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THE BIOSYNTHESIS OF CERTAIN ANINO ACIDS 
IN PSEUDONONAS FLUORESCENS 1 

INTRODUCTION 

In the past decade, much has been learned about 

biosynthetic mechanisms oî amino acids operative in 

microorganisms such as yeast and Eseherichia coli (25, 

p. 1-lO8; 30, p, i52l). The rapid advances in this 

area can be attributed to the development of various 

new research tools, of which radiotracer methods, genetic 

differentiation, and competitive inhibition may be named 

as typical examples. 

It is generally recognized that most of the 

aerobic microorganisms rely on the utilization of carbo 

hydrates, particularly glucose and allied compounds, to 

furnish energy and carbon skeletons by one or several 

concurrent catabolic mechanisms.. Considerable efforts 

have been devoted by various investigators to identify 

and estimate the participation of these catabolic path- 

ways in microorganisms.. Up to the present time, it can 

be generalized that the Embden-Neyerhof-Parnas (EflP) 

pathway and the Entner-Doudoroff (i'D) pathway are the 

most important metabolic sequences operativo in micro- 

organisms to furnish 03 compounds such as pyruvate, and 

a C1-05 cleavage pathway with either hexose or hexose 

. 



inonophosphate as starting material to yield pentoses. 

However, the relative functions ol' these pathways with 

regard to respiration and biosynthesis are yet to be 
elucidated. The glucose breakdown products such as 

pyruvate or pentoso are further catabolized to smaller 

fragments for biosynthetic functions, or to carbon 

dioxide for energy production. In this regard, it is 

justifiable to state that the Tricarborlic Acid Cycle 
(TCA Gyole) and the recently proposed Glyoxylic Acid 

Cycle (20, p. 988-991; 21, p. 651-653) are by far the 

most important mechanisms in microbIal catabolism. The 

exact role played by the recently understood pentose 

cycle reactions for microorganisms has not yet been 

fully determined. 

Another key issue in t. stizdy of microbial 

aetabolism is the source of C acids. Although C acids 

such as oxalacetate, malate, succinate, and fuinarato are 

basic intermediates in the TUA cycle, biochemists 

recognized long ago that an independent mechanism must 

be operative in biological systems to accomplish the 

net synthesis of the C acids, if the TCA cycle is not 

to be interrupted. Examination of the literature re- 

veals that there are at least two major mechanisms re- 

ported operative in. microorganisms for the net synthesis 

of C acids. These are: CO2 fixation of the C3+C1 type 
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(10, p. 101-105; 3I4, p. 175-18'.; 35, p. 3-445), and 

the malate synthetase reaction reported by Wong and Aji 

(24, p. 3230-3231). 

In a recent series oÍ' reports, Kornberg and. co- 

workers (19, p. 53-542; 22, p. 59-557; 23, p. 542- 

549) revealed that in Pseudornonas ±luorescens KB1, the 

glyoxylic acid cycle, which consists of a combined 

operation of isocitratase and malate synthetase, plays 

an important role in cellular catabolism when cells are 

grown on acetate as the sole carbon source, Meanwhile, 

the same author also indicated that CO2 fixation may 

have played an eQually important role in the biosynthetic 

functions of this organism. 

Earlier work by wood and coworkers (47, p. 179- 

182) and Lewis and. coworkers (2k, p.. 273-286) have indi- 

cated that in . reptilivora (tormerly e 

glucose is catabolized mainly by way of the ED pathway, 

giving rise to two moles of pyruvate with its carboxyl 

groups equivalent to O-1 and. O4 of glucose, A small 

portion is believed to be catabolized by way of a 

cleavage pathway involving either phosphorylatod or un- 

phosphorylated glucose. The exact functions of these 

two pathways in cellular biosynthesis, particularly that 

of amino acids, were not elucidated, The same organism 

has recently been examined by Wang ., using the 
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radiorespirometric method, in which it was revealed that 

28 percent of the administered glucose was catabolized 

via the pentose pathway and 72 percent via the ED path- 

way (32, p. 54; 43, p. 489-492), 

In order to examine the role played by the ED 

pathway in the cellular biosynthesis of amino acids and 

the relative importance of the malate synthetase reaction 

versus the Ç02 fixation process of the C3+01 type in 

, 
fluorescens :KB1, the present work has been under- 

taken, The work is designed to apply the radiorespiro- 

metric method and incorporation experiments to study the 

catabolism of &O2 and & specifically-labeled glucose 

in this microorganism, particularly with respect to the 

role played by in.1ividual pathways in the biosynthesis 

oZ two key amino acids, aspartic acid and glutamic acid, 
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EXPER INENTAI 

Organism and. Oultux*j. Qaiditons 

The ct*1ture of Pseud.ompngs fluorescens KB1 was 

obtained from Dr, H, L. Kornberg of Oxford University, 

and. has been kept as both agar slants and broth cultures. 

The cultural medium employed In the present work consists 

or the following ingredientsz (NH4)2SOk, Kfl2PO, 

7 gui; NaCI, i gm; NgSO, 0,5 gm; DUCo yeast extract, 

0.5 gin; Hn804, trace; FoSO4, trace; aU dissolved in a 
liter of distilled water. The pH o the medium was ad- 

justed. to 6.7 With NaOU. After autoclaving at 15 pounds 

steam oz' 20 minutes, the filtered medium was re-auto- 

claved. or a similar length of time. After coaling, 

sterile glucose solution was added aseptically to lOO ml 

of the prepared medium in each flask, to give a concen- 

tration of 1% with respect to glucose. This medium was 

then inoculated with the stock culture, and the culture 

was shaken at 30°C fer approximately 16 hours, at which 

time the growth of the culture was believed to be in the 

logarithmic phase. The oeils were spun down, washed 

with the growth medium ainus glucose, and resuspended 

in the saine medium. The concentration et the cell sus- 

pension prior to either radiorespirometric experiments 

or incorporation experiments was approximately 4O mg (dry 
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weight) per 100 ml of medium. 

