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ABSTRACT

The non-phosphorylated oxidative pathway of glucose

dissimilation has been confirmed in Pseudomonas aeruginosa

using Whole cells and cell-free extracts. The oxidation of
glucose to 2-ketogluconate was complete and stoichiometric
ih cell-free eitracts and cell-free extracts of glﬁcose
grown cells were shown to be incapable of metabolizing
2—ketogiuconate.

It was shown that whole cells completely degraded
2-ketogluconate and quantitatively accumulated pyruvic acid
in the presence of specific inhibitors, The initial step
involved in 2-ketogluconate dissimillation was found to be
exceptionally labile to the effects of a véfiety of
metabolic inhibitors,

The metabolism of 2-ketogluconate was demonstrated to
involve the initial phosphorylation with adenosine tri-
phosphate (ATP) as the phosphate donor., The resultant
intermediate, 2—keto—6—phosphogluconate, was identified and -
was shown to undergo reduction by a nicotinamide adenine
dinuclecotide phosphate linked reductase to‘6—phosphog1uconate
which, in turn, was metabolized to pyruvate by enzymes of
the Entner-Doudoroff pathway,.

Radioactivity from 2a-l<:etog;luc:onate—-ClLL was rapidly

incorporated into cellular constituents, primarily protein,

by wéshed cell suspensions of P, aeruginosa, but oxidation




iii

of 2-ketogluconate did not involve the accumulation of
keto-acid intermediates.

The role of 2;ketogluconié acid as a key inter-
mediate for the conservation of excess carbon under

v

conditions where nitrogen is limiting was discussed.
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IZNTRODUCTION

The non-phosphorylated oxidation of glucose by

Pseudomonas aeruginosa has been well documented (Norris

and Campbell, 1949; Stokes and Campbell, 1951; Claridge
and'Werkman, 1953), but the metabolic-role'of 2-ketom
gluconate, the apparent end product of these oxidative
reactions, has remained obscure, All previous éttempts

to elucidate the dissimilatory;soheme involved in 2~keto-
gluconate-metabolism<ih ﬁhis,organism have been unsuccess-
ful.

- Pseudomonas fluorescens also oxidizes glucose by

the non-phosphorylated route, but with this organism the
degradation of-2—ketog1uconaté has been shown to proceed
solely via the Entner-Doudoroff pathway. (Kovachevieh and
~Wood, 1955; Narrod and Wood, 1956),

- It was the objecet of this endeavor to study the
metabolism of this organism, establish the degradative route
of ‘2~ketogluconate catabolism and to, if possible, determine'
why the key enzymes have resisted demonstration so

Tenaclously.



LITERATURE REVIEW

The formation of 2-ketogluconate (2-KG) during the
oxidation of glucose was 1lnitlally observed in growing

cultures of. Acetobacter gluconicum. (Bernhauer and

Gorlick, 1935), The oxidation of 2-KG was found to be
inhibited by either high aeration or by incubating the

cells at relatively low temperatures for 30.to 60 days.
I. The Non~phosphorylated Oxidation of Glucose

The formation of gluconate and 2-KG as transient

intermediates during glucose dissimilation by

"Pseudomonas aeruglnosa was demonstrated qualitativély by
Norris ‘and Campbell (1951), by the isolation of products
from cultures growing in a glucose~ammonium-phosphate medium,
From'this evidence and.quantitative manometric data observed
during the oxidation of glucose both by whole cells and by
dried cell preparations it was concluded that gluconate and
2-KG were intermediates, and that most of the glucose, if
not all, was metabolized via the non-phosphorylated route.

Using cell~free extracts of'P.faeruginosa Claridge

and Werkman (1953), .substantiated the quantitative observ-
aéions of Stokes and Campbell and assumed that hexose
phosphates were not intermediates in these reactions., This
oxidative system proved to be sensitive to cyanide and 1t

was concluded that metal linked carriers were operatives in



in the transport of -electrons,

Non-phosphgfylated héxpse bxidation has been recog-
nized in a great variety of'microorganismsq principally in
.bacteria.‘ Koepsall (19500, demonstrated that glucose and
gluconate were rapidly oxidized to 2-KG and that this
intermediate was utilizéd slowly ‘in growing cultures of

. Pseudomonas fluorescens, Wood.and Schwert (1952),

corroborated these obserVations using cell-free extracts

of ‘P, fluorescensAWhicH'oxidized'gLUCoSe and gluconate
quantitatively to 2-KG and attempts to demonstrate phos-~
phorylated hexose oxidation were unsuccessful, The
oxidation of. glucose, gluconate and 2-KG by Serratia

marscesens required 3.0, 2.5, -and 2 M m of oxygen per UM

of’ substrate respectively, and 2-KG accumulated as a tran-
‘sitory intermediate (Wasserman, ﬁopkins, and Seibles, 1956).
Katznelson (1959), surveyed 19 species belonging to

Xanthomonas, Pseudomonas, Agrobacterium, Erwinia and

Corynebacterium genera for the ability to oxidize glucose,

gluconate, and 2-KG, All species: oxidized glucose and
gluconate but only two species were capable of oxidizing
2-KG,

.GCertaln Aerobacter species have been shown to

utilize the non-phosphorylated route of glucose oxidation
similar to the pathway established in Pseudomonas,

. (DelLey, 1955), However, Deley and Cornut (1951) demon-

" 8trated that this enzyme system was not formed preferentially



under aerobic growth conditions but was active in anaero-
bically cultured bacteria. They péstulated that the
aerobically grown cells had cytochrome systems which
allowed alternate pathways of glucose dissimilation to be
utilized selecti&ély.

In glucose grown cells and cell-free extracts of the

acetic acid bagterium, Gluconobacterium liquefaciens, the
oxidation of glucose proceeded notvonly through gluconate
to 2-KG but also to the more oxidized intermediate 2,5-
diketogluconate (2,5-KG) via S-ketogluconate (5-KG)

(Stouthamer, 1961). The Acetobacter were found to oxidize

glucose in a similar manner through gluconate to 2- and
5-KG. (Fewgster, 1956; Schramm, Gromet, and Hestrin,
1957). Katznelson, Tanenbaum, and Tatum.(1953), have

reported that-Aoetobactér melanogenum produces 2,5—KG from

glucose and Schramm and Racker (1957), have reported a’

rapid oxidation of glucose to 2-KG in Acetobacterrkylinum

with only a minor proportion of glucose being phosphorylated
directly.
Direct non-phosphorylated oxidation of glucose has

also been found in Waring-blended mycelial suspensions of

the fungus Caldariomyces fumago which normally does not
utilize 2~KG--the oxidation end product——dﬁe to a toxic
accumulation of‘HQOQ, however, this inhibition was
eliminated by the subsequent addition of cafalase

(Ramachandran and Gottlieb, 1963).



Nicotinamide adenine dinucleotide (NAD) and nicotin-
amide adenine dinucleotidephosphate (NADP) have been shown
to act as hydrogen acceptors in the oxidation of glucose-6-
phosphate‘(é-6P) to 6-phosphogluconate (6-PG) by yeasts,
bacteria, and animal tissues. However, a number of bacteria
have been reported tovoxidize glucose to gluconic acid with
an .enzyme system.linked to particulate structures of the

cell-free extract. These bacteria include  Acetobacter

suboxydans (King and Cheldelin, 1957), P. flourescens

(WOod and Schwert, 1953), Pseudomonas pseudomonallei

(Dowling and Levine, 1956), Pseudomonas quercito-

pyrogallica (Bentley and Schlecta, 1960), Aerobacter

aerogenes (Dalby and Blackwbod, 1955),rAzotobacter vinelandidl

(Brodie and Lipmann, 1955), and Bacterium anitratum (Hauge,
1960). No evidence has been found to indicate either NAD
or NADP participation in the dehydrogenation process. It
has beeh hypothesized that these Qxidative enzymes are
linked to the respiratory chailn of the microorganisms and,
as such, they appear bound to the particulate fraction

of all cell-free extracts. In some soluble aldose
dehydrogenase systems, NAD and NADP do play an important
role (Harrison 1931; Wiemberg, 1961). Cell-free extraéts

of Corynebacterium creatinovorans were found to differ from

whole cells in .their ability to oxidize glucose to 2-KG,
but the addition of flavine adenine dinucleotide (FAD)

to the cell~free extracts permitted quantitative oxidation



~of glucose to gluconic acid (Ghiretti and Guzman-Barron;
1954), The particulate aldose dehydrogenase of

"Rhodopseudomonas spheroides has been shown to be dependent

upon anvunidentified,'heat—stable, soluble cofactor for .its
activity (Szymona and Doudoroff, 1960). Niederpruem and
Doudoroff (1965), have shown.that this cofactor is present
in. the particulate fraétion of aerobically grown cells and
also in the soluble fraction, but only in the latter after
the cessation of exponential growth. The cofactor was absent

from anaerobically grown cells and from.P. flourescens,

Escherichia coll, yeast, and mouse liver,

- Glucose oxidation in Bacillus subtilis was shown to

reguire NAD and hydrogen.peroxide was formed. In addition,
the oxidation of glucose by spore extracts of Bacillus :
cereus was found to be catalyzed by a soluble NAD requiring
system. Thus the glucose, and possibly the gluconate,
dehydrogenaseslof Gram-positive organisms appeared to differ
from those of Gram-negative organisms. (Halvorson and
Church, 1955),

In P, aeruginosa, the oxidation of glucose to gluconic

-acid was shown to'proceed via an apparent non-NAD or -NADP
requiring oxidative step to gluconolactone and the subsequent
enzymic hydrolysis of the lactone to gluconate was found to
be magnesium dependent (Gronlund, 1961). Gluconic -dehydro-
genase, which catalyzes the oxidation of gluconic acid to

2-KG without concurrent phosphorylation, was partially



purified by Ramakrishnan and Campbell (1955), and examined
f'or substrate specificity and for an electron acceptor
requirement, but the reaction had no pyridine nucleotide
-requirement and pyocyanine functioned optimally as an
electron»acceptor. Deley and,Stouthamerv(l959), investi-

gated the gluconate dehydrogenases of A, suboxydans and

- A. melanogenum and showed that separate soluble NADP
spécific déhydrogenases existed for . 2-KG and 5-KG formation
and that a particulate, possibly cytochrome linked,
gluconate oxidase yielding‘E—KG,eXiSted inlthese organisms,
Campbell, Linnes, and Eagles (1954), céncluded from
molar growth yileld experiments, using limiting equimolar
amounts of glucose, gluconaté,.or 2-KG as the sole carbon
sourée, that no energy was gained from the oxidation of
glucose to 2-KG since almost identical amounts of growth of

Pg aeruginosa,as measured by turbidity and protein content,

were obtained. Later, however, Strasdine, Campbell,
Hogenkamp, and Campbell (1961), followed radioactively
-labelled inorganic phosphorous (P32) incorporation into
resting célls.and.found.an inverse relatlon between the
degree: of substrate oxidation and P32 incorporation thereby
indicating that phosphorylation was. coincident with the
passage of~eleotrons fo oxygen through the electron transport
chain,

The enzymic degradation of 2-KG in microorganisms
is, in almost all cases, readily inhibited by intense

aeration which allows nearly quantitative accumulation of
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2-KG from glucose and therefore this procedure has value as

a commercial source of the compound, Recoveries of 75-85%

have been achieved with shake cultures of P, aeruginosa

(Hi1l, 1952), P. fluorescens (Asai and Ikeda, 1948), and

Gluconobacter species (Ikeda, 1960); 90-97% yields have

‘been reported with P, putida (Deley and Cornut, 1951),

.Gyanococcus chromospirans (British patent, 1951), and

recently with Serratia marscesens (Misenheimer and

Anderson, 1964),
II. Pathways of 2-Ketogluconate Dissimilation

DeLey (1953), demonstrated an enzyme, 2-keto-
gluconokinase, in alumina ground QP Hughes! press cell-free

extracts of 2-KG adapted cells of Aerobacter cloacae,

This new enzyme affects the transphosphorylation of 2-KG
ih'the presence of adenosine triphosphate.(ATP) and.
magnesium ions. Subsequent partial purificatign of the
enzyme permitted the isolation of ‘the phosphorylated acid
2—keto—6-phosphogluconate (2;K;6—PG), which was identified
by the spectral characteristicsnof the free acid and its

quinoxaline derivative,  Aerobacter. aerogenes, grown on

2-KG, contained a specific inducible kinase and the enzyme
was purified.124.fold,.V(Framptonjémd_Wood, 1961).
Gﬁiretti and Guzmann-Barron (1954), showed that the
phosphorylation of '2-KG by cell-~free extracts of

C. creatinovorans was a step in the pathway of glucose




dissimilation in this organism; the end product of the
transphosphorylation with ATP was. not isolated but was
assumed to be 2-K-6-PG. Narrod and Wood (1956),.
demonstrated, and separated the induced enzyme 2-keto-
‘gluconokinase from the constitutive enzyme gluconokinase

using cell-free extracts of P. fluorescens and the phos-

phorylated intermediate 2-K-6-PG was identified., Deley
and Vandamme (1955), .extended their -early observations on

inducible kinases in ‘Aerobacter species to a wider -spectrum .

of organisms and demonstrated 2-ketogluconokinase in the

genera Pseudomonas, Xanthomonas, Escherichia, Aerobacter,

Paracolobacterum, - Serratia, Erwinia, and Bacillus,

Fewster‘(l957), demonstrated 2-ketogluconokinase and
a new enzyme, 5-ketogluconokinase, in.sonic extracts of

"A, suboxydans by manometric measurements of acid production

during transphosphorylation reactions and postulated, and
later confirmed, that 2-K-6-PG was‘deoarboxylated to
arabonic acid,

Del.ey and Stouthamer (1959), were unable to detect

b-ketogluconokinase in their strain of A, .suboxydans.

