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ABSTRACT 

The present study was undertaken i n an e f f o r t to e s t a b l i s h 

the oxidative pathway of glucose degredation by P. aeruginosa. 

I t was postulated that because t h i s organism had no anaerobic 

system .of metabolism a study o f the path by which i t u t i l i z e d 

glucose would reveal a system of carbohydrate breakdown not 

previously recognized i n b a c t e r i a ; 

A study o f the endogenous r e s p i r a t i o n o f the organism as 

an e s s e n t i a l p r e r e q u i s i t e to d e t a i l e d studies o f intermediate 

metabolism shows that the endogenous r e s p i r a t i o n of P. aerug 

inosa d i f f e r s i n several important respects from that reported 

f o r other organisms; The s i g n i f i c a n c e to be attached to the 

rate o f endogenous r e s p i r a t i o n i n i n t e r p r e t i n g data o f the 

intermediate metabolism of micro-organisms i s shown to be of 

great importance; The endogenous r e s p i r a t i o n o f P. aeruginosa 

i s found to function normally i n the presence of substrate. 

Although the degree of oxidative a s s i m i l a t i o n i s i n agreement 

with f i g u r e s reported i n the l i t e r a t u r e , oxidative a s s i m i l a t i o n 

i s not i n h i b i t e d by usual concentrations o f 2:4 dinitrophenol. 

Aeration o f r e s t i n g c e l l s or storage at low temperatures do 

not reduce the endogenous r e s p i r a t i o n . Storage products o f the 

organism as determined by R ;Q. values are s i m i l a r regardless 

o f growth substrate. 

Since the oxidation o f glucose by P. aeruginosa i s 

governed by an adaptive enzyme' system, i t was thought that 



i t would, be a simple matter to eliminate or i d e n t i f y compounds 

as intermediates i n glucose oxidation by the use o f the 

technique o f simultaneous adaption. Adaption studies with 

glucose-grown c e l l s i n d i c a t e that o f the forty-three possible 

intermediates tested only gluconic a c i d could be an i n t e r 

mediate i n glucose oxidation by t h i s organism. 

Acetic a c i d has been i s o l a t e d as an intermediate compound 

i n the oxidation of glucose or * - k e t o g l u t a r i c a c i d by P. aerug

inosa. C e l l s o f t h i s organism produced under conditions o f 

intense aeration were found to have l o s t the a b i l i t y to oxidize 

a c e t i c a c i d and t h i s compound was found i n large q u a n t i t i e s 

i n the growth medium. When these c e l l s -were used i n the 

oxidation o f glucose, i t was found that the oxygen consumed 

was the amount needed to convert glucose to a c e t i c a c i d thus 

confirming the r o l e of acetate as an intermediate i n glucose 

oxidation. I n contrast to the above-mentioned c r i t e r i o n 

the technique o f simultaneous adaptation r u l e d out a c e t i c 

a c i d as a possible intermediate i n the oxidation o f e i t h e r 

glucose or«C-ketoglutaric a c i d . The status o f the theory 

of simultaneous adaption i s discussed i n r e l a t i o n to the 

data obtained; 

The technique o f paper chromatography has been adapted to 

the i d e n t i f i c a t i o n o f gluconic, 2-ketogluconic and °< -keto

g l u t a r i c acids as intermediates i n glucose oxidation* 

Combinations o f methyl and e t h y l alcohol were found to be 



the most suitable solvents and aramoniacal s i l v e r n i t r a t e was 

found to give the most s a t i s f a c t o r y reaction. When grown 

under normal p h y s i o l o g i c a l conditions where glucose was 

metabolized to carbon dioxide and water P. aeruginosa was 

shown to have oxidized glucose by way o f gluconic and 2-keto-

gluconic acids. Since a strong system f o r o x i d i z i n g both 

gluconic and 2-ketogluconlc acids was demonstrated, the 

presence of these acids over at l e a s t an eight hour period 

of growth i s taken as evidence of t h e i r importance as 

intermediates i n the oxidation o f glucose by b a c t e r i a ; 

This study establishes the presence of an aerobic system 

o f glucose breakdown by P. aeruginosa which has not previously 

been recognized. 
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Although the mechanism of carbohydrate fermentation by 

micro-organisms has been elucidated and i t i s now possible 

to outline the pathway of carbohydrate d i s s i m i l a t i o n which 

y i e l d s e i t h e r l a c t i c a c i d or ethyl alcohol as a complete 

serie s of reactions, very l i t t l e i s known of the mechanism 

whereby aerobic micro-organisms convert carbohydrate 

e n t i r e l y to carbon dioxide and water. The concepts of the 

oxidative mechanisms which function i n b a c t e r i a l metabolism 

have a r i s e n c h i e f l y by analogy from scattered information;* 

of the aerobic pathway of t i s s u e metabolism. Early'theories 

of Thuriberg and Knoop ( 81) ( 45 ), o f Toeniessen and Brink-

mann ( 82 ) and of Szent-Gyorgyi ( 79 ) on the oxidations of 

carbohydrate by ti s s u e have provided the basis f o r the 

present accepted theory: the Krebs ( 47 ) ( 48 ) t r i c a r b o x y l i c 

acid cycle. According to the Krebs cycle, acetic a c i d • 

condenses i n i t i a l l y with o x a l a c t i c a c i d to y i e l d c i t r i c 

acid which i s converted through c i s - a c o n i t i c acid, . i s o c i t r i c 

acid, ot-ketoglutaric acid, succinic acid, fumaric acid, and 

malic a c i d to oxalacetic a c i d and the cjcle w i l l be i n i t i a t e d 

again with the condensation of more acetate. The net 

r e s u l t of the cycle i s the complete oxidation o f pyruvate 

to carbon dioxide and water. 

I t i s generally assumed that the mechanism of aerobic 

metabolism by micro-organisms proceeds v i a the Embden-
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Meyerhof ( 58 ) ( 78) anaerobic scheme to the t r i o s e stage 

and thence through the Krebs cycle to produce carbon dioxide 

and water and i n c i d e n t a l l y to make available to the c e l l s 

much greater amounts of energy than are l i b e r a t e d by an 

anaerobic scheme. Evidence that a p o r t i o n of the Embden-

Meyerhof scheme may function i n aerobic metabolism was 

obtained by Doudoroff, Wiame, and Wolochow (28 )working 

with thephosphorolysis of sucrose by P.-putrfefaciens. They 

found that sucrose was s p l i t to fructose plus glucose-1-

phosphate and that the breakdown of the glucose p o r t i o n of 

the molecule proceeded by way of glucose-6-phosphate and 

fructose-6-phosphate. F i r s t evidence of a possible t r i 

carboxylic a c i d cycle i n micro-organisms was obtained from 

data i n d i c a t i n g carbon dioxide f i x a t i o n by b a c t e r i a ( 8 8 ) 

( 8 9 ) . More recent data of A j l and Werkman ( 1 )( 2 ) 

shows that compounds which are constituents of the Krebs 

cycle are able to replace carbon dioxide i n heterotrophic 

metabolism of E . c o l i and A.aerogenes and that these 

compounds do not function s o l e l y as a source o f carbon 

dioxide. Foster ( 3 2 ) expressed the current conception 

of aerobic metabolism by micro-organisms when he stated 

that " i n common with that of a l l other l i v i n g systems, the 

d i s s i m i l a t i o n o f hexose sugars by molds follows uniformly 

the well-known mechanism of sugar breakdown through the 

t r i o s e form. The end products depend on how molds 



dispose o f the intermediate C3 compounds." 

; The assumption that the i n i t i a l breakdown of carTx>«~ 

hydrate proceeds by an anaerobic mechanism i s probably 

j u s t i f i a b l e i n the case of f a c u l t a t i v e organisms where 

an anaerobic system i s known to be present. However, 

s u f f i c i e n t data has appeared i n the l i t e r a t u r e M 

question the assumption that the anaerobic mechanism 

i s the most important means of i n i t i a t i n g the break

down o f the carbohydrate molecule by s t r i c t aerobes^ 

Moreover, i n the case o f some organisms at l e a s t , an 

anaerobic mechanism may not e x i s t . Dickens (25 ) has 

postulated a system o f direct, oxidation of hexoses without 

primary conversion to t r i o s e s f o r yeast and muscle. 

According to t h i s scheme, the hexose molecule would be 

phosphorylated and subsequently oxidized to phospho-

hexonic acid, then by dehydrogenation a phosphoketohexonic 

ac i d would be formed, and by decarboxylation a phosphopen-

tonic a c i d would a r i s e . The t r i o s e formed by a continuation 

of t h i s process could conceivably be oxidized d i r e c t l y or 

enter a c y c l i c system of oxidation. Lipmann (50) has also 

suggested that phosphogluconic a c i d might be the f i r s t product 

of carbohydrate oxidation by a scheme d i f f e r e n t from ferment

ative breakdown. A s i m i l a r system was indicated when 

Bernhauer and Gor l i c h ( 11) found o<^ketoglutaric a c i d as a 

product of the oxidation o f gluconic a c i d by b a c t e r i a . This 



type of system would explain gluconic a c i d production by a 

great number of molds. Muller ( 5 9 ) has obtained an enzyme 

from expressed j u i c e o f A s p e r g i l l u s niger which catalyzed 

the oxidation of glucose to gluconic a c i d by molecular oxygen. 

He found no evidence that co-enzyme was necessary. An 

enzyme catalyzing -the oxidation of glucose to gluconic a c i d 

and r e q u i r i n g co-enzyme 1 was obtained from l i v e r by 

Harrison ( 3 6 ) . Under commercial conditions of submerged 

fermentation, Lockwood, Tabenkin, and Ward ( 5 2 ) have 

demonstrated the a b i l i t y o f cultures of Pseudomonas and 

Phytomonas to produce gluconic and 2-ketogluconic acids from 

glucose. Using s i m i l a r conditions, Lockwood and Stodola 

( 51) demonstrated a further possible step i n the d i s s i m i l a t i o n 

o f glucose when they i s o l a t e d «*-ketoglutaric acid from the 

fermentation of glucose, gluconate or 2-ketogluconate by 

P.fluorescens. Although the conditions employed by these 

workers were f a r from normal p h y s i o l o g i c a l l y , the production 

o f gluconic, 2-ketogluconic, arid oc-ketoglutaric acids by 

these organisms points to the p o s s i b i l i t y o f the occurrence 

o f a system s i m i l a r to that proposed by Dickens. 

A d i f f e r e n t type of evidence f o r the existence o f an 

aerobic system i n b a c t e r i a which does not involve the 

Embden-Meyerhof • scheme was obtained by Barron and Friede-

mann ( 8 ) i n t h e i r studies of the oxidation o f glucose and 

hexose phosphates by micro-organisms which cannot ferment 
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glucose. Evidence o f a s i m i l a r nature was obtained by 

Barker, Shorr, and Malann ( 5 ) who reported continued 

r e s p i r a t i o n i n tissues a f t e r i n h i b i t i o n o f g l y c o l y s i s by 

iodoacetate. 

The present study was undertaken i n an e f f o r t to 

e s t a b l i s h the oxidative pathway of glucose degradation by 

P.aeruginosa; I t was postulated that because t h i s organism 

had absolutely no anaerobic system of metabolism ( 62 ) a 

study o f the path by which i t u t i l i z e d glucose would reveal 

a system of breakdown not previously recognized i n b a c t e r i a . ' 
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PART 1 

THE STATUS OF THE EM3QGENOUS RESPIRATION 

In studies of aerobic micro-organisms the influence of 

the rate o f endogenous r e s p i r a t i o n i s of importance i n i n t e r 

p r e t i n g data r e l a t i v e to t h e i r metabolism. However,. l i t t l e 

a t t e n t ion has been paid to the problem of the endogenous 

r e s p i r a t i o n o f these micro-organisms. 

The most common approach to the problem of endogenous 

r e s p i r a t i o n i s to work with cultures whose endogenous 

a c t i v i t y has been reduced to a point where i t i s not con

sidered a serious i n t e r f e r i n g f a c t o r . This i s usually done 

by devising a medium which produces c e l l s with good metabolic 

a c t i v i t y but with p r a c t i c a l l y no storage materials ( 8 7 ) • 

I t i s not always possible to produce c e l l s with low storage 

materials and other means such as aeration o f the r e s t i n g 

c e l l suspension or ageing at low temperatures have been ' 

employed. Quastel and Whetham ( 6 7 ) working with E.coxli 

were the f i r s t to suggest the starvation technique now used; 

This technique consists of vigorously aerating a r e s t i n g 

c e l l suspension i n non-nutrient s o l u t i o n f o r 2 to 4 hours 

before use, thus f o r c i n g the organisms to oxidize t h e i r 

stored products. 

Many workers report that endogenous r e s p i r a t i o n i s 

suppressed i n the presence of a r e a d i l y oxidizable substrate 

and thus should be disregarded. S t i e r and Stannard (75 ) 
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working with takers yeast, C l i f t o n (15) with P.calco-acetica T 

C l i f t o n and Logan ( 17) with E . c o l i . Doudoroff ( 2 7) with Pj. 

saccharophila. Bernstein ( 1 2 ) with P«saccharoT>hilaT and 

Barker ( 4 - ) with Protothecia Z o s f i i concluded that endogen

ous r e s p i r a t i o n i s completely i n h i b i t e d by substrate. On 

the other hand, Reiner, Gest, and Kamen (68) by use of 

radioactive carbon obtained data i n d i c a t i n g a stimulation of 

the endogenous r e s p i r a t i o n of yeast i n the presence o f 

glucose or acetate; 

This p o r t i o n of the i n v e s t i g a t i o n was undertaken to 

c l a r i f y the status of the endogenous r e s p i r a t i o n o f the 

obligate aerobe, P.aeruginosa T p a r t i c u l a r l y with reference 

to the influence of oxidizablLe substrate. This information 

i s an e s s e n t i a l p r e r e q u i s i t e to a d e t a i l e d study of the met

abolism of the organism; 



METHODS 

Ba c t e r i o l o g i c a l ; The culture of P. aeruginosa ATC 902? 

used throughout was a t y p i c a l , strongly pigmenting s t r a i n . 