C-1abeled Substrates 

The glucose 1, 2, 3-, and. samples were 

obtained from the National Bureau of Standards through 

the kind cooperation of Dr. H. S. Isboll. Carbon-14- 

labeled barium carbonate was obtained from the Oak Ridge 

National Laboratory, Pyruirate l, 2- and 3Q' as well 

as acetate i- and 2_014 were obtained from the Nuclear 

Instrument and Chemical Corporation of ChicagQ. Glucose 

3,k_Clk was prepared from livor glycogen isolated. from 

NaHCO3-administered rats, according to the method of 

Wood, LiÍ'son and Lorber (45, p. 475-489). 

Radiorespirometric Experiments 

The radiorespirometric studies on the utilization 

of carbohydrates were carried out according to the method 

of 1ang (40, p. 207-216), The method makes use 

of the kinetic information associated with the conversion 

cf specifically-labeled carbon atoms in the substrate 

to respiratory 002. The nature of the catabolic pathways 

as well as the participation of pathways are revealed by 

an analysis of the &O2 recovery data. Zn an experiment 

of this type, identical quantities of specifically-labeled 

substrates are introduced through the sidearms of the 
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incubation flasks by the conventional tip-in technique, 

after a depletion phase of one-half hour. The experi- 

mental conditions for this series of experiments are 

given in Table I. The respired CO2 was collected with 

a methanolic Hyamine solution as described by Jones and 

Wang (18), and analyzed periodically for radioactivity. 

At the end of each experiment, the cells were separated 

from the incubation medium, and radioactivity assays 

were carried out on these 8amples by the scintillation 

counting method. The findings in this series of experi- 

ments are given in Table ZU and Figures 1 through k. 

Incorporation xperiments 

The incorporation experiments using labeled 

glucose as substrate were carried out in essentially 

the same mannér as that of the radiorespirometric experi- 

ments. Fifty ml of the cell suspension were introduced 

into each of the three incubation flasks, and the labeled 

glucose solution stored in the side arm of the incubation 

flask was tipped in immediately without a depletion phase. 

The concentration of substrate and other pertinent in- 

formation on these experiments are summarized in Table II. 

The progress of the incorporation experiments was 

followed by the examination of the recoveries of sub- 

strates in the respiratory COR. At the time of substrate 



Table I 

Exporimental Conditions for 
the Radiorespirometric Experiments 

Substrate Level 

Substrate 
Radioactivity Amount Cell weit 

Glucose lO1' 0.27 uc 10.0 mg 9.2 mg 

Glucose 2-& 0.2k uc ' " 

Glucose 3_C14* 0.06 tic " 

Glucose 3,4_Q14* 0.12 uc ' n 

Glucose 6_C* 44 uc " 

Pyruvate 0.15 uc 12.2 mg 9.2 mg 

Pyruvate 2_C* 0.17 uc " 

Pyruvate 3-C1 O.27ue n 

Acetate 1-C 0.27 uc 10.9 mg 9.2 mg 

Acetate 2_C14* 0.22 uc 

Glucose 0.22 uc 10.0 mg 12.8 mg 

Glucose 2_C1** 0.24 uc 

Glucose 3-C 0.06 uc 

Glucose 3,14_014** o.io uc 

Glucose 6_014** o. uc " 

* incubation temperature 28°C; air flow 60.8 ml/minute; 
duration of experiment, 7 hours. 

** Incubation temperature 28°C; air flow 41 ml/minute; 
duration of experiment, 12 hours; medium used was 
0.002M in NaAsO2. 



Table II 

Experimental Conditions for 
the Incorporation Experiments 

Level of Amount of Cell Weights 
Substrate 

Radioactivity Substrate Initial Final 

Glucose l-C1 14.17 uc 90 mg 21.7 mg 33.0 mg 

Glucose 2_014* 10.95 uc 47.3 mg 

Glucose 6_C14* 15.56 uc u 43.5 mg 

002** 100. lie 54.5 ing 

* Incubation temperature 30°C; ai tlow 41 ml/mìnute; 
duration of experiment, 9 hours, 

** Incubation temperature 30°C; sealed flask; duration 
of experiment, 7 hours. Co-substrate was unlabeled 
glucose, 90 mg. 
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exhaustion, 9 hours, the cells were harvested. by centri- 

fugation, washed with water, and dried over P2O in a 

vacuwn desiccator, 

The incorporation experiment with CO2 as tracing 
substrate was carried out in a closed flask, equipped 

with a rubber vial seal and two side aras, To the flask 

were added 35 ml of cell suspension along with 90 mg of 

unlabeled glucose as co-substrate, One hundred micro- 

curies of l4o having a specific activity of 11a1 X 

cpm per milliole carbon were introduced to the sealed 

flask upon addition of' excess perchloric acid to Ba&O3 

in one of the side arms, The flask was shaken at 30°C 

for 6 hours, after which time iN NaOH solution was 

introduced into the other side arm to trap the residual 

CO The flask was allowed to shake for another hour, 

after which time, 12N 11Cl was introduced to the cell 

suspension. The cells were harvested by centrifugation, 

washed with distilled water, and dried over P205 in a 

vacuum desiccator, 

k1ydrolyss of Cells 

experiments were hydrolyzed with 20% HCI in sealed pyrex 

after which the himin was filtered off from the 



hydrolyzate and washed thoroughly with distilled water. 