Cell~free preparations of A. melanogenum grown with glucose

as the carbon. source readily phosphorylated 2-KG as measured
manometrically by the release of‘CO2 from a bicarbonate
buffer (Fewster, 1957). Deley's strain of this organism
could not be shown to phosphorylate either 2-KG or 5-KG,

. but rather the metabolism of both ketogluconates was shown


http://gluconokiha.se

to consist of a reduction to gluconate which was sub-
sequently phosphorylated to 6—fG (DeLey and Stouthamer,
1959).

A decarboxylase for 2,5-diketogluconate (2,5-KG), a

product of 2-KG dissimilation in A, melanogenum, was

purified from the organism and the decdrboxylation product of
the reaction was isolated as the o-nitrophenylhydrazone,

- The apparent inability to,identify‘the reaction product was
due to the eitreme lability of the free intermediate

and.fo a 1esser-degfee the hydrazone deriﬁative (Datta,
Hochster, and Katznelson, 1958). The identity of this
intermediate has not been reported to date.

Fermentation product analyses and isotope tracer data
from specifically labelled substrates have been used to
ellucidate 2-KG degradative pathways in certain lactic acid
bacteria. - Blackwood and Blakley concluded that the

fermentations of glucose, gluconate, and 2-KG by Leuconostoc

mesenteroides were similar (Blackwood and Blakley, 1956).

- A specific adaptive 2-KG kinase was isolated from these
cells when grown on‘2—KG. The enzyme was partially puri-
fied and was active in the presence of magnesium ions with
either ATP, ITP, or GTP acting as the phosphate donor,

- The product of the kinase reaction, 2-K-6-PG, was isolated
and identified. Cifferi and Blakley (1959), demonstrated

that the metabolism . of 2-KG in L. mesenteroides proceeded

according to the following pathway :
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2mKG ————+ 2mKm6-PG ~—— 6=-PG ——+ ribulose-
5-phosphate + 002 ;—-—v-xylulose-Bmphosphate —_——
acetyl phosphate + glyceraldehyde-3~-phosphate, The reduction
of 2=K~6~PG to 6-~PG required either"N'ADH2
Gddaard and Sokatch (1963) showed that Streptococcus faecalis

or NADPH,,

converted 2-KG to pentose phosphate, but by a primary
decarbokylation. Pentose~phosphate was then fermented to
_ pyruvate through a sedcheptulose diphésphate.variation of
the pentose phosphate pathway found in this organiém.

DeLey and DeFloor (1959} demonstrated aﬁd character-
ized 2~ketogluconoreductase activity in the 2-KG adapted

bacterium Corynebacterium helvolum, the yeast

Debaromyces hansenili and the mold Aspergillus nidulans,

and it was shown that the enzyme was 20 times more active

with NADPH, than with NADH Sonic extracts of P, fluorescens

2 2°

have been shown to have reductase activity in both glucose
and 2-KG grown cells (Frampton and Wood, 1961),

Metabolic inhibitor and Cl4 tracer studies with

intact cells and crude enzyme preparations of Pseudomonas

saccharophila proved to Entner and Doudoroff (1952), that

glucose and gluconic acid were utilized in such a manner as
to yield 2 molecules of pyruvic acid per molecule of sub-
strate. The carboxyl groups of -one-half of the pyruvate
molegules were derived from carbon atom one of glucose
instéad of carbon atoms 3 and 4 which would have been the

result if the Embden-Meyerhof pathway was operative, These
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Workefs therefore propose@ an oxidative pathway invoiving

a 3:3 split by the cleavage of 6-~PG, or an isomer of the
compouhd,‘to provide triose phosphate and pyruvic acid., It
was hypothesized that 6-PG underwent an enzymic dehydration
and rearrangement to 2-keto—3~deoxy—6~phosphogluconaﬁe |
(2-K~3-D-6~PG), which was subsequently split by an aldolase-
type of reaction, McGee and Doudoroff (1954}, separated two

enzymatic activities from cell-free extracts of P, saccharo-

phila; one converted 6-PG to the phosphorylated keto-acid-
identified as the previously postulated 2-K-3-D-6~PG; and
one split this keto-acid into pyruvic acid and glyceralde-
hyde~3-phosphate.

Extracts of P, fluorescens were shown to carry out

'a rapid oxidation of G-6-P and 6-PG but lacked the complete
spectrum of enzymes necessary for glycolysis (Wood and
Schwert, 1954), The enzyme, 6~PG dehydrase, was subsequently
purified from dried cells and 2-K-3-D~6-PG was isolated as
the product of the reaction of the purified enzyme with 6~PG
(Kovachevich and Wood, 1955)., A second enzyme was obtained
which had no activity with 6~PG, but which catalyzed the
' cleavage of 2-K-3-D-6-PG (Ko&achevich and Wood, 1955;a),

| Specific kinases for'the non—phosphorylated analogue
2-keto-3~deoxygluconic acid (2-K-~3-DG) have been demon-
strated in E. coli grown with glucuronic or galacturonic

acids (Cynkin and Ashwell, 1960), and in Rhodopseudomonas
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spheroides grown in glucose (Szymona and Doudoroff, 1960).

Hughes' press cell-free extracts of P, aeruginosa

were demonstrated to contain a weak 2-K-6-PG reductase
(Reid, 1959), and a very potent 2-K-3-D-6-PG aldolase
(Gronlund, 1961), suggesting that this organism possesses,

at least in part, pathways of glucose dissimilation similar

to those established in other Pseudomonas species,

Claridge and Werkman (1953), concluded that cell-free

extracts of P, ééruginosa do not'metabolize 2-KG, but
radiocautographic analyses of'whole céll incubation mixtures
with 2-KG. showed the presence'ofzmtficarboxylic acid cycle
and of functioning assimilation mechénisms,

Since the establishment of the Entner-Doudoroff
‘ pathway in 1954, there has been growing evidence that the
formation of 2~-keto-3-deoxy sugar acids represents a
ubiquitous metabolic mechanism in the bactériai utilization
of carbohydrates, Thus, the metabolism of  such diverse
compounds as D-galactose (Deley and Doudoroff, 1957),
- D-arabinose (Ashwell, 1957), L-arabinose (Palleroni and
Doﬁdoroff, 1956), ‘D glucosamic acid (Merrick and Roseman,
1958), D-ribose-5-phosphate (Weissbach and Hurwitz, 1959),
D-arabinose-5-phosphate (Levin and Racker, 1959),
‘D-glucuronic and mannonic acids (Ashwell, Wahba, and
Hickman, 1950; Hickman and Ashwell, 1960; Smiley and Ashwell,
1960; Cynkin and Ashwell, 1960), and alginic acid (Preiss and

Ashwell, 1962}, have been shown to involve the formation of
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analogous intermediates, all possessing this common structural
feature. | |

In two separate instances evidence has been produced
that 2-keto-3-deoxy-sugar acids provide aneintermediate
available for-alternate biosynthetic pathways. Shikimic
acid has been:shewn to result from the cyclization of é—keto—
3-deoxy-heptonic acid (Weissbach and Hurwitz, 1959),
similarly, o« -ketoglutarate has been found to arise from'
L-arabinose through the intermediate 2—keto—3-deoxy-L—

arabonic acid (Weimberg, 1959).
III. -Oxidative Assimilation

The early concept of -the phenomenbn of oxidative
assimilation was considered to be the incorporation of
strictly non-nitrogenous organic compounds into endogenous
storage products during the oxidation of carbon .compounds
(Barker,.l936;‘Macrae and Wilkinson, 1958). However, the
restriction of this concept to the incorporation of non-
nitrogenous substances was shown to be limiting when it was
found that ammonié was a product of endogenous respiration

in P. aeruginosa and that reincorporation of ‘this product

into -cellular material was induced by the addition of an
oxidizable carbohydrate (Warren, Ells and Campbell, 1960).
This obeervation was extended to other.microorganisms
(Gronlund and Campbell, 1961) and was suggested as a general

phenomenon occurring with all bacteria that have the ability
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to utilize ammonia as a nitrogen source.
Rather than accumulate carbonaceous material intra-

"cellularly, P, aeruginosa was shown to accumulate

x-ketoglutarate extracellularly during the oxidation of

14 by resting cells. The utilization of the

glucose- U -C
extracellular & -keto-acid coihcided with the incorporation
of ammonia and radioacti&ity‘into cellular constituents--
principally protein (Duncan and Campbéll,,l962). This
work has been extended to include a variety of bacteria,
and although & -ketoglutarate accumulation during glucose
oxidation would seem to be a widespread phenomenon (Asia,
Aida, Sugisaki and Yakeishi, 1955; Perry and Evans, 1960).
Tomlinson and Campbell (1963), have shown that the general
assimilation pattern may be similar:but the accumulating
intermediate need not be x -ketoglutarate, and the failure

to accumulate an oxidizable intermediate results in low

levels of'Clq,assimilation in certain strains of Acetobacter

and Azotobactér. studied (Tomlinson and Campbeli, 1963).

The assimilation of hexonic acids has received
little attention although Claridge and Werkman (1953), have
acknowledged the existence of assimilation mechanisms 1in

14

P. aeruginosa oxidizing 2-KG-y-C™ ,
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MATERIALS AND METHODS

I. Organism and Media

Pseudomonas aeruginosa ATCC 9027, an obligate

aerobe, was the organism used throughout this study.

Stock cultures were maintained in a glucose-ammonium

:salts medium at 6 C after a twenty-four hour.growth period
and thesé were streaked at regular intervals onto glycerol-
peptone agar and examined for typical colonial and cellular
vmorphology as Well as for the ébility to produce this
brganism‘s characteristic pigment, pyocyanin,

Cells required for - -experimental procedures were
routinely grown in Roux flasks using a 1%‘fresh twenty-
four -hour inoculum in é medium containing 0.3% NH4H2PO4,
0.2% KEH'LP:'OLL; 0.5 ppm iron as FeS0,. The pH was adjusted
to 7.4 and glﬁcose and MgSOu-7H20 were added aftér sterili-~
zation, from 10% stock solutions, to give final concen-
trations of 0.2% and 0.1% fespectively. When required in
the medium 2-KG, at final concentrations of O.2 or 0,6%,
.was substituted for glucose, The keto-acid was sterilized
by passing a 10% stock solution through a 0.3 type‘PH

Millipore filter,
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IT. Preparation of Washed Cell Suspensions

Cells were harvested by centrifugation at 3000xg at
6 C and washed twice with 0.85% saline pH 7.&. and the
washed cell suspensions were resuspended to exactly ten times
the growth concentration in_§£i§7(hydroxymethyl)aminomethane
buffer(Tris) pH 7.4, This corresponded to_an optical
dehsity (0.D.) reading of 13.5/ml. at 650mAu in a Beckman
model B spectrophotometer ahd approximately 5 mg dry weight

of cells/ml,
ITII, - Preparation of Cell-free Extracts
1. Sonie oscillation

Harvested washed cells were resuspended in*% Tris
buffer (pH 7.4) to a final concentration of 40 times growth
(approximately 20 mg. of dry weight of cells per ml), This
concentrated eell suspension, of not less‘than 10 ml, was.
subjected to 5 minutes of sonic osecillation in a 10 Ke.
Raytheon oscillator which was followed by centrifugation at

6 C for 10 minutes at 3000%xg to remove whole cells, The.

resultant supernatant f£luid was removed and kept on ice.
2, French press

Cells were harvested and washed as described
previously and resuspended at 40 times growth concentration
inl% Tris buffer (pH 7.4). Three to.four drops of a com-

mercial deoxynuclease (DNase), solution (1 mg/ml) were
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mixed with the cells énd the cylinder of - the French pregsure
cell (Miiner, Lawrence, and French, 1950) was charged with
 the cell suépension. An applied pressure of 15—18000 pounds
b. 8. i, was affected with a Carver-hand—operated hydraulic
press. The resulting pressate was centrifuged at 3000xg

for 10 minﬁtes.to remove whole cells and the supernatant

fluid was removed and stored on ice.
3, Hughes' press

Washed éell bellets were packed into open-ended
pyrex vials of 11 mm .1n diameter, The vials were tightly
gealed Qith rubber stoppers and these cells were quick—
frozen in an ethanol dry-ice bath for 30 minutes. The
cell-free extracts were prepared immediétely by crﬁshing
the cells in a Hughes' press (Hughes, 1951), previdusly
oboled'to -22 C, by appiying a pressure of approximately

12,000 .pounds p..s. 1, with a Carver hydraulic press. The
M
5

a ratio of 1:6 v/v to yield an approximate concentration of

pressate was diluted with cold ¢ Tris buffer (pH 7.4) at
200 mg wet weight of‘cells/hl. Appfoximately 3=-4 drops of
DNase were added to each preparation prior-to.homogenizing
in a pre~chilled Potter»homogenizer. Afterrhomogenizing,
the‘suépension was subjected to centrifugation at 3000xg
for 10 minﬁtes at 5 ¢ and the resulting supernatant fluid

was kept on ice.
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A1l enzyme assays were. carried out immediately after

'preparation of the cell-free extracts.
. IV, Manometric Measurements

Respirometry was carried out on washed cell suspensions

g6 Tris.buffer (pH 7.4) at 30 ¢ by means
of a conventional Warbﬁrg apparatus, Experiments at 20 C

and pressates in

were performed with a refrigerated Warburg respirometer. A
_representative Warburg reaction mixture is presented as

follows:

o Endogenous Test
Cell suspension (10x growﬁhj 1,00 ml 1.00 ml
M/20 Tris buffer (pH 7.4) ' 1,00 ml 1.00 ml
Substrate (25 MM/ml) ' ' - 0,20 ml
Disﬁilled H,0 | 1.00 ml 0.80 ml
20% KOH 0.15 ml 0,15 ml

Variakbions invprocedure, such as the addition of co-factors

or metabolic inhibitors, were accompanied by an appropriate
Adecrease inithe velume.ef the distilled water, In experie |
ments involving'metabolic'inhibitors,ea volume of water

- equal fo the Substrate volume was added to the sidearm of

the endogenous control cup 8O that inhibitor concentratlons

in the cups prlor to substrate ox1datlon Would be 1dentlcal
A1l substrates and inhibitors were prepared at concentrations
of 25 UM/ml or 504M/ml and were adjusted to pH 7. Calcium
was removed from glucenate or 2-ketogluconate with Dowex 50 H+

prior - to neutralization,
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V} Spectrophotometric Enzyme Assays’

Enzyme assays involving the oxidation and reduétion
of pyridine nucleotides were followed by measﬁring changes
in optical density at 340 mii with a Beckman model DU
spectrophotometer or a Beokman model DB spedtrophotometer
equipped with a Varicord linear/log recorder.

