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INTROOOCTIOI 

1. Scope ot Pre>blea 

Dl1rl.ftg the ~e ot st\&diea on the metaboliant. .of l&gteri~ 

tularense a ser,lea ot experiunts demonatratad that glucose was 

almost CO!lpletely oxidized to carbon dioxide ani water in the 

presence of air. Pyruvate and acetate wre shown io be inter• 

mediates of the glucose QXidation. However, in the abecence of 

air, no glucose utilization was i'ound. While thie phenomena ia 

not unique with!• tule.renee \tlhen coq,ared to ot.ber aerobic micro-

organisms, the question could be asked, just what is the metabolic 

pathway or glucoee. 

Previous worker• in the field or bacterial metabolism have 

demonstrated that glucose might be metabolized b7 either of two 

main pathways: the Embden..Heyemot ... Parna19 scheme of slfcolysis 

(along with slight; modificatioaa which are characteristic to the 

r ermentation scheme of the pal"tieular orgalli.am) and the hexoee 

monophosphate shunt. '!be former J)&t.hway can function either in 

the absence or presence o! ox,gen lihile the latter pathway requires 

oxygen and is generallf associated with aerobic microorganieas. 

Since the initial studies on the glucose metabolism ot !• tularenae 
. 

were not completely compatible with either the gl;reclytic scheme 

o:r the monophoephate shunt, turther e,q,eriaents were undertaken in 

hope ot describing the pathwaJ8 of glucose in this bacteria. 

As a starting point in the following investigati~n the decision 

was Jn&de to attempt to demonstrate key enZ)'lll8a lhich &!'8 characteristic 
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to either the glycalytic scheme or the monophosphate shunt. Starting 

with the shunt mechanism, survey experiments demonstrated the lack of 

glucose-6-phosphate dehydrogenase in enzyme extracts of Bo tularense. 

Since this is one of the most important enzymes of the shunt mechanism, 

in as much as it represents the first departure of the shunt from 

glycolysis, it was felt that glucose was not degraded through gluconate. 

Turning then to the glycolytic scheme, th~ decision was made to assay 

B. tularense enzyme extracts for lactic dehydrogenase. The results of 

such assays, indicated the absence af DPN-dependent lactic dehydro-

genase although data were obtained which indicated the presence of 

a DPN-independent lactic dehydrogenaseo This series of experiments 

provided an important contribution to what is npw believed to be the 

major pathway of glucose in .!h_ tularense. 

It is well known that anaerobic glycolysis exists only by virtue 

of the presence of a DPN-linked oxidation reduction between 3-phospho-

glyceraldehyde and pyruvic acid which in turn leads to the production 

of 1,3-diphosphoglycer.ic and lactic acids. If the DPN reduction step 

involving 3-phosphoglyceraldehyde and DPN·were present in .!h_ tularense, 

and nothing comparable to the pyruvate-lactate DPN-linked system were 

present, then anaerobic glycolysis could not occur and glucose degrada-

tion via the glycolytic scheme could only proceed in the presence of air 

or another comparable eleectron acceptor. To prove this arguement 

it would be necessary to demonstrate the presence of 3-phosphoglycer-

aldehyde DPN-dependent oxidation. This reaction was studied and found 

to existo Hence the assumption that .!h_ tularense cannot anaerobically 

utilize 'glucose via glycolysis due to the lakk of a system which allows 

reoxidation of reduced DPN, proved correct. In the presence of air no 
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problem would arise as to the reoxidation of reduced DPN since it is 

believed that electron pathways from DPN to oxygen exist in this 

organism. As additional proof of this hypothesis, it was reasoned 

that!• tularense enzyme extracts should glycolyze if a DPN-reoxida-. 
tion system is supplied to enzyme extracts. Such experim3nts were 

performed using two different reoxidizing systems. The first system 

attempted was tre addition ot mammalian DPN-dependent lactic dehydro-

genase to enzyme extracts of!• tularense. The second method involved 

the additon of oxalacetate to enzyme extracts. 'Ibis would allow 

glycolysis by virtue of the fact that oxalacetate in its reduction to 

ma.lie acid by ma.lie dehydrogenase involves the reoxidation of reduced 

DPN. Both of the methods described allowed rapid glycolysis in enzyme 

extracts. 

Since this type ot glucose,metabolism has not been previously 

described, it seemed feasible to attempt to demonstrate a similar 

scheme in other bacteria. _Further experiments have shown that several 

aerobic microorganisms exhibit a similar pattern of glucose metabolism 

as that round in§_. tu.larense. Of the bacteria studied, enzyme ex-

tracts of Sarcina lutea. Alcaligenes faecalis, Pseudomanas auriginosa, 

and Bacterium anitratum did not glycolyze either in the absence or 

presence or DPN-dependent lactic dehydrogenase. On the other hand 

enzyme extracts of Agrobacterium tumefaciens, Brucella abortus, 
I 

M.ycobacterium phlei, Neisseria perflava, and Rhizobium meliloti 

glycolyzed only in the presence of DPN-dependent lactic dehydrogenase. 

As previously mentioned· I• tularerae was shown to possess a DPN-

independent lactic dehydrogenase, Since only a few cases of this 
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have been previously reported it was felt that a study of this 

particular enz;yire would be interesting. The distribution of the 

enzymes seems to follow exactly in line with the absence of a 

DPN-dependent lactic dehydrogenase. All of the species \'hich 

glycolysed only in the presence of DPN-dependent lactic dehydrogen-

ase were found to have a DPN-independent lactic dehydrogenase. 

Partial purification of the enzyme has been achieved using~-

tularense enzyme extracts as starting material. While the enzyme 

in~. tularense. is believed to be closely associated with cyto-

chrome bin the bacterial cell, the enzyme is not a cytochrome as 

is the case in certain yeast. Attempts to demonstrate a stimulation 

of dehydrogenase activity by the addition of fl.avin coenzymes were 

not successful and no flavin can be cleaved from the enzyme by or-

dinar-iJ procedures. 

2. Historical 

a. Glycolysis. 

The-latter·part or the nineteenth century and the first third 

of the present century saw the development of a series of rec1.ctions which 

together constitute a detailed description of the metabolism of glucose, 

While it is not to be inferred that everything is known concerning 

the possible pathwa7s or glucose, it is accepted that.more detailed 

metabolic information is known for glucose than any other conmon 

metabolite. The accepted series of renctions that constitute one of the 

major pathways of glucose ie presented in Figure 1. Thie series of 

events, known as glycolysis, -is found in almost universal distribution 

with respect to vrrious members of the animal kingdom. Quite com-

-- prehensive reviews of glycol;ysis as it exists in cells ard tissues 
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have been written (1,2,3). Since this dissertation is primarily 

concerned with bacterial glycolysis, some mention will be made as 

to the previous work demonstrating the distribution of this phenomena 

in various bacterial species. 

Before proceeding some clarity should be established with respect 

to the term glycolysis. It is to be emphasized that this term describes 

the series of events in metabolism, from glucose (or glycogen) to 

P:1truvate, as is shown in Figure l. Any further degradation of pyruvic 

acid is characteristic to the animal cell studied, ard is not to be 

considered part of glycolysis. Thus yeast and mammalian muscle 

accumulate lactate during glycolysis while certain bacteria are known 

to accwnula.te such compounds as ethanol, butyric acid, propionic acid, 

~uccinic acid, an:t acetic acid., all of \ihich are the direct result 

of pyruvic acid, In contrast to glycolysis, ferrrieatation 0£ glucose 

involves part of the glycolytic mechanism to pyruvate and further, 

the production of some end product of p,-ruvate • 

. Establishment or the glycolytic scheme can be approached in 

three ways: (a) the isolation of intermediates, (b) study- ot the 

utilization of the glycolytic intenrsdiates., and (c) the study of 

individual reactions of glycolysis. 'lbe latter involves the demon-

stration of the i,a.rticular e.nzymes shown in Figure l. The most 

suprising aspect of bacterial glycolysis is the lack of unequivocal 

evidence tor the existance of the glycolytic scheme. Only in the case 

of Escherishia have most of the enzymes and reactions been well 

characterized. In spite of this it seems accepted by many \«>rkers 
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in the field, that glycolysis as found in yeast an:i muscle is the 

primacy glucose degradation pathway for many bac~eria, especially 

thosa l-.hich carry on an anaerobic glucose utilization. 

')~ables :r, II, and III present a sumnary or the in!'o:rmation 

avai:i,a.ble cr.,ncernine the pre~ence of ilyccl;ysis in various bacteria. 

It will be noted that very little infermation has accumulated with 

respect to any one specie5 other than !• E?.ll• 
In any consideration of gly'co1¥sis, emphasis shruld be placed on 

the DPN-DPNH2 coupled oxidation-reduction reaction. It is establishAd 

that anaerobic glucose utilization via glycolysis can proceed only by 

virtue of the presence of this reaction. Inspection of Figure 1 shows 

that DPN is ;reduced during the oxidation of 3-phosphoglyceraldehyde. 

Since it is also known that DPN is limiting in biological syatems, 

then some means of reoxidation of reduced DPN must occur before any 

appreciable amount or glyceraldehyde oxidation can take place. Many 

different compounds act as hydrogen acceptors tor reduced DPN. In 

the case of yeast, muscle and some bacteria, pyruvate acts as the 

acceptor along with the 1'PN-linked lactic dehydrogenase and the end 

result of the hydrogen transfer is oxidized DPN and lactate. other 

bacteria can produce difi'erent hydrogen acceptors. Indeed it seems 

that the difference in the accumulated products o! fermentation between 

various bacteria, exists due to the ability of bacteria to synthesizw 

a wide range of hydrogen acceptors f'rom pyruvic acid (2). 
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b. Hexose Monophospate Shunt 

Until the last ten or fifteen years the classical Embden-Meyerhof 

scheme of gl.ycolysis was felt to represent the major path of glucose 

in bacteria as well as other aninal tissues. It is now accepted 

that glucose can undergo direct oxidative attack "hereby the first 

carbon of the glucose is oxidatively decarboxylated. This pathway 

for glucose, known as the hexose monophosphate shunt or the glucose-

gluconat~ shunt is presented in Figure II. As is the case for glycol~r-

sis, the shunt mechanism seems to be widespread and has been observed 

in ·bacteria (4), mammalian tissues (.5), molds (6)., and lebedev juice (7). 

It is felt that one of the most important features of the shunt mech-

anism is the production of ribose which could serve as a precursor 

to that carbohydrate found in nucleic acids (8). 

Warburg and Christian in 1933 (9) report.ed the production of 

6-phosphogluconate from glucose-6.phosphate and demonstrated that TPN 

was necessary as the coenzyme. Lipmann (10) in 1936 proposed that 

D-ar~binose-5-phosphate was the degradative product of 6-phospho-

glucona.te vdth 2-keto-6-phosphogluconate as an intermediate which 

underwent oxid~tive decarboxylation. 

