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SUMMARY

In our strain of Acefobacter suboxvdans, three enzymes are present for the oxidation of
gluconatc:
(1) a soluble TPN-specitic dehydrogenase, yielding z-ketogluconate (2-keto-
ghuconoreductase) ;
(2) a soluble TPN-specific dehydrogenase, vielding s-ketogluconate (5-keto-
gluconorcductase) ;
(3) a particulate, possibly cytochrome-linked gluconate oxidase, yielding 2-keto-
gluconate. !
The specificity of these enzymes was studied. Galactonate is oxidized with a
TPN-linked dehydrogenase to 2-ketogalactonate. Soluble TPN-linked dehydrogenases
- for glucose, mannose, galactose, xylose and L-arabinose are present. A 5-ketoglucono-
- kirase was not detectable. Both 2- and 5-ketogluconates are metabolized by a
* reductase into gluconate, followed by a gluconokinase and a’ 6-phosphoglucono-
4dechydrogenase.
_ A strain of Acetobacter melanogenmmn was also investigated because in a period of
- one year it had lost the power to malke a brown pigment and now produced con-
- siderable amounts of Ca-5-ketogluconate. The new behaviour of this strain was due
" to the fact that the z-ketogluconoreductase was absent and the gluconate oxidase
- content was low. 5-Ketogluconatc is not metabolized by this strain, owing to the
absence of a gluconokinase.

INTRODUCTION

Growing cultures of acetic acid bacteria of the suboxydans and mesoxydans group
produce considerable amounts of both 2- and 5-ketogluconate during the oxidation
of glucose and gluconatel-$. Acecfobacter suboxydans?! is undoubtedly the prototype,
producing copious amounts of calcium 5-ketogluconate™ crystallizing out in the

* Associé du Fonds National de la Recherche Scientifique.
** The following abbreviations will be uscd: j-ketoglucomate (3KK); 2-ketogluconate (2K);
diphosphapyridine nucleotide (IDPX); triphosphopyridine nucleotide {TPN); adenosine triphos-
_ phate {ATP); glucose-6-phosphate (GOP) mluconate-6-phosphate (6PG).
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medium. However, little is known about the enzymic mechanism of the formation and
of the further metabelism of both keto-acids in these specics. 4. melanogenum is
unique in that it oxidizes 2K with the formation of 2,5-diketogluconate?, which is
then degraded with the formation of a-ketoglutarate via pentoses®. There are a few
indications in the literature that in some Acefobacters both ketohexonates may be
intermediates in separate pathways of glucose breakdown, different from those
previously described, such as the glycolysis cycle, the hexose monophosphate oxidative
cycle {shunt) or the Entner-Doudoroff mechanism. Foir example, JACKSON ¢f al.®
mentioned briefly that various Acefebacters may produce d-tartaric and oxalic acids
from 5-ketogluconate and that the oxidation of gluconate results in the production,
first of z-ketogluconate and ther of pyruvate and CO, FewsTER' reported that
resting cells of Acefobaster suboxydans ATCC 621 oxidize 5-katogluconate with an O,
consumption of 3.3 moles/mole substrate and 2-ketogluconate with the uptake of
0.5 mole Q, FEwsTER! mentioned that p-xylulose and both 2- and 5-ketoglucanate
are phosphorylated. It was suggested that 5-ketogluconate was decarboxylated to
p-xylulose. Since p-xylulosc-5-phosphate is an intermediate in the hexose-mono-
phosphate oxidative cycle, the nearly complete oxidation of s-ketogluconate could be
explained. However, experimental evidence for a conversion of 5K into p-xylulose
was not given. From his experiments FEwsTER!? concluded ‘‘that gluconate and the
two oxo acids are intermediates of a main pathway for the extensive aerobic metabo-
lism in Acelobacter suboxydans”. ’

In a paper, published after the present manuscript was ready, FEWSTER? reports
that his strain also oxidizes 2K with the uptake of 0.5 mole O, per mole substrate,
the production of 0.5 mole CO, and the apparent formation of arabonate.

