-35 (NH4)2SOa fraction 3 ° 
Alk. (NH4)2S() 4 20 3 ° fraction 2o 

Protein Activity* h ml  Total Activity, h,mt., Total 
/~cr ml  p l  protein prolein acti~ it~ h 

mg m,., HI !~l 

5 0 . 0 0  I I ~  5 6 0 . 0  2. 1 I 17(3.O 
29 .3  o 9 6 0  293-0  32 .8  (}010. 4 
0.93 444 L38-o 64.0 8832-0 
".78 3o0 83.4 | o 7 . 8  8 9 8 9 . 5  
2.25 3oo 07. 5 133.3 8997.5 
1.28 54  ° 25.() 4 2 1 . 5  J 0 7 9 0 .  4 

* As measured by O 2 uptake in \VARBURG respirometer in the presence of pyocyanine. 

Ntability o/ the enzyme 

The enzyme was rou t ine ly  s tored  at  - - I o ° C  in 3I / Io  t r is  buffer, p H  7.0. Under  
these condi t ions  i t  was s table  for several  weeks. At  4 ° C, t inder  the  same condit ions,  
the  enzyme m a y  be kept  for 3 to 4 days  wi thou t  any  apprec iab le  loss of ac t iv i ty .  When 
d ia lyzed  agains t  d is t i l led  water ,  there  was a g radua l  loss of ac t iv i ty  af ter  8 to Io  hours, 
accompan ied  by  prec ip i ta t ion .  Dia lys is  aga ins t  neu t ra l  phospha te  or " t r i s "  huffers for 
as long as 24 hours  in the cold p roduced  no loss of ac t iv i ty .  

Products o~ the reactio~l 

The s to ich iomet ry  of the  aerobic  ox ida t ion  of gluconic acid ca ta lyzed  by  glueonie 
dehydrogenase  is descr ibed by  the equa t ion :  

C6H120 ~ + 1.~ O2_+ C6HloO: + H20 

2-ketoglueonic  acid  is the  end-produc t  of the  reac t ion  and no carbon dioxide is evolved.  
D a t a  for th is  were ob ta ined  b y  manomet r i c  exper imen t s  wi th  carbon dioxide e s t ima ted  
by  the me thod  of DIXON 12 and  2-ketoglueonic  acid  de t e rmined  b y  the  ch romatograph ic  
technique.  

Re/ere~wes p. l 27. 
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For the chromatographic analysis a large Warburg cup containing ten times the 
usual amounts of reagents was set up side by side with the ordinary cup and the course 
of the reaction followed manometrically in the latter. At the end of the reaction the 
contents of the large cup were concentrated to one-tenth their volume by lyophilization. 
Chromatographic analysis of the product was carried out by the method of NORRIS AND 
CAMPBELL 1. Only one spot was obtained and it corresponded to 2-ketogluconic acid. 

Activity o/electron acceptors 

In the presence of methylene blue, 2:6-dichlorophenol indophenol or pyocyanine, 
gluconic dehydrogenase catalyzes the oxidation of gluconic acid. Ferricyanide appears 
to poison the system and brilliant cresyl blue is inactive. Reaction with methylene blue is 
very slow while that  with indophenol cannot be used for manometric work since the 
dye is not reoxidized by  oxygen. Reaction with pyocyanine is rapid and the rate in- 
creases with increasing concentrations of pyocyanine until an opt imum concentration 
of 680 7 of pyocyanine per 3 ml is reached. Beyond that  there is no increase in rate. 
Addition of cytochrome c, rav in  monncleotide, r av in  adenine dinucleotide, DPN or 
TPN did not increase the activity of the enzyme. Treatment  with charcoal to remove 
any bound DPN 15 did not reduce the activity, nor was DPN or TPN reduced as measured 
by increase in optical density of the reaction mixture at 34 ° mF. 