Bacterial production or 2-keto gluconate was demonstrat~d in 

1935 by Bernhauer and Gorlich (11) but only in the last few years has 

this observation been reinvestigated. Cohen and Raff (12) in 1951 

showed that§.. £2ll adapted to gluconate degrade~ this substrate to 

a pentose phosphate with 6-phosphogluconate and 2-keto-glucona.te as 

intermediates. Stokes and Campbell in the same year showed that 
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Pseudomonas aet4ginosa oxidized glucose to 2-keto gluconate via 

gluconate. They were unable to demonstrate the formation ot 

phosphorylated intermediate~. This observation has been substan-

tiated by Wood and Schwe:rdt (13) in the case of Pseudomonas 

fluorescens. The le.tter ~rkers however did demonstrate the 

utilization of many phosphorylated hexose intermediates ot gly-

colysis as well as demonstrate the presence of a number of glycol-

ytic enzymes. The exact relationship between the role of 

phosphor,ylated hexoses and gluconate shunt intermediates is not 

known at this time. It is also of interest to note that Wood and 

Schwerdt were able to identify the seven carbon carbohydrate, 

sedoheptulose, during ribose-5-phosphate utilization. Although 

the exact role of this septulose is not known it has been observed 

in similar experiments on yeast, liver, and spinach (14). Certainly 

the complete function and scope of the hexose monophosphate shunt 

is not at all clear at this time. 

In contrast.to the work of Stokes, Wood, et a.l, Entner and 

Duodoroff (4) have demonstrated that Pseudomonas saceharophilo 

degrades glucose through gluconate involving phosphorylateointer-

mediates. Furthermore the 6-phosphogluconate appears to be 

degraded to pyruvic and 3-phosphoglyceric acids. 

A rather unique situation is thought to exist on Leuconostoc_ 

mesenteroides, the heterolactic fermenting bacteria. Molar 

equivalents ot c~rbon dioxide, ethanol, and lactic acid are ~roduced 

during glucose fermentation (16). It appears that ethanol and 

carbon dioxide conceivably arise from anaerobic breakdown of glucose 



(9) 

through the shunt mechanism wiioh is coupled with some appropriate 

hydrogen acceptor (17). '!bus glycolysis in this case does not 

account tor the observed anaerobic breakdown ot carbohydrate. 

Thi:t seems to accentuate the need for positive coni'im&tion of 

the glycolytic scheme before assigning this phenomena to fermenting 

bacteria. 

c. Lactic Dehydrogena,se. 

The accentuation of glycolysis as the primary- mechanism of 

glucose degradation in bacteria has led to a more thorough study 

of DPN-dependent lactic dehydrogenase than the less well charac-

terized DPN-independent lactic dehydrogenase. DPN-d.ependent lactic 

dehydrogenase has been recognized since the early part of this 

century but it was not until 1920 that Thunberg pointed out the 

donor function of lactic dehydrogenase (18) and Stephenson eight 

7eara later obtained the firat cell~tree preparation from!•~ 

(19). The DPN-dependency of the enzyme is well establiehed (20). 

The work of Straub has led to the c:rystalization of the lactic 

dehydrogenase apoenzyme (21). Undoubtedly this enzyme exists in 

man7 bacteria which _are capable of lactic acid :fermentation. The 

belief however1 that the lactic dehydrogenases from one bacteria 

to another are identical, must be accepted with caution 1.n light 

of the observed isomeres of lactic acid produced in fermentation 

mixtures. 2• Lactis is known to produce the D{-) lactate, and 1_. 

meserentoidee onl7 the L(,l) lactate, 'While LactpbaciJJ.is I?ento.-

aceticus produces a racemic mixture (22). 
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The lactic dehydrogenase which operates-without the DPN coenzyrne 

have been reported in yeast and some bacteria. Bach, Dixon and Zerfas 

reported the purification of an enzyne from yeast which retained thfl 

identity of cytochrome b throughout purification procedures (23). 

Several workers_have demonstrated a lactic -dehydrogenase which seems 

to be a.ssociated with neither cytochrome b nor DPN, Barron and 

Hastings in 1933 studied the oxidation of lactic acid by alpha-

hydrmcyacid oxidase (2/~), which was isolated from Neisseria gonnor:-

haa. While this enzyme oxidized many alpha-hydroxy acids, the 

greatest react.ion rates were observed with lactate. Edson in 1947 

re··-iorted the occurrence of D?N-independent lactic dehydrogenase in 

Mycobacterium phlei and demonstrated that the enzYIIte was probably 

flavin linked (25). A similar situation has been shown to exist in 

the mold, Penecillium phrysogenum (26). This enzyme is characterized 

by an extremely high Michaelis constant indicating low substrate-

enzyme affinity. Also the flavin coenzyme aweared to be freely 

dissociable from the apoenzyme, which is unlike that found in 

Mycobacter:ta phlei. 
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Figure 2. 

Metabolic Pathways 1n the Glucose ·Monophosphate Shunt. 
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Table I 

THE DISTRIBUTION OF GLYCOLYTIC ENZ~S IN BACTERIA 

Enz:yme 

Hexokinaee 

Phosphohexoisomerase 

Phosphofructokinase 

Aldolase 

Trlosephosphate Isomerase 

Triosephosphate dehydrogenase 

Phosphoglyceric kinase 

Phosphoglfceromutase 

Enolase 

Phosphopyruvic kinase 

Bacteria 

E.coli --
Pseudomo!!!! putrefaeiens 

E.coli - -
Pseudomonas fluoreseens 

E.coli --
Clostridium perfringens 

Pseudomonas fluo:res·cens ---·-----
E.coli - -· 
Pseudomonas fluorescens 

Leuconos~ meserentoides 

E.coli --
Peeudomonas fluorescens 

!•E..Qld 
!• coli 

Reference 

(27) 

(28) 

(29,30) 

(13) 

(31) 

(.32) 

· (13) 

(31) 

(1.3) 

(16) 

03) 

(13) 

(33) 

(34) 

Propionibacterium pentosacaum(J5) 
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Table II 

THE ISOLATION OF GLYCOLYTIC INTERMEDIATES FROM BACTERIA 

Intermediate 

Glucose-6-phosphate 

Fructose-6-phosphate 

Fructose-1,6-diphosphate 

3-phosphoglyceraldehyde 

1,3 diphosphoglyceric acid 

3-phosphoglyceric acid 

2-phosphoglyceric acid 

Phosphoenolpyruvic acid 

Bacteria Reference 

Brucella (36) 

E.coli (37) - -
Strei;?tococcus faecalis (38) 

B. suis (36) - -
fil• £2ll (30) 

~- (36)· 

Propionibacterium pentosaceum (39) 

Aerobacter aerogenes 

Serratia marcescens 

Many others 

(39) 

(39) 

(;9) 
(39) 
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Table III 

UTILIZATION OF GLYCOLYTIC INTERMSDIATES BY VARIOUS BACTERIA 

Intermediate 

Glucose-6-phosphate 

Fructose-6-phosphate 

Fru.ctose-1,6-Diphosphate 

3-phosphoglyceraldehyde 

1,3-diphosphoglyceric acid 

3-phosphog,lyceric acid 

Bacteria 

Pseudomonas fluorescens 

Pseudomonas fluorescens 

E.coli --
Pseudomonas fluorescens 

Reference 

(13) 

(13) 
(40) 

(13) 

fropionibacterium. petitosaeeum (41) 
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METHODS 

1. Bacteriological 

a. Bacterium tularense. 

Except where indicated, strain Sm was used throughout the 

entirety of the experimental procedures. Two separate experiments 

dealing with the less pathosenic straine, Jap and JS are described. 

All of the cultures of§, tularense were maintained, grown, and 

hand,l.'ed= in precisely the same manner. 

Stock cultures were maintained on glucose-cysteine-blood 

agar as described by Downs, et al (42), Liquid cultures were grown 

on casein hydrolys:-ite-decamin medium of the following composition: 

1% NaCl, 2% Glucose, 2% Acid hydrolyzed casein (vitamin free), 0.3% 
Decamin1, 0.2% Cysteine·HCl, 0.2 micrograms thiamin/ml, 0.022; M 

potassium phosphate buffer, pH 6.5, 0,0002 M Hgso4, 0.0004 M Cacl2, 

2Xl.0-7 M Feso4 and 2xio-7 M Mnso4. The medium was adjusted to pH 

6.5 with KOH and subsequently autoclaved at 15 lbs./in. 2 and 125° C. 

for fitteen minutes. 

1'Jhole cells were obtained by inoculation of fresh medium 

with a 24 hour culture in a rRtio of 5 ml of culture to 100 ml of 

medium. After erowth at 37°c. on a reciprocating shaker, the cells 

were collected by centrifuging, washing, and reeuspending in 0.9% NaCl. 

Cell tree extracts were prepared as follows: the cells from 

400 ml of an 18 hour growth were collectedj washed once with 0.9% 

NaCl and resuspended in O.l M potassium phosphate buffer, pH 7,4, 
1Autolyzed.Yeast, Vice Products Co., Chicago, Illinois, 
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to a final volume of either 20 or 40 ml. The packed cell volume 

was about 10 ml. The. whole cell suspension was then cooled to below 

10°c. and disintegrated tor thirty minutes in a Raytheon Sonic dis-

integrator at a plate voltage of 100 volts and 9000 cycles. The 

temperature during the disintegration never exceeded 10°c. The 

resulting suspension was centrifuged for thirty minutes at 3000 X g 

to remove the small amount of sedimentable material. The tinal 

supernatents before dialysis contained from 1.9 to 2,3 mgmN/ml in the 

case of resuspension of the cells to a volUJ1\e of 40 ml. After 

dialysis the nitrogen content dropped to 1.4 to l.8 mgm N/ml, In 

the ce.se of resuspension to a final volume or 20 ml, ap11roximately 

twice the nitrogen content was observed. Before use in the enzymatic 

assays the cell-free extracts were dialysed at 10°c. for 18 hours 

against two changes of l liter of distilled water. 

b. Escherichia coli • ................................. -
Strain #4157 of the American ~e Culture Collection was 

used. The cells were obtained by 24 hour growth in Difeo-Nutrient 

Broth at 37°c. using the same shaking procedures as described for 

~- tularense. Enzyme sonic extracts were prepared in the same manner 

as described tor~- tularense except that the plate voltage was in• 

creased to 160 volts. Although considerable sedimentable material 

was found at 'the end ot thirty minutes disintegration, the super-

natants were found to have high gl.yeolytic activity. Betore use., 

the enzyme extracts were dialysed as described above. 
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c. Pseudomonas aeniginosa 

The stock strain or the Department or Bacteriology of the 

University or Kansas was used. Good growth was obtained in Difeo-

Nutrient Broth. Growth procedures and sonic extract preparation 

were identical to that described for E.coli~ --
d. Alcaligenes faecalis. 

The stock strain or the Department of Bacteriology ot the 

University of Kansas was used throughout. Growth and sonic extract 

preparations were the Sa?!\e as described for!• coli. 

e. Sarcina lutea. 

The stock strain of the Department of Bacteriology of the 

University or Kansas was used throughout o Growth and sonic extract 

preparation were identical to that described for!•~. 

t. Bacterium anitratum 

Strain #B.5Wj was obtained from the Michigan State Department 

of Health through the courtesy of Dr. William Ferguson. Growth was 

obtained with glucose enriphed nutrient broth and the sonic extracts 

were prepared as described tor!• tulare9se. As in the case of the 

three fonner bacteria, only fJJ-70% disintegration was obtained., though 

a high protein concentration was present in the final superruµ1tants. 

g. Mycobacterium phlei. 