For the present investigations, a strain of Acefobacter suboxydans was selected
which was able to oxidize the ketohexonates, accumulating in the medinm in the
initial growth period, with the formation of CO,. It was therefore expected that the
enzyrae systems for the new types of catabolism might be present. It was found,
however, that the primary step in the metabolism of both ketogluconates consists
in a reduction to gluconate, which is then phosphorylated by the gliconokinase, The
gluconate-6-phosphate formed is then metabolized by the HMP oxidative cycle,
which was shown to be present in our strain. It had previously already been demon-
strated in another strain of Acetobacter suboxydans by Havce, Kinc axnp CHELDELINIS,

Thus the metabolism of 5-ketogluconate in this species follows the same pathway
as in Klebsielle and Escherichia**: 1%, and z-ketogluconate is metabolized in the same
way as in Corynebacterinm helvolum®. Further it will be shown that gluconate is
oxidized by 3 enzymes:

(1) 2 soluble TPN-linked dehydrogenases, one yielding 5-ketoglucenaie and one
yvielding 2-ketogliiconate;

{2) a particle-linked, coenzyme-independent oxidase yielding 2-ketogluconate,

EXPERIMENTAL

1. The strain of Acefobacter suboxydans was isolated from beer and identified
according to FRATEURS. It differed only in one aspect from the strain described by this
author as Acetobacter suboxydans (KLuyveEr anp D Lesuw): when growing on
veast-glucose-CaCOj slants, the bacteria formed first acid and crystals of Ca-5-keto-
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gluconate; later CaCOy was formed again, giving a strong irisation. This indicates that
the acids are completely oxidized.

2. Mass cuitures were grown on 2 different media. Roux flasks were used,
containing a solid medinny with 109, glucose, 19, yeast extract, 21,2, agar and
3 % CaCO; {in suspension). They wure inoculated and incubated at 30° {for cither
48 to 72 h. The cells were then washed from the agar surface with 37/100 phosphate
buffer pH 6.0. We also used a liquid medium, containing 2 9, Ca-gluconate, 0.2 %
NH H, PO, o.x1% K,HPO,, o.025°, Mg50, and 0.5 °, yeast extract, dispensed in
Erlenmever flasks in shallow layers. After inoculation, the flasks were incubated at
30° in a shaking-machine for 48 or 7z h. The culture was then freed from the
precipitated Ca-3-ketogluconate by decantation and filtration. The cells from both
! media were harvested by centrifugation and were washed twice with 1/ /100 phosphate
bufier pH 6.0.

3. Cell-free extracts were prepared by treating the cell suspension (g-1z g in
50 ml A /100 phesphate buffer pH 0.4}, in a 10 KC, 250 W Raytheon Sonic Oscillator
for 15 min.

The suspension was then centrifuged for 1 h at 12,000 rev./min in an M.S.E.
centrifuge at 4°. The precipitate was discarded and the supernatant was called “crude
ccell-free extract™. It was centrifuged for 2 h at 103,000 g and 0° in a Spinco refrigerated
preparative ultracentrifuge. In this way it was separated into a clear yeilow solution,
containing the soluble enzymes, called “particle-frec supernatant™ and a reddish
precipitate, containing the bacterial particles, Sometimes the supernatant was dialyzed
at 4° against af/100 phosphate buffer pH 6.0 for 18 h. 2-3 ml of the sedimented
particles were suspended in 5 ml of 1//100 phosphate buffer pH 6.0 with the aid of a
Potter-Elvehjem homogenizer.

4. For manometric oxperiments the conventional Warburg respirometer was
used at 30°.

The oxidations by resting cells were studied with 2z ml cell suspension in 315
phosphate buffer pH 6.0 (about 100-150 mg living cells): 5 umoles of the substrate
in 0.2 ml were tipped in from the side-arm, except for Na-5-ketogluconate, of which
8.1 pmoles were used. The center wells contained o.15 m! KOH selution. The gas
phase was air.

Kinases were detected by the method of CoLowick anD Karckar!”. The main
compartment of the Warburg vessel contained: 0.6 ml particle-free supernatant (from
about 100 mg living cells), dialyzed or undialyzed as indicated; ro gmoles substrate;
40 pmoles NaHCQ,, 16 pmoles MgCly; 20 pmoles NaF. 17 pmoles of Na-ATP in a
volume of 0.2 ml 0,02 M NaHCO, were added from the side-arm, The total volume
was 2 ini. The gas phase was g3 % N; -+ 5% CO,, final pH 7.3.