With limiting pyridine nucleotide congehtrations and
excess substrate.thé reactions were initially zero order,
the rate of ‘the reaction béing dependent on enzyme concen-
tration,  All enzyme activities were expressed as changeAin
O;D; per minute pPer mg protein of the cell—frée extract
' xlOE. Reaction mixtures were prepared in quartz cuvettes

with a 1 cm light path and-a total volume of 1 ml.
1, 2-Keto-6~phosphogluconate reductase

2~K-6-PG-reductase activity was determined by
measuring NADPH, oxidation during the conversion of

DKmbm PG

to 6-PG. The method of Reid (1959) was used
as modified by Gronlund (1961). |

A typlcal assay was as follows:

1o K-6-PG was kindly supplied by Dr. F. J. Simpson,
Prairie Regilonal Laboratory, Saskatoon, Saskatchewan.
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enzyme substrate Test
A control _ control
M ' '
5 Tris buffer pH 7.4 0,20 ml 0,20 ml 0,20 ml
Mg012 (10O M/ml) 0.10 ml 0.10 ml 0,10 ml
2K6PG (25 yM/ml) - 0,05 ml  0.05 ml
Pressate ' 0,01 ml - 0,01 ml
Distilled HEO 0.67 0,63 ml 0,62 ml
TPNH 0,005 M, 0.02 ml 0,02 nml 0,02 ml

All constituents, with the exception of the substrate, were
added to the cuvette and the instrument "zeroed" on the
reaction mixture at an 0.D. of 0,.,500. The substrate,
2-K-6~PG, was added at zero time, the reaction mixture
shaken, énd the decrease in 0,D, recorded,

2, .2=ketogluconokinase

The procedure used to measure this enzyme was
dependent on the presence of 2-K~-6-PG reductase, -The
substrate 2-KG replaced 2-K~-6~PG in the 2—K~6—PGQreductaée
assay and 0.0l ml of adenosine triphosphate (ATP) (25 u M/m1)
was included in the reaction mixture. The ATP dependent
oxidation of NADPH? at a rate significantly greater‘thén

that of the control would indicate a 2-~KG kinase activity.
3. 2-keto=3~deoxy~b-phosphogluconate aldolase

This enzyme was measured indirectly by the conversion

of pyruvic acid, a product of the aldolase reaction, to
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lactic acid accompanied ijADH2 oxidation in the presence
‘of an excess. of commercial lactic dehydrogenase (Kovachevich
and Wood,  1954), lThe rate of activity was dependent on
formation of pyruvic acid from”2;K-3—D~6;PG2 and any
.interference by ginefa1dehyde—3—pﬁosphate déﬁydrogenase

was inhibited with ilodoacetate. The following réaotion

mixtures were used:

-enzyme substrate Test
control control
M/5 Tris buffer pH 7.4 0.20 ml 0.20 ml 0.20 ml
MgCl, (50 LM/m1) : 0,05 ml:- .0,05ml 0,05 ml
2-K-3~D-6~PG (25 uM/ml) - 0,05 ml 0,05 ml
Iodoacetate (10 mg/ml) 0,10 ml 0,10 ml 0,10 ml
Lactic dehydrogenase :
(100 mg/ml) 0,02 ml 0.02 ml 0,02 ml
NADH, 0,005 M 0,02 ml 0.02 ml 0,02 ml
Pressate | 0.01'ml = 0.01 ml

Distilled water - 0.60 ml°  0.56 ml 0.55 ml

All components, with the exception of 2-K~3~D-6~PG, were
added to the cuvette and the instrument was "zeroed" at an
0.,D. reading of 0,500, The recording of the rate of O,D,
decrease began>at zero time Iimmediately following reaction

initiatioh by the addition of the substrate.

~22K3D6PG was- the generous gift of Dr., W. A. Wood, Dept.
of Agricultural Chemistry, Michigan State University.
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4, 6-phosphogluconate dehydrase

Enzyme activity was measured by using the previously
described assay for . 2-K-6-PG aldolase with 6~PG as the
substrate and 0.05 ml of pressate, The rate of activity
- was found.to be dependent on the initial dehydration of

6-PG to 2~-K-3~D=6~PG,
VI, Assimilation Experiments
1. Incubation with 2-KG

Experiments involving the oxidative dssimilation of

14 labelled 2-KG were carried out in Warburg respirometer

C
vessels in order that oxygen consumption could be followed.
A typicai manometric reaction mixture has been described,
and all experiments were carried but,at'BOOC. Reactions
were terminated at specific time intervals by pipetting the
contents of the vessels into ice cold Byrex centrifuge
tubes and the tubes were immediately centrifuged at 6 C.

The supernatants were removed and kept on ice or frozen

at -22 €. Cell pellets were fractionated immediately.
2. Tractionation of whole cells

The chemical fractionation procedure used was essen-
tially that of Roberts et al (1955), with the modification
by Clifton and Sobek (1961)‘incorporated and the hot tri-
chloracetic acid (TCA) soluble fraction was prepared by

_heating the sample in 5% TCA for 20 minutes at 90°C rather



23

‘than at 100°C forv3o'minUtes. The cold TCA soluble fraction
represents the transient cell- intermediates, amino~acids,

and posgibly carbohydrate metabolism intermediates;  the
écid~ethanol4fraction.represents'lipids,vphosphoiipids and
aicohol soluble-protein;'the hbt TCA,soluble fraction cog~

“tains nucleic acids; and the hot TCA insoluble material

contains the bulk of the cellular protein,
VII. Electrophoretic and chromatographic methods
1. Electrophoresis

Paper electrophoresis was carried out.with:a.water—
cooled elegtrophoresis apparatus similar to a Resco model
E~800—2Brequipped with a Resco model 1911 power supply.
The buffer system routinely used was 0,1 M ammonium

carbonate (NH,HCO,-NH GOONHLL;_A'nalar) pH 8.6 and samples’

3 2

were'spotted on Whatman #4 fiiter paper, -Current was applied

for. 1.5 - 2 hours at maximum voltage which varied between
700 and 750 volts depending on the area of the paper

involved.

2. Chromatography
‘a. aﬁion.exchéngé“column chromatography
Formig acild~ammonium qumate elution from Dowex 1
formate.columns,was used to separate radioactive metabolic
ihtermediafés.,‘The column was prepared in the following

-manner:
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the fines were decanted from an agueous suspension of the
resin; the resin was packed into a 1 x 15 cm column and
washed with 500 ml of distilled water; the packed column.
was washed with several liters of 0,5 N NaOH until only .
weakly'positive for Cl17, fhen washed with water; the
column was repacked in, and washed with, 2.0 N formic acid
until the concentration of ‘the eluate was the same as the
wash acid; the column was washed with distilled water.until
the pH was constant'(pH 4.5). After'use, thé columns were
regenerated with 4 N formic acid followed with distilled
water. until the eluate was pH 4.5.

Reaction. supernatants or perchloric acid (PCA)
extracts were adjusted to pH 5.0 prior‘tb charging the
column, The mixture was washed into the column with 10 ml
of distilled water and then elution commenced, Gradient
elutions from 0,0 - 1.0 N formic acid (Bartlett, 1958),
and with 4 N formic acid and O.MHN ammonium formate
(Hurlbert, Schmitz, Brumm, and Potter, 1954), were used
to separate intermediates. HFlow rates of approximately
1 ml per minute were affected and approximately 10 ml
fractions were collected with a Gilson fraction collector

‘model T-10.

b. paper chromatography
Paper chromatography was routinely performed on

reaction mixtures and supernatéht fluids by spotting
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samples on Whatman No, 4 filter paper and running them by
the descending techniqﬁe. The solvent systems commonly
employed for carbohydrates were ethylacetate-~pyridine-
saturated aqueous boric -acid (60:25:20 V/V)‘(Grado and
Ballou, 1961), and acetone-pyridine-water (2:1:1 v/v)
,(Szymonai and ‘Doudoroff, 1960). Amino acids were sepafated
with butanol-acetic acid-water (60:15:25 v/v) and with
phenol~ammonia (200:1 v/v) (Smith, 19605. |
. Keto~acid 2,4~dinitrophenylhydrazones were prepared
by reaction with 2,4~dinitrophenylhydrazine in 2 N HC1
(2 mg/ml) at 37 C for 30 minutes and the derivatives were
extracted into several volumes of ethylacetate. These
hydrazones wére'then extracted into 1 M Tris pH 11, made
acidic, and extracted back into ethylacetate for chromato-
-graphy.
The removal of phosphate from phosbhorylated inter-
mediates wasecarried out by incubation with a commercial

bactérial alkaline phosphatase in pH 8 E% Tris buffer at

37. C.

c. detection reagents

Carbohydrates were détected by dipping‘chromatO—
grams in 0.12% m-periodate in acetone ahd spraying wlth
0.18% benzidine in acetone (Cifonelli, 1954). Reducing
sugars were detected by dipping chromatograms in 0.5%

AgNO, in acetone and developing in 0.5 N NaOH in 70%

3

ethanol and the background colour was removed with 5%
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- aqueous Na282Qg5H20 (Smith, 1960), Organic acids were
detected by spraying with 0.1% brom-cresol green in ethanol
'diluted to 1/5 concentration in»acetone. Keto~acids were
detected by spraying the chromatograms with E%lorthophenylene-
diamine in 0.05 N HC1, heating the chromatograms at 70-80°C,
and observing the quin@xaline derivatives as characteristic
coloured.compoqnds and by their fluorescence when irradiated
with ultra;Violet iight (Lanning~and Cohen, 1951)., The

following colours were observed:

.standards _ visible ‘ultra violet
pyruvate . - pink | fluorescent
.d—ketoglutarate - yellow fluorescent
| 2KG | ' - yellow fluorescent
2K6PG - purple no fluorescence
2K3D6PG - -yellow-green fluorescent

Keto-acid 2,M-dinitrophenylhydrazone deri&atives-
were observed as ultra-violet absorbing spots or as
- colours obtained on spraying the chromatogréms with 0.5 N
- NaOH in ethanol (Smith, 1960)., Phosphate esters were
detected by spraying with 1% ammonium molybdate in acetone
and developing the colour under ultra-violet light (Smith,

1960).

VIII. Isotopic Methods

Uniformly-labelled glucose—clu, glucose—l-Clq,

andglacose—6—ClLL were obtained from Merck
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and Co, Ltd. and were diluted with non-radiocactive glucose
solutions so that 5_uM of giucose with a specific activity
of 3.5 fh curie per 5MM was obtained (Duncan and Campbell,
1962). The preparation of ‘variously labelled 2-XKG is des-
cribed in the text.

Aliquots of reaction mixtures, cell suspensions,
cell fractions, and chromatographic eluates were pléted, in
duplicate, on. stainless steel planchets and dried under an
infra-red lamp, Radioactive CO, was determined by quanti-
tatively removing the filter paper and KOH from the Warburg
‘reaction vessel and rinsing the center well with several
volumes of distilled water‘(Gfon;und and Campbell, 1964)..
The combined rinSings,-KOH, and.paper were made up to 5 ml
in a volumetric flask, The paper and rinsings were then
mixed in a test tube with a glass rod by means of a vortex
mixer., Aliquots were plated in quadruplicate and dried
as:above. Planchets were counted at infinite thinness using
a Nuclear-Chicago soaler model 181A equipped with an
automatic gas~flow. counter having a thin~end-window Gelger
.tube. Corrections were made for background, To reduce
statistical deviation at least 1000 counts were recorded
when ‘possible,

Radiocactive chromatograms were scanned by running
approximately one-~inch strips through a NUclear;ChiCago
Model C 100 B Actigraph II with the gas flow counter and a
Model 1620 B Analytical Count ratemetef-equipped with a .

chart recorder.
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IX. Analytical Methods
1, Ammonia determinations

The ammonla in the supernatant fluids from reaction
mixtures was determinedAby'the Conway microdiffusion
method (Conway, 1950)$ Under the conditions employed,

values from 0.0 - 0,75 MM per sample could be measured,
2, -Glucose determinations

Glucose conceﬁtrétions in reaction mixtures weré
‘measured by the "glucostat' method of*wdfthington-Biochemical
Corp. The enzymatic reaction of added glucose oxidase with
substrate glucose‘reéulted in peroxide production which

was measured spéctrophotometrically in the presence of
ortho—dianiéidine.and peroxidase, - Glucose was measured in

the range 0.1 - 1.0UM per sample,
3. Chemical determination of 2-KG

2-KG was measured in reaction supernatants by the
method of Ianﬁing and Cohen (1951), which is based on the
formaﬁion of the guinoxaline derivafive on reaction with
‘o—phenylénédiamine; The assay permits a measurement of
10 - 100Mgs per sample. Corrections for glucose,
pyruvate; and K ~ketoglutarate interference were made when

these compounds were present.
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4, Enzymatic determinations of keto~acids
a. Lactic dehydrogenase assay for»pyruvate
Pyruvate was measured directly by the quantitative
decrease in 0,D. at 340 m)l caused by the oxidation of
'NADH2 in the presence of commercial lactic dehydrogenase. .
Under the conditions. employed 0.02 - O.lO}iM of pyruvic

acid per -sample could be measured.