Strain #10142 of the National Type Culture Collection was 

used. Good growth was obtained in the medium which will be deecribed 

for~. abortus., using incubation procedures as described for B. 
. -

tularense. Sonic extracts were prepared from 1500 ml or an 18 hour 
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growth using 100 plate volts and a 45 minute disintegration period. 

Approximately 75~ disintegration was found and the final dialysed 

supernatants had a nitrogen content of 0.604 mgm N/ml. 

h. Brucella ab9rtus. 

Strain #19 was obtained through the courtesy of Dr. Cora 

Doi,ms of the Department ot Bacteriologr of the University of Kansas. 

Good growth occurrerl in the medium described by Mccollough, et al,(43). 

Sonic extracts were prepared from lSOO nu. of medium incubated ·as 

described for ,n. tularense. Sonic extracts were prepared as previously 

described using a 45 minute disiategration period. \rih.ile incomplete 

disintegration was found the tinal dialysed supernatants were found 

to have l. 95 mgm N/nu.. This is high compared to values for other 

bacteria used. 

i. Agrobacteriw:a i_umefaciens 

Strain #A6 of the Department or Bacteriology ot the Iowa 

State College wa~ obtained through the courtesy of Dr. navid Paretsky, 

of the Department of Bacteriology of the University of Kansas. Good 

growth was obtained in glucose enriched nutrient broth fellowing the 

incubation procedures as described for~• tula.rense. Sonic prepara-

tions were prepared f'rom 1000 ml of cells resuspended in 40 ml or 
0.11~ potassium phosphate buffer, pH 7.4. Incomplete disintegration 

was found though the final dialysed supernatari.ts had a nitrogen content 

ot l,37 mgm N/ml. All other disintegration procedures were identical 

to those described for B. tularense. -
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J. Pastuerella pestis. 

Strain #A-1122 (avirulent) was obtained from Dr. Sanford 

Elberg of the University of California, Berkely, California. Good 

growth was found using glucose enriched heart infusion broth of the 

following composition: 50% Infusion from Beet Heart (Difeo), 1% Bacto-

Tr,;ptose, 0.5~ NaCl and 2% Glucose. The glucose was autoclaved and 

added sepa.rately. The cells obtained after incubation for 18 hours 

at 37°c. with shaking, were collected and sonic extracts were prepared 

exactly as described for j. tulP-.rense except that a 45 minute disin-

tegration period was used. Ap~roximate}:r 80% cell destruction was 

obtained, and the final dialysed eupernatants had a nitrogen content 

or 1.68 mgm N/ml. 

Neisseria perflaya 

Strain #12 was obtained through the courtesy of Dr. Michael. 

Pelczar of the Department of Bacteriology of the University of Maryland. 

Good growth was !ound using the following medium: 1.5% Proteose-

pe~tone #3 (ni!co), 0.2% glucose, 1,0% Starch, 0.5% NaCl, 0,3% di• 

sodium. h.vdrogen phosphate, and 1.0% Cielatin. The medium was adjusted 

to pH 7.3, filtered, and autoclaved for 15 !llnutes at 125°0.,15 lbs./ 

in2• Growth from 1500 ml or medium, incubated as·deseribed for B. -
tularense, was used for preparation of sonic extracts. Disintegration 

was the same as that described for!· tularense except that a 45 

minute disintegration period was used, The final dialysed super-

natants had a nitrogen content of 1.16 mgm N/ml. 
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l. Rhizobium meliloti 

Strain #9930 of the American Type Culture Collection was 

used. Good growth was obtained using the medium described by Allison 

and Hoover (44) • The cells from 1500 ml of growth at J7°C. were used 

for preparation of the sonic extracts. llJhile 45 minute disintegration 

periods were used, the remainder of the sonic disintegration proced-

ures were the same as described for~- tularense. The final super-

natants had a nitrogen content of l.87 mgm/ml. 

2. Chemical 

Gas exchanges were measured in a Warburg respirometer according 

to standard procedures (45}. 01.ycolysis assays were performed by the 

method of LaPage and Schneider (46),. Lactic dehydrogenase aesays 

were performed by one of three methods: a) the bicarbonate-ferricy-

anide method of (uastel and lfueatley (47), b) the ultraviolet 

absorption of reduced DPN at 340 mu.., and c) the reduction ot 2,6 
dichlorophenol indophenol as reported by Haas (48). Glueose-6-

phosphate dehydrogenase was assayed by the method of Haas (48) as 

well as by the method of Alivisatoe and Denstedt (49). Trans-
amination activity was measured using the assay procedures of 0 1Kane 

and Gunsalus (57). Carbon dioxide fixation was measured by both the 

methods of Kaltenbach and Kalnitsky (58) and Ochoa (59). 
Glucose determinations were performed by the method ot Nelson (50). 

Pyruvate was determined according to the procedure of Lu (51). Acetate 

and other volatile acids were determined according to the chromatogra-

phic procedures of Kennedy and Barker (52). Steam distillation of 

volatile acids was performed according to FriedemaM (56). 
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3. Materials 

Lactic dehydrogenase was prepared according to Biochemical 

Preparations (53). The enzyme was not crystallyzed but was purified 

to the extent that it was free of glyeolytic enzymes. DPN (90% 

purity), TPN (10% purity) and ATP (sodium salt of 95% purity) were 

commercial preparations. Fructose-1,6-diphosphate was purified by 

preparation of the strychnine salt (54). Oxalacetic acid was prepared 

from the sodium salt of the diethyl ester by the procedure of Krampitz 

and Werkmen (55). All other substrates were commercial preparations 

of C.P. quality, unless stated otherwise in the text of the experiment. 
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EXPERIMl!:NTAL 

1. Carbohydr,'.lte Metabolism of Bacterium tularense. 

a. Aerobic and Anaerobic Dissimilation of Glucose. 

Three methods of attack were used to help determine the 
• I 

gross metabolism of glucose in this orgnnism: a) Incubation of whole 

cell suspensions in a glucose-phosphate environment and the subsequent 

determination of glucose disappearance and acid formation both anaer-

obically and aerobically, b) Measurement of acid production from glu-
. . 

cose as determined in a carbon-dioxide-bicarbonate buffer system, 

and c) the assay for glycolysis in cell free extracts or Bacterium 

tularense. 

Incubation of whole cells with glucose-phosphate medium was 

performed in the following manner. The cells from 20ml of a four 

hour growth of~- tularenee in casein-decamin medium were washed once 

and resuspended in ten ml of medium of the following composition: 

0,01 M potassium phosphate buffer, pH 6,8, 0.15 M NaCl, and glucose 

as indicated in Table IV. The cell suspensions were gassed with 

nitrogen for fifteen minutes or left open to the atmosphere as indi-

ca.ted. Sterile conditions were used throughout. The media were 

sterilized by !iltraticn threugh sintere~ glass ultra-fine bacterio~ 

logical filters. The tubes were then incubated with shaking at 370c. 
for 18 hours. Glucose concentrations were measured at zero and 18 

hours. As shown in Table IV no glucose was utilized in the absence 

of air while 80·90% utilization occurred in the presence of air. 
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Experiments with whole cells in glucose-bicarbonate medium under 

an atmosphere of 5% co2-95%N2 were attempted in the hope or showing 

acid production under anaerobic conditions. Bicarbonate concentrations 

which allowed an enviromental pH of either 6.8 or 7.4 were used in con-

junction with 0.01 M potassium phosphate buffer at the desired pH. 

Both four and eighteen hour growths of whole cells were used. No acid 

production could be found as indicated by the lack of carbon dioxide 

evolution. No control experirrents were perfol"Jll3d with another organism 

which was known to be a good acid producer. 

Cell-free enzyme extracts were prepared by· sonic disintegration 

as described under Methods. Such extracts were assayed for glycolysis 

using the following experimental conditions. To Warburg flasks de-

signed for gassing, the following solutions were added: 0.15 ml, 

0.5 M KHCO.,, 0.,30 ml 0.4M nicotinamide., 0.15 ml, 0.15 M sodium pyruvate, 

0.10 ml 0.01 M ATP, 0.10 ml DPN (6mgm/ml.), 0.20 ml O.l.M MgClv 0.10 ml 

a.3M glucose, 0.50 ml fructose-1,6-diphosphate (6mgmP/ml), 0.15 ml. 

0.2M KF, and 0.25 ml O.lM potassium phosphate buffer pH 7.4. l.O ml 

of sonic extract was placed in the side arm am 0.2 ml of water was 

placed in the center well. The other solutions were in the main 

flask comppartment. The flasks were then gassed for fifteen minutes 

with 95% N2-5% CO2, incubated for five minutes for temperature equili-

bration and the sonic extract tipped from the side arm. The gas 

exchange during the first five minutes was ignored and zero readings 

were taken at five minutes after tipping of the sonic extract. Carbon 

dioxide production measurem9nts were taken for at least forty minutes. 
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TABLE IV 

Glucose Utilization by 'Whole Cells of Bacterium tularense 

· Glucose Concentration Glucose 
Tube# Gas Phase Initial Aftero Incubation Utilization 

mM/ml mM/ml mM/ml 
1 Air 0,0104 0.0003 0.0101 
2 Air 0.0115 0.0018 0.0097 
3 Nitrogen 0.0122 0.0122 o.o 
4 Nitrogen 0.0122 0.0122 o.o 

The tubes contained ten ml of cells suspended. in medium of the following 

composition: 0.01 M potassium phosphate b.l.f'fer, pH 6.8, 0.0ll M Glucose 

and 0.15M NaCl. 

TABLE V 
Glucose Utilization and Acid Production by Bacterium tula.r,ense 

Volatile 
Experiment Glucose Concentration Glucose Acid Hours 

Initial After Incubation Utilized Produced Incubated 

mM/ml mM/ml mM/ml mM/ml 
2 0.0063 0.002s 0.0025 0.001 24 
3 0.0081 0.0012 0.0072 0.0017 ·12 

The tubes contained ten ml of cell suspended in 0.02 M potassium 

phosphate buffer pH 6.5, 0,13 M sodium chloride an:i glucose as in-. 
dicated in the Tuble. 
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FIGURE 3 

Glycolytic Activity of Bacterium tularense and Escherichia £,2ll. 
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~- .£2£:.. sonic extracts were compared to those of ~- tularense. As seen 

in Figure 3 no glycolytic activity was present in~. tularense sonic 

extracts while ~. source extracts glycolysed at a rapid rate. 

b. Intermediates of Glucose Oxidation. 

After the preliminary experinsnts just described, studies 

were initiated to determine the route of aerobic glucose dissimila-

tion. These experirrents were performed in the following nanner: The 

cells from 20 ml of an lS-24 hour growth of !!• tularense from liquid 
. ' 

casein-decamin medium were suspended in 10 ml of a solution of 0.1% 

glucose, 0.02 M potassium phosphate buffer, pH 6.5 and 0,13 M NaCl. 