Stock cultures of the organism were maintained i n a l i v e r 

extract g e l a t i n agar of the following composition: 

i ; 0 % tryptone, 0 .3% K 2 E P O 4 , 0 ; i % glucose, 0 .3% g l y c e r o l , 

10 ;0% l i v e r extract, o»5% agar, 2 ;0% g e l a t i n , pH 7 . 2 . 

A f t e r growth was i n i t i a t e d at 30°C, cultures were r e f r i g e r 

ated. For use i n experimental work, the culture was trans

f e r r e d 2 to 3 times at 24 hour i n t e r v a l s i n S u l l i v a n ' s ( 7 7 ) 

medium. I n order to maintain a vigorous undissociated 

culture a fresh transfer was taken semi-monthiy from a 

re f r i g e r a t e d stock. The medium used f o r growing c e l l s f o r 

Warburg experiments consisted of 0 ;3% ( N H 4 ) EypO^, 0 ; l % 

MgSO^ . 7 H 2 0 , 0 .3% carbon source and 0.5. P.p.m. of i r o n 

added as f e r r i c chloride. The medium was brought to 

n e u t r a l i t y and dispensed i n 100 ml. quantities i n Roux 

f l a s k s . A f t e r s t e r i l i z a t i o n a 10% s o l u t i o n of K 2 H P O 4 was 

added a s e p t i c a l l y to a f i n a l concentration of 0 .3%. The 

medium used f o r the growth curve and b a c t e r i a l nitrogen curve 

was o f s i m i l a r composition but contained 0,5% glucose as 

carbon source. One percent of a 24 hr, culture i n 

S u l l i v a n 1 s medium was used as inoculum. The c e l l s f o r 

Warburg experiments were harvested a f t e r 1 8 to 24 hours 

incubation at 30°C, washed with h a l f the growth volume of 



Oi9% s a line and f i n a l l y made up to the desired concentration. 

The concentration of c e l l s i n the washed suspension as deter

mined by a Fisher Electrophotoraeter was measured before each 

experiment and values as b a c t e r i a l nitrogen were calculated 

from a standard curve, 

A conventional Warburg apparatus ( 83 ) was used to 

follow the oxygen uptake and carbon dioxide production of 

the c e l l suspensions. In studies of the influence of 

i n h i b i t i n g substances on oxygen uptake, the c e l l s were 

incubated 20 minutes with the i n h i b i t o r p r i o r to the addition 

of substrate from the side-arm. A l l Warburg experiments 

were run at 31°C. The r e a c t i o n mixture i n the cups unless 

otherwise indicated was pH 7 , 2 , 

C e l l s subjected to the aeration technique were prepared 

as described above except that aseptic technique was'observed 

throughout. The concentrated c e l l s were aerated vigorously 

at room temperature while c e l l s which had remained undisturbed 

at room temperature served as a c o n t r o l . At s p e c i f i e d 

i n t e r v a l s samples of aerated and control c e l l s were removed 

and t h e i r respective r e s p i r a t o r y rates determined. 

Chemical: B a c t e r i a l nitrogen was determined by the micro-

Kjeldahl method. One ml, sample of c e l l suspension, 1 ml, 

"cone. H 2 S O 4 and 2 drops 30% B.2°2 w e r e digested 15 to 30 

minutes over a micro-burner. The c o l o r l e s s sample was 

cooled, and d i l u t e d with 6 ml, water. Ten ml. carbon 
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dioxide..free 10 N NaOH were added and the sample d i s t i l l e d 

i n a micro-Kjeldahl d i s t i l l a t i o n apparatus using steam. 

T h i r t y ml, o f d i s t i l l a t e was c o l l e c t e d i n 20 ml, N/100 

HCi; Excess ac i d was back t i t r a t e d with N/iLOO NaOH using 

methyl red indicator^ 
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EXPEPJMENTAL 

Growth Curve: To determine the optimum age o f c e l l s f o r 

further studies, the growth curve of P.aeruginosa was 

followed; Two f l a s k s o f glucose ammonium phosphate 

medium were inoculated and incubated at 30°C. P l a t i n g s 

using nutrient agar were made of samples removed from r 

the duplicate f l a s k s at 0,2,4,6,8,10,12,15,18,21,24,34, 
and 40 hours and the plates incubated at 30°c; Average 

counts of duplicate p l a t e s are recorded i n Table I . 

Table I 

Growth Curve of PI aeruginosa. 

Time i n Hours Organisms / ml. 

0 • S x 106 

2 i ; 6 3E 106 

4 6 x: 106 

6 24 x 10° 
8 - 64 x 106 

10 89 x io6 

1 2 1,000 x 106 

I S 1,100 x 106 

1 8 4,000 x io6 

21 40,000 x io° . 
24 • D S J OOO x io° 
14 70T000 x io6 

40 74.000 x 106 • 
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From Table I i t can be seen that P.aeruginosa has a 4 hour 

l a g period and that the peak o f the growth curve i s obtained 

at 18 to 24 hours; The maximum number of via b l e organisms 

was 74,000,000,000 per mli 

Nitrogen Curve f o r the C a l c u l a t i o n o f QQ2iflfl' Varying 

volumes of washed 24 hour glucose ammonium phosphate c e l l s 

re^suspended a t 20 times growth concentration were d i l u t e d 

to 10 ml, and the % l i g h t transmission determined on 

duplicate samples using a Fisher Electrophotoraeter; 

Nitrogen values on the suspensions were determined by the 

micro-Kj eldahl method. Figure I shows the % l i g h t trans

mission p l o t t e d against the b a c t e r i a l nitrogen content which 

has been calculated as mg; N/cup; ( I f 0;2 ml, c e l l 

suspension i s d i l u t e d to 10 ml, and the % l i g h t transmission 

determined, then the nitrogen value determined from the curve 

w i l l correspond to> the nitrogen content i n a Warburg cup 

containing 0;5 ml. c e l l suspension.) The Q02(N) can then 

be calculated r e a d i l y . 
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20 4 0 £ 0 8 0 too 

% LIGHT TRANSMISSION 

Figure I : Nitrogen curve f o r the c a l c u l a t i o n 
of Q02 (N). 
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Ifoture o f Storage Products; I n order to determine the 

nature o f the storage products of P;aeruginosa TR.Q. values 

were obtained using heavy suspensions of c e l l s which had 

been grown with glucose, ammonium succinate, or sodium 

acetate as the sole source of carbon; Glucose and 

succinate c e l l s were harvested at 24 hours and brought 

to 20 times growth concentration while acetate c e l l s were 

harvested at 24 and 49 hours and brought to 40 times growth 

concentration. C e l l suspensions o f e s s e n t i a l l y the same 

t u r b i d i t y were obtained i n a l l cases. From Table I I i t 

can be seen that i d e n t i c a l K. Q. values were obtained i n 

a l l cases, i n d i c a t i n g that the storage product of the c e l l s 

i s the same regardless of growth substrate or age and i s 

a compound that i s s l i g h t l y oxidized. 

Table I I 

R.o; of C e l l Suspensions i n the Absence of Substrate. 
Growth 
Substrate 

Age of c e l l s 
Hours 

R.Q. 

glucose 24 1.11 

succinate 24 1.12 

acetate 24 1.11 

acetate ; 4.9 1.11 
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influence of Substrate! I n order to determine the influence . 

of, concentration of substrate on the endogenous r e s p i r a t i o n , 
c e l l s were suspended at 20 times growth concentration and 
allowed to oxidize 2 ,3,4, and 5 of glucose f o r 70 minutes 
i n the Warburg apparatus. These concentrations require 
12,18,24, and 30 uM oxygen respectively f o r complete oxid
ation. A s i m i l a r experiment was set up using 6 , 9 , 1 2 , and 
1 5 uM of acetate (equivalent to 1 2 , 1 8 , 24, and 3 0 uM oxygen). 
I f the endogenous r e s p i r a t i o n i s disregarded, there i s a 
v a r i a t i o n of 40% i n the degree of oxidation of a given 
substrate depending upon i t s concentration. And with the 
lower concentrations of substrate, the oxygen uptake i s 
greater than i s t h e o r e t i c a l l y possible. I f , on the other 
hand, the endogenous r e s p i r a t i o n i s considered to function 
normally i n the presence of substrate and the oxygen uptake 
due to substrate d i s s i m i l a t i o n i s determined by subtracting _ 
the endogenous oxygen uptake from the t o t a l uptake, the degree 
of oxidation i s found to be comparable f o r a l l substrate con
centrations. Moreover, the Sxtent of oxidation i s i n 
agreement with the data reported i n the l i t e r a t u r e f o r 
related organisms. According to the concept of oxidative 
a s s i m i l a t i o n proposed by Barker ( 4 ) and C l i f t o n ( 1 5 ) , 

micro-organisms oxidize a p o r t i o n of the energy source to 
carbon dioxide and water and assimilate the remainder 
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Table I I I 

Oxidations o f Glucose-Grown C e l l s on  

Varying Concentrations  

of Glucose and Acetate. 

Warburg 
Substrate 

cone.in 
cups 

O2 uptake theor
e t i c a l 

% theory 
e t i c a l 

uptake minus 
endogenous 

uM. u l . 
uptake 

u l . u l . 
% theor
e t i c a l 

n i l ' 1*2 • 

X 2 1 1 6 * 270 124 184 68 

glucose 1 42* 402 106 271 68 

4 *0* *1* 92 1*1 66 

* *6* 672 84 411 61 

n i l 1*1 

6 1*4 270 111 201 74.* 

acetate 9 4*1 402 111 100 7 * 

12 *10 * 1 * 99 177 70.* 

15 625 672 93 470 70 

x 22 Hour c e l l s , 

x 26 Hour c e l l s . 
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d i r e c t l y i n t o c e l l u l a r material. The usual reported figures 

are approximately two-thirds oxidation and one-third a s s i m i l 

a t i o n which i s the r a t i o obtained with P.aeruginosa i f 

oxygen uptake due to endogenous r e s p i r a t i o n i s subtracted 

from the t o t a l , Table I I I . 

I n order to determine the influence o f concentration 

of c e l l s on amount of oxygen taken up i n the presence of a 

constant amount of substrate, c e l l s harvested from glucose 

medium were re-suspended at 10,20, and 40 times growth con

centration. The a c t i v i t y o f the c e l l suspensions was 

determined i n the Warburg re spirometer with 5 uM glucose 

as substrate. I f the endogenous r e s p i r a t i o n has been 

repressed, the same t o t a l oxygen uptake should be obtained 

i n a l l cases since the same amount of substrate i s being 

oxidized by each of the c e l l suspensions. The r e s u l t s 

recorded i n Table IV show, however, that the t o t a l oxygen 

uptake increases proportionately with an increase of 

endogenous r e s p i r a t i o n . I f , on the other hand, the 

endogenous r e s p i r a t i o n i s subtracted, the percentage oxid

a t i o n i s found to be r e l a t i v e l y constant i n a l l cases, 

Table IV. The lower value obtained with c e l l s concen

tr a t e d 10 times may be explained by the f a c t that the oxygen 

uptake f o r these c e l l s had not leveled o f f at 80 minutes. 



-18-

Table IV 

Oxidation of 5 uM Glucose by-

C e l l Suspensions of Varying Concentration. 

Concentration 
of C e l l s 

<3fo uptake 
endogenous 
u l . 

0|h uptake 
5 uM glucose 
u l . 

lo uptake 
glucose 
ninus" 
endogenous 
i l . 

percent 
of theor -
e t i c a l 
uptake 

10 x 17 420 l 8 l 57 

20 x 95 540 445 66 

40 7 , 200 645 44? 66 

The data i n Tables I I I and IV show conclusively that 

the endogenous r e s p i r a t i o n of P.aeruginosa i s unaffected 

by the presence o f oxidizable substrate. I t follows that 

i n determining the oxygen uptake due to the oxidation of 

a given substrate, the endogenous r e s p i r a t i o n must be 

subtracted from the t o t a l uptake i n order to obtain an 

accurate value.. 



influence o f Aeration and Storage: I n studies on the 

influence of aeration and storage on endogenous r e s p i r a t i o n , 

24 hour glucose-grown c e l l s were resuspended i n saline at 

10 times growth concentration and the suspension divided 

into two portions; One p o r t i o n of the suspension was 

aerated vigorously at room temperature while the other 

h a l f , serving as control, was allowed to stand undisturbed. 

Samples of aerated c e l l s were removed at 2,5, and 8 1/2 

hours while samples of control c e l l s were removed at 0,2, 

5, and 8 1/2 hours. The endogenous a c t i v i t y and the 

a b i l i t y to oxidize glucose were determined. The p u r i t y 

o f suspensions was checked by Gram s t a i n at the conclusion 

of the experiment. 

