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Growth of Escherichia coli A-l under aerobic conditions 

in an enriched medium with a total amount of 0.2 per cent 

glucose was biphasic and asparaginase II activity was 

detected after depletion of ammonia from the growth medium 

in the second phase of growth. Glucose was exhausted two 

hours before ammonia and three hours before asparaginase II 

activity was detected. The concentration of 3',5'-cyclic 

adenosine monophosphate was found to fluctuate when the 

dissolved oxygen in the medium reached a low level, when 

glucose and ammonia were exhausted, and when the cells 

entered the second stationary phase of growth. 

Culture tube studies of the growth of E_j_ coli A-l in 

three per cent nutrient broth with varied concentrations of 

ammonium chloride and potassium nitrate gave lower specific 

activity of asparaginase II when this was compared to that 

seen in three per cent nutrient broth alone. The addition 

of glucose to the same medium before asparaginase II 

activity was detected resulted in the production of acid by 

E. coli A-l with cessation of growth; however, addition 

after L-asparaginase synthesis had started did not affect 

the specific activity of the enzyme. The addition of 

ammonium chloride suppressed L-asparaginase synthesis, but 

addition after enzyme synthesis started had no affect. 



These findings suggest that asparaginase II is produced 

by E. coli A-l in response to low concentrations of ammonia 

and that exogenously supplied nitrogen compounds may play a 

major role in the regulation of this enzyme. It is 

suggested that E. coli A-l produced L-asparaginase in order 

to obtain ammonia for the synthesis of glutamine from 

glutamate. The synthesis of glutamine from glutamate is the 

first step of a highly branched pathway which ultimately 

leads to the synthesis of many of the important 

macromolecules of the cell. 
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CHAPTER I 

INTRODUCTION 

Interest in asparaginase (L-asparagine aminohydrolase, 

EC 3.5.1.1) intensified with the discovery of its ability to 

inhibit the growth of tumors in mice and rats (8, 41) and 

the subsequent discovery during clinical trials that it had 

the ability to suppress human leukemias (25). During the 

early 1970's, purified enzyme preparations were used 

together with conventional chemotherapy in the treatment of 

tumors and leukemias in man (25, 43). Today, better 

theraputic methods are available but there is still demand 

for large quantities of asparaginase. For example, it is 

used to aid skin allograft survival (4). In combination 

with cytosine arabinoside, it has been used to treat 

experimental herpetic encephalitis in mice, and it has been 

used in the treatment of Herpes simplex infections in man 

(14, 15). It has also been used in the treatment of 

bacterial infections of the blood (57), and human 

tuberculosis recalcitrant to conventional therapy has been 

treated successfully with asparaginase combined with emetine 

(48). Asparaginase has been used in the enzymatic analysis 



of aspartate and asparagine in protein hydrolyzates and 

blood serum (3). As'a result of a consistent demand 

for asparaginase in both research and clinical medicine, 

there have been many studies of the synthesis of 

asparaginase by different organisms (5, 20, 31, 38, 45). 

The culture conditions and nutritional requirements 

necessary for production of asparaginase vary from study to 

study and, consequently, only a confusing picture emerges 

from the literature regarding microbial production of this 

enzyme. 

Asparaginase An Antilymphoma Agent 

In 1953, Kidd (36) found that guinea pig serum had 

antilymphoma activity, and in 1961 Broome (8) discovered 

that the fraction of serum having this activity contained 

asparaginase. In 1963, Broome (9) started a study of the 

properties of guinea pig serum asparaginase in relation to 

its antilymphoma activity, and in 1968 (10) he reported that 

the enzyme acted by lowering asparagine levels to the extent 

that lymphoma cells were not able to continue growing since 

these cells required asparagine for protein synthesis. 

Lymphoma cells resistant to asparaginase treatment showed a 

long lag period in their growth pattern due to the time 



required for synthesis of asparagine synthetase. The 

sensitive lymphoma cells lacked the ability to synthesize 

this enzyme. These findings indicated the possible use of 

asparaginase as an antilymphoma agent which would retard the 

lymphoma cell growth rate. In 1969, Oettgen and Schulter 

(43) used asparaginase in the treatment of human malignant 

neoplasms. Asparaginase activity has since been found in 

many animal tissues, plants, microorganisms and in the serum 

of certain rodents but not that of man. The distribution of 

asparaginase activities in microorganisms has been found to 

be related to their phylogeny (32). Enzyme activity was 

detected in many gram-negative and a few gram-positive 

bacteria, all strains of Fusarium, and several species of 

Penicillium. It was also found in certain serological 

groups of yeasts, specially those in the genera Hansenula, 

Cryptococcus. and Rhodotorula. 

Based on cellular location and differences in 

affinities for L-asparagine, two isomeric forms of 

asparaginase have been found in some microorganisims (13, 

20, 49, 55). In E. coli, one form of the enzyme, denoted 

asparaginase I has low affinity for L-asparagine and is 

located internally; the other enzyme, has high affinity for 

L-asparagine and is external to the cell membrane. These 

enzymes show heterogeneity as revealed through cellulose 



acetate and disc-gel electrophoresis and through 

diethylaminoethyl-cellulose and Sephadex G-200 

chromatography (33). The amino acid composition of the two 

enzymes is essentially identical, and the terminal amino 

acid and N-terminal sequence for the first 14 amino acids 

are the same. The sedimentation coefficient was found to be 

7.6 S by ultra-centrifugation for both enzymes. Irion and 

Arens (33) postulated that the isoenzymes differ only in 

their amide content. 

Asparaginase I and II from E. coli were compared to 

guinea pig serum asparaginase in ability to inhibit tumor 

formation by Schwartz e_t aQ. (49). They found that the 

E. coli enzyme having the highest affinity for 

L-asparagine showed a higher antitumor activity than the 

guinea pig serum asparaginase, and asparaginase I of E. coli 

showed no antitumor activity. It was also found that 

asparaginase I was cleared from the blood rapidly having a 

half-life of 15 minutes whereas asparaginase II had a 

half-life of 55 minutes. It has been previously noted that 

asparaginases from other microorganisms were ineffective in 

inhibiting tumor formation due to their rapid rate of 

clearance from the blood (41). Thus, the E. coli enzyme 

asparaginase II located in the periplasmic space was 

considered the most promising antitumor agent and has been 

widely investigated. 