The cells were then allowed to incubate with shaking for 15-20 hours~ 

Sterile conditions were used throughout the experiment. At the end 

of the incubation period glucose determinations were made and volatile 

acids were collected by steam distillation after acidification or the 

incubated solution to pH 2.0. The volatile acids were titrated with 

O,Ol N sodium hydroxide using Brom Thymol Blue indicator. Non-volatile 

acids possibly left in the residue after steam distillation were ex-

tracted with ether for 72 hours in a continuous ether extraction 

apparatus. Titration or the ether extract after reJl'LOV'al or the ether 

showed that no non-volatile, ether soluble acids were produced. '!he 

volatile acids., after initial titration were redistilled and exactly 

neutralized with ammonium hydroxide. '!he resluting ammonium salts 

were then concentrated .!!:l to 1 ... 2 ml and chromatographed by-

ascending paper chromatography. The method _used consists essentially 

of the application or 15-20 micrograms of volatile acid in the .form of 
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its ammonium salt to paper that has been previously treated with 1% 

exalic acid and allowed to dry in air. The acid salt is then submitted 

to ascending movement on the paper using 5% NH40H in 95% ethanol as 

solvent. After 8-10 hours the solvent has moved 15-20 inches and the 

paper is dried a.t so0 c., for 3 to 5 monutes. The paper is then sprayed 

with Brom Phenol Blue indicator. The acid sal. ts ap·~ear as blue spots 

on a yellow background. With this method acetic acid was found to be 

the only volatile acid present. Control acid chromatograms were also 

run using the ammonium salts of fonnic, acetic, propionic, and butyric 

acids, The volatile acid fraction also gave a positive lanthanum 

nitrate spot test for acetic acid as described by Feigl. Table V 

sumnarizes the results of these experiments, 

To determine it pyru.vate is involved as one of the inter-

mediates in glucose utilization. the following experiment. was performed, 

The cells from 100 ml of an 18-2:> hour growth of §_. tularense in 

casein-decamin medium., were collected ar:d resuspended in .50 ml or 
the glucose-phospha.te•saline solution described above. The cells 

from another 100 ml of medium were resuspended in 50 ml of the same 

solution, to which was added sodium arsenite to a concentration or 
o.o::n M. The cells were then incubated with shaking for 21 h'ours. 

Glucose, pyruvate., and volatile acids were determined. The results 
' are presented in Table VI. Pyruvate is seen to accumulate in the 

presence of arsenite. 
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TABLE VI 

-Glucose Utilization and Pyruvate Production by Bacterium tularenae. 

Glucose Pyruvate 
Tube Ii! Concentration Glucose Concentration Areenite 

Initial Final Utilized Initial Final Concentration 

mM/ml mM/ml JnM/ml mM/ml mM/ml M 

1 0.0072 0,003€ 0.0034 o.o o.o o .. o 
2 o.ooa.3 0.0070 0 .0013 o.o 0.009 0.001 

The tubes contained 50 ml of cells suspended in 0.02 M potassium 

phosphate buffer pH 6.5, 0,13 M sodium chloride, and glucose and 

arsenite as indicated in the Table. 



c. Assay for Specific Enzymes in~. tularense Sonic Ext.racts 

1) Glucose-6-phosphate dehydrogenase 

Experiments were now directed along the line of 

attempting to demonstrate why glycolysis was not present in R• 

tularense. With this in mind assays for various enzymes were made. 

It was reasoned that if glycolysis were not present but the hexose 

monophosphate shunt was operative, then sonic ezj;racts should con-

tain glucose-6-phosphate dehydrogenase. This enzyme represents the 

first departure of glucose-6-phosphate from the glycolytic scheme. 

Dye reduction experiments, designed after the 2,6 dichlorophenolin-

dophenol method of Haas were performed. The following assay mixtures 

were used: 1.0 ml glucose-6-phosphate, 1.75 mgm/ml dissolved in 0.015 

M potassium phosphate buffer pH 8,3; 1.0 ml TPN, 0.06 mgm/ml; 2.0 ml 

2,6-dichlorophenolindophenol 0.02 mgm/ml dissolved in 0.015 M potassium 

phosphate buffer pH 8.3; 2.0 ml potassium phosphate buffer 0.015 M, 

pH 8.J; and 1.0 rnl sonic extract (dialysed) which was diluted 1:10 

with pH 8.J, 0,015 M phosphate buffer, The above solutions were mixed 

in spectrophotometer tubes designed for use in conjunction with the 

Coleman, Jr.; Spectrophotometer. Sonic extract was added at zero time 

and readings were made for at least twenty minutes at 600 mu.· As a 

control experiment, assay was al.so made for glutamic acid dehydrogenase 

by adding 1.0 ml glutamic acid, 2.0 mgm/ml, to the above assay mixture 

in the place of glucose-6-phosphate, The results as seen in Figure 4 

indicate high glutamic acid dehydrogenase activity but no glucose-6-

phosphate dehydrogenaee activity. 



Figure 4 

Glucose-6~Phosphate Dehydrogenase and Glutamic Acid Dehydro-

genase Activities in Bacterium tularense Sonic Extracts as 

Measured by 2,6 Dichlorophenol Indolphenol Reduction. 
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Corroborative experiments for the absence of glucose-6-

phosphate dehydrogenase were performed by assay of sonic extracts 

in the bicarbonate-ferricyanide manometric assay system. The fol-

lowing assay system, patterned after that of Alivisatos and Denstedt 

(see Methods), was used. To Warburg flasks designed for gassing., 

the following solutions were added: 0.5 ml 0.15 M potassium Bicarbo-

nate, 0.5 ml O.Oll4 M potassium ferricyanide, O.J ml 0.4 M nicotina-

mide, 0.2 ml TPN 0.06 mgm/ml., 0.5 ml water., and 0.5 ml sonic extract. 

Tne sonic extract was present in the side a.rm and was tipped into the 

other reagents in the center ·well. after fifteen minutes of gassing with 

95% N2-5% co2 and a five minute temperature equilibration period. The 

first five minute re~ding~ were ignored. Carbon dioxide production 

was measured for 180 minutes at the end of which time no evolution 

was found. This substantiated the above dye reduction experiments 

\ohich also demonstrc.ted the lack of gl.ucose-6-phosphate dehydrogenase 

in the sonic extracts of!!• tularense. 

2) Lactic dehydrogenase . 

Since one of the most important enzymes of the hexose 

phosphate shunt mechanism was found to be absent, it was thought 

advisable to attempt to demonstrate key enzymes present in the 

anaerobic glycolytic scheme. The first enzyme chosen wa~ lactic 

dehydrogenase. Assay for this enzyme was made in three different 

ways: a) dye reduction with 2.6 dichlorophenolindophenol, b) measure-

ment of DPN reduction at 340 mu, and c) the bicarbonate ferricyanide 

assay system as described above for glucose-6-phosphate dehydrogenase 

assays. 
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Dye reduction assay systems had the same composition as de-

scribed above except that changes in pH and concentrations of components 

were made. The :following solutions were added to Coleman, Jr., 

Spectrophotometer tubes: 5.0 ml 2,6-dichlorophenolindophenol l mgm %, 
0.5 ml 0.lM sodium DL-lactate, pH 7.4, 0.5 ml DPN 0.003 M, 1,0 ml 

potassium phosphate buffer O.l M, pH 7.4 and 0.3 ml sonic enzyme 

extract. The extract was added at zero time and readings were made 

at 6oO mu. Lactate and/or DPN were omitted as indicated in Figure 

5. It is seen that while lactic dehydrogenase was present, no 

DPN-dependency was demonstrable. 

Absorption studies at 340 mu were made using the following 

constituents added to standard quartz Beclonan Model DU cuvettes: 

1.0 ml O,l M sodium DL-lactate pH 7,4, 0.1 ml DPN ( 6 mgm/ml. ) , 

1,2 ml 0.1 M potassium phosphate buffer pH 7.4 and 0.7 ml sonic en-

zyme extract, Lactate was omitted in the second cuvette and a third 

cuvette containing all of the above constituents except DPN was used 

as the blank. The selector switch under these conditions was set. at 

0.1 and the slit width at l.8 nm. Lactate was added at zero time. 

Over a fifty minute incubation period no DPN reduction was observed 

as indicated by lack of absorption at this wavelength. Under'sindlar 

conditions DPN-dependency can be shown for 3-phosphoglyceraldehyde 

dehydrogenase. 

Bicarbonate-ferricya.nide manometric experiments were per-

formed under the following conditions: to Warburg flasks designed 
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Figure 5, 

Lactic Acid Dehydrogenase Activity of Bacterium tularense Sonic 

Extracts as Measured by 2,6-Dichlorophenol Indophenol Reduction, 
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!or gassing were added the following; 0.50 ml 0.15 M KHC03, 0.50 ml 

0,0114 M potassium terricyanide, 0 • .30 ml 0.4 M nicotinamide, 0.50 ml 

0,78 M sodium DL-lactate, pH 7,4, O.JO ml DPN ( 0.003 M ), 0,70 ml 

water and 0.50 ml of sonic enzyme ext.ract. The sonic extract was tipped 

!rom the side arm art.er the flasks had been gassed £or fifteen 

minutes with·;% C02-95 % N2 and a further tive minute period for 

temperature equilibration had elapsecl. The first five minute gas 

exchanges were.ignored. Lactate an.d/or DPN were omitted 'Where indi-

cated in Table VII. 'lbe results indicated that while lactic dehydro-

genase was present no DPN requirement waa necessary. 

3) Aldolase-3-phosphoglyceraldebyde Dehydl"ogenase Syst8Dl 

The observation that DPN-dependent lactic detr,dro-

genase is absent in the sonic ext.racts, led to the following line of 

reasoning in an attempt to explain the lack of anaerobic glycolysis 

in B. tularenee. Since no DPN-dependent lactic dehydrogenase is -----
present in!:. tularenee, then this organism would be incapable 

of.carrying out the DPN coupled oxidation-reduction that normal.J.¥ 

occurs in anaerobic glycolysis. During the oxidation of 3-phospho-

glyceraldehyde, DPN reduction takes place. The DPN, under anaerobic 

conditions, must be reoxi~zed and this is usually' performed by 

DPN-coupled lactic dehydrogenase. If the DPN-reductiotl step could 

take place in!:. tularense, and no DPN reoxidation system were present, 

then g4rcolysis could only exist in!!.:. tularense as an aerobic path-

way. 'll\is assumes that some oxidation ~athway between reduced DPN 

and oxygen exists. 



Table Vll 

Lactic Dehydrogenase Activity 0£ Sonio Extracts 

of Bacterium tulatense. 

Present in Flask Microliters co~ 
Flask II evolved per 1 

DPN Lactate minutes 

1 I- ./- 252 

2 - I- 264 

3 /. - S5 
4 - - 61 

Procedure described in text 

(36) 
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In order to prove the above hypothesis for the lack or 
anaerobic glycolysis. in L. t;q;arense, the DPN-linked oxidation must 

be demonstrated. To do this, ad.vantage -was taken ot the methods 

of Warburg and Christian in the design of the experiment. '!hey re~ 

ported that aldolase assays can be :performed by the incubation 

of 3•phosphoglyceraldehyde dehydrogenase, DPN, !:ructose-l,6-diphos-

phate and aldolaae preparation, and subsequent examination of the 

reaction mixture at 340 mu. Reduced DPN production would indicate 

the extent ot aldolase activity on the fructose-1,6-diphosphate 

since one of the products or al~~l~ae~tti~n is 3•pbosphoglyceral~ 

debyde. This latter compound, in the presence of DPN and the proper 

dehydrogenase, would produce phosphogJ¥cerio acid and reduced DPN, 

causing an ~bsorption at 340 inu. 'lbe following reaction mixture, 

observed at 340 mu as described under the lactic dehydrogenase ex-

periments, was used: l.O ml fructose-l,6-dipheephate, 6 mgm/ml; 

0.1 ml DPN, 6 mgm/ml; 0.9 ml O.l M potassium phosphate buffer, pH 

7.4; and 1.0 ml of sonic extract. Tho absorption CU?'ve obtained is 
shown in Figure 6. '!hat the abeorption seen is due to reduced DPN, 

was substantiated by the rapid decrease in absorption arter the addi-

tion or oxaloacetate to the reaction mixt.ure at point A. Malic de• ., 

hy-drogene.se is kno-wn to be present in the sonic extracts., and would 

allow conversion 0£ the added oxaloacetate to malate with the 

simultaneous oxidation 0£ reduced DPN. 
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Figure 6. 