B, Glutamic dehydrogenase assay for u—ketoglutarate

Glutamic dehydrogenase was used as a spectro-
.photometric assay for «-ketoglutarate in the presence of
‘excess aﬁmbﬁia, limiting «-ketoglutafate and NADHQ. The
enzyme was purchased from‘Nutritional'Biochemical Co, and.
was found. to be readily inactivated in dilute solution so
that 0,005 ml of conceﬁtratedenzyme was used, - The sensi-
" tivity of the assay was the same as thateof the lactic

-dehydrogenase asgsay for pyruvate and both methods were

very specific.,
5. Protein determinations’

Protein was determined with the Folin-phenol reagent
as described by Lowry: et al (1951), and it i1s specific for
-substituted aromatic rings, hence for tyrosine, phenyl-
alanine, and tryptophane residues of protein., The protein

standard used was egg &albumin,
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EXPERIMENTAL RESULTS AND DISCUSSION
I. The Non~phosphorylated Oxidative Pathway of Glucose
Dissimilation’
1, Identification of products of glucose oxidation

Thé accumulation of 2-KG from glucose by aerobic

organisms such as P, aeruginosa under conditions of intense

aeration (Lockwood, Tabenkin, and Stodolé; 1941; Ney, 1948;
'Hill,.l951), demonstrated. that a non-phosphorylated oxidative
mechanism was avallable to the cells. However, as 2-KG is

an endproduct under these adyérée, specific conditions it
does not necessarily follow that the keto-aclid is an inter-
mediate of glucose dissimilation under normal conditions,

Norris and Campbell (1951), demonstrated that P, aeruginosa

oxidized glucose by way of -both gluconate and 2~KG when
growing under normal physiolbgical conditions, These inter-
mediates accumulated 1in the growth medium over an eight hour

growth period. Resting cells of P.'aeruginosa were shown to

have a strong constitutive ability to oxidize glucose,
gluconate, and 2-KG.

The evidence that 2-KG is a transient intermediate
during glucose dissimilation by growing cultures was corro-
‘borated in this investigation. As an alternative to the
sampling of growing cultures over a period of time, 20 hour

carbon limited cultures of P, aeruginosa (stationary phase

cells) were pulsed with 0.2%‘g1ucose, gluconic, or 2-KG
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and permittedvtb‘oxidize the carbén source for 1 hour., At
the end of this timé, the cultures were centrifuged,  the
supernatant fluids treated batchwise with Dowex 50 H+ énd
reduced to a small volume (approximately 10 mls) by flash
evaporation at 40 C., The supernatant fluids were analyzed

by paper electrophoresis and paper chromatography. éluconate
and 2-KG were shown to be intermediates in glucose dissimi-
lation and 2-KG was identified as an intermediate in gluconic
acid dissimilationg no other -compounds were found to accumu-

late with any of the three carbon squrcés (Table 1), Washed

Table 1. Intermediates of glucose and gluconic acid
dissimilation by growing-cultures,

‘Substrate Paper chromatography 'Pdper electrophoresis

glucose 2 -KG, gluconate. only gluconate or
' 2-KG were
Gluconate, 2-KG, gluconate. detected by electro-
phoresis

2 -KG 2-KG

suspensions of glucose grown cells actively metébolize these
three substrates (Fig. 1). Glucose and gluconic acid‘were
metabolized by washed-cell suspensions at the same rate. but
2-KG was initially oxidized more slowly primarily due. to a

5@10 minute lag period.
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The non-phosphorylated oxidation of glucose to 2-KG

by dried cell-free preparations was first demonstrated in

P, aeruginosa by Stokes and Campbell in 1951, These cell
preparations- were shown’to oxlidize glucose with the uptake
of 2Matoms of oxygen, and gluconic acid with the uptake of
11Latqm 6f oxygen perM M of substrate, Iﬁ eadh_case, 2-KG
was identified, by paper chromatography as the only end-
product of the reactions thus suggesting quantitative
accumulation under these conditions. Identical manometric
data has been obtained using cell—free"extracts prepared by
sonication (Claridge and Werkman, 1963), and also using |
cell—free extracts prepared with a Hughes' pfess (Hogenkamp
1956).

| ‘Hogenkamp also showed thét the oxidation of glucono-
lactone to 2-KG was accompanied.byvljiatom of oxygen uptake
' per}AM_of'substrate and this was substantlated by Gronlund
(1961), who demonstrated that the enzymie conversion of the
lactone to the acid was magnesium dependent; These latter
observations>agreed with the findings of Brodie and Lipmann
(1954), who showed that  sonicated cell—freelextracts of

Azotobacter vinelandii oxidized glucose to gluconic acld by

two distinct enzymic reactions; the oxidation of the
aldehyde to the lactone; and its subsequent enzymic hydro-
lysis to the free acid. Ramakrishnan and Campbell (1955),
Aparfially purified gluconic dehydrogenase from sonicated

cells and the enzyme was found to catalyze the conversion-
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of gluconic acid to 2-KG without concurrent phosphorylation;
Neither NAD nor NADP functioned in this oxidation. |

The formation of 2-KG from glucose and gluconic acid
has been substantiliated during the course of this investi~
gation during various attempts to detect intermediates of
2-KG metaboiism and to correlate these with glucose and
gluconafe metabolism, The reactions were carried out in
large Warburg veésels using cell-free extracts, 25 UM of
glucose, gluconate, or 2QKG, and‘5QMM of Mg++, One
reaction mixture, with glucose as the substrate, was incu-
bated without added magnesium.

The reactions were allowed to proceed for 90 minutes
with the exception of the magnesium deficient mixture which
was‘stopped at 20 minutes, All reactions were terﬁinated
with PCA and following the removal of protéin7nucleic aclds
and excess PCA the fesulting'clear supernatant flulds were
treated batchwise with Dowex 50 H+ and anaiyzed by electro-
phoresis and paper chromatography; From the results
(Table 2) it can be seen that gluconolactone, gluconic acid,
and 2-KG were formed from glucose by a cell-free pressate
and that 2-KG was the end-product of the reaction. These
results are analogous tb those obtained by Stokes and

Campbell (1951), and by Gronlund (1961).
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Table 2, Products of glucose, gluconate and 2-KG
dissimilation by cell-free extracts

Substrate Paper cthmatography _ Paper

electrophoresis
Glucose 2-KG
only glucocnate
Glucose (no - 2~KG, -gluconolactone,
magnesium) gluconate or 2-K& were
Gluconate 2-KG detected by
OmKG D-KG | electrophoresis

2., Preparation and identification of 2-—KG—Cl4

Consequently, an investigation into the time course
and quantitation of the conversion of glucose to 2-KG by
cell-free pressates of P,. aeruginosa was carried out prior

'to the enzymic preparation of E‘-—KG—C:LLL from glucose-Clu.

A cell~free pressate was incubated on the Warburg apparatus
with 5uM glucose, Tris buffer (pH 7.4), and 104M of MgCl,
in- each of several Warburg vessels. Reactions were fermin-

ated at various time 1nterva1s 6%<the addition of O 2 ml of

—

1.4NQPCA to the incubation mixture, and analyses for glucose,

é—KG, pyruvate ando-ketoglutarate were performed on the

neutralized supernatant fluids, The results are graphically

demonstrated (Fig. 2) énd it can be seen that under these
conditions the conversion of glucose to 2=KG was rapid and
essentially quantitative thus providing an excellent means
for the preparation of radioactive 2-KG from radioactive

glucose,
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Frampton and Wood  (1961), used a particulate fraction

obtaihed from a cell-free preparation of P, fluorescens

to prepare a 2-—KG—..1—'014 and 2—KG~6—014 from glucose~1-C

14

and g;lucose—6—-ClLL respectively., Their reactions were ter-
minated after 1uM of oxygenmM of substrate had been con-
sumed, and the particulate matter was removed by centri-
fugation,  The clear supernatant liquid was heated and used
directly as the source of labelled 2-KG and no attempt at
confirmatory identificétion was mentioned, |

The procedyre used in ﬁhis work employed a cell-free

pressate of P, aeruginosa and reaction mixtures were

prépared and treated as described previously. The resultant
protein-free neutralized supernatant fluid was applied to a
Dowex l-formate colunn which was eluted by the linear
~grédient technique with 500 ml of distilled water and 500 ml
of formlc acid. 'Ten ml -aligquots were collected and assayed
for radiocaetivity and UV absorbing material (Fig. 3), and

the appropriate tubes, .which in almost all cases constituted
the only majof radiocactive peak, were pooled and evaporated
to dryness several times at 40 C with a flash evaporator to
remove the formic acid. The residue was resuspended in
water, extracted with several volumes of ethyl-ether to remove
any traces of formic acid, evaporated to dryness, resuspended
in distilled water, and diluated to the desired specific
‘activity with non-radiocactive 2-KG, Negligible amounts of

radioactivity were extracted into the ether, Radiocactivity
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recoveries were 95~100% and 2-KG-C yields varied from
85~95% depending largely upon the pressate used. The
radiocactive product was idenfifiedvconclusively as'E—KG by
its position of elution from the cblumn, electrophoretic
mobility at pH 8, and by paper chromatography of both the
free acid and its 2;4—dinitrophenylhydrazone derivative

(Table 3).
II. Oxidative Assimilation of 2-Ketogluconate

The oxidative assimilation of glucose by

P. aeruginosa has undergone thorough investigation by

‘Duncan.and campbell (1962), who.showed, using gluoose—Ufclu,

that a. large proportion cof assimilated C121L was incorporated
into proteinaceous material via the reincorporation of
accumulated o-ketoglutarate and endogenously supplied
ammonia, In the‘presencevof added ammonia it was found
that assimilation was greatly increased, ho u%ketoglutarate
accumulated in the supernatant and the‘time course of‘C.lLL
incorporation was»markedly shortened. The tenability of

‘these observations was reinforced by the extension of ‘this

work to other species of Pseudomonas and also Achromobacter

species but attempts to reveal other key intermediate sub-
stances that were "pacemakers" for glucose oxidation and

assimilation in P. aeruginosa were unsuccessful,

Von-Tigerstrom and Campbell (1965), have demonstrated that
pyruvate also accumulated in the Warburg supernatant fluid

although at a much earlier time than aLketoglutarate.'
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Table 3. TIdentification of 2-KG-U-CL as the end-product
¢ .

of the enzymic oxidation of glucose-U-

Paper chromatography Electrophoresis

Compound - Rg. B.P. 0.P,D,  2,4-DNPH(RF) (Re)
Glucose 1.00 + absorbing - 0
2-KG 0.51 + fluorescent 0.41 0.19
Gluconate 0,31 + - - - 0.19
Gluconol- . '

actone 0.36  + - - 0.19
G-6-P 0.12 + absorbing - 0.23
6-P-G 0.09 + - - - | 0.33
Ribose~5~ )

phosphate 0,10 + - - 0,26
Pyruvate‘ 1.00 - fluorescent . 0,72,0,56 -
ol~keto- -

glutarate 0.53 - fluorescent 0,23 -
Reaction : '
~ product . 0,51 + fluorescent 0.41 0.19
B.P. .= Benzidene-periodate
'0.P.D. - Orthophenylenediamine

2, 4-DNPH - 2,4-Dintrophenylhydrazone
Rg - relative to glucose

Re - relative to the length of the electrophoreto-
gram
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Pyruvéte, unlike K~=ketoglutarate, did not appear to be
important as a primary assimilation compound. because it also
accumulated in the presence of added ammonia and during growth
in non-nitrogen limiting media, |
| Since 2-KG, pyruvate and «~ketoglutarate all have a

common structural feature, 1t was of interest to determine
whether or not 2-KG could serve in a capacity similar to
x-ketoglutarate during oxidative assimilation, It was also

. 14

of interest to compare the assimilation of 2-KG~U~C~ with
the well established pattern obtained with glucose—U—Clq in
an attempt to demonstrate possible divérgences in gluéose
metabolism relative to 2-KG metabolism,., The raté of 2-KG
disappearance, oxygen uptake, and the appearance of endo-
genously prdduced ammonia during the oxidation of 2-KG by
“washed cell suspensions wereAmeasuredA(Fig. ba). Pyruvate
and o-ketoglutarate were measured enzymicaily but negligible
amounts accumﬁlated in the supernatant fluids. In compari-
son with the pattern established by Duncan and Campbell
(1962), it may be seen that the disappearance of 2-KG was
not complete until approximately 60 minutes, whereas glucose
was found to disappear by 30 minutes. Of more importance is
the apparent inability of the organism to accumulate keto-
acids, specifically a&ketoglutarate, under these conditions.
This obsérvation sharply contrasts the fihdings of Von-
Tigerstfém and Campbell (1963), who found that approximately

1.5MM of (-ketoglutarate and 1.0 uM of pyruvate accumulated
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in the Warburg supernate during the rapid oxidation of
glucose. The failure to accumulate keto-acids from 2~-KG
- would suggest that there was a supply of ammonia'availaﬁle
which would permit immediéte cellular utilization of
¥-ketoglutarate as it was formed. Experiments with added
ammonia appeared to increase oxidative assimilation as
evidenced. by a decrease in O2 uptake but did not enhance
2=-KG disappearance, and again, neither d—ketoglﬁtarate nor
pyruvate were found to accumulate in the Warburg supernatant
fluids (Fig. 4B). The failure to accumulate o-ketoglutarate
in the presence of ammonia 1s analogous to the situation
during glucose oxidation (Duncan and Campbell, 1962), but
the reason for the inability to accumulate pyruvqte is not
obvious since pyruvate accumulation 1s unaffected by added
ammonia during glucose oxidation by this organism”(vén-
Tigerstrom and Campbell, 1965), |
Analogous experiments weré carried out with 2--.]&{(}--U--01LL
and the‘radioactivity was found in all major cell fractions
(Table 4)., The eold TCA soluble fraction appeared to be
important during early stages of assimilation, and most of
“the substrate appeared to be assimilated into nitrogenous
components but considerably earlier than was observed with
glucose—U—C14 (Duncan énd Campbell, 1962), After 60
minutes incubation, the radiocactivity in the cells decreased

14

with a concomitant increase in C

i

in cellular C1 was, for the most part, due to a.loss of

0, (Fig. 5A)., The decrease

radioactivity from the protein fraction. Thirty-five percent

of the radiocactivity of this fraction was lost during the



Table 4, Incorporation of ClLL from 5yuM of 2-—KG—-’U—C:LLL

into washed cells

% of total ClLL
Time Cold TCA Acid Hot TCA Residual Total in
min. soluble alcohol~ soluble protein fractions
soluble
20 3,10 - - - 13.50
30 4,90  6.20 4.25 11.90 27.25
60 5.45 8.00 L.64 15.20 ° 33.29
90 3.87. 8.4l 3.19 11.71 27.16
120 2.64  6.28 2.78  9.80 20.50

% of total ClLL incorporated into cell fractions

.20 23.0 - - - ‘ 100
30 18.0 22.8 15.6 43,6 © 100
60 . 16.4 214,0 13.9 45,7 100
90 13.5 29.4 11.1 45,0 100

120 12.9 30.7 13.9 48.9 100
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60~120 min interval, The cold TCA soluble fraction and, to
a lesser -extent, the hot TCA soluble fraction also decreased
in radiocactivity at this time, Duncan and Campbell (1962),
observed similar. losses from the protein and cold TCA frac-
tions but not from the hot TCA fraction, In general, a much
greater incorporation of radicactivity into cellular consti-
tuents was observed with 2-KG-U-C'" than with glucose-U-Cl7,
In fact, the data obtained by Duncan and Campbell (1962),
concerning the effects of 5 M of added ammonla on glucose-

14

U-~C -éssimilation closely corresponds to that achieved
with 2-KG-U-C1% in the absence of added ammonia. -This is con-
_sidered to be further evidence for the‘availability of ammonia

during the oxidation of 2-KG by P. aeruginosa, The quantity of

radioactivity ihcorporated into the cell fractions was twice
as great at 60 minutes as the maximum achieved by Duncan

and Campbell_(l963); at 120 minutes, and this increase was
manifested as a general increase in radiocactivity of all
céilular fractions, The incorporation of radiocactivity into
the acid~alcohol soluble fraction (lipid, phospholipid, -and
alcohol.solublé pfotein) was accumulative whereas with
g;lucose-—U’-—ClLL experiments (Dgncan and Campbell, 1962),

the radiocactivity was slowly reduced.