The oxidation of the different substrates by the particle-free supernatant was
tested in the following system: 0.3 ml enzyme preparation; 36 pmoles Tris bufter
pH 7.4; 36 pmoles MgCl,; 0.65 mg N-methylphenazinium methylsulfate; 0.3 pmole
DPN or TPN; zo umoles substrate in a total volume of 1.9 ml The center well
contained 0.1 ml 20 7, KOH solution. The gas phase was air.

Oxidations with the particles were carried out in M ;30 phosphate buffer pH 6.0,
coriresponding to about 0.1 mi packed particles, with 2o pmoles substrate,

5. Spectrophotometric determinations were carried out with the Beckman
apparatus, model DU, at about 20°. Dehydrogenase activity was estimated by reading
References p. 183.
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the optical density at 340 mu. The system contained: 60 pmoles Tris buffer pH 7.4;
60 umoles MgCly; 0.3 pmoles TPN; 2 pmoles substrate (ethanol, Na-G6P or Na-6PG)
and 0.3 ml particle-free supernatant in a total volume of 2.9 ml.

The enzymic reduction of ketogiuconates by TPNH was studied in the following
way: TPNH was generated by one of the dehydrogenases just mentioned, 10 pmoles
of the ketogluconates in 0.1 ml were added to the same systom and the decrease in the
0.D. followed at 340 mp. The oxidation of hexonates and pentonates with either TPN
or DPN was demonstrated in a system containing: 60 umoles glycine buffer pH 10;
50 pumoles substrate; 0.3 pmole coenzyme and 0.3 ml particie-free supernatant in a
total volume of 3.0 mi.

6. To detect the endproducts of the phosphorylatlon of 5-ketogluconate by ATP
the iollowing reaction mixture was incubated at 30°; 67 pmoles phosphate buffer
pH 7.4; 16 pmoles MgCly; 20 pmoles NaF ; 17 pmoles ATP; 13 pmoles 5-ketogluconate;
0.3 pmole TPN and 0.4 ml dialyzed particle-free supernatant in a total volume of 2 ml.
At regular intervals a 0.1 ml sample was withdrawn, with which the cysteine—carbazol
reaction?® and the CyRI reaction!? was carried out. 5-Ketogluconate gave a purplish
colour in the cysteine~-carbazol reaction. However, the optical densities at 540 and
560 mu were low. In the CyRI reaction 5-ketogluconate yields a green colour with a
broad absorption maximum at 540 .

=. Ketogluconates were detected by descending paper chromatography for 48 h
in the upper phase of a mixture of #-propanol, methylbenzoate, formic acid and water
(7:3:2:5}. The o-phenylenediamine spray®® was used to reveal the position of the
ketogluconic acids. After heating for 3 min at g5-100°, 2-ketogluconate gives a green
spot with vellow—green fluorescence and 5-ketogluconate gives a blue spot without
fluorescence. z-Ketogluconate was determined by the reaction with o-phenylene-
diamine-HCI, according to the method of LaxxNinG aAnD CoHEN2® and 5-ketogluconate

by the reaction with 1-methyl, 1-phenylhydrazine sulfate according to the method
of Scuramm?l,

RESULTS
1. Experiments with vesting cells

Fig. 1 represents the result of a typical cxperiment with resting cells, Glucose,
gluconate, 2- and 5-kctogluconate are oxidized with an O, consumption of 6070 %
of the amount needed for complete oxidation. Since our strain oxidizes 2-ketogluconate
with an O, consumption of 3.4 moles/mole substrate, it is different from Acelobacter
suboxydans ATCC 621, used by FEWSTER, which consumed only 0.5 molel®.12, Ethanol
is oxidized readily with an O, consumption of 1 mole/mole substrate, as expected
for an Acetobacter suboxydans.

Table 1 summarizes the resuits of the oxidations, carried out by resting cells.
Galactose was slowly oxidized ; the O, consumption was always greater than 0.5 mole/
mole substrate. Galactonate was also slowly oxidized. With galactose and galactonate
the endpoint of the oxidation was never reached.

2. Enzymes in the parvticle-free supernatant

(@) Dehydrogenases. The particle-free preparation contains several coenzyme-

linked dehydrogenases for the oxidation of some aldoses, hexonates, ethanol, G6P
and 6PG.