Since r e s u l t s s i m i l a r to those obtained a f t e r 8 1/2 hours 
aeration were also obtained at 2 and 5 hours, curves depicting 
the r e s u l t s f o r only 0 and 8 1/2 hours are recorded i n 
Figure I I ; 

From these data i t can be seen.that there i s no s i g n i f i c a n t 

decrease i n the endogenous r e s p i r a t i o n nor i s there any apprec-

i a b l e decrease i n the a b i l i t y of the c e l l s to oxidize glucose 

a f t e r 8 1/2 hours aeration. The s l i g h t decrease i n a c t i v i t y 

a t 8 1/2 hours cannot be at t r i b u t e d to aeration since 

control c e l l s showed a s i m i l a r s l i g h t decrease. 

Since the use o f aeration i s a recognized procedure f o r 
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40 60 
MINUTES 

Figure I I : Influence o f aeration on r e s t i n g c e l l suspension 
o f glucose-grown c e l l s . 
1.endogenous, 0 hr; 2. endogenous, 8 1/2 hr. 
aeration; 3.endogenous, 8 1/2 hr. at room 
temperature; 4. glucose, 0 hr; 5« glucose, 
8 1/2 hrs. aeration; 6. glucose, 8 1/2 hr, 
at room temperature. 
Theoretical uptake f o r substrate a 402 ul.02. 
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reducing the endogenious r e s p i r a t i o n o f micro-organisms, the 

i n a b i l i t y o f t h i s technique to a f f e c t the autorespiration of 

P.aeruginosa indicates that there may be something unique 

about the storage products of the organism. 

Additional, data on the influence o f storage conditions 

were obtained when a c e l l suspension was stored i n the 

r e f r i g e r a t o r and samples removed d a i l y f o r study. The 

endogenous r e s p i r a t i o n and a b i l i t y to oxidize glucose were 

determined. Results recorded i n Table V show that a f t e r 

4 days storage there was no change i n the a c t i v i t y of the 

c e l l s . 

Table V 

Storage of C e l l s . 

Time o f 
Storage 

O2 Uptake by 
Endogenous at 
70 minutes 
u l . 

0 2 uptake f o r 
3 uM glucose 
at 7® minutes 
u l . 

0 davs 60 290 

• 1 dav 51 110 

2 davs 57 294 

1 davs 51 112 

4 davs 57 285 



I n h i b i t i o n of Synthesis: Since P.aeruginosa appears to be 

exceptional i n i t s behaviour when aerated and since i t has 

been shown to possess a mechanism f o r the oxidative a s s i m i l a t i o n 

of substrates, i t was considered of value to determine the 

action of compounds which i n h i b i t synthetic processes. 

Sodium azide and 2 , 4 dinitrophenol have been used 

extensively as i n h i b i t o r s of oxidative a s s i m i l a t i o n ; Solutions 

o f sodium azide at f i n a l concentrations of M /200^ M/400, and 

M /1000 and 2 , 4 dinitrophenol at 14/1000, M /1500, M /2000, 

M /2500, M/4000, and M /8000 were used i n Warburg experiments 

witfe 3 uM glucose as substrate; The presence of d i n i t r o 

phenol produced no i n h i b i t i o n o f oxidative a s s i m i l a t i o n i n 

any of the concentrations used. M /1000 azide, however, 

increased the oxidation from 64% to 90% o f the t h e o r e t i c a l 

value. I n the c a l c u l a t i o n of these r e s u l t s , the respective 

endogenous r e s p i r a t i o n values were subtracted from those 

obtained i n the presence of glucose. Higher concentrations 

o f azide i n h i b i t e d both rate and t o t a l amount of oxygen 

uptake. Oxygen uptake i n -the presence and absence of 

M /1000 sodium azide i s shown i n Figure I I I . 
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ao 40 to 
MINUTES 

So 

Figure: 
I I I 

I n h i b i t i o n of synthesis by Ha No. 
1.glucose; 2.glucose + M/1000 Na No. 
Theoretical uptake f o r substrate i . 402 ul.02. 
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Tnfluence of Suspending F l u i d and -pH o f Reactions Mixture  

i n Warburg C U P S : TO determine the influence of suspending 

f l u i d used i n the preparation o f r e s t i n g c e l l s on the oxid

ations o f Piaerugenosa T washed 26 hour c e l l s were suspended 

at,20 times growth concentration i n d i s t i l l e d water, o;85% 

s a l i n e , or M / 15 Sorenson's phosphate b u f f e r . These c e l l s 

suspensions were allowed to oxidize 3 uM glucose f o r 60 

minutes i n the Warburg, Results recorded i n Table VT show 

that oxygen uptake i s constant regardless of suspending 

f l u i d i 

Table VI 

Influence o f Suspending F l u i d . 

Suspending 
F l u i d 

02 uptake 
endogenous 
u l . 

02 uptake 
3 -flCS glucose 
u l . 

0 2 uptake 
endogenous 
subtracted 
u i ; 

d i s t i water 109 190 281 

0*85% saline 112 186 271 

Stf/15 phosphate 
buffer 124 190 266 

To determine i f s l i g h t v a r i a t i o n s i n the pH of the 

re a c t i o n mixture would m a t e r i a l l y a f f e c t oxygen uptake by 

the organism, the oxidation of 3 uM glucose by c e l l suspens

ions of a 22 hour culture was tested at pH 6 ; 5 , 7 . 2 , 8 . 3 , and 

9 . 2 ; The uptake at 80 minute*, recorded i n Table VII shows 
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that a v a r i a t i o n i n pH "between 6.5 and 9; 2 has l i t t l e 

e f f e c t on t o t a l oxygen uptake; However, a s l i g h t period 

o f adaptation was required f o r the oxidation of glucose 

at pH 8;3 and 9;2 while no adaptation period was required 

at pH 6;5 and 7;2. 

Table VII 

Influence o f nH i n Warburg Reaction Mixture. 

pH o f cup 
contents 

O2 uptake 
endogenous 
u l * 

0 2 uptake 
3 uM glucose 
u l . 

Og uptake 
3 uM glucose 
endog. subtr. 
u l . 

6i5 116 186 270 
7;2 145 440 295 
8;i 175 442 267 

9w2 152 425 271 
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DISCUSSION 

Prom t h i s study i t i s evident that one cannot make 
geassraLizations regarding the endogenous r e s p i r a t i o n of 
micro-organisms since the endogenous r e s p i r a t i o n of 
P.aeruginosa has "been shown to d i f f e r i n several important 
respects from that reported f o r other organisms; Although 
data obtained using azide as an i n h i b i t o r of oxidative 
a s s i m i l a t i o n agree with those reported i n the l i t e r a t u r e 
f o r other organisms, 2, 4- dinitrophenol, the most common 
reagent employed f o r t h i s purpose, f a i l e d to i n h i b i t the 
oxidative a s s i m i l a t i o n of P; aeruginosa. I t was also found 
that the endogenous r e s p i r a t i o n of t h i s organism could not 
be reduced by either vigorous aeration or storage of the 
organism at low temperatures, h i n d i c a t i n g a possible 
p e c u l i a r i t y i n the nature of the storage products elaborated 
or the elimination by t h i s technique of c e r t a i n enzymes 
associated with the u t i l i z a t i o n of t h i s storage product. 
The conclusion that the endogenous r e s p i r a t i o n functions 
normally i n the presence of added substrate, and thus 
should be subtracted from the values obtained i n the presence 
of substrate i n calculations of the degree of oxidation of 
the substrate,contradicts the practi c e folloxved by most 
workers. 

I t i s possible that the type of endogenous r e s p i r a t i o n 
exhibited by P;aeruginosa i s common to organisms which do not 



have a c o n s t i t u t i v e enzyme system f o r o x i d i z i n g glucose . 

( 62 ) « The lack of such enzymes indicated that the 

storage products are not oxidized v i a glucose or 

c l o s e l y r e l a t e d compounds. The enzymes required f o r 

the oxidation of stored products thus would not compete 

with those involved i n the oxidation of the substrate. 

Much of the confusion and contradictory r e s u l t s 

reported i n the l i t e r a t u r e may be explained by the f a c t 

that there i s considerable v a r i a t i o n i n the nature of the 

endogenous r e s p i r a t i o n of various micro-organisms. The 

Significance that i s to be attached to the rate of 

endogenous r e s p i r a t i o n i n i n t e r p r e t i n g data on the i n t e r 

mediary metabolism of micro-organisms i n thus of 

paramount importance. 
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SUl€vIARY 

The s i g n i f i c a n c e to be attached to the rate o f 

endogenous r e s p i r a t i o n i n i n t e r p r e t i n g data of the 

intermediary metabolism of micro-organisms i s shown to 

be of great importance. 

The endogenous r e s p i r a t i o n o f -P,aeruginosa i s shown 

to function normally i n the presence of added substrate. 

Although the degree of oxidative a s s i m i l a t i o n of 

glucose i s i n agreement with figures reported i n the 

l i t e r a t u r e , oxidative a s s i m i l a t i o n i s not i n h i b i t e d by 

usual concentrations of 2, 4 dinitrophenol. Sodium azide 

does i n h i b i t oxidative assimilation, however. 

Aeration of r e s t i n g c e l l s or storage at low temperatures 

do not reduce the endogenous r e s p i r a t i o n . 

Storage products of the organism as determined by R.Q. 

studies are s i m i l a r regardless o f growth substrate. 

V a r i a t i o n i n the pH of Warburg reaction mixtures does 

not influence oxygen uptake, nor does suspending f l u i d used 

f o r r e s t i n g c e l l suspension. 

The growth curve of P.aeruginosa from 0 to 40 hours 

on glucose ammonium phosphate i s shown, 

Annitrogen curve r e l a t i n g density o f c e l l suspensions 

to b a c t e r i a l nitrogen content i s given to f a c i l i t a t e 

r a p i d c a l c u l a t i o n s of QQ2(N) values. 
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PART I I 

WARBURG STUDIES ON INTERMEDIATE METABOLISM 

The intermediate compounds formed during the oxidation 

of carbohydrates by an organism such as P.aeruginosa normally 

do not accumulate during growth but are oxidized to the end 

products carbon dioxide and water. Thus i t i s not possible 

to i s o l a t e and i d e n t i f y compounds i n the manner employed i n 

anaerobic studies," Moreover, the use of i n h i b i t o r s to 

block the oxidation of compounds i s not j u s t i f i a b l e i n 

studies where the mechanism of d i s s i m i l a t i o n i s completely 

unknown f o r the products accumulating i n the presence of 

i n h i b i t o r s may arise from reactions which do not function 

i n the absence of the i n h i b i t o r . The same argument may be 

used i n c r i t i c i z i n g the use of vigorous aeration as a 

technique f o r causing the accumulation of intermediate 

compounds since the enzyme systems are damaged by these 

conditions ( 63 ) • 

The routine procedure employed to avoid unphysiological 

conditions and i n t e r f e r i n g growth reactions i s the use of 

manometric techniques ( 26) with r e s t i n g c e l l suspensions 

(67)« Concentrated washed c e l l s , at the peak of t h e i r 

metabolic a c t i v i t y are suspended i n non-nutrient sol u t i o n . 

These c e l l s , deprived of e s s e n t i a l nutrients, are unable to 

multiply but are endowed with active enzyme systems normally 



present i n growing c e l l s . By the use of the Warburg 

respirometer, the a b i l i t y of the c e l l s to attack the parent 

substrate and probable intermediate compounds i s determined 

by measuring r e l a t i v e rates and amounts of oxygen uptake 

and carbon dioxide l i b e r a t i o n . A more s p e c i f i c method o f 

determining whether or not a compound i s an intermediate i n 

carbohydrate oxidation i s suggested by S t a n i e r 1 s ( 73 ) 

simultaneous adaption technique. According to t h i s theory, 

c e l l s grown on a substrate which i s d i s s i m i l a t e d by an 

- adaptive enzyme system should be adapted simultaneously 

to oxidize a l l the intermediates formed during the oxidation 

of the parent substrate, Stanier summarized h i s argument 

i n the following three postulates: 

"(1) I f the d i s s i m i l a t i o n of a given substance A proceeds 

through a serie s of intermediates B,C,D,E,F,G,—, and i f 

the i n d i v i d u a l steps i n t h i s chain o f reactions are under 

adaptive enzymatic control, then growth on a medium that 

contains A w i l l produce c e l l s that are simultaneously adapted 

to B,C,D,E,F,G, . 

(2) I f growth on A f a i l s to adapt the c e l l s to a postulated 

intermediate X, then X cannot be a member of the reac t i o n 

chain, 

(3 ) Growth on E w i l l adapt the c e l l s f o r F,G, but not 

neces s a r i l y f o r A,B,C, and D, The p r o b a b i l i t y that the 

growth on E w i l l adapt the c e l l s to precursors decreases 
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vriLth the number of intervening steps; i , e i , the adaption to 

D i s more probable than adaption to A.11 

Since P.aeruginosa oxidizes glucose by an adaptive 

enzyme system ( 6 2 ) i t was thought that i t would be a 

simple matter to eliminate or i d e n t i f y compounds as i n t e r 

mediates i n glucose oxidation by the use of Stanier 1 1 s 

technique. 