When 5M M of ammonia were added to the reaction
vessels, there was an increase of ‘36% in the total quantity
of assimilated'radioactivity and almost 100% of this
increase appeared in the protein fraction., An even more

pronounced effect of exogenous ammonia was the rapidity of

14 . . »
c incorporation (Table 5), Duncan and Campbell (1962),
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demonstrated a 110% increase in assimilation of radioactivity
from g,lu‘u:ose—-U--ClLL in the presence of SMM exogenous ammonia,
The lower increase of assimilated radioactivity from
2---‘KG--U--CILL in the presence of SHiM added ammonia emphasizes
the probability of the greater availability of ammonia in

the presence of 2-KG,

These observations may be explained, in part, by the
failure to accumulate x~ketoglutarate under these conditions,
If «—ketoglutarate had been immediately incorporated into
cellular material then the probability of complete substrate
oXidation via the tricarboxylic cycle would have been reduced,
Duncan and Campbell (1962), have demonstrated that chloram-
-phenicol markedly reduced Cl4 incorporatién into cellular
‘material, and explained this as a manifestation of the in-

4 ability of the cell to synthesize a specific permease
necessary for the reincorporation of accumulated o~keto~
glutarate, Hoﬁever,Achloramphenicol had a much lesser effect
on oxygen uptake with 2~KG thereby suﬁporting the observation
that ~ketoglutarate does not accumulate during the oxidation
of 2-KG (Table 6). The uncoupling agent, .sodium azide,

had more than twice the stimulatory effect on oxygen uptake
with E—KG than with glucose, This substantiates the greater

‘quantitative assimilation observed with 2—KG—-U—-C14 relative

to glucose—U—Clq.
.The postulation that more ammonia is available
during 2~-KG oxidation than glucose oxidation by washed

cell,suspensions has been supported by indirect evidence,
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14

Table 5, Incorporation of‘ClLL from S5UM:2-KG=U~C into

_washed cells in the presence of 5uMﬂNH401

% of total ClLL

Time Cold TCA Acid alcohol- Hot TCA Residual - Total in
soluble soluble soluble protein fractions
15 5.93 8.52 2.91 13,20 30.56
60 L.o4 8.85 4,54 27.55 45.30
. 90 4,16 9.32 4,09 22,05 39.62
% of total clLL incorporated into cell fractions
15 19.4 27.9 9.5 43,2 100
60 10.3 19.5 10.0 60.7 . 100
90

10,4 23.5 10,30  55.7 100
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Table 6. The effect of chloramphenicol and sodium azide
on the oxygen consumption by washed cell
suspensions in the presence of 5uM glucose or
2-KG '

Substrate Assimilation % change in O, uptake

SMM inhibitor based on 2=KG

Glucose chloramphenﬁcol ~14,5

6.2 x 107 M _
2-KG chloramphenﬁcol - 7.8
6.2 x 10=%'M

Glucose NaN3 5 x 10=3 M + 4.8

o_KG NaN; 5 x 1073 M . +12.2

¥ This calculation was based on the assumption that all
glucosé was metabolized via 2-KG and therefore 2

atoms of oxygen/UM of glucose was subtracted prior to
calculation of % change. '
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Protein and RNA have been established as substrates of

endogenous respiration in P, aeruginosa (Gronlund and

Campbell, 1963), and when these cellular components were

140

specifically labelled the 1abelbwas shown to appear as C 5

during inoubation of the cells in the absence of exogenous
substrate., The effects of various exogenous substrates on
the release oi"CluO2 from specifically labelled cells was
determiﬁed (Gronlund and Campbell, 1965). It was .found
that 2-KG, as an exogenous substfate, stimulated the endo-
genous 01402 evolution by 150% over the value obtained with
exogenéus glucose and presumably 1.5Htimes more NH3 was made
available. However, all substrates}including glucose, |
d—ketoglutaraté, aspartate, 2~KG, and adenosine suppressed
degradation of cellular RNA to various degrees at 30, 60, 90,
and 120 minutes, but 2-KG increased RNA oxidation above the
endogenous levél at 10 minutes -~ the interval corresponding
to the 2-KG oxidation lag. At this time from 35-~123% more
01402 was evolved with 2-KG as the éubstrate relative to
other substrates tested. These data were interpreted as
meaning that 2-KG stimulated RNA degradation as well as -
protein but the RNA degradation was probably associlated
with the lag in oxygen uptake,

The depression of oxygen consumption by -exogenous
ammonia was more pronounced with 2—KG than.with glucose

as can be seen from the manometric data in Table 7.

Approximately 300% more oxygen consumption depression



51

Table 7. Inhibitory effect of ammonia on oxygen
consumption by washed cell suspensions 1n
the presence of various substrates

Substrate . Time % Inhibition =~ % Inhibition
SUM minutes : based on O2
uptake of
2=KG
Glucose 60 16.6 18.0
120. 12,5 12.0
180 3.8 : 4,0
2-~KG 60 ' 23.8 -
120 _ 27.0 -

18 13.5 -
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occurred with 2-~KG than with glucose at 180 minutes. These

14

data support the greater C~ ' incorporation into cellular
constituentsvobserved with 2—KG—U—C1& reactions. in the -
presence of added ammonia, Trace amounts of pyruvate and
u—ketbglutarate were detected by chromatography of their'-
2,4—dihitrophenyl—hydrazones thus demonstrating that

2-XG 1s, in fact, degraded via TCA intermediates as is glu-
cose, No other detectable intermediates, such as glutamic
or glucosamic acid which wou1d4be expected as a result of
the amination of =ketoglutarate or 2~KG respectively,

were present in the supernatant fluids after hydrazone

extraction,

IIT. Intermediates of 2-KG Metabolism.

A study of the pathways of metabolism of a comr
pound must be made with extfeme care and with as many
different teéhni@ues as 1s necessary to conclusively
substantiate the validity of intermediates and/or of
functioning enzyme systems.: The fact that a living cell
does possess and utilize a particula: pathway should be
demonstrated by the isolationAand identification of
-intermediates, and this approach may be facilitated by the
use of various available metabolic inhibitors. The
requisite enzymes or enzyme systems éhould be demonstrated
in cell-free extracts or; if possible, in whole cells and the

relative activities measured. NFinally; labelled substrates



and the isolation of key intermediates may be used to obtain
information on the route through Whicﬂ the differént inter-~
‘mediates have passed. The use of only one of these
approaches may give erroneous answers as Racker (1954), has
emphasized, - The previous application of these basic prin-

ciples to the problem of 2-KG metabolism in P. aeruginosa

- has metpwith relatively 1little success. Reid‘(l959), using
cell-free extracts prepared With»a Hughes' press, was
unsuccessful in. finding intermediates and key enzymes
involved could not be demonstrated, with the exception of
a relatively weak 2-K~-6-PG reductase, Claridge and Werkman
(1953), concluded that cell-free extracts of this organism
were incapable of metabolizing 2-KG and therefore investi-
gated this problem with whole cells and 2-KG-U- 614.
. However, no key six carbon intermediates were ldentified but
various TCA inﬁermediates and‘amino aclids were isoiated and
identified., Glucose~b-phosphate was isolated and its
existence was justified by the presumption of'either a
reversal of direct oxidapion, which 1s very unlikely, or
by a reversal of glycolysis, rGronlund (1961), confirﬁed the
presence of ‘the enzyme 2-K=-6~PG reductase, and iscglated
glucose-b~phosphate from anaerobic 2-KG reactions with
cell-free extracts and ATP, and suggested that the substrate
has been dissimilated via the pentose phosphate pathway,
- Two other compounds'were isolated and were tentatively

identified as. 3~ phosphoglyceraldehyde and 3~ phosphoglyceric

acid from their mobilities on electrophoreSis.‘ The

53
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existence of these trioses as intermediates of 2-KG
metabolism was considered feasible in light of the identi-
fication of G=-6-~P and the existence of the pentose phosphate

pathway.

1., Identification of intermediates of 2~KG dilissimilation

with whole cells

Since cell-free extracts have proved to be relatively'
inert toward 2-KG it was decided to continue the investi~
gafion using whole cell'suspensions. Reactions were carried
out in large Warburg cups with 2§uM of 2-KG as the substrate,
Cups were removed at varioﬁs time intervals and the reactions
were terminated by pipetting the cup contents into ice~cold
centfifuge tubes and the Warburg supernatant fluids were
obtained by centrifugation, Hydrazonés were prepared and the
suﬁernatént fluids were concentrated and subjected to
chromatographic and electrophoretic analysis, Anaeroblc
experiments were carried out similarly, under an atmos-
phere of N,. In bne,set,of reaction mixtures the reaction
was carried out in a neutralized hydrazine sulfate buffer in
order to ﬁrap any short-lived transient ketone or aldehyde
intermediates (Meyerhof and Junowicz~Kocholaty, 1943), and,
the 2,4-dinitrophenylhydrazone derivatives were prepared
and analyzed, The results are tabulated in Table 8. No
intermediateévother than pyruvate and a-ketoglutarate could
be demonstrated and, in the case of reactions containing |

the trapping agent,'hydrazine, large amounts of. these
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Table 8. Products of 2-KG dissimilation by washed cell
suspensions of P, aeruginosa

Reaction time Paper -Chromatography Paper
minutes Supernatant Hydrazone Electrophoresis -
Endogenous - - ' ' -
10 2=-KG pyruvate - 2=KG& or gluconate
20 . L] - H. . n 1
30 " pyruvate, " "
X-keto-
glutarate
4o ' " pyruvate, . "
: x—-keto-
glutarate
_Anaerobic
- 10 - 2=KG - - 2~KG or gluconate
20 . . " trace of a "
pyruvate :
Hydrazine
10 2-KG pyruvate E—KG or gluconate
20 | N pyruvate, " "
‘ x-keto-

glutarate

* .
Gluconate and 2~-KG have the same electrophoretic mobility
under-the conditions employed.
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keto-acids accumulated. Traces of pyruvate were detect-
able 1in the anaeroblc reaction mixtures but it could not
unequivocally be concluded that a_series of non~oxidative
steps were functioning to give rise to these intermediates
due to the possibility of small amounts of'O2 contamination,
From these experiments it was concluded that any inter-
mediates that form during the dissimilation of 2-KG must

be extremely transient and do not accumulate extra-
cellulariy. Therefore special technigques had to be employed

to promote the accumulation of intermediates,

2. Identification of 'intermediates of 2~KG dissimi-

lationAin the presence of inhibitors

-Although the assumption that one can prove or
disprove the exilstence of operable metabolic pathways by
the use of inhibitors‘has been open to much criticism
(Racker, 1954), the use of these agents has found useful
application in carbohydfate biochemistry, Entner and
Doudoroff (1951), found that the subsfrate'assimilation

mechanisms of P, saccharophila could be inhibited by

relatively weak éoncentrations of ilodoacetate (2 xllo"BM),
dinitrophenol (2.5 x 107 M), and arsenite (2 x 1073 M)
'and, in the cases of thé latter two poisons, quanti~
tative accumulation of pyruvic acld from glucose and
gluconic acid substratés wés échieved. When gluconate-

14 14

1~C or gluconate-6~C were used as é substrate the
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. label was found 1in the carboxyl and methyl carbons res-
pectively of pyruvate, théreby suggesting a 3:3 split
mechanism, completely different from the established
Embden-Meyerhof pathway, A similar approach led Frampton
and Wood (1961), to the conclusion that under .conditions

of arsenite poisoning a crude cell-free extract of

P, fluorescens could convert variously labelled 2-KG
-quantitatively to‘pyruvate, and subsequent degradation
-studies also indicated the presence of a 3:37split mechan-

ism, Katznelson (1958), studying hexose phosphate meta-

bolism in A, melanogenum, found that arsenite and fluoride
treated sonicates»allowed quantitative pyruvate accumu-
lation when 6-PG was used as a substrate, but relatively
little pyruvate accumulated when a pentose phosphate was
used as a substrate., From this experiment they concluded
that 6-PG was more likely to be degraded by the Entner-
Doudoroff route rather than by the pentose-phosphate
cyecle, ' |