evaporated to dryness on a steam bath, and placed in a 

vacuum desiccator containing PO5 and KOR, to insure 

removalot and HC1, A small aliquot or each of the 

hydrolyzates was subjected to paper chromatograpby for 

the separation of amtno acids, The relative radio- 

activity of individual amino acids was measured by means 

of a liquid scintillation counting technique described 

by Wang and Jones (k2), and the counting results aro 

given in table IV, - 

Separation of Amino Acids in the Cell Hydrolyzates 

The amino acids in the cell hydrolyzates were 

separated according to the method of Hirs, ?Ioore and 

Stein (17, p. 6063-6065), Six hundred milliliters of 

washed resin, Dowex 1 r 8, 50 to 100 mesh, were converted 

to the acetate form by treating with 3N NaOH until the 

effluent was chloride-free, followed by the treatment 

with 3N acetic aôid in a beaker. The resin was then 

equilibrated with O,5N acetìc acid and transferred into 

the chromatography column, 3.5 cm by 1 meter in size, 

About 2 liters of O.5N acot±c acid were passed through 

the column, to insure equilibration of the resin with 

the eluant, 



A portion oZ the cell hydrolyzate obtained from 

iitb the hydrolyzate of 2000 mg (dry weight) of im- 

labeled Ps4 fluorescens ci cells grown in a maimer 

similar to that in the incorporation experiments. The 

mixed hydrolyzates, dissolved in 100 ml of 0.N acetic 

acid, were introduced into the prepared resin column, 

and elution was carried out with 0.5N acetic acid at 

the rate at' l2Ol3O ml per hour. The effluent was 

collected in 15 ml portions by the use of an automatic 

fraction collector. Samples of each fraction were ex- 

amined for the presence of amino acid by paper spotting 

and ninhydrin development. Four liters of 0.5N acetic 

acid were used to completely elute the column. The 

identity of the amino acids in the fractions was estab- 

lished by means of paper chromatography, using phenol- 

water with 0,3% NH3 vapor (5, p. 92) and butanol-propanol- 

O.IN HOi (5, p. 95) as solvent systems. The combined 

fractions were then evaporated to dryness in a rotary 

and basic amino acids was stored for further investi- 

gation. The glutamiGacid and aspartic acid, sapies 

were weighed, assayed for radioactivity, aM a portion 
of each was diluted with unlabeled L-glutamic or 

L-aspartic acids, respectively, for use in degradation 
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studies. The diluted samples were also assayed. for 

radioactivity by the persulfate wet combustion method. 

Degradation of Glutamic and Aspartic Acide 

The ninhydrin reaction (39, p. 251-258) was per 

formed on aspartic and glutamic acids. This gave the 

activity of both carboxyls of the aspartic acid. moleeule 

and Ce-1 of the giutamie acid molecule. About 0.3 muli- 

mole of aspartic acid, or 0.6 millimolo of lutamic acid 

were weighed into a 100 ml 2/4O standard tapered balloon 

flask. One hundred milligrams of Van Slyke citrate 

buffer (39, p. 251-258) and. 20 ml of distilled water were 

added to the flask, and the flask was gently warmed on 

the steam bath to dissolve the solids. The flask was 

then stoppered. and kept in the deep freeze for several 

hours, until the contents of the flask were thoroughly 

frozen, The flask was then unstoppered, and 300 mg of 

ninhydrin powder and a few alundum chips were added to 

the frozen mass. The flask was quickly attached to a 

connecting head which led to the CO2 absorption flask 

containing NaOH solution. The system was evacuated 

through a stopcock until the NaOH solution began to boil. 

The system was sealed off, and the reaction flask was 

heated on a boiling water bath. The flask was heated 

at 100°C for 20 minutes, with continuous agitation of 



the NaOH to aId the trapping of' CO2. After standing 

about 6 hours, the system was disassembled and the 

carbonate in the NaOH trap solution was precipitated as 

barium carbonate for the assay of radioactivity. 

Aspartic acid was converted to malic acid. by a 

modified nitrous acid reaction (9, p. 2h). Three muli- 

moles of aspartic acid were mixed with slightly more than 

3 milliinoles of AgNO2 in 25 nil of water. This was 

stirred by means of a magnetic stirrer at 0°C, while a 

stoichiometric amount of O.1N HOi was added over a period 

of 2 hours. Stirring was continued at 0°C for another 2 

hours, The mixture was then brought to room temperature, 

filtered, and the filtrate was evaporated in vacuo to a 

small volume on a rotary flash evaporator. The solution 

was further dried in a vacuum desiccator over P205 and 

KOH. The malic acid was then examined for purity by 

paper chromatography, using ethyl ether-acetic acid-water 

as solvent (k, p. 233), and the chrornatogram was developed 

by spraying with 2,6-dichiorophenol ind.ophenol solution. 

The malle acid was degraded by the Von Pechmann 

reaction (28, p. 29; 3, p. 1242) in which malate is de- 

oomposed by concentrated H2SO4 to yield C-Ai- as 002 and 

C-1 as CO. The mixture of gases from the reaction flask 

was passed in series through a NaOH trap, a 112SO4 trap, 

a CuO tube at 400°C, and a second NaOJI trap. The first 
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NaOH trap collected the 002 resulting froni C-4; the 

second trap collected the CO2 formed by oxidation of the 

CO from C-1.. The reaction flask was kept at 50th60°C for 

2 hours to remove C-l; the reaction temperature was then 

raised to 100CC and kept at that temperature for 2 

additional hours to remove C-4 (11). 