The following section consists o f a study of the oxidation 

o f glucose and probable intermediate compounds by c e l l s 

adapted by previous growth with glucose or the probable 

intermediate as the sole carbon source, A survey o f the 

oxidation o f 43 possible intermediate compounds by glucose-

grown c e l l s was also c a r r i e d outi 
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METHODS 

B a c t e r i o l o g i c a l : The methods of maintaining stock cultures 

were s i m i l a r to those described i n Part I . Growth medium 

f o r the preparation of r e s t i n g c e l l suspensions was s i m i l a r 

to that used before but the carboji sources at a f i n a l con

centration o f 0 ,5% were added a s e p t i c a l l y a f t e r s t e r i l i z a t i o n 

through sintered glass. Resting c e l l suspensions o f ' 1 8 - 24 

hour cultures were prepared as before, A conventional War

burg apparatus was used to measure oxygen uptake, Warburg 

cups contained 1 , 5 ml. Sorenson* s phosphate buff e r pH 7,2 

and 0^5 ml, c e l l suspension i n the main compartment • The 

substrate to be oxidized and any supplements were tipped i n 

from the side-arm a f t e r e q u i l i b r a t i o n . The centre w e l l 

contained 0 . 1 5 ml. o f 20% KOH f o r the absorption of carbon 

dioxide. Total volume of f l u i d i n the cups was 3 , 1 5 ml. 

A l l substrates were neutralized where necessary and added 

at such a concentration that 0.2 ml. substrate was equivalent 

to 18 uM oxygen. In ejgperiments, where supplements were 

added, the f i n a l concentrations of Tween 40 ( Batch $20B) 

were 0.01% and 5,001% and the f i n a l concentration o f 

adenosine triphosphate was 0.001M. 

Dhemical: Calcium gluconate was a p u r i f i e d sample prepared 

from t e c h n i c a l gluconic a c i d . Sodium pyruvate was prepared 

from pyruvic acid by the method of Robertson ( 6 9 ) . A 
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sample of calcium 2-ketogluconate was obtained from Dri L; B, 

Lockwood, Northern Regional Research Laboratories; 
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EXPERIMEFTAL 

Adaptation Studies with Glucose-, Gluconate-,  

2-ketogluconate-, ^ - k e t o g l u t a r a t e ^ Pyruvate-,  

and Acetate-Grown C e l l s , 

Gluconic acid, 2-ketogluconic acid, <x -ketoglutaric 

acid, pyruvic acid, and ac e t i c acid are considered the most 

probable intermediate compounds i n glucose oxidation by 

P.aeruginosa. Aeration studies by Lockwood, Tabenkin, 

and Ward ( 5 2 ) indicated that members o f the genus Pseu-

domonas are able to produce gluconic and 2-ketogluconic 

acid from glucose. The presence o f 2-ketogluconic acid 

has been shown i n the supernatant of glucose-grown c e l l s 

o f P. aeruginosa ATC9027 ( 6-2 )• I s o l a t i o n of « i-ketoglutaric 

acid from submerged fermentations o f glucose and gluconic 

acid by P.fluorescens ( 51 ) indicated that t h i s acid was an 

intermediate compound. Since i t i s d i f f i c u l t to imagine 

an aerobic system- of metabolism which does not involve 

pyruvic a c i d and acetic acid, these two compounds were also 

selected f o r study.. 

Adaptive enzymes are formed i n response to the presence 

of small amounts of substrate. Consequently any decom

p o s i t i o n of the carbon source during s t e r i l i z a t i o n o f the 

growth medium v/ould produce c e l l s adapted to the decom

p o s i t i o n products as w e l l as to intermediate compounds 

formed i n substrate d i s s i m i l a t i o n . Because carbohydrates 
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are known to decompose s l i g h t l y when they are autoclaved 

i n the presence of phosphates, a l l carbon sources f o r 

adaptation studies were s t e r i l i z e d separately by passage 

through sintered glass. 

C e l l s were grown with glucose, calcium gluconate, 

calcium 2-ketogluconate, oc-ketoglutaric acid, sodium 

pyruvate or sodium acetate as the sole source of carbon. 

The r e s t i n g c e l l suspensions from the various growth media 

were allowed to oxidize glucose, calcium gluconate, calcium 

2-ketogluconate, oc-ketoglutaric acid, sodium* succinate, 

sodium pyruvate, and sodium acetate. The oxidation curves 

are shown i n Figures IV to IX, Endogenous r e s p i r a t i o n 

values have been subtracted i n a l l cases. 
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Figure IVs Oxidation of glucose-grown c e l l s . 
1. glucose; 2,. calcium gluconate: 3 .calcium 
2-ketogluconate; 4.«^-ketoglutaric acid; 
5 . sodium pyruvate; 6 . sodium acetate. 
Theoretical uptake f o r a l l substrates - 402 u l . O2. 
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2 0 *Q 6 0 

MINUTES 
Figure Vs Oxidations of calcium gluconate-grown c e l l s . 

1. calcium gluconates 2. glucose; 3» calcium 
2-ketogluconate; 4. »v-ketoglutaric acid; 
5» sodium pyruvate; 6 . sodium acetate. 
Theoretical uptake f o r a l l substrates « 402 ul.02. 
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MINUTES 

Oxidation of calcium 2-ketoglucorate-grown c e l l s * 
1 .calcium 2-ketogluconate; 2.calcium gluconate; 
3.glucose; 4, «<-ketoglutaric acid; 5» sodium 
succinate; 6 , sodium pyruvate; 7 . sodium acetate; 
Theoretical uptake f o r a l l substrates - 402 u l . 0 2 . 
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Figure VTIi 
MINUTES 

Oxidations of *<r-ketoglu^te-.grown cells» 
l,«^-ketoglutaric acid;2.sodium succinate; 
3.sodium pyruvate; 4isodium acetate;5.glucose; 
.6.calcium gluconate; 7. calcium 2-ketogluconate, 
Theoretical uptake f o r a l l substrates a 402 u l , 0 2 . 
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2 0 4-0 6 0 

MINUTES 
Figure vTII: Oxidations of sodium pyruvate-grown c e l l s . 

1.sodium pyruvate;2.sodium acetate; 3 , 
sodium succinate; 4.«<-ketoglutaric acid; 
"""•glucose; 6 .calcium gluconate; 7 ;calcium 
.2-ketogluconate; 
Theoretical uptake f o r a l l substrates»402 ul.02. 
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2 o 4 0 4>0 

. MINUTES 
Figure IXs Oxidations of sodium acetate-grown c e l l s ; 

1,sodium acetate; 2;sodium pyruvate; 3 ; 
sodium succinate j 4,c<-ketoglutaric acid; 
5 ;glucose;6 .calcium gluconate; 7 , calcium 
2-ketogluconate; 
Theoretical uptake f o r a l l substrates «402 UI .O2. 
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I f simultaneous adaptation i s the c r i t e r i o n used to 

determine whether or not a compound i s an intermediate i n 

carbohydrate oxidation, then one must conclude that of the 

postulated intermediate compounds only gluconic a c i d i s an 

intermediate i n glucose oxidationj only gluconic a c i d i s an 

intermediate i n 2-ketogluconic a c i d oxidation; only a c e t i c 

a c i d i s an intermediate i n pyruvic a c i d oxidation and only 

pyruvic a c i d . i s an intermediate i n acetic a c i d oxidation. 

One must also conclude that none of the compounds tested 

are intermediate i n gluconic a c i d or ̂ k e t o g l u t a r i c a c i d 

oxidation. Figures IV to IX. In view o f these conclusions 

i t would appear that -the c r i t e r i o n employed i s not applicable 

to t h i s -study p o s s i b l y because' some f a c t o r such as permeability 

i s responsible for the period o f adaptation required before 

most compounds are oxidized. For example, one must conclude 

that the oxidation of °c-ketoglutaric a c i d does not involve 

succinic acid,pyruvic a c i d or ac e t i c a c i d as intermediate 

compounds since a 20 to 40 minute peric-d of adaptation i s 

required before these compounds are attacked by <""—ketoglutarate 

grown c e l l s . Figure VII, But i t does not seem possible 

that oxidation of t h i s compound does not involve succinic 

acid, pyruvic a c i d or ac e t i c a c i d . Nor does i t seem possible 

that glucose oxidation does, not involve pyruvic or acetic 

acids as intermediate compounds although simultaneous 
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adaptation excludes these acids, as intermediates. Figure IV. 

Permeability f a c t o r s could be responsible f o r the adapt-

ative nature of the curves of pyruvate and' acetate oxidation _ 

by glucose©grown c e l l s of P:aeruginosa. I f the c e l l membrane 

were r e l a t i v e l y impermeable to strongly ionized compounds 

such as these, then a short p e r i o d of time would be required 

f o r the compound to cross. I n the case where an adaptation 

period i s due to permeability f a c t o r s , the presence o f a 

surface active agent to increase c e l l u l a r permeability or 

the presence of a small amount o f r e a d i l y available energy 

to a i d the compound i n crossing the c e l l membrane might 

•allow the c e l l s to attack the compounds immediately and at 

maximum ra t e . 

To t e s t the influence of a surface active agent on the 

oxidation of sodium pyruvate and sodium acetate by glucose-

grown, c e l l s , a suspension of organisms grown f o r 22 hours 

on glucose ammonium phosphate medium was allowed to oxidize 

pyruvate and acetate i n the presence of 0.01% and 0^001% 

Tween 40, Similar r e s u l t s were obtained with both concen

t r a t i o n s of Tween. Only curves showing oxidations i n the 

presence of 0.001% Tween are recorded i n Figure X. I n curves 

depicting the oxidation of glucose, pyruvate^ and acetate, the 

endogenous values have been subtracted and i n curves depicting 

oxidation o f pyruvate plus 0.001% Tween and acetate plus 0.001% 

Tween, the values f o r oxidation of 0.001% Tween alone have been 

subtracted. 
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ao 40 60 
MINUTES 

Eigure X: Influence of a surface active agent on p;yruvate and 
acetate oxidation by glucose-grown c e l l s , 
1,glucose;2,sodium pyruvate;3•sodium acetate; 
4. sodium pyruvate -"r 0.001% Tween 40; 5.sodium 
acetate-V 0.001% Tween 40. 
Theoretical uptake f o r a l l substrates » 402 u l . 0 2 . 
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From the r e s u l t s recorded i n Figure X i t can be seen that 

the presence of a surface active agent does not cause the 

immediate oxidation of pyruvate and acetate as would be the 

case i f the l a g i n oxidation of these compounds were due to 

permeability e f f e c t s . Further evidence that permeability 

was not a f a c t o r i n f l u e n c i n g the adaptive nature of these 

oxidations was obtained when i t was found, that the presence 

o f 0 , 0 0 1 M adenosine triphosphate had no influence on the 

oxidation of pyruvate and acetate by glucose-grown c e l l s . 

The*high energy phosphate i n adenosine triphosphate would 

supply energy f o r the substrates to cross an impermeable • 

c e l l membrane. Curves i n the presence and absence of 

adenosine triphosphate were s i m i l a r to -those recorded i n 

the presence and absence of Tween, Figure X, 

Warburg Studies of Possible Intermediates i n Glucose Oxid

ation: I f the theory of simultaneous adaptation i s sound 

then of the compounds tested only gluconic acid i s an i n t e r 

mediate i n glucose oxidation by P,aeruginosa. I t must 

therefore be concluded that compounds not usually thought o f 

as intermediates i n aerobic metabolism are intermediates with 

the organism under study. As a r e s u l t a large number of 

organic compounds were tested as possible intermediates. For 

t h i s survey, 18 to 25 hour glucose-grown c e l l s were used. A l l 

substrates were neutralized i f necessary and made up at a 

concentration so that 0 . 2 ml. of so l u t i o n contained substrate 
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equivalent to 18 uM "oxygen. The following compounds were 

tested: glucose, calcium gluconate, calcium 2-ketogluconate, 

oC-ketoglutaric acid,, sodium succinate, fumaric acid, malic 

acid, sodium pyruvate, sodium acetate, a c e t i c anhydride, 

sodium oxalate, sodium formate, g l u t a r i c acid, g l y c o l i c 

acid, calcium acetone-dicarboxylate, propionic acid, calcium 

iso-butyrate, i s o - b u t y r i c acid, «C-hydroxy-iso-butyric acid, 

b u t y r i c acid, i s o - v a l e r i c acid, iso-caproic acid, formalde

hyde, ethyl alcohol, n-butyl alcohol, i s o - b u t y l alcohol, 

n-propyl alcohol, iso-propyl alcohol, amyl alcohol, a l l y l 

alcohol, capryl alcohol, ethylene g l y c o l , propylene g l y c o l , 

•6-methyl glucoside, sodium B-glycerophosphate, P -hydroxy-

phenyltoetic acid, n-amylamine, iso-amylamine, «L.-amino-methyl-

b u t y r i c acid, ot-amino-iso-butyric acid, methyl glyoxime, choline 

chloride, alanine and amino-acetic acid, (The nitrogen 

containing compounds were included i n the survey since i t 

i s probable that i n growing cultures carbohydrate oxidation 

i s c l o s e l y r e l a t e d to nitrogen metabolism through deamination 

and transamination,) No intermediates of the Embden-Meyer-

bof system were tested because i t has been shown that under 

anaerobic conditions P.aeruginosa i s unable to produce carbon 

dioxide or acid from glucose ( 6 ), to take up inorganic 

phosphorous, or to u t i l i z e glucose or fructose ( 6 2 ) . The 

oxygen uptake a f t e r 20 and 60 minutes incubation with the 



various substrates i s recorded i n Table VTII. The endogenous 

uptake has been subtracted i n a l l cases. 