Purification Of Asparaginase II 

The use of asparaginase in the treatment of human 

neoplastic disease demanded that the enzyme preparation be 

highly purified to avoid side effects. Roberts et al. (46) 

obtained a purified prepration of very high specific 

activity using a five-step procedure which follows classical 

enzyme purification schemes. It yielded 40 per cent total 

recovery of activity with a 1240-fold purification. The 

enzyme was extracted from cells of E. coli by cell rupture 

and protein was precipitated with ethyl alcohol in the 

initial step. The precipitated protein was then subjected 

to ion-exchange and gel filtration chromatography in two 

additional steps. Polyacrylamide gel electrophoresis and 

alcohol precipitation constituted the final two steps. Other 

procedures (30, 37, 58) such as that of Whelan and Wriston 

(58) were reported to yield as much as a 2000-fold 

purification of asparaginase using ammonium sulfate rather 

than ethyl alcohol for protein precipitation. However, 

these procedures were expensive since a greater number of 

steps were required and the final product was not pure. 

Kristiansen £t el̂ . (37) achieved a greater degree of 

purification by specific absorption and desorption using 
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L ( + )-beta-chlorosuccinamic acid. This compound prepared by 

treatment of D(-)-asparagine with nitrous acid, was attached 

to hexamethylene-diamine to form a monoamino derivative 

which was coupled to Sepharose 6B using cyanogen bromide. 

Escherichia coli cells were disrupted by sonication and the 

supernatant was applied to the adsorbent column. The 

material having no asparaginase activity was eluted using 

0.05 M borate buffer at a pH of 8.6; desorption of 

asparaginase was achieved using D—asparagine. This 

purification procedure, once optimized, was not as costly as 

the other procedures described. The absorbent column could 

be regenerated several times, using a 2 M sodium chloride 

solution, with no great reduction in capacity for 

asparaginase adsorption, and the procedure was completed in 

one step. Crystallization of asparaginase from cell 

extracts treated with ammonium sulfate and ethanol was 

achieved by Ho et al. (30). The final step in the 

crystallization process was achieved using magnesium salt 

and aqueous alcohol mixtures. 

Physical Properties Of Asparaginase II 

The properties of the asparaginase obtained from 

E. coli have been studied in detail. The sedimentation 



coefficient was found to be 7.6 S corresponding to a 

molecular weight of 133,000 daltons for a spheroidal 

molecule. The affinity constants for L-asparagine and 

L-glutamine were 1.15 X 10-5 M a n d 6 > 2 5 x 1 Q_ 3 M 

respectively. The molecule has four identical subunits of a 

molecular weight of 33,300. The isoelectric point was found 

to be 5.2, the pH range for activity was 5.1 to 8.5, and 

there were no carbohydrates or phospholipids associated with 

the molecule (30). In 1969, Whelan and Wriston (58) 

reported that the molecular weight of asparaginase was 

255,000 daltons. Frank et al. (23) later found that Whelan 

and Wrxston had treated their data unsatisfactorily for 

determining molecular weights by the Yphantis method (59). 

They found the E. coli enzyme to be composed of four 

subunits and to have a molecular weight of 133,000 daltons. 

In support of the findings of Frank et al. (23), Jackson and 

Handschumacher (34) reported that the stoichiometry of the 

binding of (5-14 C ) 5_ d i a z o_ 4_ o x o_ L_ n o r v a l i n e^ ^ asparagine 

analog (25), to the enzyme suggested that the enzyme had 

four active sites per molecule. Ho et al. (30) also 

reported data which were in agreement with Frank et al. 

(23). They found the molecular weight of the enzyme to be 

133,000±5,000 daltons from ultracentrifugation studies. 

Based on amino acid analysis, the enzyme was found to have 
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four subunits with a molecular weight of 33,300 daltons each 

(30). 

Using ultracentrifugation and fluorometric analyses, 

D-asparagine was found to prevent the dissociation of the 

asparaginase molecule when exposed to high concentrations of 

urea (51). The results indicated that high concentrations 

of D-asparagine prevented dissociation of the tetramer for 

longer periods of time than low concentrations of 

L-asparagine. This striking effect of D-asparagine was used 

in an attempt to elucidate the nature of the functional 

groups at the catalytic site. Hydrolysis of D-asparagine 

occured at six per cent of the rate of hydrolysis of 

L-asparagine, but the two compounds were hydrolyzed at the 

same catalytic site on the enzyme. The rate of dissociation 

in urea was followed by measuring the change in the 

ultraviolet difference absorption spectrum at 287 nm in the 

ultraviolet range (52). The difference spectra were 

obtained as described by Herskovits and Laskowski (29). 

Shifran et al. (52) found that increasing the concentrations 

of D-asparagine from 0.0032 M to0.025 M prolonged the 

denaturation of asparaginase to 32 minutes as compared to 

the control which had no D-asparagine present (Fig. 1). 

During the lag period, the tetramer remained intact, and the 

enzyme retained its hydrolytic activity with D—asparagine. 



Fig. 1. The rate of dissociation of L-asparaginase in 4.8 
Murea containing varying concentrations of D-asparagine 
(D-Asn). The sample cuvette contained 5.2 X 10~® M 
asparaginase in 0.1 M phosphate buffer, pH 7.5, and the 
blank cuvette contained the same concentration of enzyme in 
4.8 M urea containing D-asparagine at the final 
concentration shown in the figure. The control consisted of 
the enzyme in 4.8 M urea alone. 
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At the end of the lag period,there was a rapid acceleration 

of tetramer dissociation which was not explained. 

