
466 GLUCOSE OXIDATION IN Past. multocida 

6. Scott, M. L., Calvert, C. C., J .  Nutrition, 1962, 

7. Calvert, C. C., Nesheim, M.  C., Scott, M. L., 

8. Gianetto, R., De Duve, C., Biochem. J., 1955, 

9. Sellinger, 0. Z., Beaufay, H., Jacques, P., Doyen, 

10. De Duve, C., Pressman, B. C., Gianetto, R., 

11. Roy, A. B., ibid., 1953, v53, 12. 
12 .  Tappel, A. L., Zalkin, H., Arch. Biochem. Bio- 

phys., 1959, v80, 326. 
13. De Duve, C., Symposium on Biological Ap-  

proaches to  Cancer Chemotherapy, Louvain, June 
1960, Academic Press, Inc., London, p101. 

14. Scott, M. L., Vitamins and Hormones, Aca- 
demic Press, Inc., New York, 1962, v20, 621. 

15. Century, B., Horwitt, M. K., J .  Nutrition, 
1960, v72, 357. 

v77, 105. 

PROC. SOC. E D .  BIOL. AND MED., 1962, ~ 1 0 9 ,  16. 

v59, 433. 

A., De Duve, C., ibid., 1960, v74, 450. 

Wattiaux, R., Appelmans, F . ,  ibid., 1955, v60, 604. 

16. Horwitt, M. K., Vitamins and Hormones, 
Academic Press, Inc., New York, 1962, v20, 541. 

17. Hoffsten, P. E., Hunter, F. E., Gebicki, J. M., 
Weinstein, J., Biochem. Biophys. Res. Comm., 1962, 
v7, 276. 

18. Century, B., Horwitt, M. K. ,  J .  Nutrition, 
1963, v80, 145. 

19. Desai, I. D., Sawant, P.  L., Tappel, A. L., Bio- 
chim. et Biophys. Acta, in press. 

20. Coleman, D. L., Ashworth, M. E., A m .  J .  
Physiol., 1959, v197, 839. 

21. Kruh, J., Dreyfus, J., Schapira, G., Gey, G. O., 
J .  Clin. Invest., 1960, v39, 1180. 

22. McGaughy, C., PROC. SOC. E n .  BIOL. AND 

MED., 1960, v103, 730. 
23. Calvert, C. C., Monroe, R. A., Scott, M.  L., 

J .  Nutrition, 1961, v73, 355. 

Received October 14, 1963. P.S.E.B.M., 1964, v115. 

Carbohydrate Metabolism in Pasteurella multocida. I. Mechanism of 
Glucose Oxidation." (28943) 

INDA S. M. DE ISSALY AND A. 0. M .  STOPPANI 
Institute of Biochemistry, School of Medicine, University of Buenos Aires, and Laboratory for Cell 

Metabolism, National Atomic Energy Commission, Argentina 

In the genus Pasteurella, studies on carbo- 
hydrate metabolism have been concerned 
mostly with Past. pestis. Resting cells of 
Past. pestis (strain Tjiwidej) oxidize glucose 
through the combined action of the Embden- 
Meyerhof pathway and the Krebs cycle( 1,2) 
while proliferating cells oxidize glucose al- 
most exclusively through the pentose path- 
way(3). The present study deals with the 
mechanism of carbohydrate oxidation in 
Past. multocida. This organism oxidizes eas- 
ily hexoses, pentoses and Krebs cycle inter- 
mediates(4,S) and the operation of the pen- 
tose pathway is suggested by the presence of 
aldoheptose in the cellular lipopolysaccharide 
(6). A preliminary account has been pub- 
lished ( 7 ) .  

Materials and methods. Suspensions of 
* This investigation was supported by grants from 

Rockefeller Foundation and Consejo Nacional de 
Investigaciones Cientificas y TCcnicas (Argentina). 
Inda M. S. de Issaly was on leave from Inst. Na- 
cional de Microfbiol. 