Substrate specificity 

Glucose, glucnronic acid, 2-ketogluconic acid, pyruvic acid, saccharic acid, ribonic 
acid, arabonic acid, fructose and mannose, were not oxidized by the enzyme system. 
The purified enzyme appears, therefore, to be quite specific for gluconic acid. 

Effect o~ pH 

Maximum activity of the crude extract  was at- 
tained at pH 5.6 (Fig. I), when tested in veronal buffer 
over the range 3.2-7.5. With the purified enzyme in 
the presence of pyocyanine, there was the suggestion 
of a second maximum at pH 4.6 but since no carbon 
dioxide was evolved at this pH and since the product 
of oxidation was still only 2-ketogluconic acid it may  
be presumed that  the hydrogen acceptor and not the 
enzyme was influenced by the change in pH. 

Other properties o/ the enzyme 

Iodoacetate (I- lO -3 M), azide (3" Io-3 M), dinitro- 
phenol (2-1o -3 M), arsenite (1-1o -3 M) and sodium 
fluoride (2- 5 • IO -2 M) did not inhibit the action of the 
enzyme. The absence of fluoride inhibition indicates 
that  phosphorylation of the substrate is not involved. 
Cyanide, glutathione or cysteine in concentrations of 
I" IO 3 M increased the rate of oxidation (Fig. 2). The 
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Fig .  I. R a t e  of o x i d a t i o n  of g lu -  
c o n a t e  as  a f u n c t i o n  of p H .  E a c h  
c u p  c o n t a i n e d :  0. 5 m l  of s o n i c a t e ;  
2.0 m l  of V e r o n a l  buf fe r ;  0.2 m l  
of g l u c o n a t e  (5#:~ ' I ) ;  o . I  5 m l  of 
2 o %  K O H ;  w a t e r  t o  m a k e  u p  to  

3.15 ml .  

addition of Mg, Mn or Fe ++ did not activate the enzyme. Similarly dialysis against 
versene for 40 hours, according to the procedure of RACKER et al. TM did not result in 
decreased activity showing that  a metal  is not a cofactor. 
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Fig. 2. l n l luence  of r educ ing  agen ts  on the  oxi- 
d a t i o n  of gluconate .  Each  cup con ta ined :  o. 5 nil 
of purif ied enzyme;  1. 5 ml of M / I  5 phospha t e  
buffer pH 5.6; o.2 ml of g lucona te  (5 HM); o.3 
ml of KCN (lO 3M)  wi th  4 N  KCN in 20% 
KOI t  in cent re  well;  (or 0. 3 ml  of g l u t a t h i o n e  
or  cys te ine  1o a 31): o 2  ml of pyocyan ine ,  ,k 
gh lcona te  a lone;  13 g lucona te  t KCN( or 

g l u t a t h i o n e  or cysteine) .  
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Fig. 3. Gtucona te  phospho ry l a t i on  b y  P. fluores- 
cens as measured  by T P N  reduc t ion  in the pres- 
ence of excess phosphog lucona te  dehydrogenase .  
E x t r a c t s  of P. aeruginosa 9027 gave  no reduc- 
t ion of TPN under  these condi t ions.  The cuve t t e  
con ta ined :  o.[ ml of sonic e x t r a c t ;  o.2 ilql of 
g lucona te  (0. 5 /l:ll); MgC12 (o.15 /,:U) o.t ml:  

o. 5 ml of phosphogluconic  dehydrogeuase ;  o., ml of T l ' N  (2 mg p e r m l ) ;  o.o 5 ml of ATI-' ( ,o it31): 
wate r  to a final vo lume of 3.o ml. Measu remen t  of O1). a t  34 ° m/t. 