References p. 153.
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In our stram a giucose dehydrogenase is present, which is absolutely TPN-
specific. This enzyme seems to be different from the DPN-specific one described by
KinG AND CHELDELIN?? in another strain of Aeetebacter suboxydans.

TABLE I

O, UPTAKE BY RESTING CELLS OF A cetobacler suboxydass WITH SEVERAL SUBSTRATES

Substrate Male Oz 'mole substrale
Glucose 3.4 3.9
Gluconate 3.7 34
5-Ketogluconate 2.8 3.z
2-Ketogluconate 3.5 3.3
ructnse 4.0 4.4
Galactase = 0.53
Gaiactonate < 0.2
Maltose = 6.7
p-Xylase 0.5
L-Arabinose o4
p-Mannose 0.5
Ethanol . 1.0 0.9
Pyruvate 0.3
jshpmo.'es g, M E:MO ma
075k
Man,
30 &
05
23F G
5K
GA 025 Gal, Xyl
20 L-Arab
- - End
7] o 20
TR
Fig. z. Dehydrogenation of several
aldoses by TPN in the presence of the
g+ Dparticle-free supernatant of 4. suboxy-
dawns. Content of the Beckman vessels,
see text.
— End.
o 50 106 50

Fig. 1. Oxidation of several substrates by resting cells of Acetobacter sutoxydans. Content of the
Warburg vessels, see text. Substrates used: M (maltose), G {glucose), GA {gluconate), 53 (5-keto~
: gluconate), 2K (z-ketogluconate), Et (ethanol), End {no substrate}.

The oxidation of mannose proceeded at approximately the same rate as that of

glucose. p-Galactose, D-xylose, p-arabinose were oxidized slowly (Fig. z). p-Ribose and

_D-arabinose were not oxidized. The latter resulis are in agreement with our observation
'.Rcferences . 187,
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that this strain does not show acid production on yeast-extract (ribose or p-arabinose)-
CaC{}, slants. These dehydrogenases are obvicusly constitutive, since the cells had
been grown on gluconate. These extracts also contain very active TPNH-linked
reductases for 5- and 2-ketogluconates (Fig. 3 and Fig. 4). The activity of these

£ 5K 2K £
340mu E320mp 5K 3460 mpA 64
GolA
asf <l &8P
o8 5PG
o.50
0.4 Er [r2]
025
02k o2k
End.
, . - . — 0 - S
0 10 20 L o 10 20 30 4@ 50 min
Fig. 3. Tig. 1. Fig. 3.

IFig. 3. A TPN-linked ethanol dehydrogenase and the 3K- and 2 K-reductuses in the particie-free
supernatant of .1, suboxydans, Conteut of the Beckman vessels, see text,

Fig. 4. TPN-linked GO~ and 0l'G-dehvdrogenases and the jK-reductase in the particle-irce
supernatant of 4. suboxydans, Content of the Beckman vessels, see text.

IFig. 5. Oxidation of glnconate and galactonate by TPX at pll 1o and a high substrate concentration
with particle-free supernatant of o1, suboxydens, Content of the Beckman vessels, see text,

enzymes is of the same order as the similar enzymes described in Kiebsiella and
Escherichia’* and in Coryuebacterium kelvolum®®. In the latter cases the end-product
of the reaction was shown to be gluconate. A reaction with DPNH could not be
demonstrated, for our preparations contained a very active DPNH-oxidase. No

reductascs were present for pyruvate, p-glucuronate, p-galacturonate and 5-keto-L-
galactonate with TPNH.
i he reactions:
s-ketoglucenate +~ TPNH - ' = gluconate 4 TN
and
z-ketogluconate «= TUPNH + Ht & gluconate + TI'N~

are readily reversed at pH 10 and a high gluconate concentration. TPNH formation
under these circumstances is shown in Fig. 5. Galactonate was also oxidized, Bath
hexonates were slowly oxidized in the presence of DPN. pn-Gulonate, p-mannonate,
D-arabonate, D-ribonate and p-xylonate were not oxidized with TPN,