The effect of pH on the rate of dissociation 

of asparaginase in 4.8 M urea alone and urea containing 

0.01 M D-asparagine at pH values ranging from 3.9 to 9.2 

were also observed by Shifrin et al. (52). The activity of 

the enzyme-catalyzed hydrolysis of D-asparagine was found to 

be unchanged between pH 6 and 8.5. This indicated that the 

activity of the enzyme for its substrate existed over a wide 

pH range. Indeed, Smekal (54) had previously reported that 

activity of E. coli asparaginase II for L-asparagine existed 

over a pH range of 5.0 to 8.5. 

Shifrin and Solis (50) found that the tyrosyl residues 

of asparaginase could be acetylated using 

N-acetylimidazole. The results indicated that the 44 

tyrosyl residues of native asparaginase could be divided 

into three classes. The first class consisted of five to 

seven tyrosyl residues which reacted with the reagent 

readily and were not involved in catalytic activity. The 

second class consisted of 10 to 12 aromatic residues which 

reacted less readily with the reagent but their modification 

resulted in a 70 per cent decrease in enzyme activity. The 

third class consisted of the remaining tyrosyl groups that 

were unavailable for acetylation in the native enzyme. 
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Shifrin et al. (52) used acetylasparaginase to study the 

properties of the functional groups involved in binding the 

substrate. They found that at pH 3.9, D-asparagine did not 

bind to the enzyme. However, at pH 5.1 the substrate did 

bind. This indicated that a functional group with a pK 

between 4.0 and 5.0 was involved in binding the substrate. 

The amino acid glutamyl had a 5-carboxylate functional group 

with a pK between 4.0 and 5.0. The study also suggested 

that a tyrosyl residue was involved in substrate binding. 

When the phenolic group of tyrosyl was acetylated, there was 

interference in binding of the substrate. Hydroxylamine, 

which deacetylates the acetylated tyrosyl residues, reversed 

the reaction. These data indicate that the phenolic group 

of tyrosyl may be bound to the substrate through hydrogen 

bonds. Howard and Carpenter (31) suggested that the 2-amino 

group and the carboxylic group of asparagine were involved 

in binding of the substrate to the enzyme. Makino and Inada 

(40), while studying the photo-oxidation of the histidine 

residues in asparaginase, found that the histidyl and 

tyrosyl residues were closely associated with enzymatic 

activity. It was shown that the changes in activity were 

not due to conformational changes of the enzyme. They 

suggested that the imidazole ring of histidyl was also 

involved in attachment of the substrate to the enzyme. 
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According to Shifrin et al. (52), the 2-amino group and the 

carboxylic group of asparagine was attached to the 

negatively charged 5-carboxylic group of glutamyl and the 

phenolic group of tyrosyl, respectively. The imidazole ring 

of the histidyl residue may be the point of attachment of 

the 4-carboxyl group of asparagine. Combination of the data 

of Shifrin et al. (52) and Makino and Inada (40) suggest 

that there is a three point attachment of asparagine to the 

enzyme. 

Mechanism Of Action 

Asparaginase catalyzes the hydrolysis of asparagine to 

aspartic acid and ammonia. Enzymatic activity may be 

measured by measuring liberated ammonia or aspartic acid 

(41). Ammonia may be determined by several methods but 

Nesslerization is the most convenient. There are two 

different assays for determination of aspartic acid. One is 

based on the amount of aspartate-1^ found from 14C-labeled 

asparagine (49), and the other takes advantage of the change 

in absorption at 340 nm after the addition of aspartate-

oxalacetate transaminase, malic dehydrogenase, and reduced 

nicotinamide adenine dinucleotide (41), in a coupled enzyme 

assay system. 
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Ehrman et al̂ . (22) proposed that there were two 

possible mechanisms for asparaginase catalysis. A study of 

the incorporation of 180 into aspartic acid from H 2
1 80 and 

the kinetics of the reactions involving asparaginase and 

hydroxylamine enabled the distinction between the two 

mechanisms. It appears that asparagine binds to the enzyme 

releasing ammonia forming an aspartyl enzyme complex. This 

complex subsequently reacts with water to form aspartic 

acid. 

Production Of Asparaginase 

Peterson and Ciegler (45) surveyed 123 species of 

bacteria for the production of asparaginase and found that 

enzyme activity was present in many of the organisms 

tested. The activity was reported as international units 

per gram of cell dry weight. An international unit was 

defined as the amount of enzyme acitvity which released 

1.0.4M ammonia in one minute at 37°C. Erwinia aroideae 

showed an activity range of 55 to 770 international units 

and E. coli of 0 to 225 international units per gram of cell 

dry weight. A further study of the production of 

asparaginase in Erwinia aroideae yielded activities as high 

as 1,250 international units per gram of cell dry weight. 

These data suggest that there is some type of control 
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involved in the production of asparaginase In these 

organisms since the range of enzyme activities seen was 

dependent on culture conditions. 

Boeck and Ho (6) grew E. coll under aerobic conditions 

and removed measured volumes of cultures containing equal 

numbers of cells. These cultures were transferred to closed 

vessels and incubated statically. They found that glucose, 

galactose, and pyruvate supported biosynthesis of 1 . 5 to 2.6 

international units of asparaginase per milliliter of 

culture fluid during static incubation, other compounds 

such as fructose and lactate did not stimulate enzyme 

production. Svobodova and Strbanova-Necinova ( 5 6 ) grew 

E. coll ATCC 9637 and E. coll B in ML30 minimal medium to 

study the induction of asparaginase. They found that sodium 

lactate added to the medium stimulated asparaginase II 

synthesis while asparaginase I synthesis was not markedly 

influenced. It was also noted that lactate and asparagine 

combined stimulated the production of the enzyme more than 

either of the two compounds alone. When both lactate and 

asparagine were added to the medium, the production of 

asparaginase II was increased and asparaginase I activity 

decreased. They stated that asparaginase I appeared to be a 

constitutive enzyme synthesized at a constant rate unless 

conditions strongly stimulated the production of 
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asparaginase II. Svobodova and Strabanova-Necinova (56) 

found that growth of the organism under anaerobic conditions 

seemed to stimulate the production of this enzyme when 

I- colj- w a s grown on amino acids as the sole carbon source. 