Past. multocida (resting or proliferating) 
were obtained as described previously (8). 
Preparations of cell-free extracts. The ace- 
tone-dried (9) bacteria (5 g) were homoge- 
nized with 30 ml 92 mM K2HP04. The sus- 
pension was left at 22-25' (room tempera- 
ture) for 2 hours and then a t  3' for 24 
hours. The pH was maintained at 7.0 t 
0.5 by addition of 0.1 N NH40H. The 
suspension was then centrifuged at 25000 
g and the sediment resuspended in 10 ml 
90 mM pH 7.0 phosphate buffer, kept at 
3' for 24 hours and centrifuged as above. 
Supernatants of the first and second centri- 
fugation were joined and kept a t  -18". 
Protein concentration was measured at 280 

Reagents. Xylulose and ribulose were a gift 
of Prof. M. Calvin; glucose-6-phosphate, 
fructose- 1,6-diphospha te, ribose- 5-phosphate, 
Polidase Type S and DL-glyceraldehyde-3- 
phosphate (diethylacetal) from Schwarz Bio- 
Research Inc. ; glucose-l-phosphate, DL- 

mtL(10). 



GLUCOSE OXIDATION IN Past. multocida 467 

glyceraldehyde, sedoheptulose, 6-phospho- 
gluconate, ATP,t NAD and NADP from Sig- 
ma Chemical Co. and Dowex AG 501-X8 
(D) , 20-50 mesh from BioRad Laboratories, 
Calif. Other reagents were of analytical 
grade. G1uco~e-l-C~~ (4.6 mC/mmole) , glu- 
c0se-6-C~~ (2.24 mC/mmole) and sodium bi- 
carbonate (22.8 mC/mmole) were from the 
Radiochemical Centre, Amersham, England. 
Analysis of cell constituents. After incuba- 
tion in culture medium the cell suspensions 
were centrifuged at 4O, washed twice in the 
centrifuge with the original volume of 0.85% 
NaCl and resuspended in distilled water. 
These suspensions as well as those of resting 
cells incubated with radioactive substrates, 
were mixed with 9 vol. of methanol. After 
centrifugation, the supernatants (soluble cell 
fraction) were concentrated at low tempera- 
ture ( 1 1) and chromatographed with phenol- 
water and n-butanol-propionic acid ( 1 2  ). For 
separation of sugar phosphates, a further 
sample of each extract was chromatographed 
for 24 hours with phenol-water and 20 hours 
with n-butanol-propionic acid( 13). Radio- 
autography and counting of the radioactive 
compounds were as described previously ( 1 1 ) . 
The radioactive compounds were identified 
by cochromatography and radioautography 
with pure specimens. The sugar phosphates 
( a )  were rechromatographed with ethanol- 
acetic acid( 14) and revealed with perchloric 
acid-molybdate ( 15) , quinine sulfate ( 16) or 
ferric chloride-sulfosalicylic acid ( 17), and 
( b )  after hydrolysis with Polidase( 18), the 
free sugars were rechromatographed with 
phenol-water ( 12). Aldoses were revealed with 
aniline-hydrogen oxalate( 19) , ketoses with 
orcinol-TCA ( 20) or naphthoresorcinol-TCA 
( 2 1 ) and heptoses with p-anisidine ( 2 2 ) . Car- 
boxylic and amino acids were rechromato- 
graphed with n-butanol-propionic acid ( 12 ) . 
Carboxylic acids were revealed with bromo- 
phenol-blue(23) and amino acids with nin- 

t Abbreviations used are: ATP, adenosinetriphos- 
phate ; NAD, nicotinamide adenine dinucleotide ; 
NADP, nicotinamide adenine dinucleotide phosphate ; 
TCA, trichloracetic acid ; Tris-buff er, tris (hydroxy- 
methyl) aminomethane buffer ; lA,  iodoacetate (sodi- 
um salt) ; Qo2, pl  oxygen uptake/mg of cells (dry 
weight)/hr. 

hydrine (24). Sugars (25) , pentose (26) , tri- 
osephosphate ( 2  7 )  , sedoheptulose phosphate 
(28) and hexosephosphate( 28) were deter- 
mined as indicated in the respective methods. 
Dehydrogenases were measured by reduction 
of NAD or NADP followed spectrophoto- 
metrically a t  340 mp. Transaldolase (28), 
transketolase( 27,28), hexokinase(29), glu- 
conate kinase( 29), ribose kinase( 30) and al- 
dolase ( 2  7,3 l ) were demonstrated in cell-free 
extracts as indicated. Preparation and assay 
of radioactive samples and expression of re- 
sults were as described before ( 11). 