In order to confirm the previous reactions and to detect the endproduct of the
hexonate oxidation, Warburg-experiments were carried out in the presence of
coenzymes and an auto-oxidizable c=rrier. N-methylphenazinium methyl sulfate was
found to be superior to methylene blue for this purpose. Fig. 6 gives an example of such
an experiment. In this way the coenzyme specificity could be checked. The rate of
reaction with TPN was about 3 times as fast as with DPN, The oxidation of gluconate
in the prescnce of TPN was about twice as fast as the galactonate oxidation under the
same conditions. The endproduc’s of the oxidations were analyzed by paper chromatog-
raphy., From b-gluconate both 2- and 5-ketogluconatc had been formed. The
oxidation of galactonatc yielded only one spot, which had the same position and
References po 183,
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displayed the same colour as z-Ketogluconats, when spraved with o-phenvlenediamine.
Thus probably z-ketogalactonate had been produced.

{0y Ninases. It seemed ¢uite possible that both 2- and 5-ketegluconate could be
metabolized by way of kinases. Therefore experiments were set up, using the mano-
metric method of Corowick axnp IWaLcxar, which in the absence of ATP can also
demonstrate decarboxylase activity. Fig. 7 shows the results of such an experiment
with the undialyzed particle-free superpatant. Both glucose and gluconate are
phosphorylated to the corresponding phosphoric esters, since In cach case 0.9 mole
CO,/mole substrate was liberated. However, with the ketogluconates the theoretical
value of 1 CO, was exceeded : for 2-ketogluconate 1.z mole CO, was obtained in this
particular experiment and for §-ketogluconate 1.9 mole CO,/mole substrate. In the
absence of ATP a0 C0O, was formed, showing that decarboxylases for both keto-
hexonates were absent. The suggestion of FEwsTER, that j-ketogluconate is first
transtormed into D-xylulosce, could thus not be corroborated. The fact, that 2 moles
CO, are liberated from s-ketogluconate apparently suggests that, if 5-keto-6-
phosphogluconate were formed, it would be decarboxylated with the formation of one
extra mole CO,. However, further investigation did not strengthen this view. When a
dialvzed particle-free supernatant was used (Fig. 8), the rate of CO, evolution from
s-ketogluconate and ATP was inarkedly diminished. The rate of phosphorylation of.
glucosc or gluconate was not influenced by dialysis. However, when the phosphoryla-
tion of ketogluconate was carried out in the presence of the catalytic amount of
0.3 pmole TPN, the original activity was restored, This result suggests then very
strongly that 5-ketogluconate was rot phosphorylated by a kinase, but converted
by a more complex set of enzymes, requiring a catalytic amount of TPN, and an
internal oxidation-reduction. This situation was analogous to other unpublished
experiments, carried out previously in this laboratory!® on the metabelism of 5-keto-
gluconate in Kilebsiella and FEscherichia, where the metabolism of this substrate
proceeds by a combination of s-ketoglucono-reductase, gluconokinase and 6P{r-
dehydrogenase. When these preparations of dcetobacter suboxydans were saturated with
solid (N 1,} .50, alt the protemns werce precipitated. After contrifugation, the precipitate
was dissolved in M 100 phosphate buffer pH 6.4 to restore the original volume and
the solution was dialyzed to remove the (NH,),50,. This preparation still contains a
very active ATPase, but it scarcely phosphorylates s-ketogluconate with ATP.
Again when a catalytic amount of TPN is added, CO, evolution is restored to its
original extent and z moles CO, are evolved (Iig. g).

It is to be expected that 5-ketogluconate is thus ultimately converted into
ribulose-5-phosphate and CQ, and is oxidized through the hexose-monophosphate
oxidative eycle. This could indeed be shown by the application of the cysteine—
carbazole and the CyRI methods,

The appearance of an absorption maximum at 540 mg with the cysteine-
carbazole reaction shows that indeed a ketopentosephosphate is feimed (Fig. 10).
After 3 15 h of incubation the O.D. at 540 mp reached its maximum. Afterwards it
diminished and the peak shifted towards the 360 mp maximum, indicating the accu-
mulation of fructosc-6-phosphate. The CyRI showed that during the decomposition
of 5-ketogluconate sedoheptulose-phosphate was slowly formed.

This mechanism, whereby 5K is metabolized only after a previous reduction offers
an cxplanation for the phenomiena observed by FEwsTER?2, This author noticed that
References p. 18 3.
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Fig. 6.