Phosphorylatio~z 

The enzyme was not activated by ATP or AMP and did not require inorganic 
phosphate for activity. Aerobic experiments at pH 8.o and 6.o by the method of B.\Rt¢ER 
AND I,IP.X.laNN 17 and anaerobic experiments using a mixture of 95°0 nitrogen and 5°;  
carbon dioxide failed to indicate phosphorylation in sonic extracts of P. aeruginos~. 
Moreover, sonic extracts failed to reduce TPN in the presence of an excess of phospho- 
gluconic dehydrogenase isolated from hrewer's yeast by the method of HORECKER AND 
S.~'IYRNIOTIS ls (Fig. 3). In contrast to these data, it was found that by either of the last 
two mentioned criteria P. fluorescens A312 did phosphorylate gluconate. 

DIS(:USSION 

Previous work on the metabolism of P. aeruginosa has indicated that this organism 
is unique in a number of respects and this observation has been extended by the work 
described above with gluconic acid dehydrogenase. The absence of inhibition by fluoride 
indicates that no phosphorylation is involved in the oxidation of gluconic acid by the 
enzyme. This is confirmed by the fact that ATP does not activate the enzyme. The absence 
of increased ionization as determined by the technique of BARKER AND I,IPMANN 17 and 
the failure to reduce TPN in the presence of phosphogluconate dehydrogenase is added 
confirmation that no phosphorylation is involved in the oxidation of gluconic acid by 
extracts of this organism. The additional phosphorylated system for gluconic acid 
oxidation reported by WOOD AND SCHWERDT 4 to be present in P. fluofescens is, therefore, 
absent from the purified enzyme obtained from P. aer~¢gi~zosa 9o27 . Pyocyanine acted as 
the most rapid hydrogen accepter in the system and it is possible that this pigment 
functions in a similar manner in growing cells. DPN or TPN was not reduced by the 
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enzyme.  The system, therefore, does not seem to be linked to oxygen through the pyridine 
nucleotide system. 

Cyanide in concentrations of I0 ~ M activated the enzyme. The action of cyanide 
may be either in forming the cyanohydrin derivative with the product or in reducing 
the potential of the system. According to the first alternative, 2-ketogluconic acid, 
formed by oxidation of gluconic acid, may be acting as an inhibitor of the reaction, and 
cyanide removes it by forming the cyanohydrin derivative. However, semiearbazide 
did not activate the enzyme nor did increasing concentrations of 2-ketogluconic acid 
inhibit the activity of the enzyme. The second alternative seems to be the more accept- 
able one, since both glutathione and cysteine activated the enzyme to the same degree 
as cyanide. 

The nine fold increase in total activity during purification may be due to the 
removal of toxic factors or of competing reactions. However, the startling increase in 
total activity occurred at the solublizing step and so may represent an increase in 
enzyme surface. 

S U M M A R Y  

I. The purification, isolation and properties of gluconic dehydrogenase from P. aeruginosa 9o27 
have  been described. 

2. P y o c y a n i n e  has  been found to be the most active hydrogen acceptor for the enzyme. 
3. The enzyme catalyzes the oxidation of gluconic acid w i t h o u t  p h o s p h o r y l a t i o n  of the subs t ra te .  

Rt~SUM~ 

1. La purification, l'isolement et les propri6t6s  de la g luconique  ddhydrogdnase de P. aeruginosa 
9o27 son t  d6crites.  

2. La  p y o c y a n i n e  est, pour  cet enzyme, l'accepteur d'hydrog6ne le plus  actif. 
3. L ' e n z y m e  ca ta lyse  l ' o x y d a t i o n  de l'acide gluconique  sans p h o s p h o r y l a t i o n  du subs t r a t .  

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

I. Die Rein igung ,  I so l ie rung  und  E igensc l i a f l en  der  Glukons t iu redehydrogenase  aus P. aeruginosa 
9o27 wurden  beschrieben. 

2. P y o c y a n i n  is t  der beste \Vassers tof f ionenakzeptor  ftir dieses Enzym.  
3. Das Enzyn l  bewi r k t  die Oxydation yon Glukons~ure  ohne Phospho ry l i e rung  dieses Subs t ra tes .  
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