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An investigation of the intrmiery metabolism of 
L-glutamic acid by Brucella abortus, strain 19, wes carried out. 

L-glutamic acid is oxidized by this org.niem more repidly than any 

other compound end for this reon eucidation of th p8thway by 

itthlch it i oxidized ic of consIderatle tnterest. Phis strain of 

Bruce1l abortus is well suited or laboratory lnvetigatîon be- 
cause of its low virulence. 

Meseurrn,nt of th rcspiratory gaseous xchane of resting 

cell suspenelons was mede by the use of convntional Warburg 
techniques. 

Study of adaptive rizyme patterns in this organism 

showed tt the enzymes for the oxidation of L-glutamate and 
Laparin oxidation may he adaptive, hut that those for the 

ox1dtIon 'f aipha-ketoglutarste, succnate end acetate are not. 

Retes of oxidation of members of the tricarboxylic acid cycle were 
greatly incrased by 1oering the pH of th reaction flask from 
6.8 to 5.5. Alphakctoglutcrate, succinate and rrilat were xidzed 
more rapidly than L-g1utarrte. Fumarate, pyruvate, acetate and 
xslacetate vere oxiìlzed 94,80, 77 and 51 prcent rspective1y, 
s fast as glutamate. Citrate was rot oxidized. Ari increase in 

the substrate concentration brought about marked stlmul&tion in the 
rate of oxidation of eipha-ketoglutarate, succ1nte, aspartate 
and glutamine, while the effect on the rate of' glutamate oxidation 
was only ioderate. Apparent oxl1ticn of citrate occurred at 
O.05F5M with e Q,, (N) of 108(87). hese results indIcate that 
prneabIl1ty w ?ormerly the limiting factor in the oxidation rate 
of TCA cycle interrndIctes, end that the c1l Is rrorp permeable to 

the unionized molecule. 

.- 

Cell suspensions which were rrozen and thawed ten times: 
t in an attempt to remove the permebility barrIer n'cidlzed all 

tmeubrs 
of the TCA cycl 'xcept citrate The activity of 



prepration6 towe,rd glutamate proved to be very low. A cell free 

prepra.tion mdc by grinding e cell paste with alumina yielded the 
following Q 0(N) rates; succiriate 114(19), alph.e-ketoglutarate 46(19) 

and citrte°8(19). The preparation was very unstable end showed 

:no activity with a glutarnRte substrate. Attempts to demonstrate 

citrste formation in a resting cell suspension gave results 
which 

:a1though positive, could riot be definitely considered significant. 

The use of 2,4-dinitrophenol as an assimilation inhibitor 

resulted in oxygen uptake and carbon dioxi.e evolution which 
indi- 

cated complete oxidatton of uccinate and acetate. The oxidation 

:of 1pha.-ketog1utarate was 78 percent, and glutamate 7 percent of 

the comp1te theoretical utilization value. 

Th use of ma1onte with a 101 inhibitor substrate ratIo 
reeu1td in a 26 percent inhibition of succinate at pH 5.5 and 

59 percent inhibition using frozen cells. Arsnious oxide, an 

Inhibitor of alph-keto acid oxtcìatiön, markedly inhibited the 

íox1datio of succin&te, alpjia-ketoglutarate and glutamate, even 

when used in very low concentrations. Trans-1,2-Cyclopentane- 
t:.dicarboxylic acid increased the rate of L-aepargine oxidation at 

pH 6.8, while at pH 5.5 it inhibited the oxidation of al]. substrates 

tested, Formaldehyde, although oxidIzed slowly by brucellae, soted 

as n inhibitor of aipha-ketoglutarate and succincte oxidation at 

p 

;., 

A survey of the results obtained shoved that all tested 

TCA cycle intermediates, ino1udin, oltrate, were oxidized ¿nd that 

&la-ketog1utarete and sucinate oxidases are constitultive. Both 

these points Indicate the preence of a citric acid cycle in bru- 

Ice11a.e. No evidence against the presence of a citric acid cycle 

was obtained, Inhibitor studies show that glutamate is probably 

oxidized via pha-ketog1utarate and sucoinate. 
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THE OXIDATIOIT GLUTATIC ACTh A1 LAThD CO1?OtThS BY 

BRUCELL ABORTUS 

D1TRQUCT IOIT 

The genus Brucella embodies certain pathogenic 

bacteria which are the causative agents of undulant fever 
in man and contagious abortion in cattle arid. other domestic 

animals. In this work the relatively avirulent strain 19 

of Brucella abortus has been used because it is 

comparatively safe for laboratory investigations without 
differing to any significant extent physiologically, from 

the more virulent members of the genus. This thesis 

represents an attempt to elucidate the mechanism of the 

oxidattve disimilation of glutamic acid. and related 

coiounds by the use of techniques adapted to the Warburg 

constant volume respirometer. 



HISTORICAL 

Until quite recently, research on the physiology 

of the brucellae dealt largely with the nutritional 

requirements oÍ' the group. Few studies 01' a fundamental 

nature had been conducted on the metabolism of these 

organisms. This lack of experimentation may be attributed 

partially to the difficulties encountered in the use of a 

pathogenic bacterium. The isolation of the relatively 

non-pathogenic strain 19 of Brucella abortus has afforded a 

tool of which many investigators are now availing themselves. 

In addition, the development of chemically defined media 

(l8,p. 22; 2O,p. 7??; 31, p. 311) has permitted testing of 

these organisms under more controlled conditions. 

Most of the early knowledge concerning the metabolism 

of the brucellae was acquired as secondary information in 

developing a physiological basis for identification and 

differentiation of species (29,p. 488; 43,p. 376). This 

information gave only the beginning and end products of 

metabolism, with no hint of the intermediate steps. 

Recently, however, studies on the intermediary metabolism 

of the bru.cellae have appeared in the literature. 

In this respect, Kien-Hun and Kan (24,p. 401) found 

that B. abortus and Brucella melitensis could dehydrogenate 

several organic compounds using inethylene blue as a 



hydrogen acceptor. Among the amino acids examined, 

alanine, glycine, asparagine and cystine acted as hydrogen 

donors. 

Probably the first work using the Warburg technique 

with brucellae was done by Mannozi-Torinini and Vendramini 

(27, 28). This work has supplied a starting point for 

other investigators. These workers used resting cell 

suspensions of two strains of B. abortus. Although, the 

Warburg microrespirometer was used to determine 02 uptake, 

the data obtained was not considered quantitative. Carbon 

dioxide and ammonia were determined by titration. The 

results were expressed as a percentage increase over the 

control values. Fourteen amino acids were tested, of which, 

only four (alanine, cysteine, glutarnic acid and. asparagine) 

caused an appreciable increase in oxygen uptake with both 

strains. Carbon dioxide was produced in the presence of' 

glutamic acid, alanine and asparagine. Deamination was 

shown to occur with glutamic acid, alanine and asparagine 

but not cysteine or any of the other 10 amino acids. The 

observation that pyruvate was oxidized rapidly coupled 

with the above data led Mannozi-Torini and Vendramini to 

conclude that oxidative deamination occured with subsequent 

oxidation of the keto acids formed. Cysteine was reported 

as being hydrolyzed to serine and hydrogen sulfide. 

Attimonelli (8) reported that, with the exception of 



fornuic acid, monocarboxylic acids were oxidized read.ily. 

D'Arnbrosio (14,;. 24?) noted B. abortus could oxidize 

pentose and hexose sugars. Steinbach (39) tabulated the 

oxidizing activity of several bacteria. Using the Warburg 

technique, abortus was reported to oxidize alanine, 

glutamic acid, asparagine, glucose, lactate, pyruvate, 

succinate, malate, oxalacetate, glycerophosphate and 

acetaldehyde. Leucine, formaldehyde, malonate, citrate, 

maleinate and fumarate were used to a variable or slight 

degree. Considerable variation was incurred in these 

determinations. 

In a similar connection, Caselli (13) demonstrated 

that abortus is capable of desaminating alanine aerobi- 

cally and anaerobically. However, the anaerobic desarrimase 

appeared less active. Lactic acid, pyruvic acid and alanine 

all increased the respiration rate to some extent. These 

data differ from that of Gerhardt (20,p. 463), who showed 

that ammonia is not produced in appreciable quantities 

anaerobically from glutamic acid, asparagine or alanine. 

The present study is essentially a continuation of 

the investigations of G-erhardt (l9,p. 55-97) and, for that 

reason, his work is considered here in some detail. 

Twenty-seven amino acids and related compounds were tested 

by Gerhardt to determine relative rates of oxidation and 

amounts of ammonia produced by strain 19 of Brucella abortus. 