Nahe acid was also degraded by a permanganate 

oxidation to acetahd.ehyde (3, p 1LU; 15, p. 23-k3). 

The acetaldehyde was trapped in 1% NaHSO3 solution, and 

iodoform was precipitated upon adding KOH and 10% KI- 

10% 12 solutions. After filtering off the iodoform, the 

filtrate was acidified with H3PO4 and the formic acid 

was recovered by steam distillation. The formic acid in 

the distillate was then oxidized to 002 by HgO (3, p 

137; 27 p. 247-250). The 002 was trapped in NaOH, 

precipitated as BaCO3, and assayed for radioactivity, 

This gave the activity of C-2. 

The activity of the inethylene carbon of aspartic 

acîd was also determined by a modified haloform reaction 

on aspartic acid (41, p. 663-667; 29). One millimole of 

aspartic acid was placed in a 50 ml r1enmeyer flask with 

lo inillimoles of K2003, Four-tenths milliliter of 50% 

KOH solution and 15 ml of 10% KI-10% 12 solution were 

added to the flask; the flask was tightly stoppered, and 
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the mixture heated at 6OC for 2'4- hours. The iodoform 

so obtained was recrystallized from methanol-water, dried 

over P205, and assayed for radioactivity by the Van. Slyke- 

Foich method. 

The Schmidt reaction (12, p. 93-108; 2, p. 
1564m 

1568) was performed on glutamic acid to determine the 

specific activity of C-5. sixfold excess of a solution 

of hydrazoic acid in 0H013 (1, p. 327-328) was added to 

a solution of giutamic acid in 100% H2SO in a three- 

necked reaction flask, The reaction mixture was stirred 

by means of a magnetic stirrer, and the reaction was 

allowed to proceed for 48 hours. The 002 evolved in the 

reaction was swept into a NaOH trap by a stream of CO2 

free air. The trapped carbonate was converted to BaCO3 

for assay of radioactivity. 

Determination of Radioactivity 

The CO samples obtained in the degradation 

experiments were converted to BaCO3 and plated quanti 

tatively on aluminum planchets by the use of Atomlab- 

E'kstein centrifuge cups. Blanks were determined for 

each type of operation; the amount of foreign 002 deter- 

mined was used to apply appropriate corrections for the 

counting data whenever necessary. Radioactivity deter- 

luinations were carried out with an automatic gas-flow 



experiments was trapped in. a methanolic solu.tion of 

Hamine hydroxide, and. au aliquot was dissolved in 

toluene arid counted in a Packard Tri-Carb Liquid 

Scintillation Counter, using diphenyl oxazole as 

scintillator. After termination of the radiorespiro- 

metric experiments, the cells and media were separated 

by centrifugation, and aliquots of the media and cell 

suspensions were counted in the liquid scintillation 

counter, using thixotropic gel as the suspension medium. 
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RESULTS AND DISCUSSION 

As stated previously, the purpose of the present 

work is to examine the function of individual catabolic 

pathways with regard to respiration, biosynthesis, and 

particularly the formation of key amino acids in micro- 

organisms of the family Pseudomonadacae. The organism, 

Pseudomonas fluorescens KB1, was chosen as the test 

system for reasons that considerable work on the oper- 

ation of the glyoxylate cycle in this organism has been 

recently reported (23, p. 542-549; 22, p. 59-557) and 

the fact that Ps. i'luorescens KB]. is known to be able to 

grow on glucose as the sole carbon source. Furthermore, 

recent works on the atabolic mechanism in pseudomonads 

have revealed that the ED pathway is playing a predoni- 

inant role in. the overall catabolism of glucose (43, p0 

/+89-L492; 16, p 79-128). It is, therefore, of great 

interest to further examine whether or not the ED path- 

PCA cycle, known to be operative in many pseudomonads, 

does not permit net synthesis of C acids, the exact 

nature of C acid formation in pseudomonads again pre- 

sents an interesting problem. Earlier, Kornberg and 

coworkers reported the operation of the malate 



synthetase reaction as the most important, if not 

exclusive, pathway in the biosynthesis of the 

skeleton (19, p. 555-542). However, it must be realized 

that the organism described in the quoted report was 

grown on acetate, which may not represent the overall 

picture of C4 synthesis is , fluorescens KB? if the 

organism were allowed to rely on glucose as the carbon 

source. This is particularly true in view of the role 

played by CO2 fixation of the 01+C3 type in cellular 

biosynthesis as demonstrated in yeast, mold, and other 

organisms (26, p. L$.69-k76; 10, p. 101-105; 6, p. 725-e 

727). 

In the present work, the overall picture of 

glucose catabolism in Pg. fluoresc ens KB1 is examined 

by means of two basic methods, namely, the radiorespiro' 

metric method and the incorporation experiments. The 

radiorespirometric examination of the utilization of 

specifically-labeled substrates permits one to obtain 

kinetic information on the conversion of substrate 

carbon atoms to respiratory 002, which in turn reveals 

the nature and participation of individual pathways in 

the overall cellular respiration. Realizing that glucose 

bas to be degraded into small franents by means of the 

"primary" catabolic pathways so as "secondary" pathways 

such as the TCA cycle can be called into play to complete 
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the catabolic sequence in either respiratory or bio- 

synthetic activities, the radiorespirometric experiments 

were first carried out on is. fluorescens KB1 incubated 

in a medium permitting proliferation, using specif 

ically-labeled acetate and pyruvate as tracing substances. 