Results and discussion. Resting Past. mu& 
tocida oxidized with significant velocity glu- 
cose, fructose, gluconate and ribose but not 
arabinose and xylose ; gluconate oxidation in- 
volved carboxylation as shown by selective 
fixation of CI4O2 (Table I). Comparison of 
the oxidation of g1uco~e-l-C~~ and of glucose- 
6-C14 revealed an unequal distribution in 
respiratory C1402 (Table 11); thus with 
resting cells the specific activity of C1402 

from gluc0se-6-C~~ was only 1 2 %  of the pro- 
duced from glu~ose-1-C~~.  In the growth ex- 
periment competition with other carbon 
sources reduced the oxidation of labeled glu- 
cose and simultaneously diluted the specific 
activity of C1402. 

After 30 minutes, incubation (at 37") of 
resting Past. multocida (119 mg of cells in 
10 ml of mM phosphate buffer, pH 7.2) with 
g l~cose-1-C~~ (1 pmole; 5.9 X 105 c.p.m) 
distribution (%) of C14 in the soluble cell 

TABLE I. Carbohydrate Oxidation by Past. mul- 
tocida. Fixation of C140,. Respiration e z p .  Incu- 
bation in Warburg manometers, a t  37" for  60 min. 
2.85 ml mM phosphate buffer, p H  7.2 ; 0.15 ml 3.3 N 
KOH in center well of manometric flask. C'*Oc 
fixation esp. NaHC140,, 0.40 pmole (9.4 X lo6 
cpm) ; other conditions as above (KOH omitted). 
Organism (mg): 27 (Exp A and B )  and 24 (C). 

CI4 in cells 
ExP Substrate Q o Z  (cPm/mg) 

D-Glucose 
D-Gluconate 
D-Ribose 
None 
D-Fructose 
None 
L- Arabinose 
D-Xylose 
None 

23.0 135 
19.6 622 
12.8 189 

2.2 175 
21.6 - 

2.6 
2.6 82 
2.9 80 
3.6 99 

- 
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T A B L E  11. Distribution of CI4 i n  0'0, Formed 
from Glucose-l-CI4 a n d  Glucosc-6-0' b y  Past .  mul- 
tocida. Incubat ion in  double side-arm Warburg  
flasks. 2.65 nil of nihf phosphate buffer, pH 7.2 
(exp with rest ing cells (11.9 n ig j  j or culture mc- 
ilinni(8) (exp with growing cells (7 .1  nig) ) .  6 1 1 1 -  

c ~ s e - I - C ' ~ ,  0.35 pinole and  glucosc-6-C", 0.83 pniolc~. 
CI4: 9.4 X 10" cpni. 0.15 nil 3.3 N KOH in  the 
center well a n d  0.2 nil 3 N H,SO, in  one side bulb 
of nianonietric flask. After  2 hr  incubation a t  37" 
tlic acid was mixed with reaction mixture and agi- 
ta t ion continued f o r  15 min. Carbonate  fixed in 
KOH was precipitated as BaCO, and  counted f o r  

C'. 