L-glutarnie acid. was oxidized more rapidly than any other 

substance tested; glucose ranked second, L-asparaglne, 

third, and DL-alanine, Í'ourth. The remaining compounds 

disDlayed slight activity (19,p. 66). Cysteine was shown 

to be auto-oxidized, (probably to cystine), in the absence 

of bacterial cells. In addition, G-erhardt found a negli- 
gible oxidation of glutamine and aspartic acid. in compar- 

leon with glutamic acid. and asparagine. Ammonia production 

paralleled oxygen uptake. Examination of stereospecificity 

of glutamate, asparagine and alanine showed that D-gluta- 

mate and D-asparagine not only were not oxidized but actu- 

ally inhibited the oxidation of the L-forme. D-alanine 

was oxidized, but not as rapidly as L-alanlne. Simultan- 

eous oxidation of L-asparagine and L-glutamate indicated 

that perhaps these compounds were oxidized by two closely 

allied systems. Determination of the stoichiometric ratios 

of the gaseous exchange resulting from the disimilation 

oÍ glutamic acid and asparagine varied and did not give 

clear cut evidence of any definite end products, probably 

due to the assimilation of these substrates. The deter- 

mination of oxidation rates of possible intermediates, such 

as, alpha ketoglutarate and su.ccinate, gave results which 

were too low to admit them as intermediates. Compounds 

in the tricarboxylic acid cycle showed only slight uptake; 

except citrate, which reacted negatively; cis-aconitate 
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and. oxalosuecinate were not tested.. Use o± Competitive 

inhibitors was also relatively unfruitful. Malonate did- 

not inhibit suocinate oxidation under several experimental 

conditions. 

Work by other investigators has shown that the pre- 

sence oÍ the tricarboxylic acid cycle is by no means uni- 

versal among bacteria. Karilson and Barker (23,p. 86) 

state that there is no tricarboxylic acid cycle in 

Azotobacter apilis while Stern and Ochoa (40,pp. 234-235) 

demonstrated the existence or an oxalacetate-acetate con- 

densing enzyme by disrupting the cell wall. Aji (l,p. 506) 

(2,p.143) (4,pp. 850-854), working with Escherichia coli, 

reported. evidence in Í'avor of a Thunberg-Knoop cycle using 

isotope rnd simultaneous aJLaDtion techniques. The fact 

that citrate is synthesized by E. coli cannot be taken as 

a criterion of the presence of a Krebs cycle (32,pp. 226- 

227). The rrobable operation of a tricarboxylic acid. cycle 

jn ..Iicrococcus lysodeikticus (5,pp.848-854), in citrate 

grown Aerobacter aeroenes (3,p. 386) and. in Pseudornonas 

aeruginosa (12,p. 858), has been demonstrated. On the other 

hand., &Tith coli (l,p. 506) (2,p. 144) (4,pp.354-855), 

Corynebacterium creatinovorans (9,pp. 140 -,153), and acetate 

grown aerceries (3,p. 386), a Thunberg-Knoop cycle is 

probably the main oxidative mechanism. The establishment 

of the pathway of aerobic disimilation in bacteria has been 

complicated by the fact the cell permeability effects 
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interfere in experiments using whole cells, while cell 
extracts usually have little activity under the rerorted 

experimental conditions, presumably because of enzyme 

lability. 

The possibility of the existence of a tricarboxylic 

acid cycle in 3rucella abortus has been shown by Altenbern 

and co-workers (6,pp. 102-104). These workers incubated 

a suspension of B. abortus with various tricarboxylic 

acid cycle intermediates under vigorous aeration, then 

filtered out the bacteria and added to the filtrate 

L-asparagine and a fresh suspension of cells. After a 

further anaerobic incubatIon, the solution was analyzed 

chromatographically for glutamic acid and alanine. Since 

active transaminases had. been demonstrated it was postal- 

ated. that glutamic acid and alanine would arise from 

alpha-ketoglutarate and. pyruvate. Citrate and cis-acon- 

itate gave rise to considerable glutamate, whereas iso- 

citrate produced only a trace. Succinate, fumarate, and 

L-malate substrates did not produce cItrate but did give 

rise to a trace of alanine, as did the hiher members of 

the cycle. These results indicated the oxidation of tri- 

carboxylic acid, cycle intermediates but no noticeable 

C2 to C condensation under the conditions used. The 

authors suggest that the data çresented is evidence for 

the presence of a Kreb's cycle. 



EXPERIMENTAL METHODS 

Cultures Cell Preparations 

Strain 19 of Brucella abortus was used throughout 

this work and all experimental data and discussion re- 

Íers to this culture. The original culture was sent to 

the University of Wisconsin by the Bureau of Animal In- 

thistry, United States Department of Agriculture. This 

culture was descended directly from the original isolate. 

A fifth generation transfer of the culture originally 

received. from the U.S.D.A. was lyophilized in milk and 

held under refrigeration as the permanent stock culture. 

A number of vials of the lyophilized organism were brought 

from Wisconsin by Dr. Philipp Gerhardt to serve as stock 

culture for this work. The culture was at all times hand- 

led in a manner designed to minimize dissociation. At 

bimonthly intervals a lyophilized vial was opened and 

transferred to an agar slant. A number of agar slant sub- 

cultures prepared from this culture then served as stock 

organism. All cultures were grown either in 18 mm screw 

cap pyrex test tubes or in eight ounce prescription bottles. 

These contained 50 ml of agar, slanted to give maximum sur- 

face. Albimi Brucella medium with additional agar to make 

a final concentration of two percent was used for all stock 

cultures and for experimental preparations unless otherwise 

stated. 



In the preparation of resting cell suspensions, for 

experimental work, transfers were made to a number of 

prescriction bottle agar slants. The Inoculurn was spread 

evenly over the agar surface with a sterrile bent glass 

rod. The cultures were then incubated at 35-7°C for 24 

hours. The resulting growth was washed off with 0.85 per- 

cent sodium chloride in pH 6.8, O,067M -ohosphate buffer. 

This suspension was made up to approximately 50 ml and 

centrifuged (at riaX1rnUm speed for one minute in a Serval 

anale centrifuge), the superriatant decanted and the cells 

resuspended in the above diluent. A second centrifugation 

and resuspension followed. The cells were then suspended 

in the buffered saline to a turbidity such that a 1:11 

dilution in matched 20 mm Pyrex tubes gave a reading of 

21 percent light transmittance using a Beckman Model B 

spectrophotemeter at 660 mc(. One ml of the undiluted sus- 

pension containing approximately 400 g nitrogen was used 

in each Warburg flask. This suspension could be safely 

stored for one week at 3-4°C. 

Manometric Techniques 

Measurement of the respiratory gaseous exchange of 

rest±ng cell suspensions was made by the use of conven- 

tional manometric techniques as detailed by Umbreit, 

Barris and Stauffer (41, pp. 1-37) and will not be repeat- 

ed except where modifications in method were made. 
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A standard Warburg constant voltime microrespirorneter 

was usefl throughout the work. The water bath was maintain- 

ed. at 54±Q 1OC. Flasks were shaken at the rate of 60 

comrlete strokes per minute through a distance oÍ 3.2 cm. 

In a tyrical experiment to determine the rate of oxygen 

consumption, each flask contained 1.0 ml of cell suspen- 

SiOfl and 1.5 ml of 0.067M phosphate buffer, the sidearm 

contained 0.5 ml substrate in buffer and the center well 

contained 0.2 ml of 20 percent potassium hydroxide to give 

a total flask content of 3.2 ml. All experiments were 

carried out in an aIr atmosphere. After being placed in 

the bath, the flasks were allowed to equilibrate for 15-20 

minutes. Substrate concentration was 0.0O3M unless other- 

wise noted. The substrate was tipped immediately after 

closing the stopcocks and taking a reading. Respiration 

was allowed to continue for at least 60 minutes with read- 

ings at ten minute intervals. The rate of oxygen consum- 

ptions was expressed as Q02(N), that is the microliters 

of oxygen consumed per nig of cell nitrogen per hour. 

'c02 refers sirniliarly to carbon d.ioside evolved. In 

calculation of moles of gas exchange per mole of substrate 

utilized, the endogenous respiration wee subtracted from 

the exogenous. Where a figure in brackets follows the 

o2(N) it represents the end.ogenous respiration which has 

not been subtracted. 
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Carbon dioxide wa caloulated. by replacing the po- 

tassium hydroxide with bufí'er in one o± a pair of flasks 

and calculating carbon dioxide by difference (41,pp. 17-20). 

Allowance was made for retention of carbon dioxide in the 

buffer at the pH of the reaction. 