Reduction of DPN by Sonic Extracte in tm Preeence 

of Fructose-1,6-Diphosphate 
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d. 'llle Eftects or Oxaloacetate and DPN-dependent Lactic Dehydro-

genase on the Glycolytic Activity of Sonic Extracts. 

Under the assumption that the glycolytic system of 

B •. tularense is complete except for a mechanism which is capable 

of reoxidation of reduced DPN, it should be pose~Rl-e to induce gly-

colysis by the addition or either (l) DPN-linked (mammalian) lactic 

dehydrogenase or (2) oxaloacetate. 'l'he results of experiments attemp-

ting to produc.e glycolysis in sonic extracts are seen in Figure 7. 

The conditions for these experiments were the same as described 

for the assay of glycolysis in sonic extracts under Aerobic and 

Anaerobic Dissimilation of Glucose. Lactic dehydrogenase prepared 

from fresh beef heart; was suspended in Ool M potassium phosphate 

buffer pH 7.4, and added to the assay systelll at the expense of this 

buffer. Oxaloacetate was added to the assay system in a similar 

manner. Since the figure shows glyco~sis present after either 

the addition ot the lactic dehydrogenase or the oxaloacetate, it can 

be inf erred that the glycolytic mechanism of L. tularense is complete 

except for a method of reoxidation of reduced DPN. 

e. Transainination in Sonic Enzyme Extracts. 

Since reoxidation or reduced DPN was shown to-take place 

in the presence of oxaloacetate, experiments were undertaken tc 

determine if a source ot oxaloacetate supplied frolll other substrates 

would have the same reoxidation action. Two logical eources of 
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Figure 7. 

Glycolytic Acti 'Vi ty of Bacterium tularens e and Escherichia 

£ill Sonic Extracts in the Fresence and Absence or Added 

Oxalacetate and Lactic Dehydrogenase, 
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oxalacetate cAn be obtained in metabolizing systems under anaerobic 

conditions; 1) transamination of aspartic acid with alpha-keto 

glutaric acid or pyruvic acid, and 2) carbon dioxide fixation with 

pyruvic acid. In either case, if whole cells or }2, tularense were 

capable of carrying out one of these processes when supplied the 

proper substrate materials, then anaerobic utilization or glucose 

should occur. 

Initial experiments were carried out to determine the 

transamination activity 0£ sonic extracts. Two types of trans-

a:mination were assayed for; 1) pyruvic-aspartic acid trans&mination 

and 2) aspart.ic acid~alpha-keto glutaric acid transamination. On 

incubation for fifteen minutes at 37°C. of aspartic acid, pyruvic 

acid and sonic extract in Warburg flasks under a nitrogen atmos-

phere, high transamination activity was demonstrated as indicated 

by the arri;line citrate method of analysis for oxa.lacetic acid, 

Appropriate control experiments showed no oxalacetate production 
. 

from either of the substrates alone. The similar incubation of 

alpha-keto glutaric acid and aspartio acid also showed a high ac-

tivity in sonic extracts as determined by the aniline citrate 

method of analysis for oxalacetate. The results of these as~ays 

ar~ presented-in Table VIII, 

f. The Effect of Aspartic Acid or Alpha-Keto Glutaric Acid 

and Aspartic Acid on the Glycolytic Activity of Sonic 

Extracts, 



TABLE VIII 

Transalllination in Sonic Extracts of Bacterium tularense 

. Substrate Present ul CO2 Corrected 
Flask# Pyruvate a-ketoglutarate aspari;,ate. evolved ul CO2 

1 ,. - I- 691 314 
2 I- - - .3.30 ---
3 - - I- .355 ---
4 - I- I- 680 303 
51 I- - I- 377 ---

The main chamber of Warburg flasks designed for gassing con-

tained l.O ml Sonic Extract; 0.5 ml pot~ssium phosphate buffer pH 

7,4, 0.2 ml water. One side arm contained 0.25 ml 0.4 M pyruvic acid 

and 0.25 ml o.a M. aspartic acid. The second side arm contained 0.5 

ml 50% aniline cirtate. The flaske were gassed with 100% nitrogen 

for ten minutes, equilibrated at 37°C. for five minutes and the 

aspartic-pyruvic mixture tippeq to start the reaction. After fif-

teen minutes incubation, the aniline citrate was added and carbon 

dioxide production measured until no further evolution occurred. 

1No Sonic Extract Present 
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Attempts were now made to induce gl.ycolysis in sonic 

extracts by the addition of transaminase system substrates which 

would allow oxalacetate production. tTsing the glycolysis assay 

system as described above in the presence of aspartic acid and 

either pyruvic acid or alpha-keto glutaric acid, considerable gly-

colysis was demonstrated. Slight modifications in the glycolyBis 

assay were increasing the pyruvic acid added from 0.15 rel of 0.15 M 

to 0.2; ml of 0 .• 4 M, and the addition of 0.3 ml cf pyridoxa.l phos-

phate, 20 micrograms ml. The final volume in the flasks was 3.5 ml 

as compared to J.O ml in the normal assay syetem. The res~ts of 

the experiment are shown in Figure 8. It is seen that good trans-

aminase activity is present in the sonic extracts. 

g. Attempts to Couple Glycolysis with Traneamination in 

Whole Cells of Bacterium tularense. 

Since the above experiments indicated a high transamina-

tion activity in sonic extracts it was thought reasible to attempt 

to couple transamination with glycolysis in whole cells, This 

would allow the production o! axalacetate which could react 

anaerobically with malic dehydrogenase and allow the reoxidation 

or reduced DPN. The following experiments were designed in hope 

of demonstrating the described couplin&. 200 ml ot a 24 hour growth 

of cells from casein-decomin medium was washed and resuspended in 

40 ml of 0.15 M NaCl. Five ml of the concentrated cells were added 

to solutions containing glucose., potassium phosphate buffer pH 7.4., 
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Figure 8 

Transamina tion Coupled with Glycolysis in Sonic Extra.ots of 

Bacterium tularense • 

Micro-
liters 002 
(evolution) 
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Curve A-Aspartic Acid t Pyruvic Acid 
Curve B-Aspartic Acid f Pyruvic Acid f Alpha-

ketoglutaric Acid 
Curve C-Oxalacetic Acid (25 micromoles) 
Curve D-Alpha-ketoglutaric Acid f Pyruvic Acid 
Curve E-Alpha-ketoglutaric Acid 
Curve F-Aspartic Acid 
Curve G-No substrates 

Assay Procedures .Explained in Text 
'· 

50 
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aspartic acid and either pyruvic or alpha-keto glutaric acidcs. 'lbe final 

volume of the resulting substrate-cell suspensions was 10 mlo 'lbe final 

concentrations ot the substrates were, 0.0056 M glucose, 0.05 M potassium 

phosphate buffer, pH 7.4. 0.03 M aspartic acid and either 0.02 M 

pyruvic or alpha-keto glutaric acids, 'nle cells were incubated with shak-

ing at 37°C, for fift_een hours under an atmosphere of nitrogen. Glucose 

determinations were :made before incubation and atter the fifteen hour 

incubation period. Sterile conditions were ueed throughout the ex-

periment, No glucose disappearance wa, found which indicated the lack 

of coupling between the transamination and glycolytic systems. These 

results were obtained on two seperate days using different cell pre• 

parations, 

h. Carbon Dioxide Fixation with Pyruvic Acid in Sonic Extracts 

As mentioned above in section g, oxaloacetate could be 

produced in sonic extracts by fixation of carbon dioxide with pyruvic 

acid. This type of reaction is lmown to follow two pathways in bacteria, 

The first type ot fixation involves the production ot oxaloacetate 

directly froni the two primary substrates. The second type or fixation 

involves the direct production of malic acid from the two substrates 

in the presence of reduced DPN. In any case· both systems would involve 

the oxidation of reduced DPN. The i'orm.er reaction woul.da.Uow the pro-

duction of oxaloaceta.te which could then be reduced to ma.lie acid 

with the conconmu.tant oxidation of reduced DPN while the latter reaction 

involves the direct produeticm of malate t'rom pyruvic acid, reduced 

DPN and carbon dioxlde. 
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The first type or fixation involving the direct production of 

oxaloacetate was assayed f'or in the following mBMer. To Warburg 

flasks. : designed !Qr gassing were added; 0.5 ml 0,9S M KHCC>:3, 

0.5 ml 0.4 M sodium pyruvate, 0.5 ml 0.45 M potassium phosphate buffer 

pH 8.1, 0.3 ml 0.58 M Mgso4, o.; ml of sonic extract, and 0.2 ml of 

water. The flasks were gassed tor fifteen minutes with 5 % CO2• 95 % 
N2 gas mixture, and incubated for forty-five minutes at 37°C. With 

shaldng. At the end of this time 0.7 ml ot 50 % aniline citrate wa15 

added from the side arm of the vesstlil,a. Carbon dioxide evolution 

as produced by the decarboxylation 0£ the oxaloacetate wa~ then measured 

in the Warburg respiromete?'$. In neither dialysed nor undialysed. 

fresh~ prepared sonic extracts was any carbon dioxide evolution 

found. '!hie is indicative of the lack of carbon dioxide 1'1xati•n 

by this pathway in sonic ext;racts. 

The secol1d type ot carbon ·dioxide fixation, supposedly catalysed 

by the 11malic" e11zyme of Ochoa, was assayed for in the following 

manner. Carbon dioxide production was measured in Warburg flasks con• 

tainina the following components; 1,0 ml potassium phosphate butter 

0.24 H, pH 6.0; 0.1 ml 0.l M MnS04; 1,0 ml 0.18 M ma.late; 

o.s ml of sonic extract and either 0.1 ml o! DPN or TPN ( 6 ~ml). 

Carbon dioxide evolution was measured under aerobic conditions~ In no 

case was any carbon dioxide production shown~ 

Thus the possibility of coupling g~colysis with carbon diox:i.de 

fixation is not very likely in light of the absence of any type of 

fixation in sonic extracts. It is possible that the enzyme systems 
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involved are vecy labile and/or are destroyed during the sonio 

disintegration. This was arbitrari,4r' ruled out on the basie of 

the high activity of normally labil$ enzymes demonstrated to be 

present in the extracts. 
/ 

2. Carboh7drate Metabolism of Aerobic Bacteria Similar to 

Bacteriumtularense 

Since the type of obligate aerobic glycolysis seen in 

!k_ tularense has not been previousq described, it seemed advis-

able to investigate other bacterial species in order to determine 

the distribution of this phenomenon. At first the only absolute 

requirements in choosing bacteria for study were that they be aerobic 

and utilize glucose. After tailur~ to demonstrate the phenome-

non under study in a few microorganisms possessing only these two 

characteristics, further choice was based on the followin criteria, 

all or which are properties of tularense; 1) predominantly 
. 

aerobic and capable of glucose utilization; 2) parasitically 

intracellular with respect .to its host or directly related -\e iJpecies 

possessing this property; and 3) possession of a DPN-independent 

lactic dehydrogenase. 