C" activity 
Total  i n  BaCO, 

Labeled glucose 
Organism glucose (mN) cpni cpm/mg 

Rest ing G-1-Cl4 5.0 19600 4800 
G - G - C" 5.0 1740 580 

Grcwiiig G-l-C" 11.1 550 20.G 
G-G-C" 11.1 338 13.2 

1 ,  

9 9  

fraction was: glucose, 18.4 ; glucose-6-phos- 
phate, 3.8 ; fructose- 1,6-diphosphate, 2.9 ; 6- 
phosphoglucona t e, 1 .8 ; ribose- 5 -phosphate, 
3.7 ; sedoheptulose-phosphate, 1.8 ; lactic acid, 
6.6; malic acid, 1.8; succinic acid 1.4; glu- 
tamic acid, 2.7;  alanine, 8.4; threonine, 5.3; 
leucine, 6.3 ; tyrosine, 2.0; and tryptophane- 
valine, 8.4. A certain number of weak radio- 
active areas remained unidentified. Labeling 
of sedoheptulose phosphate (identified as 
free sugar), 6-phosphogluconate and ribose- 
5-phosphate supported the operation of the 
pentose pathway. The radioactivity of lactic 
acid, alanine and glutamic acid demonstrated 
the formation of pyruvic and a-ketoglutaric 
acids respectively. The labeling of malic and 
succinic acids confirmed the operation of the 
Krebs cycle and accordingly, threonine should 
arise from oxalacetate. Radioactivity of leu- 
cine, tyrosine and eventually, tryptophan 
demonstrated the ability of Past. multocida 
to synthesize de  novo these amino acids from 
glucose carbon. In a similar experiment as- 
partic acid appeared also radioactive. The 
kinetics of C14 incorporation into the sugar 
phosphates after short term oxidation of glu- 
cose-l-C14 by resting Past. multocida (Fig. 
1 )  showed the following order: 1) glucose-6- 
phosphate, 2 )  6-phosphogluconate, and 3 )  
ribose-5-phosphate, sedoheptulose-7-phosphate 
and fructose- 1,6-diphosphate. The radioac- 
tivity in glucose decreased rapidly simultane- 

ously with the increase in the other sub- 
stances. With proliferating cells similar 
results were obtained. 

Several essential enzymes of the pentose 
pathway and glycolysis were demonstrated 
in cell-free extracts of Past. multocida. Hex- 
okinase and gluconate kinase were detected 
indirectly by the reduction of NADP in the 
presence of ATP, Mg++ and the respective 
substrate (Table 111, Exp. A and B ) .  The 
product of each reaction was the substrate of 
glucose-6-phosphate or 6-phosphogluconate 

T A B L E  111. Enzymes Related to Glucose Degra-  
dat ion in  Past .  mztltocida. 3.0 ml  reaction mixture. 
1.3 ninr Tr i s  buffer pH 7.5 a n d  16 mN MgC1, ( E x p  
A a n d  B )  ; 25 mM phosphate buffer, pH 6.9 (C arid 
D) ; arid 10 mM phosphate buffer, pH 8.0 ( E - G ) .  
Cell-free extract  (ing of protein) :  1.80 ( E x p  A- 
D >  ; 0.4 ( E )  and 1.2 ( F  a n d  G ) .  6.6 mxf cysteine 
and 16  n i x  arsenatc  i n  E x p  E-G. Substrates:  1.6 
ninf glucose ( E s p  A )  or gluconate ( B ) ;  3.3 mM 
glucose-6-phospha t,e ( C )  or  6-phosphogluconate 
( D j  ; 4.2 mir  fructose-l,6-diphosphate ( E )  ; 1.6 (P) 

or 0.8 ( G )  nisi glyceraldehyde-3-phosphate. 

Enzyme activ- 
i t y  ( n A 3 4 0  

Additions X 103/min) 

E z p  A : Hexokinase assay 
5 mnr A T P  + .16 mnr N A D P  
I d m h  (without  glucose) 
. l G  niht N A D P  

Exp B : Glitconate kinase assay 
5 in31 A T P  + , 1 G  mM N A D P  
I d e m  
. l G  mAr N A D P  

E x p  C : Glucosr-6-phospliafc tlehy- 
drogcn ase assay 

. 1 G  ninf N A D P  

.1G mxf N A D  
None 

Exp ll : 6-phosphogluconate dehy- 
drogenase assay 

. l G  ninr N A D P  

. 1 G  inn1 N A D  
Xone 

E x p  E :  Aldolase assay 
.33 niLf K A D  
None 

E x p  P : G l y c r r a l d c l ~ ~ d c - 3 - p l ~ o s p ~ a t e  
drli?jdrogcna.sc assay 

.33 mlr  N A D  
3 3  nil1 N A D P  
.33 mnr N A D  (without substrate)  
None 

Exp  G : Same as E x p  P 
.33 nihl N A D  
.33 mM N A D  + 1.0 mM I A  
.33 mM N A D  + 3.0 mM I A  

27 
5 
1 

10 
5 
1 

58 
2 
3 

40 
4 
2 

400 
20 

325 
55 
60 
10 

78 
50 
35 
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dehydrogenase, both specific for NADP (Ta- 
ble 111, Exp. C and D). Aldolase was shown 
by the reduction of NAD with fructose-1,6- 
diphosphate as substrate (Table 111, Exp. 