Fig. 6. Oxidation of gluconate and galac-
tonate in the presence of TPN or DPN,
N-methyl-phenazinium methylsulfate and
the particle-free supernatant of A. suboxydans.
Content of the Warburg vessels, see text.
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Fig. 7. The phosphorylation of glucose {G), gluconate (GA), z- and 3-ketogluconate in the presence
of ATP and the wndielyzed particle-iree supernatant of 4. suboyydans. Content of the Warburg
vossels, see text.
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Fig. 8,

Fig. 8, The phosphorylation of 5-ketogluconate with
ATP in the presence and absence of a catalytic
amount of TPN by the diziyzed particle-free super-
natant of 4. suboxydans. Content of the Warburg

vessels as for Fig. 7.
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Fig. 9. Phosphorylation of 5-ketogluconate with ATP in the presence and absence of TPN. The

enzyme preparation was obtained from the particle-free supernatant of A. suboxydans, by

saturation withammoninm sulfate at pH 5-A, centrifngation of the proteins, redissolving them in
the same amount of buffer and dialysis, Content of the Warburg vessels as before.
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resting cells of his strain oxidized 5K only when a trace of some other oxidizable
substance was present (either from a slightly decomposed 5K solution, obtained by
standing several days at room temperature, or trom the endogenous substrates in the
cells). They obviously use these substances as a source of TPNH to initiate sK
respiration. Thoroughly washed cells of our strain oxidized 5K less rapidiy: fresh or
aged solutions of 3K were oxidized at the same rate. Apparently our strain still
contained enough endogenous substrates to spark the 5K oxidation.

2510 Aimotas C02
2K 4 TPN
. )
2K
oz}
o.rk
On ATP'ase
13 h -
5
Lt
. skt
o 450 500 550 66O 4, o 50 0o 50 Lin
Fig. 10, Fig, 11.

Fig. 10. The formation of ketopentose phosphates and fructose phosphate during the phosphoryla-
tion of s-ketvgluconate with ATP by the dialvzed particle-free supernatant of A, suboxydans in
the presence of TPN. Cysteine—carbazale reaction, Composition oi the reaction mixture, see text.

Fig. 11. The phosphorylation of z2-ketogluconate with ATP in the presence and absence of a
catalvtic amount of TEN by the Jialysed particle-free supernatant n{d. suboxvdoss. Content of the
Warburg vessels, see text,

It is very probable, that the mechanism of z-kctogluconnte follows the same
pattern as that of 3-ketogluconate. Dialyzed extracts are still able to phosphorylate
2-ketogluconate at a considerable rate in the presence of ATP. Here also the phos-
phorylation in the presence of a catalytic amount of TPN proceeds much faster.
In both cases approximately 1.5 to 1.6 moles CO,/mole substrate are formed (Fig. 11).
It cannot be excluded that part of the z-ketogluconate is phosphorylated by a
z-ketogluconokinase as described in derodacter cloacac?3-2425,

3. Oxidations with particulale enzymes

Aceiobacter suboxydans contains, moreover, a third enzyme for the oxidation of
gluconate: a particle-linked, possibly cytochrome-linked gluconate oxidase. The
particles oxidize the substrate with an O, uptake of 0.5 mole OQ,/mole substrate. By
paper chromatography and colorimetric methods it could be shown that the end
product consisted solely of z-ketogluconate. No trace of 5-ketogiuconate could be
detected. This oxidation is independent of added TPN or DPN.

Fig. 12 shows the pH optimum to be around 5. p-Galactonate is oxidized at 1/10,
D-gulorate and D-mannonate at about 1/20 of the rate of ginconate. Maltobionate,

References p. 183.
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lactobionate, D-ribonate, D-arabonate, galacturonate and glucuronate are not oxi-
dized. The packed particles after centrifugation are distinctly red. With a hand
spectroscope the following cytochrome bands can be seen: at 555 mu a very strong

MmeT s
5r 2
Lmoies 02
GA
5 wr
25F 5F
GelA
: Mann A
- tris-HMHC!
Noac.nag KHHPG NG NP et ———— Y
i L L i Nl L . i I i —
[ I 5 [ K4 & oH J-) : S0 il 150 nin
Fig. 12, Fig. 13.