Several inhibitors were investigated in the course
of this work for two reasons: firstly that an enzyme
involved in 2-KG degradation might be selectively inhibited
thereby allowing the accumulation of at least chromato-
graphic amounts of a key intermediate,.and secondly that
perhaps enough pyruvate could be accumulated to allow
insight into the mechanism of 2-KG degradation. The
effect of various concentrations of each inhibitor ‘was

followed manometrically and pyruvate accumulation was
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determined quahtitatively at each concentration. employed.

a) sodium arsenite

Arsenite proved to be a potent inhibitor of 2-KG
oxidation with maximum effect at concentrations greater
than 10MM/cup as can be seen from Figure 6A, The maximum
yield of pyruvate, 6uM, (Fig. 6B) was achieved with'anM
of arsenite/cup and although quantitative accumulation
was not achieved,;subsequent analysis of‘the supernatant
fluid showed that some 2-KG still remained unreacted and .
was not likely"to“react under ‘these inhibitedrcohditions
as oxygen uptake had ceased, These data’suggested the
existence of some type of;a 3:3 8plit mechanism,

Of 'considerable importance was the observation that
no oxygen consumption occurred With concentrations of -
inhibitor exceeding 6,QMM but some pyruvate was still
found. These results very strongly suggested that a

mechanism for the degradation of 2~KG to pyruvate

without oxidation must be operative.

b) bromopyruvic acid
Meloche (1965), studied the effect of the product
analégue, bromopyruvate, on the enzyme 2-K+3—D—6—f§
aldolase and found it to be a potent in@ibitor. From
‘kinetic studies, it was éeen-that‘a revérsible enzyme~
‘

bromopYruvate complex was formed prior to enzyme inacti-

vation,
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Because of Meloche's work bromopryuvate was
thought to be an ideal inhibitor of ‘2~K~-3-D-6-PG aldolase

in whole cells of P, aeruginosa due to its probable

specificity. Inhibitory concentrétions were determined

- (Fig. 7A) and pyruvate accumulation ﬁas measured (Fig. 7B).
Although the pyruvate determinations‘were hindered some-
what by the reactivity of the analogue, bromobyruvate,
with lactic dehydrogenase, a fairly accurate determination
was carried out, AT the concentrations of bromopyruvate
which allowed sufficient. oxygen consumption.to account

for the oxildation of triosephosphate to pyruvate, almost
quantitdtive pyruvate accumﬁlation, SUMAM 2-KG, was

. detected, These results may be explained by the function-
ing of an_active Entner-Doudoroff péthway as has been

demonstrated in this organism (Gronlund, 1961),

c) sodium selenite

Enzymes susceptible to the inhibitory effects of
selenite have'been,widely-investigated (Rosenfeld and
Beath, 1964) and it has been suggested thatselenite
functions by combining with an active grbup in the enzyme,
presumably a»sulfhydryl group. In this investigation of
2~KG metabolism, .selenite was found to be a strong inhi-
bitor of 2-~KG oxidation (Fig. 8A4), exhibiting considerable
inhibition at levels greater than 2.5ul/cup and complete
.ihhibition of éxygen consumption at 20uM, However, as in

the case of arsenite inhibition, pyruvate was produced
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without concomitant oxygen consumption substantiating the
existence of an ndn—qxidative metabolic route from 2-KG

to pyruvate.

d) sodium fluoride and ilodoacetamide

Much information has been made availabie by the
Judicious use of sodium fluoride and iodoacetamide from the
point of wview of intermediate accumulation in the‘presehoe
of these substances and as a guide to an assesement of
‘pathway involvement, partiecularly glycolysis (Hochster
and Quastel; 1963). In this study, neither sodium
fluoride‘ﬁor~iodoacetamide caused a significant accumula-
tion of pyruvic acid, suggesting inhibition of 2~KG meta-
bolism at an earlier stage. rConcentratiens of 900uM
.sodium fluoride were necessary to completely -inhibit
oxygen uptake from 2-KG (Fig. 9). Conversely, iodoaoe—
tamide proved to be a potent inhibitor in that 10MUM per
cup reduced oxygen consumption to 14% of the control
- value (Fig. 10). Complete inhibition of oxygen uptake
with iodoacetamide was a difficult task reguiring hiéh
concentrations of.the inhibitor. Oxygen uptake values
between 50 and 6@&1 were constantly encountered with
conicentrations up to 204M/cup suggesting that perhaps no

inhibition at the level of triosephosphates took place,
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e) ethylenediaminetetracetic acid (EDTA)

EDTA was also used as a metabolic inhibitor in

~an attempt to isolate metabolic intermediates., The

inhibitory action of EDTA on oxygen consumption was
consistently unusual in that the inhibition increased
rabidly with increasing EDTA concentrations between 5
and 2QuM/cup; but then a reversal of inhibition occurred
at higher concentrations (Fig. 11)., No explanation has
been found for this Qbserved phenomenon,

During the investigation of the effect of metaboiic
inhibifors on 2~KG metabolism, 1t was observed that with
every inhiblitor used, with the exception of EDTA, the
oxygen uptake achieved with glucose as the substrate was
always l.QMM/ﬁM=substrate greater than when 2-KG was the
substrate. This suggested that, under inhibited condi-
tions, glucose was oxidized quantitatively to 2-KG, Sub-
sequent analyses demonstrated that 2-KG was an end producﬁ
of the inhibited reactions with glucose, However, com-
parative analyses of pyruvate accumulation (Table 8(a))
showed that‘consistently greater pyruvate yiélds were
achieved when glucose was used as the substrate. This
demonstrates that alternate routes of glucose metabolism
other than the non-phosphorylated oxidative pathway are

utilized by P. aeruginosa. These pathways are probably

either via phosphorylation of glucose by hexokinase, by
phosphorylation of gluconate by the gluconokinase, or by

both pathways (Gronlund, 1961),
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The identification of accumulating metabolic
intermediates was atteﬁpted using large Warburg cups, .
50uM 2-KG, and .concentrations of the various inhibitors
. which would reduce oxygen consumption to less than 10gul.
Cups were removed at various time_intervals and chromato-
graphy was performed as previously deécribed for the
uninhibited reaction mixtures, Pyocyaniné, a physiological
hydrogen acceptor synthesized by this organism (Campbell,
MacQuillan, Eagles and Smith, 1957), was also used as a
metabolic inhibitor;(Table 9). With the four inhibitors
employed only pyruvate,(X—ketoglutarate; and the starting
compound were isolafed. -In each case, with the exception
of 'the iodoacetamide inhibited reacfions;-pyruvate was
present; as expeqted, and 2-KG was detected in all sys-
tems. It appeared likely then, that although the
dissimilatory reactions for 2-KG utilization were
functioning, the observed inhibition was a general
retardation of the rate of 2-KG breakdown or perhaps -
inhibition. of the initial Stepf JEither explanation
Would result in much of the 2-KG remaining essentially
unreacted. Sincevno other intermediary compounds weré
detected by the methods uéed»it was felt that compounds

may be present only in minute amounts,

3. Tphibitors and 2-KG-U-Ct*

14

Various inhibited reactions using 2-KG-U-C as

the substrate were run. Paper chromatography of the



Table 8(8). Pyruvate accumulation by washed cell suspensions
in the presence of metabolic inhibitors_

' ' Substrate
Inhibitor Glucose ‘ 2-XG&

MM pyruvate

*
arsenite 3uM 7.32 ~ 5.63
iodoacetamide 10MM 2,40 0.00

selenite 20MM 3,66 1,50

*
Concentration of ‘inhibitor per 3 ml reaction.:
mixture,



Table 9., Products of 2-KG dissimilation by washed cell
suspensions in the presence of various

metabolic inhibitors

Paper -chromatography

Time Paper
Inhibitor minutes Supernatant Hydrazone Electro-
' fluid phoresis
Arsenite 20 2-KG pyruvate 2-KG or
» ‘gluconice
60 2-KG pyruvate,
o(-keto-
glutarate "
Todoacetamide 20 2-KG - "
Pyocyanine 20 2~KG pyruvate "
60 2-KG pyruvate "
Selenite 20 2-KG pyruvate "

60 2-KG pyruvate
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hydrazones and of the unreacted supernatants was performed.
From Table 10 .it can be seen that no new intermediates
were detected by this approach, From the amount of radio-
ractivity incorporated into the cells it was observed thét
in most cases assimilation had been interrupted almost
completely by the concentrations of inhibitors used,

The inhibitory effect of iodoacetamide was unusual
due fo the fact that no product of accumulation was
detected yet BQ}lL of oxygen was still consumed. The

radioactivity loss from the supernatant fluid was accounted

14

for as G0 It is perhaps unlikely that all of the uti-

2.
lized substrate was oxidized completely to~01402 and water,

unless perhaps a primary.decarboxylation took place and

the resulting pentose was completely oxidized to 01402

via recycling through the pentose-~phosphate shunt., To

gain further insight to this peculiarity, iodoacetamide

4 4

reaction mixtures were.repeated but 2—KG—1—C1 s 2—KC—6—Cl s

and 2—KG--U—Cl4 were used as substrates. The reactions were
allowed to proceed for one hour at which time the cells
were fractionated and the CO2 analyzed for radiocactivity
(Table 11). If the assumption that triose~phosphate
dehydrogenase 18 greatly-ihhibited by icdoacetamide is
correct, then these data suggest that a 3:3 split of a

gix carbon compound occurs., If the Entner-Doudoroff

pathway was operative, then one wQuld expect pyruvate--l-—-ClLL

from 2-KG-1-CY, and the radioactivity would largely be
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Table 10, - Products of 2-KG-~U~C dissimilation by
washed cell suspensions in the presence of

‘various metabolic inhlbitors

72

Paper chromatography % 014

Inhibitor JAM/cup supernatant hydfazones cells
Arsenite 6 2-KG pyruvate 2.10
Bromo- '

pyruvate 80 o " 0.19
Iodoaceta~ :

mide 10 " - 0.13
Sodium '

fluoride 750 ! - 2.26
Pyocyanine 3.6 " pyruvate 0.15
Selenite 5 " " 4,54
Anaerobic " " 0.82

(Trace)
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14

Table 11, C~ 0, release from variously labelled
' 2-KG by washed cell suspensions inhibited
with 10YM of iodoacetamide

Substrate 01402 *
%
peKGe1-gtH 18.0
o-KG-6-c Lt 11.6
o-xa-U-ctH 4.8

%
Expressed as a percentage of the total radiocactivity
in the Warburg vessel,



Th

lost by decarboxylation on conversion to acetyl—-CoA.
Howev‘er,-2—KCT—6—ClLIr would not be converted to pyruvate due
to the assumed inhibition of 3-phosphoglyceraldehyde
~dehydrogenase and would be expected to accumulate. Since
no triose-phosphates were detected in.the'presence of
iodoacetamide 1t is suggested that a condensation.of two
triose-~phosphates, a reversal of the aldolase, reaction,

a dephosphorylation of fructose-l,6—diphosphate to
fructose~b-phosphate and hence to G-6-P, an oxidation to
6-PG, and dissimilétion primarily via the Entner-
Doudoroff pafhway, would result in a lesser Clqo

2
from 2-—KG—-6—C14 relative to 2-KG—1—014. This could be

yield

primarily due to the retardation of this complex reaction

-séquence by -the inhibitor and possibly by a minor parti-~

cipation of the pentose phosphate pathway resulting in a
Y

much slower release of ct O, which could result from a

decarboxylation of 6-PG to ribulose~5-phosphate.

L. Identification of intermediates of 2-KG dissimi-

lation by "carrier" experimentation

The failure to accumulate or detect key inter-
mediates in any investigation of this nature may be due
to one or both of ‘the following: (a) that the inter-
mediates are @ransient and ne;er accumulate 1n detectable
amounts even under inhibited conditions; (b) that the
intermediates are always bound to the requisite enzymes

concerned with substrate dissimilation. One availlable
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method to circumvent these problems is to flood an enzyme
system with an unlabelled possible intermediate during the
course of degradation of a labelled substrate, If the

cell is freely permeable to the possible intermediate, it
will, theoretically, equilibrate with the radioactive
intermediate thereby creating a "carrier'" pool of the inter-
mediate which then would be radioactive and more easily

‘detectable.

a) noh—phosphorylated'”carriers”

Dickens and Glock (1951), explained the presence
of pentoses and pentose—phosphaﬁeé in animal tissues by
a postulated decarboxylation of 2—K~6—RG. Fewester- (1957),
demonstrated that 5-KG underwent decarboxylation to give

xylulose 1in extracts of A. suboxydans, and Datta et al.

(1958), purified a decarboxylase from A. melanogenum

which catalyzed the formation of a pentose from 2,5-
diketogluconic acid, Hough and Jones (1938), proposed

that 2-KG underwent an aldolase~type éplit.to give
/3—0H~pyruvate and glyceraldehyde with glycolaldehyde, a
product of the decarboxylation of 3-OH-pyruvate, condensing
‘with glyceraldehyde to give ribose, Stafford (1954),
proposed that 2-ketohexonic acids were cleaved by an
aldolase~like enzyme to give OH~pyruvic acid and glyoxylic
acid in plants. They demonstrated a specific glyceric
dehydrogenase which would reduce hydroxypyruvic acid to

glyceric acid., De Ley (1954), suggested an aldolase split
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of 2-K-6-PG into'triose—phosphateVand hydroxy~pyruvate or,
as an.alternative, the transformation of 2-K-6~PG to a
dienol, and this into 3-keto-b6-phosphogluconate, which
was decarboxylated with the formation of ribulose-~5-
phosphate which, in turn, was transformed to triose-
phosphate in-A. cloacae.