The measurement of the obligate aerobic glycolytic properties 

of all of the species studied was made by determining the gly-

colytic rate.of sonic extracts both in the absence and presence 

0£ manunalian lactic dehydrogenase. 

The first species of bacteria selected for study were Sarcina. 
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lutea, Alcaligenes faecalls, Pseudomonas aeruginosa and Bacterium 

anitratum, all possessi~ the conmon property- of being predomi-

nantly- aerobic and utilizing glucose. The sonic extracts of each 

of these bacteria were assayed seperately and compared to a posi-

tive control of §.i tularense in the presence or lactic dehydro-

genase. As seen in Figure 9 none of these bacteria responded to 

lactic dehydrogenase. 

In the light of the failure to demonstrate obligate aerobic 

glycolysis in any of the above species,additional bacteria were 

selected on the basis of the criteria listed above. Agrobacterium 

tumefaciens the causitive agent of the cancer-like growth of plants, 

crown gall, was selected since it is know to possess an intra-

cellular phase of parasitism. Brucella abortus, the pathogen causing 

undulent fever, was selected on the same basis. Rhizobium meliloti 

was also selected for its intracellular nature and while it is not 

pathogenic like the two former species, it is symbiotic with its 
. 

normal plant hos~. Mycobacterium phlei and Neisseria perflava 
q 

were selected on the basis that both M.ycobacteria and Neisseria 

are reported to contain active lactic oxidase systems. It is 

interesting to note that both of the latter species are directly 

related to bacteria which are definite intracellular parasites, 

Mycobacterium leprae and Neisseria gonorrhea. PaBtuerella pestis 

was also chosen on the basis of its intracellular phase of infection 

and its close morphological similarity to~ tularense, Two less 

virulent strains of B. tularens9 Jap and 38, were also studied -
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in order to determine if obligate aerobic glycolysis is present in 

more than one strain of !a. tularense. 

The results of the glycolysis assays are shown in Figures~ 

10 and ll. The rate of carbon dioxide evolution from the assay 

system on the basis of mgm nitrogen/ hour is seen in Table IX. 

Except for one species, it is seen that all of the bacteria selected, 

either on the basis o.,.~ intracellular parasitism or DPN-independent 

lactic dehydrogenase were found to glycolyze only in the presence 

of added lactic dehydrogenase. The lone exception is!:!. pestis, 

which glycolyzed equally as well in the absence of the mammalian 

dehydrogenase as in its presence. 

3. Lactic Dehydrogenase,Activity of Bacteria Showing Glycol.ysis in 

the Presence of DPN-Dependent Lactic Dehydrogenase 

Since the bacteria just described possess the obligate 

aerobic glycolysis seen in !h_ tularense, it should be of interest 

to study the DPM-dependency of the lactic dehydrogenase possibly 

present in these organisms. Lactic dehydrogenase assays were 

performed by the bicarbonate-ferricyanide manometrie method pre-

viously described. As shown in Table X, no DPN-dependency could be 

found for the dehydrogenase present in any of the bacterial ext:.racts. 
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Figure 9 

The Effect of Lactic Dehydrogena.se (ma..mrnalian) on OJ.ycolytic 

Activity of Sonic Extracts of Sarcina ~, Pseudomonas auregi-

™' Alcaligenes faecali§, Bacterium anitratum, and Bacterium 
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Curve C-i• anitratum /. Lactic Dehydrogenase 
Curve D-f.. aureginosa, §. lutea, and!, £aeca4is ·: 

in the absence and presence of Lactic Dehydrogenase 

Assay Procedures Explained in Text 
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Figure 10 

The Ei'f ect oi' Lactic Dehydrogenase (mammalian) on Glycolytic 

Activity of Sonic Extracts of Brucella abortus, KY:cobacterium 

phlei and Agrobacterium tumefaciens. 
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1 ml of Sonic Preparation Assayed in Each Case. 
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Figure 11 

The Effect of Lactic Dehydrogenase (mammalian) on the Glycolytic 

Activity of Sonic Extracts of Pastuerella pestis, Neisseria 
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TABLE IX 

Glyeolysis Assays of Various Bacterial Species 

No Additions Micro- f Lactic Dehydrog;:ma3t. 
Organism Strain liters 002/mgm N/hr. Microliters oo2/m,s;D.N/,1r. 

f.• aeruginosa KU o.o o.o 

A· faecalis KU o.o o.o 
s. lutea .KU o.o o.o - -
E, coli #4157 108.0 108.0 - -
i• tularense Sm 12.9 52.8 

~. tularense ·Ja.p 15.6 42.O 

tl, :tularense 38 10.2 Lt).3 .ti 

a. abortus Al9 9.0 72.s -
~- t11mef 1:i ciern;r·· Af> 17.0 184.5 

~- ,,hlei #10142 o.o 98.5 - . 
!!• 1teliloti #9903 17.6 6h .. 4 

l!· f:!erflava 12 21.0 55.0 
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TABU X 

Bicarbonate Ferricyanide Assays for Lactic Dehydrogenase in 

Various Bacterial Species 

DPN f Lactate Micro- Lactate rucro.LLtex-t; 
Organism Strain liters 002/mp N/hr. 002fmgm N/hr. 

§.. tularense Sm 60.3 80.2 

h_. twnefaciens A6 2.34. 220. 

D• abortus Al9 103. 92. 

M• phlei #10142 60.3 101. 

~. Eerfiava 12 ;40. 550. 

l!· meliloti #9930 95. a;. 
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4. Lactic Dehydrogena.se of Bacterium tularense 

Since a DPN~independent lactic dehydrogenase has been reported in 

only one species of yeast, one species of mold and two species of bac-• 

teria, it was thought of interest to detel'mine some of the propertiec 

of this enzyme which is found in~. tularense, 

a. Lactic Dehydrogenase as Part of an Oxidase System 1 

Since the original assay systems which were used for the 

identification or lactic dehy-drogenase would not detect how this 

enzyme functions with electron trans.t'erri~ enzymes; survey studies 

were ma.de to determine the oxidative activity or \thole cells and sonic 

extracts, using DL-lactate as the substrate. Whole.bacterial suspenr:i..,.~ns 

were found to have no ab1lity to oxidize lactate in the presence of 

air at pH values or 6.0, 7.0 and 8.0. Sonic ext.racts that were 

freshly prepared, either dialysed or undialysed, showed no oxygen up-

take in the presence ot lactate at pH 7.4. 
In the light or these finiings, attempts to show lactate 

oxidation were ma.de using extracts mich were fortified wi. th co enzyme 

A, DPN, cocarboxylase and magnesium sulfate. These cofactors were used 

since they were shown to stimulate pyruvate oxidation in \>Jhole sonic 

extracts. If the equilibrium of the lactate-pyruvate reaction_: were 

far in favor of the lactate, the lactate oxidation could be increased 

by oxidizing any pyruvate which was formed from the lactate. As shown 

in Figure 12, these additions had definite results although the oxygen 

uptake rates were very slow compared to substrates of the Kreb Cycle. 
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FIGURE 12 

Lactic Oxidase Activity-of !3acterium tularense Sonic Extracts 

Microliters 
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Respiration 

Data for curves A,B,and D obtained from flasks which contained 
in addition to substrate, 1.5 ml O.lM potassium phosphate buffer 
pH 7.4 and 1.0 ml of sonic extract. 0.2 ml 10% KOH in center well. 
Total volume equals 3.2 ml. Gas phase Air. Temperature at 37°c. 
Data for curve D from na~ks containing abo~e reagents plus 0.3 ml 
coenzyme A concentrate from liver 2. 5 mgm/ml, 0. 2 ml cocarbo~lase 
0.05 rngm/ml., 0.1 ml DPN 6 mgm/ml and 0.2 ml mgS04 O.J.M. 
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The enzymes and cofactors which are involved in the lactic oxidase 

system have been briefly studied and some statement can be made 

with respect to the properties or the sy~tem. Early experiments 

with whole dialysed extracts demonstrated that cytochrome b was the 

only cytochrome present in B. tularense (6o). This identification 

was achieved with both a highly sensitive spectrograph and the more 

simple Zeiss H~nd Spectroscope. It was noted that the addition 

of lactate to sonic extracts oaused the reduction of cytochrome b. 

This could be interpreted to mean that cytochrome b is one of the 

electron accept.ors in the lactic oxidase system. Further proof of 

this concept would be the separation of the lactic dehydrogenase 

from the cytochrome b and then recombination of the two components 

to form the complete functional oxidase system. Attempts to separate 

the cytochrome band the dehydrogenase were successful according to 

procedures which will be described for the purification of the de-

hydrogenase. However, recombination of the active dehydrogenase 

and the cytochro~ b did not restore the oxidase a-cti vity as deter-

mined by manometric o:xygen uptake measurements. Even though this is 

negative information, cytochrome b is probably a part of the oxidase 

system since the purified dehydrogenase was unable to act on lactate 

in the presence or oxygen, 

b. Pul.d.fication of Lactic Dehydrogenase from Whole Sonic Extracts 

Many procedures were used in an attempt to purify the 

dehydrogenase. It was apparent from many observations that the dehydro-

genase was associated with the "particulate material II present in 

the whole sonic extracts. This material was co11:sistantly precipitated 
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from the whole extract when submitted to either ammonium sulfate 

or alcohol protein fractionatio~ procedures, and consequently neither 

of these methods afforded good purif'ication. ·.1.•he problem seemed 

to be one of solubilization of the dehydrogenase away from the 

"particulate material"• (rt might be mentioned that experiments 

by Fellman and Mills (60) showed that the particulate material 

contained all of the cytochrome band succinoxidase activity and 

resembled to some extent the particulate material obtained. by .fractiona-

tion of mammalian·· cells to obtain such components as nuclei, mito-

chondria, etc. The precise designation of this particulate material 

from~ tularense is impossible although it is easily separated 

from the small amount of soluble protein by centrifugation at 101,.300 

X g for one hour.) 

The first attempts at purification were ma.de using procedures 

which _were designed to solubilize the "particulate material"• Whole 

sonic extracts were treated with desoxycholic acid (sodium salt) 

at concentrations ranging from 0.048 to 1.6 %. Considerable clearing 

of the extract was visible and after centrifugation at 3 .,000 X g 

for 1 hourthe resulting supernatents possessed some dehydrogenase 

activity. At 1.6 % desoxycholic acid, only 33 % of the origina~ 

activity was found while at 0.048 % desoxycholic acid, about 60 % 
of the activity remained. The clearing that was seen was assumed 

to be due to the solubilization of the particulate material. Since it 

was felt that the activity that was seen in the desoxycholate treated 

extracts was due to particulate material that was not solubilized, 

this method of attack was discarded. 