Fig. 12. Oxidation ratc of gluconate by ihe particles of 4, suboxvdaps as a function of the pH.
The O, uptake after z5 min is plotted.

Tig. 13. Theoxidation of gluconate (GA), galactonate {(GalA), mannonate (Mann. \) and gulonate
{G1U1.. A) by the particles of 4, snboxydans, Cantent of the Warlwurg vessels, sce text.

band, between 3520-525 mp a strong one, between 360-570 and 528-534 weak ones
and a very weak band at about 515 mg. When a suspension of particles is shaken in
air, it becomes practically colourless and the cytochrome bands disappear. When a

Aimoles g, A
sal A moles 02
/—“_'_———'- 6 5T
10 r
——— {"/} 2K
H
L-orab G4
Gal 5F
5t Mann
D-crab
O -Rip
- - End A s
[ 14 120 H-To 240 o 50 f
i 0o min
Fig. 14. IFig. 13.

Vig. ry. The oxidation of several hexoses and pentoses by the particles of o, suboxydens, Glucose
(=), galactosc (Gal), mannose (Mann), xviese (Xyvl), L-arabinose (L-aral), p-arabinose (n-arab)
and ribose (n-rib).

Fig. 15. The oxidation of glucose {(G), gluconate ((GA) and 2-ketogluconate (21X) by particles of
Awmelanogenn. Content of the Warburg vessels, see text.

few pmoles of gluconate are added, the suspension at once becomes reddish and the
cytochrome bands are again visible. These particles are also able to oxidize p-mannitol
with an uptake of 0.5 mole O, and glicose, p- and i-lactate with an uptake of
1 mole Oy/mole substrate. D-Xylose and L-arabinose are oxidized with the uptake of
References p. 183,



voL. 34 (1059) HENONATE METABOTISM 181
0.5 mole O, and the formnation of a lactone and lactonizable acid. Galactoze and n-
arabinose are slowly oxidized, mannose and ribose scarcely at all (Fig. 14).

The acid formation obtained by growing cultures on sugar--veast extract-CaCO,
slants in the casc of mannose is mainly due to the soluble TPN-linked dehydrogenase,
while with L-arabinose and n-xviose the particle-linked oxidases are responsible.

Gluconate oxidases have been described in Psendosenas aeriginosa® and in
Psendomonas fluorescens®®. In both cases the enzyvme were particle-linked. The
propertiesof these enzvmeshave been studied after they had been detached from the
particles and thereforc it cannot be determined whether these 3 enzvmes are
identical or not.

.

4. Enzvme sysivins in Acetobacter melanogenum

We zalso made a comparison between the metabolisin of the hexonic and keto-
hexonic acids in our Acelebacter suboxvduns and that of a strain of Adcelobucter
melanogenum, which we obtained by the courtesy of Prof. Dr. T. O, WikEx, Delft.
Before the comparison was carried out, thix strain had been maintained on yeast
extraci—glucose-CalCQy slants for one year. At first it produced quite rapidly the
brown coloration characteristic for Adcctobacter molanogcinn, which was shown by
KatzneLson, TANENsAUM AND TatTuM® to be due to the formation of 2,5-diketo-
gluconate from z-ketogluconate. At that time it produced only few crystals of Ca-3-
ketogluconate. Puring this period the propertics of the strain changed. At present it
produces large amounts of Ca-3-ketogluconate and sometimes it is necessary to
incubate the slants for 7 davs before a weak brown coloration can be obscerved.
Comparable changes in the production of ketogluconate-have been reported by
BERNHAUER AND GORLICH? for Acefobacier glucoricurm and by KULKy AND WALKERS
for several other 4dcctobacters. This may also be the reason why Fona axp Vavcgas®
reported that Aectobacter melanogenum produces only  5-ketogluconate, while
KatzxiELsoN ¢f al. reported at the same time that dceclebacter melonogenume produced
2,5-diketogluconate and that this was the reason for the brown coloration.

Since the mechanism of the metabolism of 2- and 5-ketogluconate in Adectobactor
suboxydans had been worked out, it was thought interesting to give an enzymic
explanation of these changes. Unfortunately, however, the enzymic arrangement before
the change could not be established, but it can safely be assumed that originally there
was only a weak 5-ketoghiconoreductase and an active system for the prodnction of
2-ketogluconate. This strain was always grown on the glucose medium. Resting cells
oxidized gluconate with an average O, uptake of 0.0 mole/mole substrate.