Several of these compounds were selected as‘possible

intermediates of 2-KG dissimilation by P. aeruginosa and

were utilized as "carriers" during-the oxidatibn of radio~
active é—KG. These reactions were carried out in double-
sidearm Warburg cups. The labelled 2-KG was oxidized by
the washed cell suspension for 12 minutes and then the
"carrier" was added from a second sidearm. Oxidation was
allowed to continue for an additional 12 minutes, with the 
exception of the gluconate carrier reaction which was
terminated at 5 minutes. The reactions were stopped by
‘pipetting the éup contents into cold centrifuge tubes
followed by cehtrifugation. The carriers were isolated
by~electfophoresis and éhromatography as their 2,4~dinitro~
phenylhydrazone derivative or -as the free compound. From
the reéults of these experiments (Table 12), it was |
concluded that'neither ribose, which could have formedr

~ from a direct decarboxylation of 2~KG, hydroxypyruvic

acld, which could have formed from a 3:3 aldolase-type
split of 2-KG, nor glyoxylate, which could have formed
from a 2:4 split of 2-KG or 2-K-6-PG, were intermediates

involved in 2-KG dissimilation unless they are very



Table 12,

Compounds isolated during 2—KG—U—014

dissimilation by washed cell
suspensions in the presence of "carrier" substrates
Paper chromatography _
Carrier “Supernatant ClLL Hydrazones ClLL Electrophoresis C121L
Ribose 2-KG + 2=KG or gluconic +
Ribose - ribose -
unknown (1) "+ unknown (1) +
Glyceralde~ 2-KG + 2—KG'or gluconic +
hyde Glyceraldehyde - glyceraldehyde -
unknown (1) + unknown (1) +
Gluconic acid 2=KG + 2~KG or gluconic +
Gluconic - :
Hydroxypyru- 2-KG + 2-KG + 2-K@ or gluconic +
vate OH-Py? - :
- X-KG+ +
unknown (1) + - - unknown (1) +
Glyoxylate 2-KG + 2-KG + 2=KG or gluconic +
glyoxylate =
pyruvate +
- -KG1 + :
unknown (1) + unknown (1) +
Glyceralde~ 2-KG + 2=~-KG or gluconic +
“hyde
+ 5uM Iodo-
acetamide-
1 A-KG- oK-ketoglutarate.
2 OH-Py-

hydroxypyruvate

L.
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tightly bound to the enzymes involved in their-férmation

and subsequenf utilization., Since carrier gluconate did not
become radiocactive it is most probable that gluconic
dehydrogenase is not freely reversible. It was also thought

14

possible that gluconate-C could have been formed from

14 by the action of ‘a specific phosphatase follow-

6~PG-C
ing the conversion of 2-K~6-PG to 6~PG. Similarly,
giyceraldehyde could have arisen not only from an aldolase-
1ike‘reactioﬁ invélving non-phosphorylated 2-KG but perhaps
by the aétion_of a_phosphatase on glyceraldehyde-3-
phosphate a prodUCt of ‘the Enfner—Doudoroff pathway.
Glycéraldehyde did not become radiocactive even in the
presence of S5UM of ilodoacetamide.

In each of the radloactive reactlion mixtures, with
the exception of the gluconate carrier -and 1odoacetamide
inhibited reactions, an unknown compound accumulated in
the supernatant.fluid} It was of interest that the great-
-est accumulation was observed in the hydroxypyruvic acid
‘carrief experiment. Whether there exists a correlation
between. the apparent repression of pyruvate formation
and the formation of the unknown radloactive compound 1is
unknown. It was suspected from the position of the
compound ori paper chrcomatograms and on elution from an
anion exchange resin that this labelled compound was an
amino acid. Subbequent papér chromatography and reactions
with ninhydrin showed that this radioactive compgund was,

in fact, three amino acids, two of which were identified



79

ag aspartic acild and glutamic acid and the third resisted

14 b

identification. Since pyruvateac ) cx—ketoglutarate—cl B

b

and glutamate-C1 . have been identified in this investiga-

14

tion then oxidative assimilation with 2-KG-U-C likely
'foliows a similar.mechanism as with glucose—U—Clq'
Aspartate could have arisen by a direct amination or
transamination of oxaloacetic acid. Phenylalanine and
methionine were also shown to be present in the hydroxy-
pyruvate "carrier" reaction mixture but in much smaller
quantities., It 1s significant that serine, which wouid

arise from transamination involving hydroxypyruvate, was

not found in the reaction mixture.

b) phosphorylated carriers

Certain classeg of chemical compounds’ are known not
to penetrate bacterial cells under normal conditions.
- Nucleotides and hexose phosphates provide classic examples
of such compounds. (Kepes and Cohen, 1962). However,
' Roberts, Abelson, Cowie, - Bolton, and Britten (1957),
have shown that at lowered temperatures (20 ¢) glucose-1-
phosphate and fructose-1:6-diphosphate as well as many
-amino acids were taken up by washed cell suspensions of
E. coli. It was also observed that some diffusion of
‘intracellular. "pool" materials out of ‘the cell occurred
at lower temperatures. Lowered temperatures theréfore
seemed amenable to carriér experiments inﬁolving possible

phosphorylated intermediates in 2-KG metabolism. A
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preliminary investigation into the applicability of this
approach was conducted using the oxidation of glucose-6-
phosphate and 6—phosphogluconate by washed cell sus-
pensions as a test system. It was found that at 20 C
there was significant oxygen consumption, although at a -
"slow rate, by washed cell suspensions indicating that both
phosphorylated compounds were able to enter the cell,
‘Reaction mixtures containing 5MM glucose-6-phosphate
or 5uM 6-PG, 10MM ATP, 1QuM MgCl,,

were allowed to incubate at 20 C for 100 minutes prior to

and 0,10 M Tris (pH T7.4)

the addition of labelled substrate and oxygen consumption

was followed to ensure that the phosphorylated compounds

.'were diffusing into the cell, Five){M of g;luoose--U—-'ClLL

were addedpand the reaction was allowed to proceed for an
additional 20 minutes-and was terminated by the addition
of 'PCA, The two supernatant fluids after centrifugation

were neutralized, and applied to a Dowex-l-formate

column and eluted wiph formic acid and ammonium formate,

. The products of the 6-PG "carrier" reaction with glucose-—C14
as substrate are shown in the elution profile of Figure 12.
Peéks 1, 2 and 3 were identified as glucose, glutamlc
acid and 2-KG respectively. " Peaks U4 and 5 were identified
as glucose-6-phosphate and 6-PG respectively, by paper
chromatography before and after phosphate hydfolyeis with

bacterial alkaline phosphatase (Table 13). Since this

procedure was successful with glucose-—U—ClLL oxidation it

was decided to apply it to 2-.-KCT—U--ClL’L oxidation.
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Table 13. Identification ﬁf phosphorylated intermediates
of glucose-U-Cl% oxidation by paper chromato-

graphy
After Treatment with
Compounds - bacterial alkaline phosphatase
* .
Rg. . Rg. Inference
Glucose 1,00 L -
- Gluconate 0.31 -
2-KG 0.52 - -
Glucose-6~ :
phosphate 0.12 1.00
6-PG 0.06 0.31
Peak I "1.00 : - ‘ glucose
Peak II 0.41 - glutamic
: acig¥**
Peak IIT 0.50 - 2-KG
. Peak IV 0,12 1.00 G-6-P
Peak V - 0,06 0.32 6-P.G

N .
Rg - Relative to glucose (Solvent, Ethylacetate/Pyridine/
Boric acid) and developed with benzidine-~periodate.

*¥
- Checked with Butanol/Acetic acid and with ninhydrin,
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Idenﬁical reaetion mixtures were prepared substi-
tuting 2-KG-U-C1" for glucose-u-ct™ and 6-PG, 2-K-6-PG,
and é—Ké3~D—6QPG were used as carriers. -Figure 13 depicts
the relative ratés of diffusion of the various carriers aé
measured by oxygen consumptién;. The supernatant flﬁiés
were treated‘as previously described and a representafive
elution sequence is demonstrated (Fig. 14). The intermed-
iates contained in the formic acid-ammonium formate eluate
were identified by‘paﬁer chromatography (Table 144), 1In
both the 2-K-6-PG and 6-PG carrier experiments, 2-K-6-PG
and 3-phosphoglyceric acid were isolated as radioactive
compounds. Unfortunately, 6-PG was not radioactive, even
though reisolated. . The identification of 2-KG is considered-
to be an artifact of the purification of -these compounds
resulting from an acid hydfolysis of 2-K-6~PG to 2-KG and
phosphate. This is feasible considering the position of
elution from the formate column (Fig. 14), and the highly
acid conditions encountered. Only 2-K-3-D-6~PG was iso--
lated as a labelled product of the "cold" 2-K-3-D-6-PG
carrier-experiﬁent. These data.demonstrgte conclusively
that 2-Ke6mPG, 2-Kn3-D-6mPC, and 3-phosphoglyceric acid
are intermediate compounds during the oxidation of 2-KG

by glucose grown cells of P.»aeruginosa and this represents

the first evidence for a constitutive 2-KG—kinase in whole

cells of any Pseudomonas species and also demonstrates the

participation of the Entner-Doudoroff pathway during the

oxidation of 2-KG.
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5. Demonstration of 2-KG metabolism in cell-free
extracts
a) Enzyme assays
Although a 2-KG-kinase has beén reported in a
variety of bacteria it has, in almost éll cases, been an
 induced kinase. Ghiretti and Guzman-Barron (1954),
‘demonstrated a kinase for 2-KG using a cell-free extraét of

C. creatinovorans but no product isolation was attempted

and the kinase activity was not constantly reproducible.
However, Narrod and Wood (1955), demonstrated a relatively

weak 2-KG kinase in glucose grown cells of P, fluorescens,

partially purified the enzyme, and isolated and identified
2—K~6—PG aé the end product of the enzymic transphosphory-
lation with ATP. :
Dﬁring the course'of this investigation attempts
were made to demonstrate a 2-KG kinase as a cohstitutive
enzyme 1in glucose grbwn cells. Sonic extracts, Hughes'
- pressates, and French cell pressates were seeminglylvoid
of this enzyme, Cell breakage was carried out in bovine-
serum albumin, glutathione, cysteine, 2-mercaptoethanol,
or'glycylglycine in an.effort to stabilize the 2~KG kinase--
all without apparent success., Neithér-ATP, CTP, GTP, nor
ITP gave any -evidence of activity as phosphate'donors and
~attempts to demonstrate 2-KG-kinase activity in pressates

from 20 hour, 0.2% 2-KG grown cells were also unsuccessful.
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Ciferri et al. (1959) showed that the 2-KG-kinase

activity of L, mesenteroldes was poor when cells were har-

vested from the stationary phase of growth and that the
purified.enzyme was rapldly inactivated above'éo C.

In an attempt to demonstrate kinase activity in log
phaee cells, the cells were grown on 0,5% 2-KG or on 0.5%
glucose ES carbon sources and harvested at 20 hours. The
cells were broken in % Tris pH 7.l and 0.025 M glycylegly-
cine by means of a French pressure cell., The 2-K-6~P-G
reductase, 6~PG dehydrase and 2-K~3-D-6-PG aldolase, as
“well as 2-KG kinase ectivities were measured with both the
glucose grown and 2-KG grown cells. Figures 15 and 16
demonstrate the various enzyme activities found in 2-KG
grown cells andlthe relative enzyme activities of é—KG'or
glucose grown cells afe‘shown in Table 15. The activities
of the enzymes measured were, with the exception of the
kinase, twice as high when the cells were-grown on 2-KGg
" rather than glucose, ‘The high relative value for the
2~KG=kinase from 2-KG grown cells was obviously due ﬁo the
low-~almost immeasurable~-activity from cells grown onl
glucose. The 2-KG induced kinase was the least active of
all the enzymes measured w1th an activity of approx1mately
one-tenth the act1v1ty of the relatlvely weak 6-PG-
dehydrase.

. As a confirmation of these enzymic reactions attempts

were made to isclate the end-products of the various
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Table 14, Identification of phosphorylated intermediates
of 2-KG-U-C1l4 metabolism
standards . solventl 1 solvent3 2 solvent 2 after com-
R 2 R phosphatase pound
gl gl_ 'Rgl :
- 2-KG 0.94 0.58 - -
gluconate 0.94 0.36 - -
glycerate 1,00 1.00 - -
2-K~6-PG 0,72 0.18 - -
6-PG 0.46 0.10 - -
2-K;§—D-6—PG 0.80 0.30 - -
3-PG 0.85 0.20 - -
reaction mixture ,

A -~ whole cell reactions 14
2-KG-Cc1% + 0,94 0.58 2~ KG-C
- K~6-PG 0.72 0.18- 0.58  2-K-6-PGmcH

| 0.86 0,20 1.00° 3-PG-ctH
o-kG-cH 4 0.94 0.58 o-KG-c?
6-PG 0.72 0.18- 0.58  2-K-6-PG-cl¥
0.86 0.20 1.00° 3-pe-ct"
o-ke-ct*+  o.ou 0.58 o-ke-ctt
 2=K-3-D-6-PG - 0.80 0.30 - P=Km3=Dm
6-pa-c 1"

B - cell-free extract reactions : 14
2-KG-C1%, ATP,0,94 - "0.58 0.58 2-K-6-PG=C
mgtt 0.72 0.18 0.58

14 ‘ _ 14
2-KG-C~ ',ATP, 0.94 0.58 0.58 2-K~6-PG~C
Mg ", NADPH, 0.72 0.18 0.58

2

L] Rgl

o~ W e

. -acetone/pyridine/water
--relative to glycerate
. ethylacetate/pyridiné/boric acid
. 3-PG--3-phosphoglyceric acid

5,6, Only a trace of radioactive glyceric acid was found
here, but not enough to account for the disappearance of

‘the Rgl

,0,18-~0,20 compounds.
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reactions, Reactioﬁ mixtures were prepared in a manner
-identical to those of the kinase assay with'the exception

. that three times the amount of cell-free extract was uéed‘
and that one reaction was without NADPH,. Warburg flasks
were used for the incubations which were carriéd‘out»at‘3o C
for one~hour at which time the reactilons were terminated
with 1.4 N'PCA, centrifuged, and the clear'supernatant
‘fluid‘néutralized with IN KOH, - These supernatants were
anéiyzed in a manner analogous to the phosphorylated carrier
experiments, - From Table 14B it can be seen that 2-K-6-PG
was the idgntified end product of the transphoéphorylatibh.
with ATP and that 6-PG was not present, but rathervé—K—6—Pd'
was again .isolated, The-active Entner-Doudoroff enzymes
probably degraded the 6-PG as fast as it Was formed.  The
above observations.thén»establiSh the existence of é

dissimilatory pathway for 2-KG metabolism in P, aeruginosa.