Of the 44 compounds tested, only glucose and calcium 

gluconate were attacked without a period o f adaptation. Of 

the other compounds tested, only calcium 2-ketogluconate, 

sodium pyruvate, and sodium acetate were oxidized to the 

same extent as glucose (approximately 66% of the t h e o r e t i c a l 

value)• A period of adaptation was required before sodium 

succinate, fumaric acid, malic acid, and ac e t i c anhydride were 

attacked and the oxygen uptake with these compounds was about 

40% of the t h e o r e t i c a l value. ac-ketoglutaric acid, ethyl 

alcohol, and n-propyl alcohol were oxidized very slowly and 

the curves f o r the oxidation of these compounds were almost 

l i n e a r . 

This survey of the oxidation of organic compounds gives 

no a d d i t i o n a l evidence as to what compounds might be i n t e r 

mediates i n glucose breakdown by P. aeruginosa^ 
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Oxidation of Possible Intermediates bv  

Glucose-Grown C e l l s * 

Compound 
•X-
Oxygen untake u l . 

at 2 0 min. at 6 0 min. 

glucose 1 1 0 272 

Ca-gluconate 164 114 

Ca - 2 ketogluconate 6 0 290 

oC -ketoglutaric a c i d 1 1 117 

Na succinate IS 164 

fumaric a c i d 40 177 

malic acid 7 4 IK 

Na nvruvate 4 8 214 

Na acetate 4 * 2 8 0 

a c e t i c anhydride 71 1 8 1 

Na oxalate 1 9 

Na formate 6 56 

g l u t a r i c a c i d 1 0 4 8 

g l v c o l i c a c i d 6 17 

Ca acetone-decarboxylate 6 1 8 

prot)ionic acid 15 59 
Ca iso-butyrate 19 41 

i s o - b u t y r i c a c i d 1 19 

b u t y r i c a c i d 1 27 

-hydroxy-i so-butyric acid 1 4 

i s o - v a l e r i c acid 9 35 



Compound Oxygen uptake u l . Compound 

at 20 min. at 60 min. 

iso-canroic a c i d 1 22 

formaldehyde 11 28 

ethvl alcohol 11 110 

n-butyl alcohol 6 15 

i s o - b u t y l alcohol 7 20 

n-nro-oyl alcohol 17 87 

iso-nropyl alcohol 7 8 

amy! alcohol 0.5 15 

a l l y l ^ a l c o h o l 11 19 

canryl alcohol 12 15 

Jthylene g l y c o l 4 11 

propylene g l y c o l -5 
( i n h i b i t o r y ) 

-47 

aC-methyl glucoside 24 

Na Baglycero nhosnhate 5 8 

P-hydroxy-pheny3ac?bic acid 8 25 

n-amylamine 11 28 

iso-amvlamine 6 21 

<- amino-methvl-butyri c a c i d 1-1 10 

BC-amino-iso-butyric acid -1 
(in h i b i t o r y ) 

- 3 8 

methyl glyoxime 1 2 

choline chloride 6 27 



Table V I I I (cont. 
'56 

Compound Oxveen uptake u l . Compound 
at 2 0 min. at 6 0 min. 

alaMne 17 54 
amino acetic acid 7 2 0 

t h e o r e t i c a l oxygen uptake f o r a l l compounds. = 402 u l . 
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DISCUSSION 

I f the data reported i n t h i s section i s interpreted i n the 

l i g h t o f simultaneous adaptation, then o f the 43 compounds 

tested only gluconic a c i d can q u a l i f y as an intermediate i n 

glucose d i s s i m i l a t i o n since t h i s i s the only compound oxidized 

immediately and at a maximum rate "by glucose-grown c e l l s . 

One might suggest, then, that glucose i s oxidized to gluconic 

a c i d which i s phosphorylated by the organism and a l l other 

intermediates occur as phosphorylated d e r i v a t i v e s . This 

i n t e r p r e t a t i o n would explain adaptation to compounds such as 

pyruvate and acetate, f o r a l a g period would be required to 

phosphorylate the compounds before they could be attacked. 

However, i n view of observations made during t h i s study, a more 

probable explanation o f the r e s u l t s would be that simultaneous 

adaptation i s not an adequate c r i t e r i o n f o r the i d e n t i f i c a t i o n 

of intermediate compounds. Previous i s o l a t i o n data ( 6 2 ) 

indicated that 2-ketogluconic acid i s formed by t h i s organism 

during glucose oxidation under p h y s i o l o g i c a l • conditions. Yet 

simultaneous adaptation excludes 2-ketogluconate as an i n t e r 

mediate. The observations recorded i n Part I that glucose-

grown c e l l s which attack glucose at pH 8 . 3 and 9 . 2 require a 

period of adaptation while the same c e l l s at pH 6 . 5 and 7 . 2 

oxidize immediately at maximum rate make one question the 

r e l i a b i l i t y of adaptation as a t o o l f o r i d e n t i f y i n g i n t e r 

mediate compounds. C e l l concentration was also observed 



to be a factor i n the oxidation of substrates. More concen

trated c e l l suspensions oxidized t h e i r parent substrate 

immediately while l i g h t suspensions of the same c e l l s often 

required a period of adaptation before they could attack at 

maximum rate. As indicated before, permeability factors 

could also cause a l a g i n the oxidation of an intermediate 

compound. I t i s considered l i k e l y that some of the 

compounds eliminated on the basis of simultaneous adapt

at i o n w i l l a c t u a l l y be shown to be intermediates i n 

further studies. 
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SOMMAEY 

I f the technique of simultaneous adaptation &gJ8$fee$$ed 

as the t e s t f o r the i d e n t i f i c a t i o n or elimination of i n t e r 
mediate compounds then only gluconic acid has been i d e n t i f i e d 
as an intermediate i n glucose d i s s i m i l a t i o n , 

A survey has been made of the oxidation of 43 organic 
compounds by c e l l s of P,aeruginosa harvested from a glucose 
medium. 

The r e l i a b i l i t y of the simultaneous adaptation technique 
as a means of i d e n t i f y i n g intermediate compounds i s 
questioned,; 
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PART I I I 

The I d e n t i f i c a t i o n of Acetic Acid as an  

Intermediate i n Glucose Oxidation. 

Because data (Part II) interpreted on the basis of 

simultaneous adaptation eliminate a l l compounds tested but 

gluconic a c i d as intermediates i n glucose oxidation by 

P.aeruginosa t the r e l i a b i l i t y o f the technique f o r i d e n t i f y 

i n g compounds intermediate i n carbohydrate metabolism has 

been questioned. By demonstrating the presence of one of 

the compounds requ i r i n g a period o f adaptation before i t can 

be oxidized under p h y s i o l o g i c a l conditions i n a growing 

culture, one could also show that simultaneous adaptation 

was not applicable to our studies. 

Aubel ( 3 ) n a s i s o l a t e d alcohol, acetic acid, and formic 

ac i d from glucose fermentation by B.pyocyaneus. Acetic a c i d 

and traces of succinic a c i d were reported by Schreder, Brunner 

and Hampe ( 7 1 ) and by Neuberg and Kobel ( 6 0 ) ( 6 l ) working 

with P . l i n d n e r i . Conner, Riker,and Peterson ( 1 8 ) also 

reported the occurrence o f small quantities of pyruvic and 

acetic acids i n glucose cultures of Phytomonas rhizogens. 

I f the assumption that aerobic metabolism of b a c t e r i a involves 

a ICrebs cycle i s correct, then acetic a c i d should be i n t e r 

mediate i n aerobic carbohydrate metabolism of P.aeruginosa 

since acetic a c i d i s the compound condensing with oxalacetate 

to y i e l d c i t r i c acid. Acetic a c i d was one of the compounds 
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found to be oxidized to the same extent as glucose by glucose-

grown c e l l s of p;aeruginosa. Part I I . Consequently acetic 

acid was considered one of the most probable compounds i n t e r 

mediate i n glucose degradation. The object of the present 

i n v e s t i g a t i o n was to attempt to i d e n t i f y acetic a c i d as an 

intermediate i n the oxidation o f glucose by P.aeruginosa and 

to check on the soundness o f the technique of simultaneous 

adaptation. 



METHODS 

B a c t e r i o l o g i c a l : The growth medium f o r c e l l s used i n 
Warburg experiments was s i m i l a r to that described i n Part I I . 
The same medium was used when analysis of the growing cultures 
was carr i e d out; The carbon sources (glucose, cx-ketoglutarate, 
or acetate) were added toa f i n a l concentration of 0,5% a f t e r 
they had been s t e r i l i z e d by passage' through sintered glass. 
Substrates i n Warburg experiments were equivalent to 1 8 uM 
oxygen contained i n 0.2 ml. of solutio n . I n experiments 
using large Warburg cups, the reaction mixture was a c i d i f i e d 
with sulphuric acid and the cup contents'subjected to steam 
d i s t i l l a t i o n i n a modified K j e l d a h l d i s t i l l a t i o n apparatus. 
No d i r e c t heat was applied to the d i s t i l l a t i o n f l a s k containing 
the cup contents since i t v/as found that small amounts of 
v o l a t i l e acids were formed by thp decomposition of substrate 
i n the presence of p r o t e i n when d i r e c t heat v/as applied. The 
d i s t i l l a t e s were t i t r a t e d with N/100 NaOH. 

I n order to i s o l a t e a quantity of v o l a t i l e acid" adequate 
f o r i d e n t i f i c a t i o n purposes the following procedure was carried 
out f o r each of the two substrates glucose and «-ketoglutarate. 
Two l i t r e s of media were prepared and one l i t r e of t h i s was 
held as uninoculated control while the other, dispensed i n 
Roux f l a s k s , was inoculated and incubated at 308C f o r 1 8 hours. 
At the end of t h i s time the c e l l s were centrifuged o f f , the 
supernatant a c i d i f i e d with sulphuric acid and two l i t r e s of 



d i s t i l l a t e c o l l e c t e d by steam d i s t i l l a t i o n . The d i s t i l l a t e 

v/as neutralized, -concentrated on a hot pl a t e to about 150 ml., 

r e a c i d i f i e d with sulphuric acid and about 130 ml. c o l l e c t e d 

by slow d i s t i l l a t i o n . The l i t r e of uninoculated medium 

which contained substrate' and phosphate, v/as treated 

S i m i l a r l y with the exception that the c e l l s from 100 ml. of 

the uninoculated medium were added before d i s t i l l a t i o n to 

ensure the presence of at l e a s t as much p r o t e i n as was present 

i n the l i t r e of supernatant from the inoculated media. The 

d i s t i l l a t e s from these controls were al k a l i n e to brom thymol 

blue and so the procedure was not c a r r i e d beyond the i n i t i a l 

d i s t i l l a t i o n . Duclaux constants were run on the d i s t i l l a t e s 

from the inoculated media. 

Chemical: Duclaux constants ( 40 ) were determined as 

follows; 25 ml. of sample was set aside while exactly 100 ml. 

was placed i n a 250 ml. d i s t i l l i n g f l a s k equipped i n the usual- -

manner f o r such determinations. A f t e r discarding the f i r s t 

10 ml. of d i s t i l l a t e the subsequent three 25 ml. f r a c t i o n s 

were c o l l e c t e d . These three samples plus the o r i g i n a l 25 ml. 

aliquo t were then t i t r a t e d using a Beckman potentiometer. 

I t was found that end-points using an i n d i c a t o r were not 

r e l i a b l e f o r the t i t r a t i o n of such d i l u t e solutions. 

Three end-points v/ere taken f o r each sample - pH 6,0, 7»5> 
and 8,5. E s s e n t i a l l y the same constants were obtained at 



each of the end-points. T i t r a t i o n s required from 3 to 12 ml. 

of N/400 NaOH. Standards o f formic, a c e t i c , and propionic 

acids of about the same concentrations as the unknowns were 

also run. Constants were calculated by d i v i d i n g the 

t i t r a t i o n value f o r each 25 ml. f r a c t i o n by the t o t a l 

t i t r a t i o n value f o r the 100 ml. sample d i s t i l l e d . 
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EXPERn/tENTAL 

C e l l s of P.aeruginosa were harvested from u media con

t a i n i n g glucose, «c-ketoglutaric ac i d or sodium acetate as 

the sole source of carbon. The c e l l suspensions were tested 

i n the Warburg respirometer f o r t h e i r a b i l i t y to oxidize 

t h e i r parent substrate and sodium acetate. The curves 

recorded i n Figure XI show that glucose-grown, «-ketoglut-

arate-grown or acetate-grown c e l l s are able to oxidize t h e i r 

respective parent substrates immediately and at a maximum 

rate. However, c e l l s grown on glucose or oi-ketoglutarate 

require a period o f adaptation before they are able to oxidige 

acetate. Therefore on the basis of the theory o f simultaneous 

adaptation, acetic a c i d would he rul e d out.as an intermediate 

i n glucose or oC-ketoglutarate oxidation. Before eliminating 

a c e t i c a c i d as an intermediate i t was considered wise to t e s t 

f o r i t s presence or absence by chemical methods. 

In order to determine whether or not a c e t i c a c i d or at 

l e a s t some v o l a t i l e acid was formed during the oxidation of 

glucose or «Uketoglutaric acid, c e l l s were harvested from 

media containing one or the other o f these carbon sources 

and allowed to oxidize t h e i r parent substrate i n 125 ml. 