Nitrogen Analysis 

Cell suspensions used for manometric work were analy- 

zed for total nitrogen by a modification of the method des- 

cribed by Umbreit (41, p. 161). Nessler's reagent was pro- 

pared by the method of Johnson (22, p. 576). Two ml of 

the digestion reagent was added to & one ml of the 1:11 

dilution of' cell suspension and the mixture digested over- 

night ifl Pyrex tubes on a sand bath at approximately 16000. 

After cooling, two drops of 30 percent hydrogen peroxide 

were added and the mixture heated rarid1y until fuming 

ceased and the sulfuric acid. began condensing five em up 

the side 0±' the tube. After cooling, the following rea- 

gents were added rapidly (in order): ten ml distilled 

water, two ml of Nessler's reagent and five ml 2N potassium 

hydroxide. The color was allowed to develop for 20 minutes. 

Then the solution was transfered. to 20 mm matched pyrex 

tubes and read mt,. Appropriate controls were included. 

Optical density was read directly. Controls followed Beer's 

Law from O to 60g of nitrogen per tube. 
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Citrate Analysis 

Citric acid formation by resting cell suspensions 

from various substrates was tested. Two ml of a sus- 

pension of organisnis, (containing approximately one mg 

of cell nitrogen per ml), and. 0.5 ini of O.1M substrate 

were incubated in Warburg flasks with shaking for 1.5 

hours at 3/OC 
No attempt was made to measure gas ex- 

change and the stopcocks were left open. Control tubes 

contained cells which had been immersed or five minutes 

in boiling water in a small test tube. Final concentra- 

tion of the substrate was O.0167M. Where two substrates 

were combined 0.25 ml el' a O.1M solution o each was used. 

All reactions were carried out at pH 6.8 in 0.067M pilos- 

phate buffer. AÍ'ter incubation 0.5 ml of 25 percent 

trichloracetic acid was added to each flask and the flasks 

were then placed in the refrigerator for at least one hour. 

The cells were then removed by centrifugation and 0.5 or 

1.0 ml aliquots of the supernatant were used for analysis 

of citric acid. Citric acid was determined by a modifi- 

cation of the method of Diekman and Cloutier (15, pp. 379- 

380) as follows: Instead of glass stoppered volumetric 

flasks, 16 mm screw cap test tubes were used. An aliquot 

of 0.5 or 1.0 ml of protein free solution was placed in 

each tube and 0.1 ml of each of the following were added 

in order; O.4M KEr, 1SN H2SO and O.3M KMnO. The tubes 

were then placed upright in a rack and gently shaken for 



ten minutes on a Kahn shaker. Excess KMnO4 was destroyed 

by the addition oÍ 0.1 ml of 1.5M NaNO2 and the mixture 

ent1y agitated. The solution was observed to be cloudy 

if more than two micromoles of citric acid were present. 

Next, 0.1 ¡nl of 2M urea was added and the upright tubes 

shaken vigorously (275 spm) until the reaction subsided 

(generally four to five minutes). Then one ml of purified 

heptane (prepared from Skellysolve L) was added to each 

flask and the flasks were shaken for ten minutes. They 

were then centrifuged at 2500 rpm to break the emulsion, 

and the aqueous layer was removed and discarded. 

Following the latter step 0.5 ml of distilled water was 

added to each tube and the tubes shaken for 30 seconds, 

centrifuged, and. the aqueous layer discarded. After a 

second washing 1.5 ml of four percent thiourea in sat- 

urated borax solution was added to the heptane and tile 

mixture shaken for ten minutes. The contents were poured 

into optically standardiz.ed 10 mm Leitz spectrophotometer 

tubes and centrifuged. The absorbency of the aqueous 

layer at 45 rn was determined with a Beckman Model B 

spectrophotometer. A standard curve followed Beer's 

Law up to 0.4 micromoles of citric acid. 

Adaotive Enzyme Methods 

Several synthetic culture media were tested for 

capacity to support growth of reasonable quantities of 
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brucellae, which would permit respiration studies using 

simultaneous adaption techniques (37, o. 339-347). 

The basal medium given below was the same as the 

"C-basal" described by Gerhardt (1?, p. 26) except that 

lactate and glycerol were omitted. The modifications 

NaC1 
K2HPO 
Na2S23 5H20 

Mg (as MgSO47H O) 
Fe (as FeSO47HO) 
Mn (as MnSO44H2O) 

0.75 percent 
1.00 
0.01 

lo. OOqg/ml 
0.01 
0.10 

Thiamin HOi 0.20 
Nicotinic acid 0.20 
Calcium pantothenate 0.04 
Biotin 0.001 " 

were made up by adding various carbon and nitrogen 

sources to the basal medium listed above. The pH was 

adjusted to 7.0 beThre autoclaving. 

Modification Addition to medium 

A 0.5 percent DL-alanine 

B 0.5 percent L-glutamic acid 

C 0.05 percent ammonium sul±ate 

0.75 percent lactic acid 

Five hundred ml of modifications A and B inoculated 

with a one percent irioculum containing approximately ten 

billion cells per ml were used in 2500 ml low form cul- 

ture flasks. Cultures were grown up to one week on a 
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shaker at 7°C. Growth was Insufficient to provide 

enough cells to establish enzymatic differences. Cul- 

tures did not subculture successfully. Use of the corn- 

plete Gerhardt and Wilson medium gave more cells but 

their respiratory activity was very weak. 

To conveniently use larger quantities of liquid 

medium, and appartus was set up in which the cells were 

grown inside a semi-permeable cellophane tube containing 

approximately 100 ml. The 'tube was immersed in 3500 ml 

of medium in a 4000 ml erylenrneyer flask. The interior 

of the tube was aerated, with air passed through six inches 

of sterile cotton, from a sintered glass sparger. By this 

method the cells were grown in a small volume, (elimina- 

ting centrifugation of large amounts of material) while 

receiving the benefit of the nutrients contained in a 

large volume of media. Media used were modification A 

and B. rowth occured only in flasks medium B. Exposure 

of a heavy concentration of cells to medium B for four 

days at 37°C with shaking did not result in an adaptive 

curve for L-asparagine or DL-alanine. 

Use of media B and C solidified with two percent agar 

gave sparse growth which could be suboultured and produced 

a small quantity of cells in three to five days. Testing 

by the method of Levine and. Garber (25, p. 508) showed no 

dissociation to the rough form in successive cultures on 
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these media. 

Freezinp and Tha±ng 

The most practical method of eliminating permeability 

effects is by rtpturing the cell wall. This treatment 

produces unavoidable alteration in the enzymatic activity 

oÍ' the cell but is, nevertheless, a useful tool. Freez- 

ing and thawing with consequent rupture of the cell wall 

probably involves the fewest undesirable changes. Cells 

were grown, harvested, washed and suspended in a small 

amount of buffered saline. This suspension was poured 

into the top 0±' a two quart stainless steel double boiler, 

forming a layer from 0.25 to 0.50 cm deep. The top sec- 

tion of the boiler was then placed in the bottom, which 

contained a mixture of dry ice and acetone at a tempera- 

ature of approximately -70°C. The suspension froze solid 

in one minute. The top of the boiler was then placed in 

water at 10°C until thawing was just completed. This pro- 

cess was repeated a number of times (ten was found to be 

the most satisfactory). After freezing and. thawing, the 

suspension was ruade up with buffered saline, to a volume 

which showed a light transmittance of 15 percent (1:11 

dilution) and contained roughly 400'g of nitrogen per ml. 

The nitrogen content was later determined as described 

previously. 
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Cell Free Preparations 

Preparation of a cell free extract by grinding with 

alumina was carried out using the method of Mcllwain 

(31, pp. 288-291) as modified and suggested by Stanier 

(38). Norton levigated. alumina (manufactured by Norton 

Company, Worcester, Nass.) was washed twice with distilled 

water and. dried at 10000. First the cells were harvested 

and washed once. For the second washing, the suspension 

was centrifuged in a tared heavy glass centrifuge tube. 

After centrifugation, the supernatant was decanted as 

completely as possible and. the tube plus wet cells weighed. 

Grinding compound. 2.5 times the weight of cells was added. 

to the tube and mixed with the cells. Then the mixture 

was transferred to an ice cold. mortar, in and ice and. 

water bath, and ground for ten minutes. More alumina was 

added during grinding if the mix seemed too moist. After 

grinding, the mix showed a greyish color and. a paste-like 

consistency. The mass was transferred. to an ice cold 

heavy glass centrifuge tube and residue in the mortar was 

washed. into the tube with 12 ml ice cold buffered saline. 

The tube contents were mixed. to a homogenous suspension 

and then centrifuged at 12,000 rpm for ten minutes, the 

centrifuge head having been previously chilled. in a deep 

freeze. Centrifugation first brought down the alumina 

in a compact layer, on top of this was a layer of cell 



debris of a light orange or brown color which was about 

o.;3 cm deep with a rather indefinite upper boundary. 