The experimental conditions for these experiments are 

given in Table I, and the radiorespirometric patterns 

obtained in these experiments are given in Figure 1 for 

acetate experiments and Figure 2 for pyruvate experiments. 

The radiorespirometric patterns presented in the current 

work are plotted with interval 01402 recovery as the 

ordinate, versus a double abcissa expressing time as 

either hours or relativo time units. One relative time 

, unit (RTU) is defined as the time, in hours, required 

for ail of the administered substrate to be consumed. 

The cumulative C102 recovery curves are given on the 

upper right corner of each figure. Substrate inventories 

for cells metabolizing these two substrates are given in 

Table III. It is noted that the conversion of C-1 of 

pyruvate to 002 is considerably higher than that of the 

rest of the carbon atoms of pyruvate, evidently as a 

result of the active operation of the oxidative mechan- 

ism of pyruvate. That the 
2 

COmpOUfldS formed in the 

decarboxylation is probably in the nature of acetate is 

evidenced by a comparison of the radiorespiroraetric 
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Table 'II 

Distribution of Substrato Radioactivity for 
Ps. fluorescens 1(31 Cells ?otabo1izing 
Labeled Glucoù, PyDuvate, and. Acetate 

Per 

..- 
cent recovery of substrates 

Substrato 
Co2 Cells Medium Total 

Glucöse l-C 8 8 2 9 

Glucose 2-C 56 32 6 9k 

Glucose 3_014 52 42 6 100 

Glucose 3,k-014 65 28 5 98 

Glucose 6c1k ¿ 38 7 92 

Pyruvate lO 39 f 5Q 9k 

Pyruvate 2-C 29 12 55 96 

yruvate 3-& 23 12 58 93 

Acetate 1_01k 82 10 3 95 

Acetate 2,01k ?6 16 2 94 

Glucose i_14+ ¿44 1 55 99 

Glucose 2_014+ 27 4 58 89 

Glucose 3_Cl4+ 20 3 71 94 

Glucose 3,k-C14+ 20 4 71 95 

Glucose 6-C14 11 5 73 88 

* At termin.ation of experiment 
+ Nedim was 0.002N in NaAsO2 



patterns for C-2 and C-3 of pyruvate with that to C-i 

and. C-2 of acetate, respectively, Thus, the C-l/c-2 

ratio, for acetate, with respect to rovery at 

i RTU 1g 1,1, which compares favorably with an analogous 

valuo of l,4 for the ratio of C-2/C-3 of pyruvate. The 

preferential conversion of C-1 of acetato to CO2 over 

that of C-2 is not surprs1ng, inasmuch as the carboxyl 

carbon atom of acetate is oxidized to 002 more readily 

if acetate were to follow either the classical TCA cycle 

pathway or the glyoxylate cycle pathway. lt is inter- 

esting to note that in the case of the pyruvate expon- 

ment, a considerable amount of the substrate activity 

was detected in the incubation medium (Table III), On 

the other band, the incorporation of the acetate skeleton 

or the pyruvato skeleton into cellular constituents was 

rather limited, which may have reflected the fact that 

the organism was grown on glucose, and consequently was 

not very effective in making use of either pyruvate or 

acetate in proliferation processes. 

Figure 3 and. Table ZU, It is noted that the radio- 

respirometnic pattern in Pigure3bears a close resem- 

blanco to that observed previously for . reptilivora and. 

aeruinosa (43 , p. 89-'492 ; 33) The fact that the 



- 
z 
Li 
0 60 

w 
Q- 

W50 
o w 

e° 
-J 

3o 
I- 
z 

20 

RTU 

H RS 

Pseudomonas fluorescens KBI 

I ''s 
I / 
I 

/ 

I 

I 

I I' I' 2 

6 

f/A. 

'' 

'0 

o 
o 

>- 

o 
w 

2o 

r--, 

25 

,41 

i-- - p- 
I, 
I, 

I 

I -:-:-.---o-6 

I 2 3 

TIME, RTU 

GLUCOSE - I 

GLUCOSE - 2-- 
GLUCOSE - 3-i- 
GLUCOSE -4------ 
GLUCOSE - 6-- 

* 

- _ - 

I 2 3 4 5 6 7 

TIME 

Pigure 3. - Radiorespirometrlc pattern. Pseudomonas 

f1uorecens KB1 growing on C specïf- 
i11y-1abe1ed glucose samples. 

I 



26 

conversion of' C-1 to CO2 is rauch more rapid and extensive 

than any other carbon atom of glucose reflects the basic 

nature of the glucose catabolism in this organism, which 

is basically different from the mechanism of the EMP 

pathway. The operation of the EMP pathway in. Ps. 

reptilivora has been previously estimated by Lewis 

(2L, p. 273-286) to be not more than a few percent of the 

glucose catabolized. Judging by the present observations 

that, a) the conversion of C4 to CO2 although not as 

great as that of C-1, is rather extensive (72% at i RTU); 

and b) the radiorespirometric pattern for C-3 has a close 

resemblance to that of C-6 of glucose; it is reasonable 

to believe that the ED pathway is playing a predominant 

role in the overall catabolism of glucose in this 
organism. This conclusion is drawn from the current 

understanding of the ED pathway. The operation of an 

alternate catabolic pathway, presumably in the nature 

Qf a 0l05 cleavage of the phosphogluconate decarboxy- 

lation type, is revealed by the finding that the C-1 

recovery in 002 is approximately 7% higher than that of 

Ce-4 of glucose, since a complete equivalence of the two 

carbon atoms is expected if the ED pathway were the only 

one operative in this organismo This is further evi- 

denced by the experiment on the utilization of labeled 
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glucose by this organism. in the presence of arsenite, 

as given in 1iure 4 and. Table III. Inasmuch as arsenite 

is known to prevent the catabolism of pyruvate, as de- 

rived from glucose, by the ED pathway (14, p. 853-862), 

the finding that a considerable amount of O-1, and to a 

lesser extent, the other carbon atoms of glucose were 

recovered in 002 with arsenite-inhibited cells, points 

to the operation of an alternate pathway in this organ- 

ism. 