Warburg cups. The reaction mixture which had a t o t a l 

volume of 30 ml. contained 9 mg. substrate. The oxidations 

were stopped by the addition of H 2 S O 4 and the f l a s k contents 

steam d i s t i l l e d . Since 100% recovery of standard acetic 
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Figure XI: The adaptive nature of^sodium acetate oxidation; 
1 .oxidation of sodium acetate by sodium-acetate-
grown cells ; 2 . o x i d a t i o n of glucose by glucose-
grown c e l l s ; 3 . o x i d a t i o n of sodium acetate by glu
cose-grown cells; 4 - .oxidation of©<-ketoglutaric 
aci d by^C-ketoglutarate-grown c e l l s ; 5 . oxidation 
of sodium acetate by^C-ketoglutarate-grown c e l l s . 
Theoretical uptake f o r a l l substrates =402 11I.O2. 
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acid was obtained only when the d i s t i l l a t e was t i t r a t e d to 

an end-point of pH 8 , 2 , the d i s t i l l a t e s from re a c t i o n mixtures 

were t i t r a t e d with N /100 NaOH to pH 8 . 2 using Beckman potentio

meter. I n experiment 5 an atmosphere of 10% a i r and 90% 

nitrogen was used i n the hope that intermediate compounds 

would accumulate because l i m i t i n g oxygen prevented t h e i r further 

oxidation; However, the r e s u l t s were s i m i l a r to those of the 

four experiments run i n an atmosphere of a i r . I n every case 

small amounts of v o l a t i l e a c i d were formed during the oxidation 

o f glucose or <x-ketoglutarate by r e s t i n g c e l l s of P.aeruginosa. 

' Table IX 

The Production o f V o l a t i l e Acid from  

Glucose or ot-ketoglutarate. 

Experiment 
Number 

Atm. Substrate i l l . o f N /100 NaOH to neutr. 
d i s t i l l a t e from f l a s k 
run f o r 

1 a i r nil(endog) 
»c-ketoglutarat€ 

10 min. 15 min. 60 min. 

1 a i r nil(endog) 
»c-ketoglutarat€ 1 .55 

1 . 2 5 
1.40 

2 a i r nil(endog) 
glucose 1.80 

1 .10 
1.85 

- — — 

3 a i r nil(endog) 
gluco se 1.85 

4 a i r nil(endog) 
g-lucose 

1 . 2 5 
2 , 9 5 

5 10% a i r 
90% N2 

ail(endog) 
glucose 

1 .25 
1 .50 
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I t was considered probable that the aci d formed was ac e t i c 

a c i d since t h i s was the only v o l a t i l e a c i d oxidized to the 

same extent as glucose. Part I I . However, the amounts 

of a c i d formed were too small to permit t h e i r i d e n t i f i c a t i o n . 

I n an e f f o r t to i d e n t i f y t h i s v o l a t i l e acid, the super

natant from a l i t r e of 18 hour culture i n which glucose or 

•(-ketoglutarate had been the only source of carbon was 

a c i d i f i e d and steam d i s t i l l e d . Duclaux constants were 

determined f o r the concentrated d i s t i l l a t e s and compared to 

the values obtained f o r comparable concentrations of formic, 

acetic and propionic acids. Table X. The determinations 

were repeated 3 to 4 times with s i m i l a r r e s u l t s each time. 

The r e s u l t s f o r the d i s t i l l a t e s of the growth media are seen 

to p a r a l l e l those obtained f o r acetic a c i d . 

Table X 

Duclaux Constants f o r Supernatant D i s t i l l a t e s . 

Standards D i s t i l l a t e 
from 
glucose 
medium 

D i s t i l l a t e 
from 
«*-ketoglutarat€ 
medium 

formic 
ac i d 

acetic 
a c i d 

propionic 
a c i d 

D i s t i l l a t e 
from 
glucose 
medium 

D i s t i l l a t e 
from 
«*-ketoglutarat€ 
medium 

Fraction A .1250 .2486 .2860 .2447 .2181 

Fraction B .1526 .2122 .2521 .2180 .1940 

"Taction C .2100 .2612 .2374 .2760 t2360 

The constants f o r acetate d i f f e r from those u s u a l l y reported 

i n the l i t e r a t u r e but apparently they are an idiosyncrasy o f 

the apparatus or more probably of the d i l u t e solutions used 
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since the constants usually given are f o r much more concen

tr a t e d solutions. Under any circumstance^ t h i s idiosyncrasy 

can be used to show d e f i n i t e l y that the v o l a t i l e a c i d formed 

during growth i s almost s o l e l y a c e t i c . 

Further evidence that acetate i s an intermediate i n 

glucose oxidation by F.aeruginosa was found by Norris ( 63 ) 

and her findings are recorded here since they confirm the 

r o l e of acetic acid as intermediate i n glucose oxidation. 

C e l l s harvested a f t e r 4- days growth i n an aerated l i q u i d 

glucose medium had almost completely l o s t t h e i r a b i l i t y to 

oxidize acetic acid. I t follows therefore that i f acetate 

i s an intermediate i t should accumulate under these conditions 

o f growth. This was found to- be the case and about t h i r t y 

times as great a concentration of acetic acid, as i d e n t i f i e d 

by i t s Duclaux constants, was found i n the supernatant from 

c e l l s which had l o s t t h e i r a b i l i t y to oxidize acetic a c i d as 

i n the supernatant from normal c e l l s . 

Since one-third of the oxygen consumed during the degrad

at i o n of glucose i s used i n converting acetic acid to carbon 

dioxide and water,, i f acetate i s an intermediate c e l l s which 

cannot oxidize acetate should use only two-thirds as much 

oxygen as c e l l s which can oxidize t h i s compound. This was 

found to be true. Table XI. The value f o r normal c e l l s i s 

an average value from the data presented i n Parts I and I I . 
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Table XI 

Oxidation of Glucose by Normal 

and Aerated C e l l s * 

Substrate 02 uptake 
u l . 

Average value, normal c e l l s glucose 274 

Observed v a l u e & f c e l l s 
unable to oxidize acetate ( 6 3) glucose 190 

Calculated value f o r c e l l s 
unable to oxidize acetate glucose 181 

Observed value f o r c e l l s 
unable to oxidize acetate ( 6 3 ) acetate 7 

From t h i s data i t can be seen that when glucose was 

oxidized by c e l l s which had l o s t the a b i l i t y to attack acetic 

acid, the amount of oxygen which was consumed was exactly the 

amount necessary to convert glucose to acetate. These data 

i n combination with r e s u l t s showing v o l a t i l e a c i d production 

by r e s t i n g c e l l s o x i d i z i n g glucose and the i s o l a t i o n o f 

acetic a c i d from an 18 hour supernatant of glucose-grown 

c e l l s f u r n i s h convincing evidence of the r o l e of acetic a c i d 

as an intermediate i n glucose oxidation by P.aeruginosa. 



DISCUSSION 

In the discussion of the previous section examples of 

cases where a period of adaptation occurs before r e s t i n g c e l l 

suspensions can oxidize t h e i r parent substrate have been 

shown. The occurrence of such cases r a i s e s the question 

o f the r e l i a b i l i t y of simultaneous adaptation as a t o o l f o r 

the detection of intermediate compounds. On further consid

eration i t becomes evident that the p r i n c i p l e of the 

technique i s b a s i c a l l y unsound, Yudkin ( 90 ) explained 

enzyme adaptation with the theory that " a l l examples of 

enzyme production are cases of increase i n enzyme and none 

are instances of the formation o f completely new enzyme" and 

further that " i t i s clear that the adaptive enzyme i s produced 

from a precursor or precursors i t i s assumed that 

an equilibrium e x i s t s between such precursors and the formed 

enzyme." The combination of the enzyme with substrate would 

r e s u l t i n a disturbance of the equilibrium and more enzyme 

would be formed from the precursor i n order to restore i t . 

I t therefore follows that w i t h i n the p h y s i o l o g i c a l l i m i t s of 

the organism, an increased amount o f substrate w i l l r e s u l t i n 

the production of a greater amount of enzyme. This deduction 

i s supported by the work of Kertesz (42 ) who found t h i s to 

be true of invertase production by yeast, S t a n i e r 1 s theory 

o f simultaneous adaptation i s i n contradiction to t h i s work 

f o r i t assumes that when a substrate i s attacked by an adaptive 
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enzyme the same amount o f enzyme w i l l "be produced regardless 

o f the amount of substrate present i n the growth medium. 

That i s , when c e l l s are transferred from conditions where 

the compound i n question i s a metabolic intermediate and 

therefore present i n only very small amounts to conditions 

where the same compound i s present as parent substrate and 

i n much l a r g e r quantities no increase i n amount of enzyme 

w i l l occur. 

In h i s i n i t i a l demonstration of simultaneous adaptation, 

Stanier rather than working with compounds of a known system, 

used aromatic compounds which do not function i n any known 

metabolic pathway. I n addition he used no other method to 

i d e n t i f y a compound as an intermediate and by h i s technique 

he recorded only one compound which could be an intermediate 

i n the oxidation he describes. 

In our studies i t was found that compounds which were 

probably separated from the parent substrate by only one 

enzyme reac t i o n could be attacked immediately, f o r example 

glucose-grown c e l l s could oxidize only gluconic acid 

immediately and pyruvate-grown c e l l s could oxidize only 

acetic acid. This observation can be r e a d i l y explained; 

A l l the reactions involved i n the oxidation of glucose w i l l 

be i n equilibrium and consequently the i n i t i a l breakdown . 

products w i l l be present i n r e i a t i v e l y large amounts while 

the products which aris e f u r t h e r down i n the system w i l l be 



present i n much smaller amounts. By the same reasoning, 

the enzyme necessary f o r the i n i t i a l step i n the oxidation 

w i l l be present i n large amounts while the enzymes necessary 

f o r each subsequent step w i l l be present i n smaller amounts. 

Thus s u f f i c i e n t enzyme i s present i n glucose-grown c e l l s to 

oxidize glucose to gluconic a c i d but a period of adaptation 

i s required to produce enough formed enzymes f o r the oxidation 

of r e l a t i v e l y l a r g e r amounts of acetic acid. 
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SUMMARY 

Resting c e l l suspensions o f glucose-grown organisms have 

been shown to produce small amounts of v o l a t i l e a c i d during 

the oxidation of gluco.se. 

Acetic acid has been i d e n t i f i e d by Duclaux constants as 

the v o l a t i l e a c i d present i n the supernatant of an 1 8 hour 

culture of P,aeruginosa i n glucose medium. 

The i d e n t i f i c a t i o n of acetic a c i d as an intermediate i n 

glucose oxidation shows that the technique of simultaneous 

adaptation i s not applicable i n our studies since glucose-

grown c e l l s require a period of adaptation before they are 

able to attack acetate. 

http://gluco.se
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The I d e n t i f i c a t i o n of Gluconic and  

2-keto gluconic Acids as Intermediates i n Glucose 
Oxidation Toy the Use of Paper Chromatography. 

Paper chromatography was introduced i n 1944 by Consden, 

Gordon, and Martin (20 ) as an a n a l y t i c a l technique f o r the 

i d e n t i f i c a t i o n of amino acids. Since i t s introduction, the 

technique has been found extremely u s e f u l and numerous pub

l i c a t i o n s have appeared on i t s var i e d applications. The aim 

of the technique i s to e f f e c t the separation of a mixture of 

c l o s e l y r e l a t e d substances present i n extremely small qua n t i t i e s . 

To e f f e c t such a separation, the compounds being studied are 

introduced as small spots near the top of a large sheet of 

f i l t e r paper. The paper i s hung v e r t i c a l l y from a trough 

which contains a water-saturated solvent so that the upper 

edge of the paper i s immersed i n the solvent. The trough 

containing the paper i s suspended i n a closed v e s s e l whose 

atmosphere i s kept saturated with respect to the solvent. 

After the paper has been i r r i g a t e d to within an inch or two 

o f the bottom, the sheet i s removed, dried, and then sprayed 

with a s o l u t i o n which w i l l give a general color reaction with 

the type of compounds being i d e n t i f i e d . The compounds are 

i d e n t i f i e d by t h e i r c h a r a c t e r i s t i c rates o f movement. To 

i d e n t i f y a compound p o s i t i v e l y , i t s movement i n at l e a s t two 

solvents must be found to agree with movement of a known 

compound run as a control under the same conditions. For 
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• the separation of compounds which move s i m i l a r l y , a two-

dimensional chromatogram may be employed. 

The theory to explain the differences i n rate o f movement 

i s as follows: p a r t i t i o n of the solute takes place between 

water bound by the c e l l u l o s e and the solvent which i s moving 

over the surface of the c e l l u l o s e p a r t i c l e s . The distance 

moved by the solute i s a function of (1) the p a r t i t i o n co

e f f i c i e n t of the solute between water and the solvent, (2) the 

volume of water bound by a u n i t area of paper, and (3) the 

volume of solvent held by a u n i t area of paper a f t e r i r r i g a t i o n . 

Since (2) and (3) are constant i f the f i l t e r paper i s uniform, 

the movement of the solute i s dependent upon, i t s p a r t i t i o n 

c o e f f i c i e n t s only. The p o s i t i o n of the compounds i s expressed 

as the Rp value which i s obtained by d i v i d i n g the distance 

moved by the solute by the t o t a l distance moved by the advanc

i n g front-of the l i q u i d , . Rather than a v/ater-saturated BOlvent, 

a solvent of two or three l i q u i d s i n suitable proportions may 

be used. 