The supernatant was viscous, opalescent and gave a preci- 

pitate with trichioracetic acid. This solution was pipet- 

ed. off into another tube held in an ice and water bath, 

and one ml distributed from there into previously prepared 

Warburg flasks. The flasks were immediately placed on the 

manometers and into the water bath. After five minutes 

equilibration, the stopcocks were closed and the flasks 

tipped. It was found to be of the utmost importance to 

keep the preparation ice cold at all times and to work 

as rapidly as possible. The minimum time in which the 

operation could be performed by two people from commence- 
ment of grinding to the time of first reading was forty 

minutes, using eight flasks. This method of preparation 

of cell free material involves rather intimate contact with 

the organism and is not readily adapted to use with 

virulent pathogens. 
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EXPERIMENTAL RE SULT S 

Adaptive Enzymes: Attempts to show adaptive trends 

on various media have given results which are difficult 

to interpret. The cells for Figure 1 were grown in liquid 

medIum :s inside a semi-permeable sack. The rate of oxygen 

uptake with L-asaragine gradually increased for 160 mm- 

utes then became constant with a %2 of 179 (17). As 

Íar as can be asoertained. any adaptive effect is delayed. 

The curves shown in Figure 2 were obtained with cells grown 

on solid medium C. The trend in oxygen uptake for gluta- 

mate is possibly adarjtive. On the other hand, the curves 

for alpha-Icetoglutarate and succinate are not adaptive. 

In this instance, O.0166M substrates were used to see if 

the increase in concentration would accelerate adaption. 

Subsequent work showed that this concentration of aloha- 

ketoglutarate and succinate were oxidized as fast as 

glutamate by cells grown on the complex medium. Since, 

in this experiment these substrates were oxidized more 

slowly; the addition of a nitrogen source probably stimu- 

lates the metabolic activity of the cells. Reference to 

Figure 3 shows oxidation rates substrates tested with 

cells grown on medium B. No adaptive curve is shown for 

alpha-ketoglutarate or succinate and a curve simular to 

that in Figure 2 is obtained for glutamate. A considera- 

tion of both figures indicates that the oxidation of 
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a1Dha-keto1Utarate and succinate is not carried out by 

adaptive enzymes. 

A possible adaptive curve for asparagine is shown 

i_n Figure 4. The oxid.ation rate or gititamate increases 

but the process does not appear to be adaptive. Acetate 

oxidation is not adäptive. The trend indicated. in Figure 

5 shows oxidation rates of cells grown on medium C plus 

0.3 per cent L-asparagine. None of the substrates exhi- 

bited adaptive oxidation patterns. Aspartic acid was 

oxidized slowly. The apparent increase i-n oxidation rate 

at the end of the exeriment is probably an artifact. 

FInal Qo2(N) rates (last 20 minutes) are given in Table 

1. It is interesting to note that during the final 30 

minutes of the experiment asparagine was oxidized more 

rapidly by cells previously grown without asparagine. A 

tabulation of results obtained is given in Table 2. 
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Table 1 

Oxidation rates during final 20 minutes on medium C 
and medium C plus 0.3 percent L-asparagine. 

SUBSTRATE1 Oxidation rate 

Medium C Medium C plus asparaifle 

Acetate 81(29) 86(35) 
L-asparagine 165(29) 88(35) 
L-glutamate 143(29) 111(35 
L-asparate ---- 55(35 

Table 2 

Simultaneous adaption to various substrates 

SUBSTRATE1 Adaption of cells previously crown 

Medium C Medium B Medium C 
Dius asparaine 

Actual Theory Actual Theory Actual Theory 

L-glutamate - - ± _ ± _ 

aloha- 
Ketoglutarate i- - + - - 
Succinate + - .+ + 
Acetate f + + . + 
L-asparagine - - - - + 

'Reaction at pH 6.8; substrate concentration 0.0033M. 
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Hydrogen Effects: Other workers have shown that 

pH may 1ay an important part tn cell permeability 

(11, p. oog). Barron and co-workers (9, p. 141) found 

that intermediates of the tricarboxylic acid cycle, ex- 

cept citric acid, were oxidized more rapidly by Q. 

creatinovorans when the pH was lowered from 7.0 to 5.5. 

Testing of the oxidative behavior of brucellae toward 

TCA cycle members at pH 5.5 has shown that %2(N) rates 

are generally increased markedly. As is indIcated in 

Table 3 succinate and aipha-ketoglutarate are particular- 

ly sesitive to pH changes. %2(N) values at pH 5.5 were 

found to vary considerably with succinate, alph-ketoglu- 

tarate and fumarate in successive experiments. However, 

marked stimulation in oxygen uptake rates occurred In all 

eases. At the lower pH level aipha-Ketoglutarate, suce- 

mate and malate were oxidized more rapidly than glutamate. 

Pyruvate, acetate and oxalacetate were oxidized 80, 77, 

and 51 percent respectively, as fast as glutamate. Further 

testing at other pH values might increase the oxidation 

rate of these compounds up to that of glutamate. In exper- 

iments using the same lot of cells at both pH values glu- 

tamate oxidation was depressed slightly at the lower pH. 

The endogenous respiration was either depressed slightly 

or not at all. Citrate was not oxidized at a signIficant 

rate at either pH level. Preliminary tests at pH 4.5 



showed. the cells to have no activity since no oxygen up- 

take occured either with or without substrate. 

Oxygen uptake curves at pH 5.5 are shown in Figure 

6. The decrease in uptake rates at the end. of the exper- 

jinent Is possibly explained by an increase in the pH 01' 

the flask contents. In other experiments the pH was found 

to rise from 5.5 to 5.9 to 6.0 during the course of the 

experiment. 



Table 3 

Effect of H on oxidation of various compounds 

SUBSTRATE# _____________________________ 
pH 6.8 pH 5.5 

Glutamate 552(6?) 521(62) 

Aipha-ketoglutarate 278(67) 665(62) 
Succinate 205(62) 487(62) 
Fumarate 96(82) 498(6?) 

Malate 406(62) 622(98) 
Oxalacetate 119(82) 264(98) 
Pyruvate 116(79) 415(98) 
Acetate 200(79) 402(65) 
Citrate 98(96) 98(96) 

Aspartate 65(55) 107(48) 

Asparagine 130(55) 55(48) 

# All substrates 0.0033 M concentration. 
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Concentration erfects: II. the permeability of the 

cell wall to various acid substrates is a function of 

the unionized acid concentration then an increase in 

substrate concentration should have the same effect as 

an increase in the hydrogen ion concentration. A study 

of the data in Table .4 shos the effect of concentration 

on oxygen uptake rates using several substrates. Suce- 

mate and aipha-Icetoglutarate oxidation rates were mark- 

edly increased. The curve of rate versus substrate con- 

centration is shown in Figure 7. Further reference to 

Table 4 shows an apparent anomaly, in that O.0333M fumar- 

ate is oxidized at almost the same low rate at pH 6.8 and. 

5.5, while the most rapid oxidation is at O.0033 and pH 

5.5. This reduction in rate of oxygen uptake at higher 

concentration is probably due to an inhibitory substanee 

present in the fumaric acid used. (Eastman Kodak, Practical, 

98 percent). Aspartic acid oxidation was stimulated. at 

higher concentrations; this effect was probably due to an 

increase cell penetration. Glutamate is oxidized some- 

what faster at the higher concentrations but the effect 

is much less marked. than with the other compounds. 

The effect of concentration on oxygen uptake with 

glutamine and citrate is shown in Figure 8. Citrate is 

oxidized slightly at O.0555M and O.1C7M concentrations, 

with Q02(N) values of 108(87) and 99(87) respectively. 

In the same experiment 0.333M citrate was oxidized. for the 
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first twenty minutes, than thé rate decreased. below the 

endotenoLi. This effect was probably due to inhibition 

by too high a substrate concentration. The curve for 

glutar1ine breaks sharply between 20 and 30 minutes. 

Since the break is sharper at high concentration of the 

substrate it may be caused by the accumulation of some 

inhibitory substance. These results with glutamine were 

obtained with Nutritionsi Biochemical Company lot number 

1454. Use of NBC lot number 4010 at 0.167M and 0.0033M 

concentration gave curves which did. not breai and had. 

Q02(N) values of 692(82) and 212(82) respectively. A 

microbiological assay (7) of lot number 1454 using 

Leuconstoc mesenteroides P-60 and 17-5 showed that this 

compound was probably contaminated with glutamic acid. 