5 

4 

3 

W In 
0 
m 
2 2  

LL 0 

W 
2 0 

r 1  
% 
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E )  and by direct determination of triose- 
phosphate with the hydrazone method (Ta- 
ble IV) .  The former reaction implied the 
presence of glyceraldehyde-3-phosphate de- 

1 4  

1 2  

; 1 0  

0 w 
X 

1 0  

75  

5 0  

2 5  

0 1 2 3 4  
T I M E  I N  0 

5 6 7 8 9 1 0  
M I N U T E S  

1 2 3 
T I M E  I N  M I N U T E S  

0 

1 2 3 

T I M E  I N  M I N U T E S  

FIG. 1. Kinetics of C14 distribution after oxidation of glucose-l-C14 by resting Past. multo- 
cida. 148 mg of cells suspended in  1 0  ml of mn/r phosphate buffer pH 7.2 containing glucose-l- 
Q4 (10 &mole) ; C1*, 1.18 X lo7 cpm. Incubation at 24". G ( A ) ,  glucose; G6P (n), glucose- 
6-phosphate; 6PG (G), 6-phosphogluconate ; R5P ( @ ), ribose-5-phosphate ; F16P (A), fruc- 
tose-1,G-diphosphate and  S 7 P  (a), sedoheptulose-7-phosphate. Line G refers to right-hand 
ordinate and the other lines to left-hand ordinate. 

FIG.  2. Ribose kinase in  Past. multocida. Tris-buffer (pH 7.5), 20 pmole; ATP,  5 pmole; 
MgCl,, 10  pmole; cysteine (neutralized), 5 @mole; ribose, 5 pmole and cell-free extract (0.80 mg 
of protein). Total vol.: 1.75 ml. Temp.: 30". 0.2ml of reaction mixture were added ethanol 
( 1  ml) and saturated barium acetate solution (0.01 ml). After centrifugation, pentose was 
measured in  precipitate and supernatmt.  The figures show control values without substrate 
and enzyme, respectively. Line A, ribose, and B, pentose phosphate. 

FIG. 3. Transketolase and transaldolase in  Past. multocida. Tris buffer (pH 7.5), 400 
p i o l e  ; ribose-5-phosphlate, 17.5 pmole and cell-free extract (20 mg of protein). Total vOl. : 
7.60 ml. Temp.: 30". After addition of 1 ml 10% TCA to 1 ml of reaction mixture and 
centrifugation, pentose (line A) ,  hexose (B) and sedoheptulose (C) were measured in  the 
supernatant. The figures show control values without substrate and enzyme, respectively. 
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TABLE IV. Aldolase and Transketolase Activities 
in Past. multocida. Atdolase assay: 8.9 mM Tris 
buffer p H  8.6; 31 mM hydrazine sulfate and cell- 
free extract (16 mg of protein). Total vol: 4.5 ml. 
Transketolase assay: 22 mM phosphate buffer, pH 
7.0; cell-free extract (20  mg of protein) and other 
conditions as above. Temp: 30". 1 ml samples of 
reaction mixture were taken at 30 see intervals, for 
2 min and added 1 ml of 10% (w/v) TCA. After 
centrifugation, triosephosphate was measured (27)  
in the supernatant. Formation of triosephosphate 

was determined by subtracting initial value. 