A similar pathway has been demonstrated in P, fluorescens

(Narrod and Wood, .1955;: Frampton and Wood, 1961), but it

should be noted that cell-free extracts of P, fluorescens
~contéain relatively aétive enzymes for 2-KG utilization‘
éince cells grown on glucose or 2-KG exhibit demonstrable
2-KG~kinase activity and the cell-free preparationS'degrade

- 2-KG quantitatively to pyruvate--in the presence of

arsenite. Cell—free‘extrdcts of P, aefugihosa do not
exhibit this apparent activity. It is incomprehensibie why
the presumably initial sfep involved in 2-KG utilization

should be relatively inactive in cell-free extracts and
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Table. 15, Comparative enzyme activities of glucose and‘
2~-KG grown cells of P, aeruginosa

Substrate

Ratio of activity

- Enzyme
Glucose 2-KG 2-KG/glucose.
2-KG-kinase 0.13 1.81 12.95
2=K-6-PG-red- 45,00 84,40 1,87
uctase
6~PG dehydrase 8.70 17.50 2,01
aldolasge ' '

*
"Enzyme activities are expressed as change in O, D,
per minute per mg protein x 100 '
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also in whole cells, -Whole cells do not immediatelyzmeta—
bolize 2-KG as they do glucose and gluconate (Figufe 1),
but rather a distinctl5~lo minufe'laé;OCCQfs prior- to rapid
oxidation. A constitutive enzyme exists for the oxidation-
of 2-KG since this apparent lag period remained unchanged-
when cells were treated with chloramphenicoi. Itlhas been
observed that 2-KG induces a brief degradation of ribo-
nucleic acid (RNA)~-presumably ribosomal——during this lag
period, whereas substrates such as glucose andcx—ketoglu— 
tarate do not (Gronlund and Campbell, 1965). It is pos-
sible that a necessary cofactor for 2-KG degradéﬁidn is
derived either directly or indirectly from the degradatioh
products of'R.N;A. It was reasoned that if this postulate
is valid then'cellé extremely deficient in ribosomal
complement would be unable to utilize 2-KG as an energy

source, = Phosphate starved cells of P, aeruginosa were

demonstrated to bé deficient in ribosomal material relative
to non-starved cells (Hou, 1965), Preliminary experiments
with phosphate—starved cells disclosed that these cells
were in fact unable to utilize 2—KG as observed by

oxygen consumption (Table 16). Since the first step
involved in 2-KG utilization by this organism 1is a phos~
phorylatién it cod&d be'argued that the limiting require-
ment was phoéphate. 'However, the addition of inorganic
phosphate had relatively little stimulatory effect

(Table 16), but thé addition of a nucleoside‘pool had a
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Table 16, The stimulation of 2-KG oxidation in phosphate
starved cell suspensions of P, aeruginosa by
inorganic phosphate.

Compound ‘ : OXygen consumption at
added 150 minutes
. M1
2-KG 70
* , ’ A
2-KG + Pi 90
*

Pi -~ inorganic phosphate

Table 17. The stimulation of 2-KG oxidation in phosphate
starved cells of P, aeruginosa by a nuc;eoside

pool
Compound Oxygen consumption at
added 150 minutes
M
nucleoside pool® 162
" " 4+ 2-KG 346
" "+ Pi 197

" " 4+ 2-KG + Pi et

3 UM of each of 4 nucleosides (aden081ne, cytidine,
guan081ne, and uridine)
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marked stimulation on oxygen uptake (Table 17). - Sub-
sequent studles using one u M of individual nucleosides
demonstrated that all the nucleosides were stimulatory but
not to the same degree (Table 18)., Guanosine was found to
be the best stimulator, cytidine was slightly better than
~.urldine, and adenosine was the least stimulatory, The
free base guanine was found to have a stimulatory-effect
similar to guanosine (Table 19) and thereby eliminated the
possible importance of the ribose moiéty. Since

- P, aeruginosa has been shown to liberate ammonia during

‘the degradation of'purine and pyrimidine compounds
(Campbell, Gronlund, and Duncan, 1963), and since guanine
and guanosine both had essentially -the same stimulatory
power dn 2=KG utilization it was declded to test inorganic
‘ammonia.as a possiblé stimulatory agent, It can be seen
from Table 19 that ammonia also had a marked stimulatory
-effect. This latter observation initiated two queries:

was the decreased rate of oxygen uptake wifh;phosphate—
starved cells the result of ‘the accumulation of 'a toxic
intermediate; or was ammonia required for the formation of
‘some cofactor mandatory for the phosphorylation of 2-KG?
The former postulation was feasible in light of the work of
‘Tomlinson (1964), who demonstrated that starvation decreased
oxidative assimilation and permitted greater accumulation

of ketoeacid intermediates in P, aeruginosa. However, in

this investigation the analysis of ‘reaction supernatants

gave no indication of any keto-acid accumulation and
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manometric data (Table 20) demonstrated that G-ketoglu-
tarate was oxidized to the same degree whether 2-KG ﬁas
preéent in the reaction or not. The latter postulation
.that ammonia was necessary for perhaps some cofactor
synthegis 1is féasible,'but is open to criticism in view of
the iimited data available at this time. Alnew type of
enzymatic phosphorylation was discovered by Smith
(Fujimoto and Smith, 1960; Smith, 1961)., It was found
that E., coli extracts catalyzed direct phosphorylation of -
glucose with potassium phosphoramidate, with N-phosphoryl-
glycine or, more slowly, with monophosphorylhistidine.
This then would suffice as one possible explanation for an

ammonia requirement for-2—KG_phosphofylation.

Table 18,° The stimulation of 2-KG oxidation in phosphate
starved cells of 'P, aeruginosa by purine and
pyrimidine ribosides

Compound Oxygen consumption at
added . ) ' 150 minutes
M1l above 2~KG .+ P1i control

2~KG + Pi + adenosine 215
2=-KG .+ Pi + cytidine - 350
2-KG + Pi + guanosine Loo

2-KG: + Pi + uridine 315
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-Table 19. The stimulation of 2-KG oxidation in phosphate
starved cell suspensions of P, aeruginosa

Oxygen consumptlon at

Compound , 140 minutes
~added ML above 2~KG + Pi control
guanine 95
guanosine 80
NH3 : 70

Table 20. The effect of a-ketoglutarate on 2-KG oxidation
in phosphate starved cell suspensions of
P, aeruginosa

Oxygen consumption at

Cogggggd 180 minutes
AL L
o-ketoglutarate + P1 91
2-KG + PL ' 226
X-ketoglutarate + ‘ 271

2-KG + Pi
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GENERAL DISCUSSION

The'dembnstrafion of ‘sequential enzymes concerned in
substrate dissimilation alone is nof'necessarily valid
evidence for the»existence of a particular functioning
-metabolic pathway. . The isolation of the reduisite inter-
mediates.howeverldoes qualify the existence of the pathway
in~cell—extfacts but the quantitative estimation of the
participation of such a pathway:cannot be applied to whole
cells where the celluiar integrity has not been drastically
altered. The abllity of a cell to use a particular pathway
is no assurance that the organism readily utilizes that
route during growth but will, unquestionably, vary accord-
ing to the availability of alternate pathways and also
according to the needs of the organism-as governed by both
growth conditions and developmental stage. Similarly, the
use of metabolic inhibitors is a useful tool for the eluci-
dation of catabolic pathways but is limited due to a
general lack of 'specificity exhibited by most inhibitors.

- Indeed, in this investigation the various inhibitors used
were too restrictive‘in affecting the initial stages of
2-KG utilization, It égain must be emphasized that
extremely unphysiological cohditions are imposed upon the
cells by the accumulation of metabolites. and conclusions
of pathway participation under these conditions are
nebulous. ™ Entner and Doudoroff (1952), concluded that

P. saccharophila metabolized glucose and gluconate via one

pathway to pyruvic acid, but the cells were poisoned with
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Aarsenite, thereby leaving such a conclusion épen to
criticism, However, their conclusion was substantiated

in non-inhibited cells by Stern, Wang, and Gilmour (1959),
using'radiorespirometry. 'Fraﬁpton and Wood (1961), showed
that 2-KG was quantitativeiy dissimilated via the Entner-

Doudoroff pathway to pyruvate under conditions of arsenite

inhibition in extracts of P, fluorescens, but no data is
available as to the relative participation of this pathway
“in a non-poisoned cell, although Stern, Wang, and Glilmour

(1959), have demonstrated that Pseudomonas reptilovora,

a closely related organism, dissimilates 28% of the avail-
" able glucose by the pentose-~phosphate route, In this

investigation, P, aeruginosa was showh to degrade 2-XKG

quantitétively'to pyruvate under conditions of arsenite or
bromopyruvate poisoning, but without 1sotope distribution
data it cannot be concluded that all the pyruvate was a
product of only‘the Entner-Doudoroff pathway, Stern, Wang,
and Gilmour calculated that the pentose~phosphate pathway

functions to the same extent in P, aeruginosa as in

. P, reptilovora,

- The use. of lowered temperatures as an aid to per-
meability in whole cells is an exc¢iting concept. Whether
active'transport ﬁechanisms are readily.inactivated or
' whether physical cellular barriers are broken down, thus
allowing a’ greater freedom of diffusion, may be the reason

for increased permeability is unknown at present, but the
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application of-this‘ﬁechnique to the elucidation of pathways
of carbohydrate dissimilation 1s of‘vélue as demonstrated

‘during the course of this investigation. Thus,in this study,
incubations of whole cells with the phosphorylated compoﬁnds,

glucose-6-phosphate, 6-PG, 2-K-6-PG, or 2-K-3-D-6-PG at 20C

14

permitted oxidation of these compounds and when 2-XG-C
and the latter two compounds were used as "carrier'" sub-
Strates and from theAappropriéte labelling which subsequently
ensued, evidence was obtained for a dissimilatory pathway of
2-KG degradation in intact cells. This technique and the
results which were obtained from its application permitted
a.full inQestigation of ‘the enzymes functioning in 2~-KG
dissimilation.

The failure to accumulate {~ketoglutaric acid during

the active dissimilation of -2-KG by P. aeruginosa is, on

first consideration, a detriment to the economy of the cell
as it has obviously lost a means of conserving the carbon
compound which acts as the point of'entrj-into prétein and
nucleic acid syntheéis when ammonia becomes available,
-However, MacKelvie (1965), demonstrated that cultures grown
in a nitrogen limiting medium with gluccse as the sole carbon
sourée accumulate far greater quantities of 2-KG relative to
pyruvate or of-ketoglutarate and since these cells are
analogous, at least in ribosomal complement, to phosphate-
starved - cells it becomes obvious that 2-KG accumulation is a

~ more efficient means of conserving carbon compounds than is
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X-ketoglutarate because: cx—ketoglutaraté is almost a
universal metabolite among microorganisms but 2-KG is not;
2-KG can support more cellular synthesis thancx-ketoglutarate;
_and from indirect data presented in this report 2-KG may in
fact be incorporated directly into cellular constituents.

The mechanism of ammonia stimulation of 2-KG utili-
zatlon is as yet é mystéry'but it is probable that ammonia
is fuﬁctioning elither as a control mechanism or that it
assumes a more direct role in the degradation.of'E—KG and
functions as a precursor to the synthesis.of a necessary
cofactor. A phosphorahidate (Fujimoto and Smith,‘l96o;
Smith, .1961) may be such a cofactor.

The unusual lability of 2-KG kinase in cell-~free

extracts. of P, aeruginosa relative to the other enzymes

functioning in 2-KG degradation is puzzling since none of
‘the common agents used to stabilize the enzyme were effective
with the exception of glycylglycine. Glycylglycine may be
serviﬁg as the substrate for a protease which, when liberated
during cell breakage, attacks 2-KG kinase, Another
possibility is that glycylglycine is serving és a substrate
the utilization of which may~produce a supply of ammonia and
stimulate 2-KG degradation, . However, the latter postulation
is perhaps the most unlikely since cell breakage should
result in the availability of a varigty of'hitrogenous

compounds which would also serve as sources of ammonia.
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SUMMARY

The non-phosphorylated oxidation of glucose through
gluconolactone, gluconic acid and 2-KG, as well as the role
of "2-KG as a transient intermediate during glucose catabolism

by P. aeruginosa have been confirmed,

It was found that glucose grown cells metabolized
2-KG via 2-K-6-PG and 2-K-3-D-6-PG intermediates thereby
establishing the existence of a kinase for 2-KG and the
participation of the Entner~Doudoroff pathway during 2-XKG
degradation.

Two—keto—6-phosphogluconoreductase, 6-phosphogluconate
dehydrase, and 2-keto-3-deoxy-b-phosphogluconate aldolase
were confirmed as constitutive enzymes of glucose grown cells
and these three enzymes as well as a 2-ketoglucono-kinase
were demoﬁstrated spectrophotometrically in . 2-KG grown cells.
Although 2-KG kinasé could not be demonstrated spectrophoto—_
metricaliy in glucose grown cells the product of 2-KG trans-
phosphorylation with ATP in the presence of magnesium with
cell-free extracts was shown to be 2-K-6-PG.,

The role of 2-KG in oxidative assimilation was
demonstrated to be considerably different from glucose
egpecially with fespect to the gquantitation and speed of
assimilation,

Evidence was accrued to establish 2-KG as a key
carbon conservingﬁinﬁermediate in the oxidatibn'of glucose

under conditions of limiting nitrogen.
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