Table 4 

Effect of concentration oÍ substrate on oxidation of various compounds 

%2(N) 
SUBSTRATE 

O.33M 0.167M O.O33M O.0167M O.0033M O.00033M 

Succinate 602(120) 636(120) 591(120) 541(120) 268(120) 122(120) 

Alpiaa-ketoglu-- 
tarate 757(57) 800(57) 688(5?) 578(57) 252(57) 121(57) 

Fumarate 246(9) 163(93) 

Fumarate* 218(67) 498(67) 

Aspartate 399(82) 94(82) 

Glutamate 580(82) 502(57) 43(57) 

Alanine 106(48) 99(48) 69(48) 

# Reaction at pH 6.8 

*This reaction only at pH 5.5 

CA 
CA 
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InhibitorsMa1onate: Malonate is the classic in- 

hibitor o succinate oxidation and, for this reason its 

effect under various conditions was tested using rest- 

ing cell suspensions of brucellae. The inhibition of 

succinate oxidation by different concentrations of mal- 

onate at pH 5.5 is shown in Table 5. A 2:1 ratio of 

nialonate to succinate showed no inhibition. However, 

when the ratio was increased tolO:l and inhibition of 

26 percent resulted. The results obtained uSing cells 

frozen ten times with O.0033M substrate and O.016?M mal- 

onate are shown in Table 6. The oxidative activity of 

these cells was low. Glutamate, aipha-ketoglutarate and 

succinate were inhibited to a greater degree than malate; 

malonate in the concentration used had no effect on the 

endogenou.s respiration of the preparation. In another 

experiment using frozen cells with the same concentration 

of substrate and 0.0333M malonate an inhibition of 58.6 

Dercent was noted. Gerhardt (19, p. 85) using the same 

substrate concentration at pH 6.8 was unable to demon- 

strate any significant inhibition of succinate oxidation 

even with a 10:1 inhibitor-substrate ratio. 

Work of a similar nature done at Wisconsin (43) with 

toluene treated cells showed inhibition of succinic dehy- 

drogenase activity by maloriate using the Thunberg techni- 

que. The cells showed no actIvity usino, the Warburg 

mie rore soirometer. 



Table 5 

Effect of pH and concentration on malonate inhibition of oxidation of succinate 

pH 5.5 pH 6.8 
SUBSTRATE 

O2\T) %Inhibition* 'o2 % Inhibition* 

O.003M Succinate 483(62) 243(52) 

O.0033M Succinate plus 483(62) 0 248(52) -2.6 
O.006?M Malonate 

O.0067M Malonate 62(62) 0 55#(52) -5.8 

O.0033M Succinate 538(50) 243(52) 

O.0033M Succinate plus 398(50) 29.6 230(52) 6.8 
0.033M Malonate 

0.033M Malonate 50(50) 0 55#(52) -5.8 

* Calculations corrected for endogenous respiration; e.g. , l00 inhibition 
reaches the endogenous rate. 

# 0.0033M Malonate. 

C'I 



Table 6 

Inhibition by malonate of oxidation of various 
compounds with frozen and thawed cell preparation 

) 
PERCENTAGE SUBSTRATE* 

OF INHIBITION# 

Glutamate 224(54) 
Glutamate plus 0.017M 

malonate 212(54) 7.1 

Aipha-ketoglutarate 261(54) 
Alpha-ketoglutarate plus 242(54) 9.2 

0.017M malonate 

Succinate 263(54) 
Succinate plus 0.017M 233(54) 14.3 

malonate 

Malate 235(54? 
Malate plus 0.017M 228(54) 3.9 

malonate 

* Reaction at pH 6.8, substrates 0.0033M concentration. 

# Calculations corrected for end.ogenous respiration. 
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Arsenious oxîd.e: Along with malonate, it seemed 

possible that the use of other inhibitors might yield 

fruitful results. One of the more likely of these was 

arseniou.s oxide. r2estiflg of various concentrations of 

As203 with glutamate, alpha-ketoglutarate and succinate 

has given the results shown in Table 7. The substrate 

was tipped twenty minutes after tipping the inhibitor. 

Of the three substances tested, aiDha-Ketoglutarate was 

inhibited the least, perhaps due to the high concentra- 

tion of acid. Glutamate may be inhibited at the alpha- 

ketoglutarate step. Succinate maybe inhibited at the 

oxalacetate point. Perhaps the inhibition of succinate 

oxidation indicates inhibition of a cyclic process. 



Table 7 

Inhibition by arsenious oxide of oxidation of various 
compounds at pH 6.8 and 5.5 

PERCENTAGE OF 
SUBSTRATE pH INHIBITION* 

O.0033M Glutamate 6.8 670(80) 100 
O.0033M Glutamate plus 6.8 80(80) 

O.00026M As O 23 
O.0033M Glutamate plus 6.8 264(80) 68.7 

O.0000325M As20 

0.00026M As203 

O. 0033M Glutamate 

O.0033M Glutamate plus 
O.0000325M As203 

0.0033M Alpha-ketogluta- 
rat e 

0. 0033M Aipha-ketogluta- 
rate plus 
0.0000325M As203 

0. 0033M Succinate 

O.0033M Suocinate plus 
O.0000325M As203 

O.0000325M As203 

6.8 80(80) 0.0 

5.5 515(62) 

5.5 276(62) 52.8 

5.5 642(62) 

5.5 452(62) 32.8 

5.5 640(62) 

5.5 439(62) 34.8 

5.5 62(62) 0.0 

*Calculatjons corrected for endogenous respiration. 
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Formaldehyde: Berheim (10, pp. 133-134) showed 

that 0.006214 formaldehyde inhibited succinoxidase of rat 

liver or kidney homogenates. L-proline oxidase, choline 

oxidase and. sarcosine oxidase were also inhibited, while 

cytochrome, tryosine, D-methlonine and D-alanine oxidases 

were not, even with concentration of 0.0124M formalde- 

hyde. The extent and amount of inhibition was the same 

at pH 6.0 and 8.0. On the other hand, it has been ob- 

served that brucellae may oxidize formaldehyde to a 

variable or slight degree (39). The curves depected in 

Figure 9 show the effect of 0.0124M and 0.0062M form- 

aldehyde on the oxidation of aipha-ketoglutarate and 

succinate at pH 5.5. Substrate concentration was set at 

0.00167M to reduce to concentration effect. The form- 

aldehyde was tipped twenty minutes before the substrate. 

It is spparent that formaldehyde was oxidized by the or- 

ganisms at a slow but significant rate (Q.00(N) 117(70)). 

The fact forrra1dehyde was oxidized shows that at these 

concentrations it did not have a general poisoning 

effect since some enzymes were still active. Formalde- 

hyde caused. a 37.5 percent inhibition of alpha-ketoglu- 

tarate oxidation at 0.0062M and 53.5 percent at 0.0124M. 

Suceinate was inhibited 36 percent at 0.0062M and 48 

percent at 0.0124M formaldehyde. 
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Trans-i , 2-Cyclopentanedicarboxyiic acid: Seaman 

and Houlihan (34, pp. 437-440) observed that a concen- 

tration of O.04M CP01 increased the rate of oxygen uptake 

0± whole cells of' Tetrahymena geleii a flagellated prot- 

ozoan, in the presence of O.02M acetate, pyruvate and 

succinate. This increase was shown to be due to an 

increase in celi permeability. CPC exerted a competitive 

inhibition with succinate when cell homogenate were used. 

Since permeability is a factor in working with brucellae, 

the effect of CPC on the rate of oxidation of various sub- 

strates has been tested. The results are shown in Table S. 