(59) 

Some attempt at purification was made using protamine sulfate 

precipitation procedures. It has been reported that protamine can 

precipitate nucleic acid-like material from sonically prepared 

bacterial extracts, thus leaving soluble enzymes in solution (61). 

If the lactic dehydrogenase were a soluble enzyme this technique 

could be used. On treating whole sonic extracts with protamine 

sulfate at levels of 2 mgm per ml of extract, a heavy precipitate 

was formed which contained all of the dehydrogenase activity. This 

supports the contention that the dehydrogenase is associated with 

the particulate material and is not a soluble enzyme, It is reported 

that protamine can be extracted away from the precipitate by dilute 

sulfuric acid solutions but this was not attempted in light of the 

rather harsh acid treatment which w:,uld be involved. 

The procedure of purification that proved most successful was 

freeze-thawing of sonic extracts at pH 6,25. Such a procedure was 

devised from the observation that mitochondrial preparations can be 
. 

solubilized by freeze-thawing techniques and that sonic extracts 

which were routinely used over a period of weeks and 'l4'lich had been 

~zen and thawed, tended to precipitate a certain amount cf protein 

material, On centrifugation of the insoluble material all of th~ 

cytochrome was found in.the precipitate and the majority of the 

dehydrogenase activity was found in the yellowish supernatent solu-

tion, The supernatent contained ho cytochrome material. Another 

important observation was that crude sonic extracts tended to pre-

cipitate out of solution at.pH values lower than 7.4 and tended to 
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redissolve at higher pH values ( about 8). On the basis of this 

information the following procedure for purification was devised 

and was subsequently shown the most successful method yet attempted. 

Crude sonic extracts were dialysed as described under Methods and 

adjusted to pH 6.25 with a few ml of dilute hydroohloric acid. 

At this point a heavy cloudiness appeared in the sonic extract. ·rhe 

extract was then stored at -10° c. for l week, thawed and made O.l M 

with respect to dipotassium hydrogen phosphate, by the addition of 

the solid salt di'rectly to the cold extract. (The pH at this point was 

7.s .. a.o.) The extract was then centrifuged at ro,OOO X g for two 

hours. A large precipiate was obtained ( Fraction I) which. contained 

all of the cytochrome material originally present in the crude sonic 

extract., and was completely devoid of any dehydl"Ogenase activity. 

The supernatent ( Supernatent I) was a clear yellowish solution 

which contained all of the dehydrogenase activity seen in the original 

whole extract. After storing Supernatent I for a !ew days at -10° c. 1 

more insoluble material was obtained. This yellowish insoluble material 

( Fraction II) was found to contain no dehydrogenase activity. 

The remaining supernatent (Supernatent II) contained all of the 

dehydrogenase activity, Quantitative bicarbonate .. ferricyanide assays 

for lactic dehydrogenase were performed on each fraction and super-

natent obtained. The results of these assays as seen in Table XI 

indicate that some twenty-fold purification c~ be obtained by these 

procedures. Possibly ammonium sulfate or alcohol proceduree could 

be applied to Supernatant II achieving some further degree of purifi-

cation. 
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Table IX 

Activity of Purified Lactic Dehydrogenase Preparations from 

Sonic Extracts. 

Microliters 
Material oo,../mlTffl N/~ 

Whole Sonic Extract ~.2 

Fraction I o.o 
Supernantent:. I 476.0 

Fraction II O.O 

Supernantent II 785 .o 



(62) 

c. Michaelis Constant Determinations for the Pur.1.fied Enzyme 

Using D L-Lactate as the Substrate. 

Sine e the rates of dehydrogenase activity on DL-lactate 

are known to be low, it was thought or interest to determine th~ 

enzyme-substrate affinity by measurement of the Michaelis constant. 

Su~ernatent II was used as the enzyme source in conjunction with 

the bicarbona.te.ferricyanide manometric assay previously described. 

DL-lactate was used at levels ranging from 50 to 500 micromoles per 

flask. When the :r-esults of the assays were plotted according to the 

procedure of Lineweaver and Burke (62), the curve shown in Figure 

13 is obtained. Maximum velocity values calculated from the graph 

gave a value of 55.J micromoles/ml/hour and a Michaelis constant 

of 1.82 X 10-1 M. While these are high values, they substantiate 

the suspected low enzyme substrate affinity for the dehydrogenase 

and DL-la.ctate., 

d. Substrate Specificity of the Dehydrogenase 

Due to the observed high Michaelis constant, it seemed 

advisable to determine the eubstrate specificity for the dehydro-

genase and other hydrox;y acids. While only a limited number of 

hydroxy acids were available, those listed in Table XII were tested • .. 
Halie arrl glycolie acids were shown to be· slowly·utilized by the· 

lactic oxidase system of!!• gonorrhea. Alanine was tested as a 

measure of the possible amino acid oxidase activity of the purified 

enzyme. Green, et. al., (63) reported that pul"ified L-amino acid 
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FIGURE 13 

Michaelis Constant Determination With DL-Lactate 

(S)/! Sub-

8,0 

7,0 

6.0 

5,0 

4,0 
strate Con-

centration/3•0 

Velocity 2.0 

1.0 

0 

(S) Substrate Concentration (mioromoles/nask) 

Bicarbonate-Fen-icyanide Assay as described in Text. 
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TABLE XII 

Substrate Specificity of Purified Lactic Dehydrogenase Preparation. 

::;ubstrate Microliters CO mgm N/hr. . . . . ... . 
DL-Lactic Acid 785.0 
L-Malic Acid o.o 
Glycolic Acid o.o 
Beta-Hydroxy Butyric Acid 2762.0 

Alanine o.o 

Initial eoneentratio~s of aD. substrates was 500 micromoles/ 

flask except beta-hydroxy butyrate which was 50 micromoles/flask. 

Calculations based on rates for !irst ten minutes of reaction. 
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oxidase possesses in some cases a higher affinity for lactate than 

.for certain amino acids. Beta-hydroxy butyrate was tested since it 

is an :important intermediate in fatty acid oxidation. It is seen 

that only DL-lactate and beta-hydroxy butyrate were fcund to have 

a.ny substrate value and suprisingly the beta-hydro~ butyrate was 

the best substrate tested. 

e. Studies on the Prosthetic Group of the Dehydrogenase 

Since all of the dehydrogenase enzyne:! reported in the 

literature are linked with some prosthetic group such as DPN., a 

flavin or a cytochrome, it was reasoned that one ot these cofactors 

is probably associated with the lactic deh;ydrcgena.se found in j!. 

tularenae. DPN and a cytochrome function can be ruled out on the • 
basis of previous experinents mich demonstrated the full dehydro. 

genase activity in the absence or both cytochrome b and DPN. Pro-

cedures for the cleavage of a fla vin from a flavoenzyme are reported 

by Horecker (6~). Using his procedures no flavin could be detected 

and the precipitate obtained during the process retained all of the 

cehydrogenase activity seen in the starting material. Dialysis 

against acidified water over a period of two days tenced to destroy 

all of the dehydrogenase activity of the starting material. The 

addition or flavin adenine dinucleotide, flavin monophosphate and 

riboflavin did not reactivate the dialysed material. Thua while 

no navin can be detected, this cofactor should not be ruled out 

until all flavins are shown to be absent in the purified enzyme. 

This mould be possible on t.he basis of very seneiti ve flavin deter-

mirations \ttdch are available (65), 



(66) 

DISCUSSION 

Data have been presented which indicate the absence of a system 
; 

in~- tularense which ie capable of reoxidation of reduced DPN normally 

produced during anaerobic glucose dissimilation. In mamnalian systems, 

reoxidation of reduced DPN is a .f'unction of lactic dehydrogenase while 

in bacterial fermentations reduced DPN oxidation is a function of many 

well defined dehydrogenases, among 11.hich are lactic, alcohol and alpha-

glycerophosphate dehydrogenase. It is unlikely that any of these latter 

dehydrogenases is .functional in ~- tularens e due to the complete lack 

of anaerobic glucose utilization in both whole cells an:i sonic extracts. 

Apparently the only normal reoxidizing system 'Which is functional in 

~- tularense, is the electron transfer from reduced DPN through the 

cytochrome carriers to o:xyge11. This excludes anaerobic conditions 

and thus offers an explanation for the original observation that B. -
tularense can easily utilize glucose in the presence of air but 

cannot utilize· glucose in its absence. 

It is also s~en that the addition of thr9e separate substances to 

!!• tularense sonic extracts will allow glyco],ysj.13 to take place. DPN-

linked mammalian lactic dehydrogenase allowed gl.ycolysis since it could 

utilize pyruvate as an electron acceptor from reduced DPN. Oxaloacetate 

when either added directly to sonic extracts or 'When provided· to the 

extracts by transamination of aspartic acid with pyruvic acid., also 

allowed glycolyeis. The oxaloacetate acts as an electron acceptor 

from reduced DPN by virtue of the presence of DPN-linked ma.lie dehy-

drogenase in the sonic extracts. 'lhus all or the methods of 
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producing a glycolyzing s~tem in~• sonic extracts provide 

the extract a means of reoxidation of reduced DPN. 
' 

The phenomenon of obligate aerobic glycolysis does not appear to 

be unique with~. tularense but is also characteristic of other micro-

organisms. Bacteria which have been shown to possess .this phenomenon 

have the following properties all or which are characteristic of ~. 

tularense: l) predominantly aerobic, utilizing glucose, 2) pathogenic 

(or directly :related to pathogenic species) and intracellular during 
,, 

their parasitic phase of infection, and/or 3) possessing a DPN-

independent lactic dehydrogenase. The first requirement covers a 

\'hole multitude of species, arxi bacteria chosen only on this basis do 

not necessarily possess an obligate aerobic glycolysis. This is shown 

in the case of the four species studied in this -work, viz,, f.. aerugi-

!!2.:!!, !• !'aecalis., §. ~' and~. anitratum. None of these organism-a 

possesses either requirement two or three even though they are pre-

dominantly aerobic in their growth requirenents and utilize glucose, 

However all of the bacteria chosen which possessed properties two and 

three along with property one,· were shown to have the obligate aerobic 

glycolysis seen in ~- tularense. The single exception was the case of 

an a.virulent strain of f.• pestis \\hich glycolysed in the absence of 

added lactic dehydrogenase equally as well as in its presence. Bac-

teria shown to be similar to !, tularense in their utilization of glucose 

were!• tumefaciens, ~- abortus, N~ perflava, ~. phlei, and .B:• meliloti. 

The first two speices are intracellular pathogens (66,67) and the latter 
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organism, \ohile not a :pathogen exists in an intracellular symbiotic 

relationship with its host (68). N,. perflava and 11• phlei are not 

intracellular species but are known to poseess active DPN-independent 

lactic dehydrogenase systems (25,26). 'lhese latter two species are 

also directly related to definite intracellular species, viz., !1• 
lepra.e. arxl !• gonorrhea. 