Cedar and Schwartz (16) also found better production of 

asparaginase under anaerobic conditions during growth on 

amino acids. Since asparaginase II was used in the 

treatment of human neoplastic disease by Oettgen and 

Schulter (43), attention was turned to studying the 

conditions for production of asparaginase II, the enzyme 

located in the periplasmic space of E. coli. 

Boeck et al. (7) studying the effect of glucose and low 

oxygen tension on asparaginase production in E. coli B, 

found that the level of asparaginase II was increased in the 

presence of glucose. Barnes et al. (2) investigated the 

effect of culture conditions on asparaginase production in 

E. coli A-l, a mutant of E. coli HAP which was a strain 

derived from E. coli This organism, E. coli A-l, did not 

produce asparaginase from glucose when grown in a minimal 

medium. However, asparaginase was produced from glucose in 

nutrient broth at a pH of 7.5, but not at a pH of 5.5. 

Glutamic acid, glutamine, and monosodium glutamate were 

found to stimulate production of the enzyme better than 

asparagine. Jiresova et al. (35) reported that 
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asparaginase II was not regulated by catabolite repression. 

This conclusion was based on data obtained from catabolite 

repression studies during single and multiple induction in 

E. coli. This report supports the findings of Barnes et 

al. (2). 

Boeck et al. (7) also reported that low oxygen tension 

was a coordinate requirement for synthesis ofasparaginase 

II. A mechanism similar to that of the nitrate reductase 

induction system of Bacillus stearothermophilus proposed by 

Downey et al. (19) was suggested. These workers found that 

nitrate reductase was induced in this organism by nitrate 

only when the cells were grown anaerobically. They 

concluded that oxygen functioned as a repressor of enzyme 

formation. Nitrate reductase enables the organism, under 

anaerobic conditions, to use nitrate as a terminal electron 

acceptor. The presence of oxygen usually causes suppression 

of anaerobic metabolism in facultative organisms. The 

effect of oxygen dissolved in the medium on bacterial 

production of asparaginase II has been observed by other 

researchers (2, 6, 38, 56). The enzyme seems to be 

synthesized when the level of oxygen is low, while, at high 

levels of oxygen, synthesis of the enzyme stops. The 

relationship between the synthesis of a specific enzyme 

which is not involved in electron transport and the level 
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Of oxygen tn the growth medium ts difficult to understand. 

This phenomenon merits study since it may indicate a 

physiological phenomenon not yet fully explained. The 

following is a report of studies designed to elucidate this 

phenomenon and the physiological conditions which lead to 

the production of asparaginase II in E. coli. 

Experimental Plan 

The goal of this research was to establish the 

conditions for production of asparaginase II by E. coli 4-1. 

The objectives were to answer two questions: 

(1) Does the concentration of eluco<^ in 
medium affect the production n-f ao ^ growth 

Production of asparaginase II? 

(2) Is asparaginase II produced as a result of 
nitrogen catabolite repression? 

It was hypothesized that glucose in the growth medium 

would inhibit asparaginase II synthesis since E. coli 

produces acid end products when growing on this substrate 

and low pH inhibits enzyme synthesis. Since asparaginase II 

catalyzes the production of aspartate and ammonia from 

asparagine, it was assumed that the synthesis of this enzyme 

lies in its ability to provide ammonia (a nitrogen 

catabolite) and asDsrtpto Q« 
; no aspartate, an a m m o acid that can be used as 
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a source of carbon via its conversion to oxalacetate a 

tricarboxylic acid cycle intermediate. 

The experimental approach was to grow E. coli A-l under 

aerobic conditions in a rich nutrient medium having low 

concentrations of glucose and ammonia. The rate of 

disappearance of these substrates was then measured. The 

activity of asparaginase II was measured at varied time 

intervals during growth of the organism and correlated with 

the time of exhaustion of glucose and ammonia. 



CHAPTER II 

MATERIALS AND METHODS 

Organism, Maintenance And Growth 

The strain of Escherichia coli A-l used in this study 

was obtained from the Wadley Institute of Molecular 

Medicine, Dallas, Texas through the courtesy of Dr. Wayne 

Barnes. The organism was maintained on nutrient agar slants 

and stored at 5°C. Working cultures were transfered daily 

and grown aerobically in nutrient broth made to a 

concentration of 15 g of commercial powder (Difco 

Laboratories, Detroit, Michigan) preparation per 500 ml of 

distilled water (3% nutrient broth in contrast to the usual 

strength of 0.8 g of powder per 100 ml of water). Routine 

transfer and incubation periods were determined from 

analyses of growth in the three per cent nutrient broth 

medium at 37«C (Fig. 2 ). G r o w t h w a s m e a s u r e d a s & 

of turbidity at one-hour intervals using a Klett Summerson 

colorimeter (Klett Manufacturing Company, Inc., New York, 

New York) equipped with a green filter(520 nm). Klett units 

versus time were plotted to obtain the growth curve. This 

20 
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Fis* 2. Growth of EI. coli A—1 in three per cent nutrient 
broth. The cultures were grown at 37°C, aerobically on the 
reciprocal shaker. Growth was measured using a Klett 
Summerson Colorimeter equipped with a green filter 
(520 nm). The data presented were taken from the average of 
measurements obtained from five experiments. 
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was correlated with cell numbers by comparison with 

population estimates made by serial dilution and plate 

counts. 

Fermentor Studies 

Apparatus 

Respiration studies were performed in a New Brunswick 

bench top Bioflo Fermentor (Model C-30; New Brunswick 

Scientific Company, Edison, New Jersey) equipped with a 

dissolved oxygen analyzer and automatic pH control unit. 