The only stimulation of oxygen uptake occured when L- 

asparagine was used as the substrate. Aspartic acid was 

not oxidized, with or without CPC. Glutamate and aloha- 

ketoglutarate oxidation was inhibited 18.4 percent and 

56.4 percent respectively by O.00556M CPC. A Continua- 

tion of this study in this laboratory (7) has produced 

some rather interesting results which, in order to pre- 

sent a more complete picture, are shown in Table 9. At 

pH 6.8 use of O.04M CPC resulted in a 12 percent inhibi- 

tion of succinate, five percent inhibition of glutamate, 

2.5 percent stimulation of L-asparagine oxidation. As- 

partate oxidation and the endogenous respiration were 

1Trans-1, 2-Cyclopentanedicarboxylie acid 



unaffected. At pH 5.5, O.04M CPC inhibited. oxidation of 

succinate 56 percent, glutamate 68 percent. aipha-keto- 

glutarate 45 percent and. asparagine loo percent. Aspar- 

tate showed some oxygen uptake at pH 5.5 whIch was inhi- 

bited. almost completely by O.04M OPO. The use of O.08M 

CPC gave the same general picture, although, as would be 

expected, results were not so pronounced. Marked inhibi- 

tion of the endogenous respiration by O.04M CPC at pH 5.5 

indicated partial inactivation of vital cell processes 

by OPO. 
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Table 8 

The effect of CPC the rate of oxidation of 
various compounds at pH 6.8 

Molarity Oxidation rate 
cPc 

L-asparagine L-aspartic L-glutamate aipha-keto 
glut arat e 

0.0222 258(77) 77(77) 

0.0056 250(77) 77(77) 520(77) 102(68) 

0.0011 234(77) 77(77) 594(77) 

0.0000 203(77) 77(77) 637(77) 234(66) 



Table 9 

Effect of trans-1,2-cyolopentanedicarboxylic acid (CPA) on oxidation 
of various compounds at pH 6.8 and 55* 

pH 6.8 pH 5.5 

SUBSTRATE 

% Iflhibitiofl# Q02(N) % Inhibition# 

O.0033M Succinate 175(48) 428(77) 
O.0033M Suceinate plus 154(48) 16.5 178(77) 71.2 

O.04M CPA 
O.0033M Suecinate plus 163(48) 9.5 358(77) 20.0 

0.008M CPA 
0.041v1 CPA 73(48) -52.0 33(77) 57.1 
0.008M CPA 48(48) o 79(77) -2.6 

0.00:33M ti-lutamate 348(57) 500(48) 
0.00331v1 Glutamate plus 330(57) 6.2 95(48) 81.4 

0.04M CPA 
0.0053M Glutamate plus 30(57) 6.2 218(48) 32.5 

0.008M CPA 
0.0033M Alpha-ketoglutarate 163(57) 425(48) 
O.0033M Aipha-ketoglutarate 159(57) 3.8 235(48) 50.4 

D1US O.04M CPA 
0.0033M Àlpha-ketoglutarate 159(57) 3.8 366(48) 15.6 

plus 0.006M CPA 
0.04M CPA 57(57) 0 19(48) 60.4 
0.008II CPA 57(57) 0 32(48) 33.3 



Table 9-continued 

pH 6.8 pH 5.5 
SUBSTRATE ,. 

%2 % Iniibition QO2 Inhibition 

O.0Q33M Aspartate 65(55) 107(48) 
0.0033M Aspartate plus 65(55) 0 19(48) 100 

0.04M CPA 
0.0033M Aspartate plus 65(55) 0 28(48) 100 

0.008M CPA 
0.0033M Asparagine 180(55) 55(48) 
0.0033M Asparagine plus 214(55) -27.2 7(48) 100 

0.04M CPA 
0.0033M Asparagine plus 183(55) -2.4 24(48) 100 

0.008M CPA 
0.04M CPA 53(55) 3.6 7(48) 85.4 
0.008M CPA 72(55) -30.9 19(48) 60.4 

* These data were compiled by Mr. Arthur Anderson 
# Calculations corrected for endogenous respiration. 

Rate of oxidation suppressed below the endogenous rate. 



2,4-Dinitropheriol: 2,4-dinitrophenol has been 

used to inhibit bacterial respiration and also to de- 

crease substrate assimilation. However 1±' used in the 

proper concentration it may inorease the rate of oxygen 

uptake in the presence of substrate. This action of 

DNP2 is associated with its action in breaking high 

energy phosphate bonds and thus making the energy una- 

vailable for anabolic processes in the cell. Earron et 

al (9,p.139) found that inhibition of acetate oxidation 

by O.00005M DNP occurred at p 5.5 but not at pH 7.0. In 

this work the proniary purpose of using DP was to de- 

crease substrate assimilation and thus obtain the maxi- 

mum oxygen consumptiòn per mole of substrate metabolized. 

y comparing this oxygen uptake with theoretical values 

for various stages of oxidation, an indication of the pro- 

ducts of oxidation may sometimes be obtained. A study of 

the date in Table 10 shows the results obtained for sub- 

strates tested. Figures 10 and 11 illustrate the actual 

curves obtained for acetate and succinate and also give 

the points used, as a basis for calculation of moles of 

oxygen taken up per mole of substrate. The results obtain- 

ed. with aipha-ketoglutarate and glutamate were below the 

theoretical for complete oxidation. Possibly, in gluta- 

mate oxidation the amino group tends to increase 

22 4-dinitrophenol 



assimilation by providing a readily available nitrogen 

source. The value of 1.85 moles oxygen uptake per mole 

0± glutamate without DNP checke closely 'rith that o 

Gerhardt's data (19, p. 80). The alpha-keto1utarate 

used. was Írom a commercial source and no determination 

oÍ its purity was made. The theoretical oxygen uptake 

value of one moie of succinic acid is 3.5 moles. The re- 

suits of two experiments using difÍ'erent lots o± cells 

with O.00OO53M DNP at pH 5.5 gave values of 3.56 and 

3.18 moles of oxygen, respectively. A carbon dioxide ev- 

olution determination which was run at the same time as 

the second oxygen uptake determination showed that 3.56 

moles had been evolved out of the theoretical four. These 

values are sufficiently close to the theoretical that corn- 

riete oxidation may be assumed. This observation becomes 

particularly true when the R.Q. of 1.12 is considered 

(theoretical R.. is 1.14). The oxygen uptake and carbon 

dioxide evolution values obtained for acetate were 93 and 

81 percent resective1y, of the theoretical for complete 

oxidation. In this instance complete oxidation of acetate 

is indicated. Since formic acid has a theoretical oxygen 

mole ratio of 1.5 the excessive oxygen uptake infers corn- 

lete oxidation if only one end rroduct is assumed. 
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Table 10 

Stoichiornetric ratios for the dissimilation 
of various compounds 

CONCENTRATION MOLES O PER MOLES 
OF 2,4-DINITRO- ' SUBSTP»TE 

PHE1'0L 
Actual Theory Theory 

Q.00167M Glutamate O 1.85 4.5 41 
O.00167M Glutamate O.000125M 2.57 4.5 5? 
O.00137M Glutamate 0.0000625M 1.53 4.5 34 

O.000833M Aipha-ket-. O.000033M 
oglutarat e 

0.00083$M Succinate O.000033M 
O.000833M Succinate 0.000033M 

O.000833M Acetate 0.000033M 

X Reaction at pH 6.8. 
# Values in parentheses are for 002. 

3.12 4.5 69 

3.56 3.5 102 
3.18 # 4 91 

(3.56) (4.0)1r (89) 

1.86 2.0 93 
(l.70Y (2.o1 

(85)ff 
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Plgure 10. Oxidation of eucoinate and acetate at plI 5.5 
in the presence of DNP. 
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Freezing and Thawing of Cell Suspensions: Cells 

were frozen and thawed in an attempt to reduce the effect 

of cell permeability. The methods used have been describ- 

ed earlier in this thesis. As might be expected the over- 

all enzymatic activity of the cells was reduced. The oxi- 

dation rates of succinate and aipha-ketoglutarate did not 

reach the values previously obtained by lowering the pH 

or increasing the substrate concentration. The oxidative 

activity of the cells toward glutamate was greatly re- 

duced. Preliminary experiments showed that the optimum 

oxidation rate of alpha-ketoglutarate and succinate was 

obtained by freezing ten times. The effect of freezing 

and. thawing on the permeability o± the cells toward mal- 

onate has already been described. The Q2(N) values of 

different lots of cells varied greatly as is shown in 

Table il. The results in Table 11 indicate that all test- 

ed intermediates of the tricarboxylic acid cycle were oxi- 

dized at a significant rate except oxalacetate and ci- 

trate. Acetate was oxidized more rapidly than oxalace- 

tate or citrate but more slowly than the other compounds 

tested. 