The relationship between virulence or pafillogenicity and: the pre-

sence of obligate aerobic glycolysis can be briefly mentioned. It is 

seen that three strains of~. tularense all possess the phenomena of 

obligate aerobic gl;ycolysis and roughly to the same extent. One or 
these species is some l0,000 times less virulent than Sm and the 

other completely avirulent. to most mammalian hosts. Completely 

avirulent !:!• Eerflava used in this work possessed the effect in dis-

cussion as did the non-pathogenic !'!• phlei. On the basis of this one 

might conclude that obligate ~erobic g3¥colysis can be carried through-

out a whole genus irrespective 0£ virulence or pathogenicity. On the 

other ha.nd ·a completely avir,Uent strain off.. pes~_i[ did not have 

obligate aerobic glycolysis "41ich forces,one to ask whether the fully 

virulent !! . 12estis 'strains are similar to the a virulent strain. Un-

1' ortunately this problem cannot be reconciled due to the high ·: 

pathogenici ty of virulent f.. pestis cultures. 

Another interestirg relationship which might allow some speculation 

is that of obligate aerobic glyeolysis and intracellular parasitism. 

It is well lmown that intracellular rickettsiae and virusee. use .t,he 

enzymatic machinery of their host cells to can-y out their energy 
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utilizing reproductive processea.. vihether a similar situation 

exists in intracellular bacteria is certainly not known but is an 

interesting problem to consider. For example, this work shows that 

]a. tularense and several other pathogens have a DPN-independent lactic 

dehydrogenase, thus dissallowing the possibility of anaerobic glycoly-

sis. In times of oxygen lack within a host cell it might be feasible 

to suppose that the lactic dehydrogenase of the host cell (DPN-dependent) 

might be utilized by the bacteria to carry out an anaerobic glucose 

utilization. Attempts to demonetrate glycolysis by mole cells of 

!!• tula.rense in the presence of mammalian lactic dehydrogenase were 

unsuccessful. '!bus while no experimental evidence for a virus-like 

parasitism exists it is a possibility which should not be disregarded 

without some thought. 

Perhap~ o~ of the most frustrating problems concerning the dis-

tribution of the phenomenon or obligate aerobic glycolysis was the 

lacl< of time, and suitable technique to study this effect in many 

intracellular pathogens. Mention can be made of m&ny bacterial 

species "-hich are definite intracellular pathogens and which might 

possibly possess obligate aerobic glycolysis. !'!• lepra~, the causa-

tive agent of leprosy is a definite intracellular pathogen and __ is 

certainly worlhy of study as is its very close relative., M• tubercu-

~, the non-intracellular causative agent of tuberculosis. Table 

XIV presents bacteria which have not been studied but which might 

possibly possess the properly of obligate aerobic glycolysis as found 
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.TABLE XIV 

Bacteria 1r!hich Might Possibly Possess Obligate Aerobic Glycolysis 

As Found in Bacterium Tularenee. 

Glucose Aerobic · Intracellular Type of Lactic 
Ora:anism Utilization Nature Nature Denvdrogenas e 

M;y:cobacterium 
(69) (82) (-) tuberculosum (25) 

Mvcobacterium 
leprae (69) (82) (83) (-) 

Neisserie. 
gon•orrhea. (71) (86) (77) (26) . 

Neisseria 
(75) . intracellular is (78) (78) (--) --

Bartonella 
(82) bacilliformis (82) (79) (--) 

Listeria 
monocytogenes " (00) (82) (-) (-) 

Donovania 
granulomatis (81) (82) (81) (--) 

Actinobaccilus 
lignieresi (82) (82) (--) (--) 

Malle om.tees 
mallei (85) (82) (--) (--) 

Noguchi.a 
(84) (82) (--) (--) granulosis 

Gaffkya 
(86) (86) (--) (--) tetragena 
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in !• tularense. The Table also presents known propertie.s of the bac-

teria which show the similarity between these organisms and the bacteria 

-mich have already been shown to possess the obligate aerobic glycoly-

tic phenomenon. Whether other intracellular pathogens such as the 

vizuses and rickettsiae have a similar glycolytic impairment as found 

in!• tularense canno.t be anawered until techniques become available 

for the culti va.tion of large numbers of these organisms. 

The concept of obligate aerobic glycolysis reported to be present 

in a number of bicterial species is not entirely coneietent with pre-

vious in!'orna.ti on reported by other workers. ! . tularense, the key 

bacteria in this stud3, has been reported to "f ereni:. 11 various carbo-

hydrates including glucose (68). 'Ibis intormation was based on the 

color change ot agar growth medium containing acid-base indicators. 

It has been pointed out that this type ot study does not indicate ana-

erobic carbohydrate utilization since ~o strict means ot excluding 

air is taken. Furthermore it does not take into account possible 

acid-base reactions W1ich might result from reactions other than 

those o! the carb:>hydrate present 1n the growth a.gar. Certainly in-

formation such as obtained from acid-base indicators in growth agar 

should not be accepted unequivical4' as evidence for a particular 

biochemical pathway, however useful such experiments are in- dif£eren-

tU!.ting various bacterial species, 

The present work is not in ccni'lict with those studies "r\hich hcwe 

been made on various species o! Mycobacteria. Edson ( 69) points out 

that the acid tast bacteria possess the chief enzymes of tha Embden-
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Meyerhof schem:i. He also has demonstrated that these bacteria do not 

possess glycolysis though he does not account for this biochemical lack 

on the basis of the absence or a DPN-linked enzyme capable of reoxi-

dation of reduced DPN normally produced during glycolysis (69). It is 

interesting to note that Hanks and Gray (70) have attempted to classify 

the Mycobacter;a on the basis of their metabolism. They point out that 

in a scale extending from the saprophytic species up through the tuber~ 

cle bacillus to !1• leprae, the re is a tendency for the organisms to 
•< 

lose the ability to grow on artificial nutrient media as well as be-

coming obligatory intracellular parasites. In the strictest biochemical 

sense however, no exact metabolic differences have been ehown by these 

workers. It would seem that the utilization of sonic extracts in the 

study of the metabolism of the various species of M.ycobacteria might 

bring to light more subtle biochemical differences. 

While no metabolic studies have been performed on the glycolysis 

of E_. pernava, Barron and Miller (71) have shown that li• ..,8£horrhea 

utilizes glucose aerobically, pyruvate, lactate., and acetate appearing 

as intermediates in the oxidation. While lactate is associated with 

the aerobic breakdown of glucose it could possibly arise from the alpha-

hydroxy acid o.xidase that is found in very high concentrations in this 

bacteria. Thus studies "whi,ch have. been performed on. the giycolysis of 
. . 

Neisseria, are not inconsistent with the data obtained in the present 

study. 

The metabolic nature of Rhizobia is also not too clear but what 

work has been performed indicates that anaerobic glucose-utilization 
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does take place resulting in the production of butyrate, lactate, ace-

tate arxt carbon dioxide (72). Wilson has confirmed this finding using 

root nodule suspensions (7J). While Ji. trifolJ..i was used in the studies 

which showed a glucose fermentation and R• meliloti was ueed in the 

present study., it is highly probable that they are very similar 

metabolically. Further work with !• melilot\ might clarify the dis-

crepancy. 

!!• abortus has been shown to convert 80% of the glucose in an 

aerated glucose-tryptose medium to carbon dioxide with appreciable 

quantities of acetic acid also formed: (-74). Only traces of formic 

acid, lactic acid and ethanol were found. Roessler, et al, (36) 

have reported that i• will gl:,colyte anaerobically. These work•• 

ers have reported the isolation and identi.fi cation ot fructose di-

phosphate, fructose 6-phosphate, glucose-1-phosphate, and glucose-6-

phosphate from. sonic extracts of J!. !!!!! which were incubated in a 

mineral mixture cai.taining glucose a.rd ATP. While about 15% of the 

adrled glucose was utilized. in 4 hO\lrs, no indication is made whether 

any glycolyt!c intermediate below fructose dipllosphate was" found. If 

these three-carbon intermecUates were not t'o'llilCl then the data reported 

in this thesis would riot be inconeistant. with their findings. It is 

possible that !• does differ i'rom. the §_. abortus studied in th~ 

present w:>rk. 

In the case o! A. tumefaciena no strict biochemical studies on - . 

its glucose utilization have been made. It is known that sugars are 
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utilized with the major product found to be carbon dioxide.(76), This 

appears to be similar to the observntions made with !!• tularense, ~. 

abortus and!!• gonorrhea. 

One or the most striking features of obligate aerobic glycolysis 

is the observation that all bacteria posaessing the phenomenon also 

possess a DPN-independent lactic dehydrogenase. The exact function 

of this dehydrogenase as it exists in these bacteria is not lmown, 

although it certainly does not possess the unique DPNH2 reoxidizing 
.. 

property as seen in lactic acid fermenting organisms. While this 

enzyme has been indentified for the first time in!!• E!larense, !• 
perflava, ,n. meliloti, ]!. aportus, and A• tumefaciens, time allowed 

only a brief study on the dehydrogenase in a si~le species, !!• ~-
rense, -

The lactic dehydrogenase in&· tularense seems to be associated 

with cytochrome band possibly other factors to form a lactic oxidase 

system. However the oxidase system is not nearly as active as the 

succinic oxidase system also known to be presenting. tularense (60)~ 

The first attempts to isolate the dehydrogenase from sonic extracts 

led to the observation that it was closely associated with insoluble 

particulate naterial which was nn.tch like that found in marnmali~n cells. 

Thus solubilization or the dehydrogenase away from the particulate 

material was achieved in much the same manner that is used for the 

solubilization of particulate enzymes of such tissues as mamnalian 

liver, kidney, and heart. 
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Some of the properties of the lactic dehydrogenase have been 

studied. It appears to be associa.t ed with none of the coenz;ymes pre-

vio~ly reported for other DPN-independent lactic dehydrogemses. It 

is neither cytochrome linked as £cum in yeast (23) nor has it yet 

been shown to be associated with a fiavin as found in gonoccoci (26), 

tl• phlei (25} and f.• chrysegenum (24). No amino acid oxidase activity 

is seen in purified preparations arxl the only hydroxy acid metabolized 

besides lactate is beta-hydroxy butyrate. Ite Maechalis constant is 

very hj.gh showing an extremely low enzyme..substrate affinity. This is 

very similar to the observed substrate-enzyme affinity seen in j:. 

chrysosenqm. 



(76) 

SUM-1ARY 

1) An explanation is presented for the observed inability of B. tular--
to utilize glucose anaerobically. 

2) The explanation is based on the observation that reduced DPN norrrally 

produced during glucose dissimilation cannot be reoxidized by the 

enzymes ot ~. tularense except in the presence of air. 

3) This obligate aerobic glycolysis is round in various bacteria which 

are very similar to !l· tularense in their biochemical and growth 

requirements. Tho5e bacteria showing the phenomenon ot obligate 

aerobic glycolysia are!!• abortus, a. tumefaciepe, }:!. phlei, a . 
. i • meliloti, li• pE:rflava and two different strains of ll• tularense. 

4) Since no anaerobic glucose utilization was found in~. tularense 

it is assumed that the enzymes which are normally responsible £or 

reduced DPN oxidation during glucose fermentation are absent. How--

ever it has been shown that all of the bacteria which possess the 

obligate aerobic glycolysis also possess a DPN-independent lactic 

dehydro genase • 
. 

5) Some of the J)roperties of the DFN-indepent:cnt lactic dehydrogena.se 

found in B. tularense nave been studied. It is definitely not -
cytochrome linked as seen in yeast and as yet is not shown to be 

associated with a flavin as is the lactic dehydrogenase of other 

microorganisms. 
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