It is interesting to further examine the fate of 

pentose formed in the Cl05 cleavage pathway by analyzi 

the radiorespirometric pattern for C-2 and C-3 of glucose 

in the arsenite experiment. Judging by the extent of 

conversion of these two carbon atoms to 
°2 and the fact 

that the 01402 recovery from C-3 is only slightly higher 

than that of O-6, one can readily conclude that the bulk 

of the pentose formed in the cleavage pathway is 

probably utilized as an intact unit for cellular bio- 

synthesis rather than participating extensively in 

catabolic pathways such as the transketolase-transaldo- 

lase reaction or C2C3 cleavage reactions, 

A quantitative estimation of pathway participation 

according to the method of Wang et . making use of the 

cumulative &02 recovery data at 1 RTU from various 

earbon atoms of glucose (43, p. 489-492; 33), revealed 
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that approximately 85% of the administered glucose bad 

been catabolized by way of the ED pathway. The remain- 

ing portion (15%) is presumably degraded by the C105 

cleavage pathway to maintain an adequate supply of 

pentose for cellular biosynthesis. 

The findings in radiorespirometric studies of 

acetate, pyruvate, and glucose in . fluorescens KB1 

led to the conclusion that in this organism glucose is 

catabolized predominantly by way of the ED pathway, 

giving rise to the formation of pyruvate, which is in 

turn catabolized mainly by way of the TOÂ cycle pathway 

via the intermediate formation of acetate, 

Insofar as the biosynthesis of amino acids is con- 

cerned, particularly the key intermediates aspartic and 

glutamic acids, the all important aspect is the formation 

of C4 acids, which are the main building blocks for carbon 

skeletons of other varieties. A review of the literature 

revealed that there are three known pathways for the net 

synthesis of C4 acids in microorganisms (l, p. 179). 

They ax'a: 1) the 03+C1 type of CO2 fixation in the nature 

of either the Jood-Werkman reaction or the malic enzyme 

reaction, giving rise to the formation of either oxal- 

acetate or malate; 2) the malate synthetase reaction as 

reported by Wang and A31 (, p.323O-3231); and 3) the 

002 fixation of the C1 02, pius C type such as that 



reported in Clostridium kitiyveri (37, p. 597"409; 38, 

p, 585-595), ithoclospirilium rubruin (7, p. 3i3322; 8, 

p. 501-509) and Penicilliujn digitatum (26, p. 469-476). 

With :s. fluoreseens KB1, it has been. previously re- 

ported that, when cells are grown on acetate as sole 

carbon source (22, p. 549-557), the malate synthetase re- 
action is responsible for the synthesis of 04 skeletons, 

and that CO2 also participated in the biosynthesis of 

aspartic acid. However, the relative importance of 

these two reactions has not been evaluated. 

In the present work, the exact fate of pyruvate, 

as derived from glucose by the ED pathway, and the basic 

biosynthetic mechanisms in this organism have been studied 

by a series of incorporation experiments. Attention was 

particularly directed to a comparison of the relative 

role played by the 002 fixation mechanism and the malate 

synthetase reaction in the overall synthesis of 04 acids. 

Four C-labeled compounds were used as tracing 

substrates. They were: CO2 in the presence of un- 
labeled glucose, glucose i&4, glucose2-C14and. glucose 
6_014. In the presence of each of the substrates, cells 

were incubated under condïtions favorable to active pro- 

liferation, and efforts were made to standardize experi- 

mental conditions as close as 'possible in the hope that 

the incorporation patterns observed in these experiments 
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could be directly compared0 Findings irs. the glucose 

experiments with respect to either ch.romatographic and 

radioautographic studies or degradation studies iiere 

expressed on a comparable basis, taidng into consider- 

ation the differences in the specific activities of the 

glucose substrates, and dilution factors in the iso- 

lation procedures. Relative isotope content of various 

amino acids isolated from cells grown on 

labeled glucose samples are given in Table 1V. 

It is noted that in the presence of glucose, &O2 
was incorporated into many amino acids, in the order of 

aspartic acid, glutamic acid, lysine, valine, arginine, 

threonine, alanine, glycine, methionine, proline, phenyl- 

alanine, serine, and tyrosine. Sevéral interesting points 

are noteworthy; a) the labeling of aspartic, glutamic, 

alanine and threonine from &o2 reflects the operation 
of a 002 fixation mechanism which may have played an im- 

portant role in the basic mechanism of the biosynthesis 

of acids; b) the incorporation of Co2 activity 
moderately into glycine, but only slightly into serine 

may indicate that serine is derived not from pyruvate, 

but rather from glycine, which is in turn derived from 

glyoxylate by the isocitratase pathway; o) some 

activity was observed in phenylalanine and to a much. 

smaller extent in tyrosine, which may point to a 



¶rabxe IT 

Incorporation of or C141abe1ed 

Glucose Carbon Atoms into Amino Acids 

- ---:-- I -_J_ 
- 

Relative 1øeis of labeling 
o: saino acids 

Amino Acid. r1- 

Glucose Glucoss Glucose 
2_O14 6-C14 

Alanine . +++++ ++ ++ ++++++ 

Aspartic AØid ++++ ++++ ++++ 

Glutamic Acid. + +++++ ' ++++ 

Threonino + ++ ++ 

Glycine * t+ ++ 

Serine ++ + 
Arginine 

Lysiue 

Valine 

Methionine 

Proline +4+ 

Phenylalanine +4 
Tyrosine 

lntensities expressed as folloW*t r traCe, + very light, ++ light, +++ moderate, ++++ heavy, +++++ very 
heavy, ++++++ extensive. 