54 

Table Il 

Effect of freezing and. thawing* of cells on 
oxidation of various compounds 

SUBSTRATE# Q'o2(E 

Glutamate 134(91) 17O(54) 52(19) 
Aipha-ketoglutarate 207( 54) 70(19) 

Suecinate 386(91) 209(54) 9(19) 

Fu.marate 181(54) 50(19) 

Malate 52(19) 

Oxalacetate 28(19) 

Acetate 41(19) 

Citrate 22(19) 

* Cell suspensions rapidly frozen and thawed 10 times. 
# Reaction at pH 6.8, substrates 0.0033M concentration. 
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Cell Free Preuarations: In a continuation of 

attempts to remove permeability effects several exper- 

irnents were preformed with cell free preparations, made 

by grinding with alumina as descrIbed in the section on 

Experimental Methods. In four experiments two prepara- 

tions showed no activity. One ol' the preparations which 

showed oxygen uptake with succinate was inactive with 

glutamate as substrate. The other active preparation was 

tested on siccinate, aiDha-ketoglutarate and citrate, the 

oxygen uptake curves ior this preparation are shown in 

Figure 12. Suecinate oxidation was rapid at first then 

declined. Aipha-ketoglutarate and citrate showed nega- 

tive uptakes for the first few readings. However, when 

these negative values were plotted both subtrates gave a 

straight line plot. Q2(N) values of the cell free mat- 

erial were: succinate 114 (19) (calculated between five 

and twenty minutes), alpha-ketoglutarate 46 (19) and ci- 

trate 28 (19). The activity of the preparation on all 

three TCA intermediates appeared to be significant and 

seems to indicate that enzymes capable of oxidizing ci- 

trate are present in brucellae. 
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Citrate formation: Since the results obtained in 

other experiments do not definitely establish the ex- 

istence or non-existence of a tricarboxylic acid cycle in 

bruce1lae, an attempt was made to determine whether the 

organism synthesized citrate. It has been previously men- 

tioned that formation of citrate is not a criterion of 

the presence of a ICreb's cycle. However since both iso- 

citrate arid alha-ketoglutarate are oxidized by resting 

cells the demonstration of citrate formation should tend 

to lend support to the existence of a tricarboxylic acid 

cycle. Oxalacetate, pyruvate and glutamate were used as 

substrates. Incubation of heat killed, cells with oxal- 

acetate gave a higher value than control cells, indica- 

ting either that the oxalacetate was contaminated with 

citrate or that oxalacetate interferes with the test 

under the conditions used. The results of three experi- 

merits are tabulated in Table 12. Citrate formation was 

calculated by subtracting the citrate value of the con- 

trol cells (minus substrate) from the cells to which sub- 

strate had been added. Since oxalacetate alone gave a 

high value for citrate, the value for oxalacetate with 

heated cells was subtracted from the value for oxalace- 

tate with unheated cells. The error, if any, in the val- 

ues shown should tend to make them low since, if oxalace- 

tate interferes with the determination, its concentration 
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should be lower with the untreatel oeils thie to oxida- 

tian. This lower concentration should give less inter- 

ference and a larger portion of the value should be due 

to citrate formation. The experiments show that very 

little, if any citrate accumulates in a resting cell sus- 

pension with oxalacetate or oxalacetate arid pyruvate sub- 

strates. If citrate is formed, the lack of accumulation 

would indicate the oxidation of this acid. Monofluorace- 

tate has been used as an inhibitor of citrate oxidation. 

Unfortunately none was available during this study. 
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Table 12 

Recovery of citrate from dissimilation of glutamate, 
oxalacetate, and pyriivate 

MOLES CITRATE MOLES CITRATE 
SUBSTRATE* CELLSW iCOVERED PER FORMED 

ML 

None Heated O 
Oxalacetate Heated O.13 

None Normal O 
Oxalacetate Normal 0.146 0.013 

Oxalacetate Heated 0.138 
Pyruvate Heated 0.003 
None Normal 0.003 
Oxalacetate plus 

pyruvate Normal 0.072 0.002 
Glutamate Normal 0.003 0 
Glutamate plus 

pyruvate Normal 0.003 0 

* All substrates O.02M concentration. 

if Approximately 1.0 mg. nitrogen per ml. 



DISCUSSION 

Adaptive Enzymes: The simultaneous adaption tech- 

nique is based on the fact that exposure of an organism 

to an adaptively oxidizable substrate also induces the 

formation of enzymes capable of oxidizing the Intermed- 

iates of this substrate. That is, if a compound proceeds 

through the reaction chain A-B-C-D-etc. exposure of the 

organism to compound A, which is oxidized by an adaptive 

enzyme, will simultaneously cause adaption to compounds 

B-C-D; if the organism is exposed to compound B it will 

be adapted to C and D but not A. Similarly cells which 

are not adapted to compound A should be adapted to com- 

pounds B, C and D. 

In this work although possible adaptive curves were 

shown for glutamate and asparagine, oxidation of the 

postulated intermediates, alpha-ketoglutarate and suce- 

mate was not of an adaptive nature regardless of the media 

on which the cells were grown. These results indicate the 

possibility of a tri-or dicarboxylic acid cycle. If a 

TCA cycle is present aipha-ketoglutarate and succinate 

oxidation would not be under adaptive control since these 

compounds would lie on the main pathway of metabolism and 

enzymes for their oxidation would be continuously present. 

Oxidation of glutamate would require only oxidative dea- 

minati on to aipha-ketoglutarate, similarly deamidation 
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and transarnination of asparaine ou1d yield oxalacetate. 

Other workers have demonstrated that brucellae possess 

enzymes to carry out these processes (6, pp. 98-102). 

If a dicarboxylic acid cycle is present in brucellae 

essentially the same results would be obtained with the 

exception th . t cells which were grown on lactate as a 

carbon source should not be adapted to aipha-ketoglutar- 

ate. However if the reaction alpha-ketolutarate-succ- 

mate were freely reversible the cells miht be adapted 

to aipha-ketoglutarate. Also since glutamic acid is 

essential for normal growth it must by synthesized, pro- 

bably with aipha-ketoglutarate as an intermediate. If' 

this is the pathway of glutamate synthesis then cells 

should be continuously adapted to aipha-ketoglutarate and 

glutamate. Both asparaine and glutamate contain an a- 

vailable nitrogen source and the apparently adaptive cur- 

ves obtained rith these compounds might possibly be ex- 

plained a being due to cell growth and multirlication. 

However, consideration of data obtained from other work 

in this laboratory (16, pp. 8-11) shows that even in a 

coml?lete synthetic G-W medium the generation time for 

Erucella abortus, strain 19 is 9..3 hours. Since the ob- 

servation of oxygen uptake with asparagine and glutamate 

cover a period of 4.5 hours and the oxygen uptake is 
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increased tenfold during this period the resu.lts ob- 

tamed cannot be wholly explained by growth. 

Hydrogen Ion and Concentration Effects: Assuming 

the theory that the cell wall is permeable only to the 

unionized molecule of certain acidic organic compounds is 

correct, it is possible to calculate what eÍfect lowering 

the pH should have on the effective substrate concentra- 

tian. Succinic acid provides a good material to use as 

an example. Use of the formula pH pIC + 
10salt and a çaCld) 

the value of 4.18 for the pKa of succinic acid. shows the 

ratio of salt: acid is 416 at pH 6.8 and 21 at pH 5.5. 

Therefore lowering the pH from 6.8 to 5.5 has the effect 

of increasing the substrate concentration approximately 

20 times. Approximately the same holds true for the other 

members of the citric acid cycle. Apparently citrate is 

either not oxidized or the citrate does not penetrate the 

cell regardless of its condition of ionization. 

Allowing the pH to remain at 6.8 and. increasing the 

substrate concentration has the same effect, with regard 

to the unionized acid concentration, as lowering the pH. 

Succinate in a concentration of 0.167M (the concentration 

at which maximum oxidation rate was attained) at pH 6.8 

has an unionized acid concentration of approximately 

0.0004M arid showed Q02(N) rate of 636(120). Succinie 

acid in a concentration of 0.0033M and a pH of 5.5 has 



63 

an unionlzed acid concentration of O.0002M and a %2(N) 

rate which has shown a maximum of 622(98). These are the 

exuected results if the oriina1 assumption is correct. 

The oxidation rates attained by these methods are 

probably not the maximum possible. The lower pH is not 

the optimum for the enzymes of the TCA cycle while osmo- 

tic effects may reduce the rate of oxidation when a high 

substrate concentration is used. In addition a high sub- 

strate concentration may result in an inhibition or stim- 

ulation if an impurity is present which is inhibitory or 

oxidizable. However the results obtained with lowered 

pH and increased substrate concentration show that gluta- 

mate may be oxidized through the lower intermediates in 

the Kreb's citric acid cycle and illustrate the import- 

ance of consideration of the effects due to cell permea- 

bility. 

Inhibitors:Malonate: Demonstration of malonate in- 

hibition in bacteria has not generally been successful. 

Earron and co-workers (9, p. 142) found that at pH 7.0 

malonate did not cause inhibition of suecinate and ace- 

tate oxidation using C. creatinovorans. However, at 

pH 5.3, 0.04M malonate caused complete inhibition. From 

these results he concluded that permeability to malonate 

is a function of pH. Pardee and Potter (33, p. 244-249) 

using rat tissue homogenates found that a concentration 



of greater than O.04M malonate inhibited oxalacetate 

oxidation in adIition to succinate. This oxalacetate 

inhibition was attributed to the Íorrnation of a mag- 

nesium malonate complex. It is possible that high con- 

centration of malonate are necessary to demonstrate in- 

hibition with brucellae becai.ue the cell wall is only 

permeable to the unionized molecule. If' this is true 

then at pH 5.5 and a 10.1 total malonate: total succin- 

ate ratio, the ratio of the unionized molecule is 1:2.4 

due to the greater acidity of the malonate. If the lat- 

ter figure is the effective inhibitor substrate ratio 

then the inhibition of 26 percent whIch was obtained is 

close to the result which would be expected. The high 

substrate inhibitor ratio necessary to produce signifi- 

cant inhibition ifl the frozen and thawed cells may in- 

dica'te that quite a large percentage of the cells are 

still imermeable to malonate. 