Suspensions of both young and old cells of the used strain oxidized 2-ketoglucounate
with an O, censumption of 0.5 mole/mole substrate. The further oxidation of 2,5-
diketogluconatc to e-ketoglutaric acid, described by Datta AxD KATzNELSON? is thos
absent in our strain. 5-Ketogluconate is not oxidized.

The results with resting cclls already give a partial explanation of the lack of
brown colour formation by this changed strain; although z-ketogluconate can still be
oxidized rapidly to z,5-diketogluconate, vet gluconate is oxidized mainly to 3-keto-
gluconate. Cell-free extracts were prepared and separated into a dark brown particulate
fraction and a particle-free supernatant. These particles oxidized glucose rapidly with
an O, consumption of 0.5 mole/mole substrate, then the rate of O, uptake dropped and
became identical to that of gluconate oxidation. 2-Ketogluconate is oxidized with an
faferences po 83,
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uptake of 0.4 mole Oy/mole substrate {Fig. £5). The particle-free supernatant had no
TPN-linked z2-ketogluconoreductase, It contained, however, a very a-tive 5-keto-
gluconoreductase. These enzymic data explain the physiological behaviour and the
change that occurred in the strain : obviously the enzymes for the production of 2-keto-
gluconate from gluconate in this strain have lost most of their activity and therefore
not enough 2-ketoghiconate, and from this z,5-diketogluconate could be formed for
the production of the brown colour. The result is, that gluconate is oxidized mainly by
the 3-ketogluconoreductase. These extracts do not contain a gluconokinase. This
finding explains why 5-ketogluconate is not oxidized by resting Acelobacier
melanogennm cells and corroborates the reaction sequence postulated above, according

to which gluconokinase is a member of the set of enzymes for the metabolism of
5-ketogluconate.

DISCUSSION

The principal feature of the catabolism of ketohexonic acids by micro-organisms has
also been confirmed in the genus of Aecetohacier. It has previously been shown that
members of the family of the Enterobacteriaceae, of Bacilli, of Corynebacterta, some
veasts and some molds metabolize ketohexonic acids only after a previous reduction.
Also from this investigation it appears that 2- and 5-ketogluconate are not on the
main pathway of sugar metabolism in the genus 4cetebacter.

The catabolism of 5-ketogluconate is represented by the following scheme:

s5K.reductase

gluconate - - s-ketogluconaute

i :
[
‘ | |
; i 1
gluconokinase TPN TUNH

X A
i
| .
|

ATP I
|
¥

- 6I°G

T 1 pulose-5-phosphate €O,
The formation of 2,5-diketoglhiconate appears to be the only exception to this rule.
The liberal formation of the two ketohexonates in this genus is only a side path and

here also they have to be reduced to giuconate, before they can enter the hexose-
monophosphate oxidative cycle,
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STUDIES ON THE ELECTRON TRANSPORT SYSTEM
XXIII. COENZYME Q OXIDASE

YOUSSEF HATEFI™ with the technical assistance of FELIPE QUIROQZ-PEREZ
Fustitute for [Enzvuze Research, Universiiyv of Wisconsin, Madisya, Wise. (U.5..1.)

(Received September 6th, 1958)

SUMMARY

The preparation and properties of a submitochondrial enzvme system containing
predominantly cytochrome a have been described. This system is capable of catalyzing
the oxidation of reduced coenzyme Q by molecular oxygen. This particulate enzyme
requires the presence of both cytochrome ¢ and a lipoprotein of mitochondrial crigin
in order vo catalyze the above reaction. The results presented in this communication
suggest that coenzyme Q is situated in the aferementioncd lipoprotein between
cytochromes b and ¢.

The abbwreviations used in the text are as follows: DPX and DPNH, oxidized and reduced
diphosphopyridine nucleotide; ADP, adenosine diphosphate: Tris, TristhydroxymethyDamino-
methane; and QH,, the recduced form of coenzyme (). Coenzyme Qy4?* was the homologue used
throughout this investigation.

* Postdoctoral trainee of the University of Wisconsin, Enstitute for-Enzyme Research.
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