Dissolved oxygen and pH were recorded continuously during 

the growth period of the organism using a Cole-Parmer dual 

pen recorder (Cole-Parmer Instrument Company, Chicago, 

Illinois). Sterilization of the vessel, medium, and 

attachments was achieved by placing the complete assembly in 

the autoclave for 15 minutes at a pressure of 15 PSI and a 

temperature of 121"C. The assembly was removed from the 

autoclave and attached to the fermentor control base after 

cooling. The agitation (impellar revolutions per minute) 

and aeration (pump air supply) were adjusted to the desired 

settings, and 0.2 mL of sterile propylene glycol were then 

added to the medium to retard foaming. The system was 

allowed to equilibrate and the pen recording the dissolved 

oxygen in the growth medium was set to 100 per cent. Growth 
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conditions were varied in different experiments changing: 

(1) the rates of agitation and aeration; (2) the strength of 

the growth medium; and (3) the concentration of glucose. 

The medium was inoculated (1% v/v) aseptically from a 

dilution of a culture which had been grown to the 

exponential phase of growth and transfered on two succeeding 

days to achieve constant growth rate. The cells were then 

grown to a density of 90 Klett units and this suspension was 

diluted to the desired cell concentration. 

A 15 mL sample of the culture was taken from the 

sampling port at predetermined times. The sample vial was 

removed aseptically and covered with a sterile cap. 

Growth of Escherichia coli A-l 

Growth of E. coll A-l was followed by taking samples at 

one-hour intervals during the course of each experiment. A 

0.5 mL aliquot of each sample was diluted in a ten-fold 

series using sterile water. Each dilution was plated 

according to a modification of the method of Miles et al. 

(42). Pasteur pipettes were calibrated to deliver 

0.025 mL/drop when held at a 45- angle. They were used to 

place six drops from each dilution on one plate of plate 

count medium (Difco Laboratories, St. Louis, Missouri). To 

insure a speedy absorption of the water, the plate count 
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medium was made with two per cent agar and allowed to set 

three days at room temperature prior to use. The inoculated 

plates were incubated at 37°C overnight. Dilutions 

containing three to 20 colonies per 0.025 mL were counted 

for determination of viable cell numbers. This method was 

compared to the standard spread plate method for counting 

viable cells. The results of this comparison are shown in 

Table I. There was no significant difference found between 

the two methods. 

Glucose measurement and variation 

Cells were immediately removed from a 5.0 mL aliquot of 

the samples taken at one-hour intervals by centrifugation at 

5°C for 15 minutes. A 20 M L portion of the supernatant was 

used in the assay. The glucose concentration was measured 

using a colorimetric enzyme assay kit obtained from Sigma 

Chemical Company (St. Louis, Missouri). 

The initial glucose concentration of the growth medium 

was made 0.1, 0.2, and 0.3 per cent by adding pure glucose 

(Difco Laboratories, St. Louis, Missouri) to the broth 

medium before autoclaving. The glucose concentration was 

varied to determine which concentration would give the best 

growth response. 



TABLE I 

COMPARISON OF VIABLE CELL 
COUNTING METHODS 
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Groupa Mean 
Standard 
Deviation t-test d.f .b c .v.c 

X 400 51.6 -0.6718 7 2.365 

y 437 93.9 

Group y 

a Group x: the colony forming units in tube 6 
determined by the drop method of 
Miles et al_. (42). There were 6 
tests in this group. 

the colony forming units in tube 6 
determined by the spread plate method. 
There were 3 tests in this group. 

b Degrees of freedom. 

c Critical value for the significance at the 95 
per cent confidence level of the difference 
between the means of groups x and y from Student's 
t-test tables. 
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Ammonia measurement 

Ammonia was measured by Nesslerization. A reference 

curve was developed utilizing ammonium chloride in Tris-

phosphate buffer at a PH of 8.0 (Fig. 3). Acidification was 

achieved by adding 0.5 mL of 24 per cent (w/v) 

trichloroacetic acid to 4.0 mL of the concentrations of 

ammonium chloride in buffer. A 0.5 mL aliquot of the 

acidified ammonium chloride solution was placed in 7.5 mL of 

water and 1.0 mL of Nessler's reagent (24) was added. The 

optical density of the solutions was measured at 390 nm 

using a Shimadzu dual beam Bausch and Lomb spectrophotometer 

(Bausch and Lomb Instrumentation, Rochester, New York). 

A 4.0 mL portion of the 5.0 mL aliquot used in 

determining glucose concentration was used to determine the 

concentration of ammonia in the medium. The 4.0 mL portion 

was acidified with 0.5 mL of 24 per cent (w/v) 

trichloroacetic acid, and 0.5 mL of this solution were 

placed in 7.5 mL of water plus 1.0 mL of Nessler's reagent. 

The optical density of the final solution was read at 

390 nm. The optical density was determined 10 minutes after 

adding Nessler's reagent but before 20 minutes had elapsed. 

Medium protein determination 

In an effort to observe the production of extracellular 
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Fig. 3. Reference curve for ammonium measurements. It was 
developed using known concentrations of NH4CI in Tris-
phosphate buffer pH 8.0. Nessler's reagent was used after 
acidification with 24 per cent (w/v) TCA. The average and 
standard deviation from the mean of eight measurements are 
shown for each point. 



2 3 

Ammonium Concentration 



30 

protein, the protein concentration of the growth medium was 

measured by the method of Bradford (12). A 0.1 mL portion 

of the 5.0 mL aliquot used in determining glucose 

concentrations was placed in 5.0 mL of the Bradford 

reagent. After five minutes, the optical density was read 

at 595 nm. Non-inoculated nutrient broth was used to 

calibrate the Bausch and Lomb spectrophotometer. An 

increase in optical density indicated increasing 

extracellular protein concentration. 