Paper chromatography has become a standard technique i n 

the q u a l i t a t i v e determination of amino acids with saturated 

phenol, saturated c o l l i d i n e and butanol-acetic a c i d as the 

usual solvents and the ninhydrin reaction the common color 

re a c t i o n f o r l o c a t i n g the compounds. Consden, Gordon, and 

Martin ( 21) have reported a quantitative modification where 
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the spots are leached out and amounts o f amino acids 

determined ooHiorimetrically; Some s i x t y amino acids and 

ninhydrin-reacting substances have been i d e n t i f i e d by Dent 

( 2 3 ) using paper chromatography. 

Partridge (64 ) introduced paper chromatography to the 

f i e l d of sugar chemistry when he used the method to separate 

reducing sugars. Later he extended the method to include 

2 2 sugars and sugar derivatives ( 6 5 ). The p o s i t i o n of the 

sugars was located using ammoniacal s i l v e r n i t r a t e as a spray. 

An extension to include a quantitative analysis of sugars was 

suggested by Flood, Hirst,and Jones ( 3 0 ) • 

Since the o r i g i n a l p u b l i c a t i o n o f the method f o r i d e n t i f y 

i n g amino acids, the technique has been applied to such 

d i f f e r e n t studies as the determination of nitrogenous l i p i d e 

constituents ( 14 ), the separation and quantitative estimation 

o f purines and pyrimidines ( 2 9 )(84 ), the analysis of microbial 

growth fact o r s ( 8 6 ) j t h e separation of organic acids i n plant 

materials ( 54 ), the separation of anthocyanin pigments ( 9 ), 

the separation of f l a v i n e nucleotides ( 2 ), the analysis of 

inorganic ions ( 49 ), the determination of nucleic acid 

derivatives ( 55 ), the quantitative estimation o f p e n i c i l l i n 

( 34 ) ( 44 ) and streptomycin ( 1 9 ), the detection o f creatine 

and creatinine ( 56 ) ( 57 ), the separation vegetable tannins 

( 41), and the analysis of adrenalin ( 39 ) , 

V'illiams and Kirby ( 8 5 ) reported the use o f a s i m p l i f i e d 



apparatus employing c a p i l l a r y ascent rather then the usual 

descending method. I n t h e i r technique the f i l t e r paper 

sheet v/as shaped into a cylin d e r (the compounds being tested 

placed near the bottom o f the sheet) and set i n a closed 

earthenware j a r containing solvent i n the bottom. The 

solvent i r r i g a t e d the sheet by c a p i l l a r y ascent. I n a further 

modification, Rockland and Dunn ( 70 ) used c a p i l l a r y ascent i n 

t e s t tubes rather than earthenware j a r s . 

Although the only information available on the use of 

paper chromatography f o r the study of intermediate carbo

hydrate metabolism was a preliminary report by Forsyth and 

Webley (3D on the hydrolysis o f sucrose to the constituent 

hexoses by Lc.mesenteroides. exploratory studies with P.aerugo  

inosa indicated that the technique would be applicable to 

the compounds and conditions used i n the present study. 

The purpose of the following u n i t of v/ork was to apply the 

technique o f paper chromatography to the i d e n t i f i c a t i o n of 

the i n i t i a l intermediates formed when glucose i s d i s s i m i l a t e d 

by P.aeruginosa under normal p h y s i o l o g i c a l conditions. 
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METHODS 

Ba c t e r i o l o g i c a l ; For the preparation of concentrated 

supernatants, the organism was grown i n 200 ml, of glucose 

ammonium phosphate medium as described i n Parts I I and I I I . 

A f t e r growth at 2>0°C f o r eit h e r 16 or 24 hours, the c e l l s 

were removed by centrifugation. The cl e a r supernatant was 

adjusted to pH 7.2 with 4N NaOH and then heated i n a b o i l i n g 

water bath f o r 5 minutes, to a i d i n suppressing further enzyme 

action. The supernatant was cooled and immediately vacuum 

d i s t i l l e d under nitrogen at approximately 30°C u n t i l the 

f i n a l volume was 20 ml. This method of concentrating under 

nitrogen was employed i n order to prevent further d i s s i m i l a t i o n 

of glucose during the bubbling necessarily accompanying vacuum 

d i s t i l l a t i o n , 

A control f l a s k containing 200 ml. o f uninoculated medium 

was treated i n a s i m i l a r manner. 

Chemical; Paper chromatography was ca r r i e d out both by the 

more conventional descending method ( 20 ) and by the ascending 

method ( 85) • The l a t t e r method was used i n exploratory work 

while the former was used i n the subsequent more exact deter

minations. In the ascending chromatograms the compounds 

being tested were introduced as drops from a Pasteur pipette; 

these drops were placed at i n t e r v a l s 1 1/2" from the bottom 

of a sheet of Whatman No.l f i l t e r paper which had been cut to 
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measure 1 3 " by 2 2 " . The sheet was pinned i n the form of a 

cylinde r and set i n a large P e t r i dish containing 25 ml. of 

solvent. The cylinder and dish were placed i n a clean 

wastebasket, a wooden cover was put i n place and the sheet 

v/as i r r i g a t e d at room temperature f o r 1 5 - 18 hours. The 

sheet was then dried and sprayed with 0.1N AgNO^ i n 5 NH%OH. 

The sprayed sheet was allowed to dry i n the absence of d i r e c t 

l i g h t . I n the descending chromatograms, drops of the two 

supernatants, the concentrated medium and known compounds 

(2 mg/ml.) were introduced near the top of a sheet of What

man No;l ( 1 8 " by 22 1 /2") f i l t e r paper which was hung vert

i c a l l y from a trough. The trough and f i l t e r paper sheets 

were then suspended in s i d e . a closed vessel whose atmosphere 

v/as kept saturated with respect to the solvent. The trough 

was f i l l e d with the solvent and the sheets i r r i g a t e d at room 

temperature to within 2 " of the bottom. The sheets were 

dried and sprayed with s i l v e r n i t r a t e solution. The sprayed 

sheets were then dried. 

The ethyl and methyl alcohols used as solvents were 

p u r i f i e d p r i o r to use by r e f l u x i n g with zinc dust i n an 

al k a l i n e s o l u t i o n f o r 60 minutes before r e d i s t i l l a t i o n . 

PhenyTJaydrazones were prepared by allowing solutions to 

stand at room temperature overnight i n contact with an equal 

volume of 10% phenylhydrazine - HC1. Ether extracts were 
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prepared by adjusting solutions to pH 5*5 and extracting 

with ether f o r 6 hours i n a continuous extractor; 
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EXPERIMENTAL 

Data reported inthe l i t e r a t u r e f o r re l a t e d organisms 

( 5l)'( 52 )C 6 6 ) and data f o r P.aeruginosa ATC9027 (43 ) ( 6 2 ) 

( 63) indicated that gluconic, 2-ketogluconic, and«f-keto-

g l u t a r i c acids are among the probable i n i t i a l degradation 

products o f glucose. Since the use of paper chromatography 

f o r the detection of these compounds had not been previously 

reported a great deal of background information had to be 

accumulated. I t v/as f i r s t necessary to f i n d a general color 

reaction f o r these compounds which could be adapted as a spray 

f o r chromatographic analyses. Preliminary investigations 

were made of reactions i n d i c a t i n g the presence of reducing 

groups, a c i d groups, and ketones. The s u i t a b i l i t y o f several 

of these reactions i s recorded i n Table XII. Although acid-

base indi c a t o r s defected a l a r g e r number of compounds than 

the AgNO^ reagent, the l a t t e r reagent was chosen f o r future 

v/ork because i t v/as capable of detecting compounds present i n 

much smaller amounts. The al k a l i n e p i c r a t e reagent appears 

promising f o r future determinations of pyruvic aci d . 

• In searching f o r a solvent f o r the chromatographic 

analysis, one which would not i n t e r f e r e with the s i l v e r 

reduction reaction, would move the compounds being tested, 

and would be r e a d i l y v o l a t i l i z e d was e s s e n t i a l . Saturated 

phenol, c o l l i d i n e , and butonol-acetic acid, the solvents 

commonly employed f o r chromatographic analysis of reducing 
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T a b l e X I I 

S u i t a b i l i t y o f Reactlon3 f o r 

D e t e c t i o n o f Compounds. 

Type o f 
R e a c t i o n Reagent Remarks 

R e d u c i n g 
group 

N/100 K M n 0 4 f i l t e r p a p e r r e d u c e s r e a g e n t 

2 N NaOH f o l l o w e d 
by s a t u r a t e d aque
ous p i c r i c a c i d 

d e t e c t s p y r u v i c a c i d and 
- k e t o g l u t a r i c a c i d 

Copper 
r e a g e n t (40) 

d e t e c t s o n l y g l u c o s e and 
f a i n t r e a c t i o n f o r 2 - k e t o -
g l u c o n i c a c i d . 

N e s s l e r * s 
r e a g e n t (37) 

d e t e c t s o n l y g l u c o s e and 
2 - l c e t o g l u c o n i c a c i d and t h e 
l a t t e r spo t f a d e s r a p i d l y ; 1 

N y l a n d e r ' s 
r e a g e n t (37) g i v e s no r e a c t i o n . 

O . I N AgN03 I n 
5N N H 4 0 H (65) 

s u i t a b l e f o r d e t e c t i o n o f 
d e s i r e d compound, 
s e n s i t i v i t y good . 

A c i d 
group 

Brom c r e s o l b l u e 
(0.2% i n 95% e t h y l 
a l c o h o l ) (54) 

s o l v e n t used must be n e u t r a l 
i n r e a c t i o n o r v o l a t i l e , n o t 
so s e n s i t i v e as AgN03 i n N H 4 O H 

bu t d e t e c t s any a c i d i c compound 

Brom c r e s o l p u r p l e 
( 0 . 2 $ i n 95% e t h y l 

s p o t s no t so d e f i n i t e as w i t h 
brom c r e s o l b l u e . 

Brom c r e s o l g r een 
(0.2% i n 95% e t h y l 
a l c o h o l ) 

s p o t s fade r a p i d l y . 

C h l o r p h e n o l r e d 
( 0 . 2 $ In 95% e t h y l 
a l c o h o l ) 

s p o t s s p r e a d i n g . 
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Table XII (cont.) 

Type of 
Reaction Reagent Remarks 

Ketone 
group 

2:4 d i n i t r o -
phenj rIhydrazine 
reagent ( f*>) 

gives no reaction. 

12% ek naphthol i n 
ethyl alcohol 

detects fructose but not 
keto acids. 

equal volume 
2% t r i c h l o r a c e t i c 
acid ( 6g) 

sugars ( 6 5 ) were found to be unsuitable since they d i d not move 

the possible degradation products of glucose through a s u f f i c i e n t 

distance to allow d i f f e r e n t i a t i o n . ; .:" 1% was found that methyl 

and ethyl alcohols at various concentrations, alone or i n com

binati o n served as excellent solvents f o r the compounds being 

tested. 

The following compounds were found to give a d e f i n i t e spot 

with the s i l v e r n i t r a t e reagent: glucose, glucose - 1 - phos

phate, glucose - 6 - phosphate, hexose-diphosphate, gluconic 

acid, 2-ketogluconic acid, 5-ketogluconic acid, «f-ketoglutaric 

acid, pyruvic acid, l a c t i c acid, malic acid, c i t r i c acid, 

g l y c e r o l , glycerb phosphate,and fructose. Rp values of 

these compounds are recorded i n Table XIII. No reduction 

was given by succinic acid, fumaric acid, maleic acid, 

malonic acid, acetic acid, o x a l i c acid, formic acid,formal

dehyde or acetone - dicarboxylate. The spots obtained with 
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s i l v e r n i t r a t e v/ere not always due to the presence of 

m e t a l l i c s i l v e r ; f o r instance, l a c t i c acid gave a yellowish 

spot while c i t r a t e gave an orange spot. The gluconic acid 

spot was i n i t i a l l y a yellowish shade turning dark brown 

with age. Although the s i l v e r n i t r a t e r e a c t i o n was not 

s p e c i f i c , many of these compounds could, however, be 

i d e n t i f i e d by color and % values. 
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Table X I I I 
Bp Values of Known eompounds i n 45% Methyl Alcohol, 

45% E t h y l Alcohol. and 10% Water. 

Compound 
(2 mg./ml.) 

Remarks 

glucose 0.59 
e^luco se-l-pho sphate 0.72 
gluco se- 6-©hasphate 0:16 

hexo se-di-pho sphate 0.01 

gluconic acid 0.425 
2-ketogluconic acid 0.45 
5-ketogluconic acid 0.45 

0.03 
The sample always gave two 
spots.. This compound was not 
considered a possible i n t e r 
mediate since the organism 
could not grow with the com
pound as sole carbon source. 

^-ketoglutaric acid 0.46 
pyruvic acid 0.70 
l a c t i c acid 0.6$ yellow spot 
gl y c e r o l 0.76 
malic acid 0.60. orange - brown spot 
fructose o.6i grey-brown spot 
c i t r i c acid 0.28 orange spot 
zlyc eropho sphate 0.51 f a i n t orange spot 
* We are indebted to Dr. L.B.Lockwood of the Northern Regional 
Research Laboratory f o r samples of 2-ketogluconic and 5-keto-
gluconic acids; to Dr. C.E.Georgi of the U n i v e r s i t y of Nebraska 
f o r a sample of 5-ketogluconic acid; to Dr.D.E.Green of the 
University of Wisconsin f o r a sample of «C-ketoglutaric acid; to'Dr. 
I.C.Gunsalus of the University of Indiana f o r samples of glucose-
1-phosphate, glucose-6±phosphate,and hexose-diphosphate; and to 
Dr;H.L.Tarr, Fi s h e r i e s Exper.Sta. ,for gluconic acid and glucose-
6-phosphate. 
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Analysis of the culture supernatants always revealed at 

l e a s t two spots. One corresponded to glucose and the second 

with a smaller Rj? value to some glucose degradation product. 