Arsenious oxide: The use of very low concentrations 

of arsenious oxide causes marked inhibition. It is not 

tossib1e to deduce from this data whether glutamate is 

oxidized via alDha-ketoglutarate since succlnate is also 

inhibited markedly. 

Formaldehyde: Formaldehyde inhibition studies were 

not carried beyond the preliminary stage, however the 

results obtained indicated the oxidation of 
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aipha-ketoglutarate via sucoinate. Formaldehyde might 

prove useful in inhibitor studies where permeability 

effects rule out the use of malonate. 

OPO: The results with CPC indicated that the 

normally rather slow rato of asparagine oxidation may be 

due to low permeability of the cell wall to this mater- 

ial. The inhibition effects, which were most marked at 

pH 5.5 confirm the results obtained by Seaman and. Houli- 

han using homogenates of T. geleli (34, p. 49). Exam- 

ination of the structural formula of GPO shows the 
arrangement o the carboxyl groups to be very similar 

to those jn succinate, and it might therefore be expect- 

ed. to act as a competitive inhibitor. The use of CPC is 

H 
')C-C-COOH H2CCOOH 

H2-C i I. 

"C-C-COOH H2COOOH H(H 
CPa Succinic acid 

open to the same criticism as inalonate, namely that the 

concentration used. probably causes inhibition of other 
reactions in the cell. This is indicated by the marked. 

inhibition of the endogencus respiration o the cells. 
P: The use of DNP as an assimilation inhibitor 

showed. that the ortiniurn concentration range for this 

chemical was very narrow; perhaps the concentration 

required is that which allows just enough high energy 
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phosphate to remain in the system to keep tile cell 

functioning. Too low a concentration of DNP caused 

stimulation of oxidation; too high a concentration 

caused complete inhibition. The maximum inhibition 

of substrate assimilation seemed to occur at a con- 

centration of DNP which brought about a slight de- 

crease in the oxidation rate. This optimum Concen- 

tration was a function of the density of the cell sus- 

pension, the hydrogen ion concentration and the substrate 

used. The complete oxidation of succinate and acetate 

possibly implies a cyclic oxidative mechanism, since the 

writer has found no reference to complete oxidation 

occurring in a biological system by any other process. 

Freezing and Thawing: The stimulation of oxida- 

tion of TCA intermediates by frozen and thawed cells em- 

phasizes the fact that permeability of the cell wall to 

the substrate being studied is always an important fac- 

tor. The results also indicate that giu.tamic acid dea- 

minase is particularly labile. The lowered activity of 

the frozen cells toward TCA intermediated may be due to 

release and. consequent dilution of necessary co-factors. 

Cell Free Preparations: The preparation of and ac- 

tive cell free extract from brucellae has not previously 

been reported in the literature. The success in the pre- 

sent work showed alumina grinding to be a method for 
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obtaining active preparations. AdditIon of necessary 

co-factors might improve the activity of these prepar- 

ations; these co-factors might be the same as those used 

in cyclophorase preparations. 

Citrate formation: The failure to show accumulation 

of citrate in resting cell suspensions does not necess- 

arily indicate the absence of a citric acid cycle since 

it is possible that citrate is oxidized before it can 

accumulate in significant amounts. Also the results 

obtained while not significant individually show that 

tests for citrate were always either zero of weakly pos- 

itive, no negative results were obtained. 



SUMMARY A1D CONCLUSIONS 

The use of adaptive enzyme techniques showed that 

the enzymes for the oxidation of glutamate and aspara- 

nine may be adaptive but that those for the oxidation 

of aipha-ketoglutarate, suceinate and acetate are not. 

These results indicated the presence of a cyclic oxi- 

dative mechanism, possibly the Kreb's citric acid cycle. 

Members of the TCA cycle are oxidized slowly at pH 6.8 

andO.0033M concentration by resting cells. However if 

the pH is lowered to 5.5 aipha-ketoglutarate, succinate 

and malate are oxidized more rapidly than glutamate. 

Fumarate, pyru.vate, acetate and oxalacetate were oxidiz- 

ed 94, 80, T?, and 51 per cent, resnectively, as fast as 

glutamate. Citrate was not oxidized. Glutamate oxida- 

tion was slightly depressed at the lower pH. Preliminary 

tests at pH 4.5 showed the cells to be without activity. 

Stimulation of oxidation rates at lowered pH has 

been postulated to be due to the increased permeability 

of the cell and wall to the unionized molecule. If this 

theory is correct then an increase in substrate concentra- 

tion should also lead to an increase in oxidation rates. 

Testing of various substrates at concentrations greater 

than that normally used (O.0033M) showed that oxidation 

rates of alpha-ketoglutarate, succinate, aspartate and 

glutamine were markedly stimulated, whIle the effect on 



glutamate was only moderate. Apparent oxidation of 

citrate occurred at O.0555M with a of 108(87). 

Removal of permeability effects by freezing and 

thawing or grinding With alumina was attempted. Fro- 

zen and thawed cells oxidized all members of the TCA 

cycle except citrate. The enzymes responsible for the 

primary oxidation of glutamate are almost totally des- 

troyed by this treatment. Cell free preparations made 

by grinding with alumina were very unstable. A prepar- 

ation was made which gave the following %2(N) values; 

succinate 114(19) alpha-ketoglutarate 46(19) and ci- 

trate 28(19). The oxidation of citrate, which is of 

particular interest, seems to be significant. Analy- 

Sis of' the supernatant liquid of a resting cell sus- 

pension exposed to various substrates showed no appre- 

dable accumulatIon of citric acid. Monofluoracetate, 

which is an inhibitor of citrate oxidation, would have 

been useful at this stage but none was available. 

The use of 2,4-dinitrophenol as an assimilation 

inhibitor yielded the following stolchiometrlc ratios per 

mole of substrate oxidized; glutamate, oxygen consumed 

2.57 moles; alpha-ketoglutarate, oxygen consumed 3.12: 

suceinate, oxygen consumed 3.37, carbon dioxide evolved 

3.56; acetate, oxygen consumed 1.86, carbon dioxide e- 

volved 1.70. These values in the case of euccinate and 
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acetate indicate complete oxidation to carbon dioxide 

and water. The value for aipha-Icetoglutarate is 78 

per cent of theoretical, and for glutamate it is 57 per 

cent. 

The effects of several inhibitors were studied. A 

malonate inhibition of succinate of 26 per cent occurred 

at pH 5.5 with O.00333M substrate and a 10:1 inhibitor 

substrate ratio. The same substrate inhibitor ratio us- 

Ing frozen cells resulted in a 59 per cent inhibition of 

succinate oxidation. Arsenious oxide, an inhibitor of 

aipha-ketoglutarate acid oxidation, was also tried. 

Marked inhibition of glutamate, alpha-ketoLlutarate and 

succinate occurred even when a concentration of 0.0000- 

25M was used. Formaldehyde, although oxidized slowly 

by brucella, acts as an inhibitor of aipha-ketoglutarate 

and succinate at 0.0124M. This concentration of inhibi- 

tor decreased the rate of oxidation of the above two com- 

pounds 53.5 and 43 per cent, respectively. 

The effect of trans 1,2-cyclopentanedicarboxylic 

acid on the permeability of the cell to various substrates 

was tested. Asoaragine was the only compound whose oxi- 

dation was stimulated. At pH 5.5, 0.041V1 acid inhIbited 

the oxidation of glutamate, alpha-ketoglutarate succinate 

and asDartate. 

The results obtaIned with the various techniques used 

indicate the possibility of the presence of a citric acid 
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cycle in brucella. Evidence for the existence of such 

a cycle are as follows: 

(i) Demonstration that alpha-ketoglutarate, succ- 

mate and acetate oxidases are constitutive enzymes. 

(2) Oxidation of citric acid by cell free prepar- 

ation. 

(3) Complete oxidation of succinate and acetate. 

(4) Oxidation of all members of the citric acid 

cycle tested. 

No results which contraindicated the presence of a 

citric acid cycle were obtained. 

Inhibitor studies show that glutamate is probably 

oxidized via aipha-ketoglutarate and suecinate. 
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