Asparaginase II and glutaminase activity 

The activities of asparaginase II and glutaminase were 

followed by determining the amount of ammonia liberated per 

minute per milligram of cell dry weight. The concentration 

of L-asparagine for asparaginase activity and L-glutamine 

for glutaminase activity was 0.1 M in Tris-phosphate buffer 

at a pH of 8.0. The bacterial cells used in these 

measurements were those immediately removed from the 5.0 mL 

aliquot used in the measurement of glucose. The cells were 

washed twice with cold water and resuspended to give an 

optical density of 90 Klett units. A 3.0 mL sample of this 

suspension was used to determine the cell dry weight. 

A 3.8 mL portion of the substrate buffer solution was mixed 

with 0.2 mL of the whole cell suspension. The mixture was 
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incubated for 15 minutes at 37°C. After the incubation 

period, 0.5 mL of a 24 per cent (w/v) aqueous 

trichloroacetic acid solution were added. The acidified 

mixture was allowed to set for five minutes. After 

centrifuging to remove the precipitated protein, 0.5 mL were 

placed in 7.5 mL of water and 1.0 mL of Nessler's reagent 

was added. The optical density was determined using the 

Shimadzu double beam spectrophotometer. The concentration 

of ammonia was determined from the reference curve (Fig. 3) 

developed for ammonium ion measurements. 

Adenosine triphosphate measurement 

The adenosine triphosphate concentration was determined 

by the luciferin-luciferase assay (17). A 1.0 mL aliquot of 

the culture samples taken from the chemostat at one-hour 

intervals was placed in 1.0 mL of hot ethanol. The mixture 

was boiled for 10 minutes. After boiling, the samples were 

placed in an ice bath, and the volume was readjusted to the 

initial 2.0 mL volume with cold water. They were then 

centrifuged to remove the cells and denatured protein. The 

pH was adjusted to 7.7 which is optimal for bioluminescence, 

and the extract was stored at -20°C until needed. 

The enzyme luciferase obtained from Sigma Chemical 

Company (St. Louis, Missouri) was hydrated 18 to 20 hours 
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before needed. The hydrated enzyme was placed in an ice 

bath and shaken gently every 15 to 20 minutes for one hour 

before use. It was then centrifuged and the supernatant was 

transferred to a sterile tube. The cleared enzyme solution 

was stored at 5°C until used. The enzyme solution was 

allowed to warm to room temperature 30 minutes prior to use. 

A reference curve was obtained by plotting the various 

concentrations of adenosine triphosphate versus photon 

counts (Fig. 4). Adenosine triphosphate, obtained from 

Sigma Chemical company (St. Louis, Missouri), was placed in 

a solution containing 1.0 mL of 1.0 M magnesium sulfate 

solution and 89 mL of water. The final concentration of the 

stock adenosine triphosphate solution was 10 >Mg/mL. The 

stock solution (1.0 mL) was placed in 99 mL of 

citrate-phosphate buffer at pH 7.7 to give a final 

concentration of 100 ng/mL. Dilutions were made from this 

solution with buffer, and 100 M L of the final solution were 

mixed with 100 M L of the enzyme preparation. Photon counts 

were measured using an SAI Technology Company Model 2000 ATP 

photometer (San Diego, California). 
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Fig. 4. Reference curve for quantitative measurement of 
adenosine triphosphate. It was developed using known 
adenosine triphosphate concentrations and the luciferase 
assay. The average and standard deviation from the mean of 
10 measurements are shown for each point. 
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Measurement of 3',5'-cyclic 
adenosine monophosphate 

A 5.0 mL aliquot of the cell suspension used in the 

asparaginase II and glutaminase assay was rapidly filtered 

using a membrane filter apparatus (Millipore Corporation, 

Bedford, Massachusetts). The 0.65 m pore size filters 

were washed with warm water prior to use. The filter and 

cells were then washed with 10 mL of cold water and placed 

in 0.1 N hydrochloric acid. The filter and cells in 10 mL 

of 0.1 N hydrochloric acid were placed in a boiling water 

bath for 10 minutes to extract 3',5'-cyclic adenosine 

monophosphate. The extract was cooled in an ice bath and 

then centrifuged for 15 minutes. The supernatant was 

collected, neutralized using 1.0 N sodium hydroxide, and 

stored at -20°C. The frozen extract was warmed to room 

temperature before determining the 3',5'-cyclic adenosine 

monophosphate content. Concentrations of 3',5'-cyclic 

adenosine monophosphate were determined using a 

radioimmunoassay kit (125i) obtained from Becton Dickson 

Immunodiagnostics (Orangeburg,New York). 

Culture Tube Studies 

Production of asparaginase II in 13. coli A-l grown in 

7.0 mL of three per cent nutrient broth was studied using 
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various concentrations of ammonium chloride and potassium 

nitrate. Production of this enzyme was also studied in 

cultures which had either 1.0 mL of a 0.01 M solution of 

ammonium chloride or one per cent glucose added after one 

and six hours after inoculation. The media were mixed and 

placed in screw cap culture tubes. The tubes were 

autoclaved at 15 PSI and 121°C for 15 minutes. After 

letting these set for at least four hours, a one per cent 

(v/v) inoculum from an overnight culture of E. coli A-l 

grown in three per cent nutrient broth was added. The 

culture was incubated at 37°C for 20 hours and then 

centrifuged at 4°C for 15 minutes to recover the cells. The 

cells were washed twice with Tris-phosphate buffer pH 8.0 

and resuspended to a total volume of 5.0 mL. Asparaginase 

activity was measured as previously described. Enzyme 

activity was measured one, two, four, and 14 hours after the 

addition of glucose and ammonium chloride as previously 

described. 