**Due to differences in radioactivity levels employed in the experiments, no attempt was made to compare 
the findings in the CO2 experiments with those 
obtained in the glucose experiments ori a quantitative basis. 
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difference in biosynthetic mechanisms of these two amino 

acids, similar to that reported in the case of Baker's 

yeast (36, p. 5448-54L9). 

With labeled glucose as carbon source, it is 

interesting to note that essentially equal amounts of 

activity from either one of' the three labeled carbon atoms 

of glucose were incorporated into alanine molecules, which 

leads to the belief that alanine is a direct product of 

pyruvate as derived from glucose by the ED pathway. 

Similar findings were also observed with aspartic acid, 

which leads to the speculation that the biosynthesis of 

aspartate in this organism may bave involved an intact 

unit of pyruyic acid, since the formation of malate by 

of malate synthetase would have excluded the labeling 

of aspartate from C-1 of glucose. Similar conclusions 

can be also drawn on the incorporation level into glu- 

tamate from the labeled glucose carbon atoms. Discussion 

in this regard will be extended fully in the section 

describing findings of degradation studies. 

The percentage isotopic distribution patterns, 

along with the specific activities of the aspartate 

molecules, individual carbon atoms, and the respiratory 

co2 for each of the incorporation experiments are given 

in Table V. Here again, the data on aspartic acid in 

the glucose experiments have been converted to a 



Table V 

Isotopic Distribution Pattern of Aspartic Acid 

from Cells Grown on CO or 

C Specifically-Labeled Glucose Samples 
- r 

Labeled Substrate 

Glucose lC Glucose 2_014 Glucose 6C 

&.A. Percent S.A. Percent S.A. Percent S.A. Percent 

io'6 Of io'.'6 Of Of io6 Of X Total X Total Total 
X Total 

Hespir. 
CO2 .82i- .32 .512 18..1 

Who le 
Molecule 1.77 100 1.99 100 2.01 100 16.2 100 

000H 1.08 61 .537 27 .394 20 1.6 9 

CIINH2 o O .635 32 .432 22 O O 

CH2 .021 1 .245 12 .563 28 .162 1 

00011 .690 39 .478 2 .394 20 14.7 91 

s Co-substrate was unlabeled glucose; no attempt was made to treat the data of 
the CO experiment on a comparable basis with that of the glucose experiments. 
Speciflc activity is given in terms of counts per minute per millimole of 
carbon for the individual carbon atoms, or counts per minute per millimole of 
compound for the whole molecule. 
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comparable basis, taking into consideration the differ- 

ences in the specific activities of the glucose sub- 

strates and dilution factors in the isolation procedures. 

No attempts were made to render data in the experi- 

ment comparable to that in the glucose experiments. In 

accordance with the chromatographic and radioautographic 
studies, one finds that the molar specific activities of 

aspartic acid are similar to each other among the three 

labeled glucose substrates, The fact that the bulk of 

the activity from C-1 of glucose is located at the C-1 

of aspartic acid strongly suggests that 002 fixation of 

a C3+01 type is responsible for the biosynthesis of oxal- 

acetate, a precursor of this amino acid. This speculation 

is also supported by the finding of heavy labeling on C-2 

of aspartic acid from glucose 2-(?; on C-3 of aspartic 

acid from glucose 6-C, and on C-' of aspartic acid from 

CO2s Evidently the oxalacetate, once formed, is 

partially in equilibrium with the symmetrical C acids 

as fumaric or succinic acids, resulting in the observed 

randomization of labeling between the carboxyl carbon 

atoms of aspartic acid in the C1kO2 experiment. In the 

case of glucose 2- and glucose 6-C experiments, the 

randomization of the middle carbon atöma of aspartic acid 

may. have resulted from an extensive cycling of the TCA 
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cycle pathway. It is also interesting to note that 

only a very small amount (1%) of the activity of glucose 

l-C was incorporated into C-3 of aspartate. This 

finding serves as important evidence that the EIP path- 

way is not operative to any significant extent in this 

organism, since the classical ENP scheme calls for the 

conversion of C-1 of glucose to the methyl carbon atom 

of pyruvate, which would have been incorporated into C-3 

of aspartate via either a mechanism or the malate 

synthetase reaction. 