From a comparison of the R F values obtained f o r known com

pounds, i t was found that the value f o r t h i s lower spot cor

responded to that f o r gluconic, 2-ke to gluconic or«c-keto-

g l u t a r i c a c i d . Since the movement of these three acids was 

very similai? i n a l l of the 55 combinations of solvents used, 

some supplementary means of separation had to be found. 

Advantage was taken of the f a c t that 2-ketogluconic and 

X-ketoglutaric acids react with keto f i x a t i v e s , whereas 

gluconic a c i d does not. The influence of sodium b i s u l f i t e , 

phenylhydrazine-HCl, hydroxylamine-HCl, semicarbazide, and 

2,4, dinitrophenylhydrazine on the movement of these compounds 

was determined. Phenylhydrazine-HCl was selected as the 

f i x a t i v e to be used i n further work, since the % values of 

the d e r i v a t i v e s which were formed with i t d i f f e r e d most marked

l y from those of the free acids while the Rp value of gluconic 

ac i d remained unchanged. An equal volume of a 10% s o l u t i o n 

o f phenylhydrazine-HCl was allowed to react f o r 24 hours at 

room temperature with the s o l u t i o n to be tested. These 

conditions permitted the complete conversion o f any reasonable 

amount of 2-ketogluconate or *c-ketoglutarate to i t s correspond

i n g hydrazone; 

The % values obtained, both before and a f t e r phenlhydrazine 



treatment, f o r known compounds and f o r the concentrated 

supernatant o f a 24 hour culture are recorded i n Table XIV. 

Table XIV 

Movement of Intermediate Compounds  

with a Solvent of 45% Methyl Alcohol.  

45% E t h y l Alcohol, and 10% Water. 

Compound RF Value 

(1) Glucose 

Before 
pheirylhydrazine 
treatment 

A f t e r 
phenylhydrazine 
treatment 

(1) Glucose 0.55 0.66 

(2) Gluconate 0.41 . 0.41 

(1) 2-ketoeluconate 0.47 no spot 

(4) *C-ketoglutarate 0.46 no spot 

(5) Concentrated 
uninoculated 
medium 0.55 0.66 

(6) Concentrated 
24 hour culture 
supernatant 0.45 0.41 

(7) 1:1 d i l u t i o n 
o f (6) 

0.44 
0.48 

0.46 
no spot 



I n Tables XIV and XV, the R F values of spots corresponding to 

glucose i n the supernatant and also those due to free phenyl-

hydrazine have been omitted i n order to minimize confusion. 

I t can be c l e a r l y seen from, these r e s u l t s (Table XIV) that the 

supernatant contained gluconic acid since a reducing spot 

with Rp value corresponding to t h i s compound remained a f t e r 

phenylhydrazine treatment. However, the size of the spot 

was considerably reduced by phenylhydrazine treatment,indicat

in g that some compound which would react with phenylhydrazine 

had- been removed. On d i l u t i o n of the concentrated supernatant 

with an equal volume of water, the l a r g e r single spot which 

had an Rp of 0.45 was seen to a c t u a l l y be composed of two 

smaller spots one with an Rp o f 0.44 and the other with an 

Rp o f 0 . 4 8 . The spot with an Rp o f 0.44 was gluconic a c i d 

since i t remained undiminished a f t e r phenylhydrazine treatment, 

while the spot with and Rp o f 0.48 could be either 2-keto

gluconic or«C-ketoglutaric a c i d or a mixture of these compounds 

since i t was eliminated by phenylhydrazine treatment. 

In order to confirm the findings recorded i n iTable XIV, 

a second solvent containing 90% r e d i s t i l l e d ethyl alcohol 

and 10% water was used (Table XV).. 
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Table XV 

Movement of Intermediate Compounds 

with a Solvent of 90% E t h y l Alcohol  

and 10% Water. 

Compound % Value 

CI) Elucose 

Before 
phenylhydrazine 
treatment 

A f t e r 
phenylhydrazine 
treatment 

CI) Elucose 0.56 0.56 
(2) Gluconate 0 . 1 1 0 . 1 1 

(1) 2-ketosluconate 0 . 1 1 no spot 

(4) •C-ketoglutarate 0 . 1 2 no spot 

(5) Concentrated 
uninoculated 
medium 0 . ^ 6 0.54 

(6) Concentrated 
24 hour culture 
supernatant 0-.16 0.15 

(7) Concentrated 
l 6 hour culture 
supernatant 0.41 0 . 1 6 

In t h i s experiment, the concentrated supernatant from a 

l 6 hour culture was analysed with a view to demonstrating 

the presence of the same intermediate compounds i n young 

cultures. The lower -reducing spot observed previously 

was again detected and i t ' remained a f t e r treatment with 

phenylhydrazine but was reduced i n s i z e . These findings 
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i n d i c a t e the presence of gluconic a c i d and a keto a c i d i n 

the 16 hour supernatant as w e l l as i n the 24 hour super

natant. 

Further separation of the reducing coimpounds was 

attempted on the "basis of the r e l a t i v e s o l u b i l i t i e s of 

• C-ketoglutaric, 2-ketogluconic, and gluconic acids i n ethyl 

ether. Gluconic acid, 2-ketogluconic acid, oC-ketoglutaric 

acid, concentrated uninoculated medium, concentrated 24 hour 

supernatant, and concentrated 16 hour supernatant were ether 

extracted f o r 6 hours at pH 5«5» The ether soluble and 

ether insoluble f r a c t i o n s of a l l solutions as well as 

fr a c t i o n s o f each s o l u t i o n which had not been extracted 

were analyzed using a solvent consisting of 95% ethyl 

alcohol and 5% ammonium hydroxide. Values are recorded i n 

Table XVI. The ether f r a c t i o n s were treated with 10% 

phenylhydrazine-HCl with r e s u l t s s i m i l a r to those recorded 

i n Tables XI2 and' XV. Again the reducing spot representing 

the intermediate products v/as reduced but not completely 

removed by the phenylhydrazine treatment i n d i c a t i n g that 

gluconic a c i d and either 2-ketogluconic or «<-ketoglutaric 

acids or both were formed by the organism. Since no product 

could be detected i n the ether extract of the culture, i t can 

be concluded that «C-ketoglutarate was not present i n detect

able quantities, and that 2-ketogluconic acid was the keto 

acid present. 
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Table XVI 

Rp Values of Ether F r a c t i o n of  

Culture Constituents. 

Compound. Rp Rp ether 
insoluble 
residue 

Rp ether 
soluble 
f r a c t i o n 

CI) Glucose 0.42 

(2) Gluconate 0.15 0.15 no spot 

(1) 2-ketogluconate 0.141 0.142 no spot 

(4) «<-ketoj=rlutarate 0 . 0 5 6 no spot 0 . 0 6 

(5) concentrated 
uninoculated 
medium 0.40 0 . 1 8 no spot 

(6) concentrated 
24 hour culture 
supernatant 0 . 3 9 , 0.115 

0.40 
0.142 

no spot 

(7) concentrated 
l 6 hour culture 
supernatant 

0 . 3 9 
0 . 1 3 5 

0.42 
0.152 

no spot 

Further confirmation of the presence o f gluconic acid 

i n the culture supernatants was recorded i n every experiment. 

Shortly a f t e r the chromatogram was sprayed with AgHO^, 

gluconic acid came up as a c h a r a c t e r i s t i c yellow which l a t e r 

turned brown and a spot with the same c h a r a c t e r i s t i c s and 

with the same Rp value always appeared i n the culture super

natant. 
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DISCUSSION 

The RF. values obtained were found to vary quite markedly 

with small differences i n the water content of the solvent. 

I t was therefore necessary to run known compounds with each 

i n d i v i d u a l chromatogram rather than use values obtained i n 

previous determinations. Such wide v a r i a t i o n s do not occur 

inamino acid determinations where solvents are water-satur

ated and consequently have a constant water content. The 

free acids or s a l t s of the acids always gave i d e n t i c a l Rp 

values since the compounds moved as ions. 

From the data presented i t can be concluded that both 

gluconic and 2-ketogluconic acids were present i n detectable 

amounts i n l 6 and 24 hour cultures of P.aeruginosa grown i n 

glucose ammonium phosphate l i q u i d medium. I t was also found 

that i n a 38 hour culture a l l the glucose had disappeared and 

only the f a i n t e s t trace of gluconic or 2-ketogluconic acid 

could be detected chromatographically. Curves i n Figure IV, 

(Part II) show that P.aeruginosa has a strong mechanism f o r 

o x i d i z i n g both gluconic and 2-ketogluconic acids. One 

must therefore conclude that these compounds are being 

formed at a continuous and vigorous rate and are being 

removed i n the same manner. This shows that these compounds 

are not j u s t the end-products of a minor side re a c t i o n and 

can only mean that they are part of the system through which 

the majority i f not a l l of the glucose i s oxidized. 
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The f a c t s that c e l l s harvested from a glucose medium 

require a period of adaptation before o x i d i z i n g 2-keto

gluconic a c i d and that 2-ketogluconic a c i d can be detected 

chromatographically confirm the evidence i n Part I I I that 

the technique of simultaneous adaption i s not applicable to 

studies such as these. 

F a i l u r e to i d e n t i f y a f i v e , four, or three carbon i n t e r 

mediate • compound could mean eithe r "that the lower products 

formed do not reduce s i l v e r n i t r a t e or that they are present 

i n amounts too small to detect by the methods employed. 

The second i n t e r p r e t a t i o n i s probably correct since the 

i n i t i a l products w i l l be present i n much l a r g e r concentrations 

than the products a r i s i n g f a r t h e r down i n the d i s s i m i l a t i o n 

scheme. (This has been discussed i n Part I I I ) . 

P.aeruginosa seems to be unique i n i t s oxidation of 

glucose to y i e l d free gluconic and 2-ketogluconic acids as 

intermediates under p h y s i o l o g i c a l conditions. In a l l 

reported cases of the d i r e c t oxidation of glucose, the 

glucose molecule i s pictured as being phosphorylated and 

then oxidized to phosphogluconic ac i d . According to 

Dickens'concept ( 24),phosphorous i s attached to a l l com

pounds intermediate i n the scheme of oxidation. But i n a 

consideration of Dickens' scheme, i t can be seen that 

phosphorous, attached as he suggests i t cannot y i e l d energy 

to the system. Lipmann ( 5 0 ) postulated phosphogluconic 
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a j i d rather than free gluconic acid as an intermediate i n 

glucose oxidation by yeast. In studies of organisms 

which cannot ferment glucose but are able to oxidize i t , 

Barron and Friedemann ( 7 )( 8 ) consider that the glucose 

molecule does not become oxidizable u n t i l i t has been 

phosphorylated. In the Embden-Meyerhof scheme,too, the 

hexose i s i n i t i a l l y phosphorylated and a l l compounds remain 

phosphorylated through to the t r i o s e stage. Thus there i s 

no known energyfetyielding scheme of metabolism which does 

not r e l y on the generation of high energy phosphate bonds. 

Two p o s s i b i l i t i e s remain, however, and one of these could 

function i n the case of P.aeruginosa.. ' I t has been shown by 

F r i e d k i n and Lehninger ( 3 3 ) that hydrogen transport between 

dihydrogen-diphosphopyridine nucleotide (Co I) and oxygen can 

be doupled with phosphorylation of a second system to y i e l d 

energy. By a system such as t h i s , glucose could be oxidized 

d i r e c t l y to gluconic acid while a coupled phosphorylation of 

an e n t i r e l y d i f f e r e n t compound yielded energy. On the other 

hand, i t i s possible that phosphogluconic and 2-ketophospho-

gluconic acids are a c t u a l l y the compounds formed i n the 

d i s s i m i l a t i o n o f glucose but that P.aeruginosa possesses 

strong phosphorylases which s p l i t tbe compounds to the free 

acids. In any case,free gluconic and 2-ketogluconic acids 

do ari s e under p h y s i o l o g i c a l conditions during the d i s s i m i l 

a t i o n of glucose. The pathway of oxidation i s probably 
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very s i m i l a r to that functioning i n the metabolism of 

molds. 

This study establishes the presence of an oxidative 

system of glucose breakdown by P.aeruginosa which has 

not previously been recognized i n b a c t e r i a . 
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SUMMARY 

Paper chromatography has "been adapted to the i d e n t i f i 
cation of glucoitic, 2-ketogluconic and •c-ketoglutaric acids. 
Combinations of ethyl and methyl alcohols were found to be 
the most suitable solvents and ammoniacal s i l v e r n i t r a t e 
the most s a t i s f a c t o r y reaction to determine the p o s i t i o n 
of the compounds, 

Under normal phy s i o l o g i c a l conditions P.aeruginosa 
was shown to have oxidized glucose by way of gluconic and 
2-ketogluconic acids. Since a strong system f o r o x i d i z 
i n g both of these acids has been demonstrated, the 
presence of these acids over at l e a s t an eight hour 
period of growth i s taken as evidence of t h e i r importance 
as intermediates i n the oxidation of glucose by t h i s 
organism. 
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