Escherichia coli A-l was also grown in a basal medium 

(Table II) having various concentrations of potassium 

nitrate and ammonium chloride. The minimal medium was 

filter-sterilized by passing through filters of 0.2 m pore 

size. The medium was dispensed in 10 mL portions into 

sterile tubes so that potassium nitrate and ammonium 
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TABLE II 
BASAL MEDIUM FOR GROWTH OF 

Escherichia coli A-l 

Ingredients Amount 

NH4CI Varied* 

KNO3 Varied* 

NaS04 2.0 g 

K2HP04 3.0 g 

KH2P04 1.0 g 

MgS04.7H20 0.1 g 

Glucose 10.0 g 

Methionine 0.025g 

H20 1.0 L 

*The KNO3 and NH4CI concentrations were increased from 
0.005 M to 0.1 M. The salts were also mixed holding one 
constant at 0.05 M and varying the other in the following 
manner: 0.1. 0.08, 0.06, 0.04, 0.02, 0.01, and 0.005. 
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chloride concentrations were increased from 0.005 M to 

0.1 M. Ratios of potassium nitrate to ammonium chloride 

were also varied by holding one concentration constant at 

0.05 M while varying the other from 0.005 M to 0.1 M. After 

20 hours of incubation, the cells were removed as described 

above and assayed for asparaginase II activity. 

A 4.8 mL aliquant of the buffer and cell suspensions 

used in the enzyme assays described above was filter-

sterilized. Membrane filters of 0.45 pore size were 

preweighed and the cells collected on the filters. These 

were then washed with 5.0 mL of cold water and dried in an 

oven at 60°C for four hours. The dried filters and cells 

were weighed and the the difference between the initial and 

final filter weight was recorded as the cell dry weight. 



CHAPTER III 

RESULTS 

Fermentor Studies 

With the exception of the 3',5'-cyclic adenosine 

monophosphate experiments, the initial fermentor studies 

employed separate batch chemostat cultures. The results 

presented here were obtained from an average of three 

chemostat runs where each study was replicated entirely for 

each experiment. Unless otherwise stated, the medium was 

inoculated aseptically using tube number five from a ten-

fold dilution series of a culture grown to a density of90 

Klett units. This gave a cell concentration of 

approximately 10 viable cells per milliliter. 

Growth conditions 

The amount of hydrated nutrient broth powder present in 

the growth medium affected the respiration of E. coli A-l 

and the synthesis of asparaginase II. The dissolved oxygen 

present in the medium decreased by 25 per cent in a medium 

39 
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prepared with 1.0 g of dehydrated nutrient broth powder per 

100 mL of water (one per cent nutrient broth) (Fig. 5), but 

asparaginase II was not synthesized in this medium. Barnes 

et al. (2) found that three per cent nutrient broth 

supported higher levels of asparaginase II synthesis in 

E. coli A-l than lower concentrations. In our study of the 

growth in three per cent nutrient broth, the respiration 

rate of E. coli A-l removed as much as 85% of the dissolved 

oxygen and the activity of asparaginase II increased to 

6.2 M ammonia released per minute per milligram of cell 
\ 

dry weight. The pH of the medium initially decreased but 

after an abrupt change (oscillation) in the respiration of 

the organism (Fig. 6), it again increased. These abrupt 

changes or oscillations in respiration of bacteria growing 

in continuous culture were first observed in 1960 by Maxon 

(39). They were defined by Degn and Harrison (18) in 1969 

as the alternate stimulation and inhibition of the 

respiration rate of the organism. In these studies the 

interuptions in respiration rate were indicated by an 

increase in the amount of oxygen in the medium and were 

referred to as oscillations after Degn and Harrison. It was 

assumed that they result from cells which change from a 

state of respiratory to fermentative metabolism and back to 

the respiratory mode. This phenomenon must occur 
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Fig. 5. The respiration of E. coli A-l grown in one per 
cent nutrient broth was continuously measured as per cent 
dissolved oxygen (% D.O.) in the medium. The batch 
chemostat conditions were agitation 400 RPM, aeration 500 
cc/min, and temperature 37°C. Data taken from the average 
of three chemostat runs. 
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Fig. 6. The rate of oxygen uptake recorded continuously as 
per cent dissolved oxygen (% D.O.) ( ) of E. coli A-l 
grown in three per cent nutrient broth is shown. The change 
in pH ( ) and asparaginase II activity (•-•-•) are also 
shown. The asparaginase II activity was reported as 
micromoles of ammonia released per minute per milligram 
cell dry weight. The chemostat conditions were agitation 
400 RPM, aeration 500cc/min, and temperature 37°C. Data 
taken from the average of three chemostat runs. 
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simultaneously in a large number of cells since it is seen 

as a sudden change in oxygen uptake by the culture. 

Varying the rates of stirring and aeration of different 

batch chemostat experiments showed that stirring at a rate 

of 400 RPM and an aeration rate of 500 cc/min resulted in 

the highest level of asparaginase II production and 

maximized the oscillations seen in respiration (Fig. 7). 

Varying the aeration rate did not affect the dissolved 

oxygen in the medium as much as varying the agitation rate. 

Figure eight shows the respiration of E. coli A-l as the 

level of dissolved oxygen in the medium was lowered and how 

this affected the production of asparaginase II. The 

fermentor stirrer was set at a rate of 300 RPM and the 

aeration at 500 cc/min. Respiration and asparaginase II 

activity at 450 RPM and an aeration rate at 500 cc/min are 

depicted in figure nine. The oscillations in respiration 

were not seen when the stirring and aeration rates were set 

at 300 RPM and 500 cc/min respectively, and the production 

of asparaginase II was unaffected by the lowered rate of 

stirring. At rates of stirring higher than 400 RPM, the 

oscillations were lower but the activity of asparaginase II 

appeared unchanged yet, the time at which the dissolved 

oxygen remained at a low level was the same. 