In view of the findings of Kornberg . with 

regard to synthesis of 04 acids by way of the malate 

synthetase reaction, it appears advantageous to further 

examine the present data in light of the relative role 

played by the two possible mechanisms for 04 acid 

formation. As illustrated in the sequences on the 

following page, one can readily see that the operation 

of a sequential pathway involving the ED route and the 

malato synthetase reaction would have resulted in the 

exclusive conversion of C-1 of glucose to CO2 without 

permitting these carbon atoms to appear in the aspartic 

acid skeleton. On the basis of this analysis, one would 

have to concludo that the radioactivity observed on C-4 

of aspartate in the glucose experiment is derived 
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almost exius±vely from the respiratory &O2. In order 

to further elucidate this point, use has been made of 

the isotopic distribution pattern in the aspartic acid 

derived from the C1kO2 experiment (Table V). It one 

assumes that a reasonably perfect equilibrium exists be- 

tween 01402 in. the incubation atmosphere and C-4 of 

aspartate when the latter is synthesized exclusively by 

way of CO2 fixation of the 03+01 type, then the specific 

activity of C-4 of aspartate in the glucose l-C experi- 

ment can be calculated from the analogous data observed 

in the &O2 experiment, Following this treatment, one 

finds that the calculated specific activity of C-4 of 

aspartate, assumed to be derived from glucose 1-Ca by 

1.47 z lO7cpm/m mole. C z 8.24 z cpm/m mole C 
1.81 x l&cpm/m mole C 

= 0.67 z 106 cpm/m mole ç 

The value so calculated is of the same magnitude as that 

observea for the specific activity of the carbon atom 

derived from glucose (Pable V). It.therefore 

appears that with glucose as the sole carbon source, the 

cells of . fluorescens KB1 are relying on a 002 fixation 

mechanism of the type as the major pathway for the 



biosynthesis of amino acids. 

The percentage isotopic distribution pattern in 

glutainic acid as well as the specific activities of the 

glutamate molecules, individual carbon atoms, and 

respiratory CO2 observed in each of the incorporation 

experiments are given in Table VI. Although the data 

presented represent the partial degradation of the 

labeled glutamate, and hence do not give the detailed 

distribution of isotope in the middle carbon atoms, much 

information can be gained by an analysis of these results. 

In light of the information available from the radio- 

respiroinetric study of the catabolism of glucose and the 

incorporation of glucose carbon atoms into aspartate as 

well as the existing knowledge with regard to glutamate 

biosynthesis, it is possible to construct a speculative 

reaction sequence for the formation of glutamate in. . 

±'luorescens KB]. as follows: 

6532l 654 32 
C-C-C-C-C-C P 0-00-00011 + C-00-000H Pathway 

glucose 

CO2 i 
H000-C-00-000H + C-CO0H 

PCA cycle reaction 



Table VI 

Isotopic Distribution Pattern of Glutamic Acid 

Isolated from Cells Grown on CO 
, 

or G Specifically-Labeled Glucose Samples 

Labeled Substrate 

Glucose icN Glucose 2-C14 Glucosa 6"G 

S.A.** Percent S.A. Percent S.A. Percent S.A. Percent 

XlO TO1 xlO 
Total x10 Total x10 Total 

Whole 
Molecule .607 100 1.67 100 1.22 100 10.9 100 

00011 .27k 45 .292 18 .192 16 8.85 81 

.258 43 1.08 64 .745 61 1.44 13 

0112 

00011 .074 12 .292 18 .286 23 .631 6 

* Co-substrate was unlabeled glucose; no attempt made to treat data of 002 experi- 
xnents on comparable basis with that of glucose experiments. 

*4 Specific activity given in terms of counts per minute per millimole of carbon . 

for individual carbon atoms, or counts per minute per millimole of compound for O 
whole molecule. 
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CO2 
6 5 4 2321 

H000-C-C-COOH 

¿-COOH 
32 
65 

TCÂ cycle reactions 

g26 565 
23 232 

HOOC-CO-C-C-000H 

J, 

g26 565 
23232 

H000_?-.C_C_COOH 

According to this mechanism, one would expect a heavy 

incorporation of CO2 and C-1 of glucose, by way of 
the metabolic 0O2s into the C-1 of glutamate, and heavy 

labelings fromC-2 and C6 of glucose into the middle 

carbon atoms of glutamate. These are indeed the relative 

labeling patterns observed in the incorporation experi- 

inents. The agreement thus led to the conclusion that 

the biosynthesis of glutamate in this organism follows, 

at least qualitatively, the proposed sequence given above. 
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On the other hand, it is surprising to find, that a 

considerable amount of the isotope from C-1 of glucose 

is located in the middle carbon atoms of glutamate, and 

to a lesser extent, some of the 002 activity were 
also observed in 0-2,3,1+ of glutamate. This fact may 

reflect the operation of some other hereto unknown 

mechanisms in the biosynthesis of aipha-ketoglutarate, 

the precursor of glutamic acid. Additional work is 

needed in further elucidatiAg the exact nature of 

these pathways. 
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SUMMARY 

ou the basis of the radiorospirometric study of 

carbohydrate catabolism and incorporation studies with 

regard to the biosynthesis of two key amino acids in 

, fluorescens KB1, it is reasonable to conclude that 

in this organism: a) glucose is catabolized only to a 

small extent by a CO5 cleavage pathway leading to the 
formation of pentose, which ±s in turn used mainly as an 

intact unit for biosynthetic purposes; b) the bulk of 

the substrate glucose is routed through the ED pathway, 

giving rise to pyruvate; o) the pyruvate so formed may 

participate in the oxidative docarboxylation reaction 

giving rise to acetate, which is in turn entered into 

the TCA cycle processes for respiratory functions; d) in 

addition, pyruvate plays an important role in the bio- 

synthesis of C4 acids by means of the CO2 fixation 

mechanism of the 03i-C1 type;e) the reported role played 

by the malate synthetase reaction in acetate grown cells 

cannot be demonstrated to any significant extent in 

cells grown with glucose as the sole carbon source. 
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