Triosephosphate 
Additions (pmole/min) 

Assay : Aldolase 
2.8 mM Fructose-1,6-diphosphate 1.02 
Idem, enzyme omitted 0 
None 0 

Assay : Transketolase 
3.1 mM Ribose-l-phosphate 1.00 
Idem, enzyme omitted 0 
None 0 

hydrogenase which was demonstrated by 
Exp. F (Table 111). This enzyme was sensi- 
tive to IA, like the muscle dehydrogenase 
(Table 111, Exp. G).  Ribose kinase was 
demonstrated by disappearance of ribose and 
formation of ribose-5-phosphate (Fig. 2). 
The ester values are relatively low because of 
the incomplete precipitation of barium pen- 
tose- 5-phosphate with ethanol. Transketolase 
was demonstrated by triosephosphate forma- 
tion (Table I V )  and transaldolase plus trans- 
ketolase activities are shown in Fig. 3. The 
action of these enzymes as well as phospho- 
ribose isomerase and phosphoribulose epimer- 
ase is also inferred from the experiment de- 
scribed in Table V where transformation of 
ribose-5-phosphate in heptulose, fructose, 
xylulose and ribulose was established. 

The evidence summarized above demon- 
strates that the pentose pathway is the main 
mechanism for glucose oxidation in Past.  
multocida (resting and proliferating cells). 
The conclusion is supported by ( a )  relatively 
fast oxidation of gluconate and ribose; ( b )  
preferential conversion of carbon-one of glu- 
cose to COa; (c) formation of 6-phospho- 
gluconate, ribose-5-phosphate and sedoheptu- 
lose-7-phosphate after oxidation of glucose-l- 
C14 (and 6-C14) ; ( d )  presence of glucose-6- 
phosphate and 6-phosphogluconate dehydro- 
genases, transaldolase and transketolase, and 
( e )  formation of fructose, sedoheptulose, 

xylulose and ribulose from ribose-5-phosphate 
with cell-free extracts. The activity of aldo- 
lase and glyceraldehyde-3-phosphate dehy- 
drogenase, as well as the formation of fruc- 
tose- 1,6-diphosphate and lactic acid from glu- 
cose agree well with the operation of both 
the pentose pathway and the Embden-Meyer- 
hoff cycle. The pattern of P4 distribution 
after oxidation of g1uco~e- l -C~~ can be easily 
explained according to the pentose pathway 
model(32) by a rearrangement of glucose 
carbon atoms based on the already demon- 
strated (33) reversibility of the transaldolase 
and transke tolase reactions. 

At variance with Past. pestis (strain Tii- 
wide!) where only proliferating cells oxidize 
glucose through the pentose pathway( 2,3), 
in resting Past.  multocida the pentose path- 
way seems to be the main route of glucose 
degradation. However, the difference between 
Past. multocida and pestis must not be ex- 
aggerated since in Pasteurella the metabolic 

TABLE V. Transformation of Ribose-5-phosphate 
bv  Extracts of Past. multocidn. 15 ml of reaction 
mixture containing ribose-5-phosphste (140 pmole)? 
Tris-buffer (80 pmole; pH 7.5) and extract (66 mg 
of protein) were incubated a t  30" for 30 min. 1 ml 
of 60% (w/v) HCIO, wm added and after cen- 
trifugation, excess of HCIO, removed with KOH 
and further centrifugation. Sugar phosphates in 
the supernatant were hydrolyzed at 30" with Poli- 
Claw-, for 24 h r  and the solution deproteinized with 
HC10, as above. The solution was passed through 
a 1 X 1 2  ern column of Dowex 501 (H+, OH- 
cycles) and the sugars eluted with distilled water 
(elution controlled with the sulfuric acid-phenol 
test(25)).  The combined eluates were concentrated, 
residual KCIO, eliminated and the sugars chroma- 
tographed with the phenol-water system( 12) simul- 

taneously with control specimens. 

Color developed 
with orcinol(20) 

Substance in chromatogram Zf 

Sedoheptulose 
Control 
Unknown 

Control 
Unknown 

Control 
Unknown 

Control 
Unknown 

S ylulose 

Ribulose 

Fructose 

Light blue 
Same 

Green-gray 
Grayish 

Violet 
Pink-viole t 

Green 
Y 9  

.70 

.69 

.59 

.56 

.66 

.65 

.58 

.55 
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patterns differ considerably even from one 
strain to the other of the same specie(2,3, 
34).  
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