Varying the inoculum size showed, as expected, that the 

higher the cell concentration the faster the oxygen in the 
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Fig. 7. The rate of oxygen uptake recorded continuously as 
dissolved oxygen (% D.O.) ( ) of E. coli A-l grown in 
three per cent nutrient broth with 0.2 per cent glucose 
added initially. The change in pH ( ) and asparaginase II 
activity are shown. The batch chemostat conditions were 
agitation 400 RPM, aeration 500 cc/min, and temperature 
37°C. Data taken from the average of three chemostat runs. 
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Fig. 8. The rate of oxygen uptake recorded continuously as 
dissolved oxygen (% D.O.) ( ) of E. coli A-l grown in 
three per cent nutrient broth with 0.2 per cent glucose 
added initially and asparaginase II activity(•-•-•) are 
shown. Asparaginase II activity was reported as micromoles 
of ammonia released per minute per milligram cell dry 
weight. The batch chemostat conditions were agitation 300 
RPM, aeration 500 cc/min, and temperature 37°C. Data taken 
from the average of three chemostat runs. 
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Fig. 9. The rate of oxygen uptake (% D.O.) recorded 
continuously ( ) and asparaginase II activity (•-•••) 
(reported as micromoles of ammonia released per minute per 
milligram cell dry weight) of E. coli A-l grown in three per 
cent nutrient broth with 0.2 per cent glucose added 
initially. The batch chemostat conditions were agitation 
450 RPM, aeration 500 cc/min, and temperature 37°C. Data 
taken from the average of three chemostat runs. 
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medium was depleted. For convenience, 5.0 mL of tube five 

from a ten—fold dilution series of the cells grown to a 

density of 90 Klett units was used. Since viable cell count 

data showed that a cell density giving 90 Klett units of 

light absorption was equivalent to approximately 1 X 108 

CFU/ml, and the total volume of the vessel was 500 mL, batch 

chemostat cultures were started with an initial cell 

concentration of approximately 5 X 10^ cells or 10 cells/ml. 

The initial concentration of glucose also affected the 

production of asparaginase II and the oscillations seen in 

the respiration of E. coli A-l cultures. The oscillating 

pattern become more complex at higher concentrations of 

glucose. The production of acidic products as indicated by 

the medium pH also fluctuated and, apparently, in 

conjunction with the first oscillation in respiration. In 

three per cent nutrient broth only one peak was seen 

(Fig. 6), whereas, in three per cent nutrient broth with 0.2 

per cent glucose the oscillating pattern was more complex. 

It was also evident that the dissolved oxygen remained at a 

low level for eight hours (Fig. 7). When the initial 

glucose concentration was increased to 0.3 per cent, no 

oscillations were seen, the medium pH did not vary, and 

asparaginase II activity was not detectable (Fig. 10). 

Based on the results above, the chemostat conditions 
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Fig. 10. The rate of oxygen uptake (% D.O.) recorded 
continuously ( ) of E. coli A-l grown in three per cent 
nutrient broth with 0.3 per cent glucose added, and the 
change in pH ( ) are shown. The batch chemostat 
conditions were agitation 400 RPM, aeration 500 cc/min, and 
temperature 37°C. Data taken from the average of three 
chemostat runs. 
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used throughout the remaining portion of this work were 

established at a stirring rate of 400 RPM and an aeration 

rate of 500 cc/min. The growth medium used was three per 

cent nutrient broth with 0.2 per cent glucose added 

initially. The inoculum used gave an initial viable cell 

concentration of approximately 10 cells/mL. The following 

experiments were run using samples taken at one-hour 

intervals beginning 10 hours after inoculation. 

Growth of E. coli A-l 

The growth of E. coli A-l under the conditions stated 

above was biphasic (Fig. 11). The viable cell count 

expressed as CFU/mL increased in the first phase of growth 

from approximately 10 CFU/mL to 2.3 X 10® CFU/mL. The 

increase took place during the first 15 hours of growth to 

give a specific rate of exponential growth of 1.28/hr. The 

specific growth rate was defined according to the formula 

(X = X 0e
k t) published by Anderson and von Meyenburg (1). 

Between the sixteenth and seventeenth hours of culture 

growth, a 10 per cent decrease in the viable cell count was 

consistantly seen. This was followed by a second phase of 

growth which yielded a final viable cell count of 6.4 X 1010 

CFU/mL after a total of 19 hours of growth. The specific 
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Fig. 11. The rate of oxygen uptake recorded continuously as 
per cent dissolved oxygen (% D.O.) ( ) and vaible cell 
count expressed as colony forming units (CFU) (•-•-•) of 
E. coli A-l grown in three per cent nutrient broth with 0.2 
per cent glucose added are shown. The batch chemostat 
conditions were agitation 400 RPM, aeration 500 cc/min, and 
temperature 37°C. Data taken from the average of three 
chemostat runs. 
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growth rate of the second phase of growth was determined to 

be 0.83/hr and the overall growth rate for the entire time 

period was 1.18/hr. After 22 hours of growth the culture 

entered death phase. The viable cell count decreased from 

6.4 X 10)10 CFU/mL to approximately 1.0 X lO^O CFU/mL, and 

the level of dissolved oxygen in the medium increased from a 

low value of 2.0 per cent to 60 per cent dissolved oxygen. 

Depletion of glucose and ammonia 

Experiments were performed to determine the periods 

where glucose and ammonia were depleted during the growth 

of E. coli A-l in the fermentor. The depletion of glucose 

from the growth medium is shown in figure 12. Glucose was 

exhausted after 14 hours of growth and the concentration of 

ammonia was lowered from 9.0 mM to 1.0 mM after 16 hours of 

growth. Figure 13 shows the decrease in the concentration 

of ammonia. 

Growth medium protein concentration 

Extracellular protein production by E. coli A-l was 

studied by observing the protein concentration of the growth 

medium. The concentration of protein in the growth medium 
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Fig. 12. The rate of oxygen uptake recorded continuously as 
per cent dissolved oxygen (% D.O.) ( ) of E. coli A-l 
grown in three per cent nutrient broth with 0.2 per cent 
glucose added and the depletion of glucose (•-•-•) are shown. 
The batch chemostat conditions were agitation 400 RPM, 
aeration 500 cc/min, and temperature 37°C. Data taken from 
the average of three chemostat runs. The glucose 
measurements result from the average of six measurements. 
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Fig. 13. Oxygen uptake recorded continuously as per cent 
dissolved oxygen (% D.O.) ( ) of E. coli A-l grown in 
three per cent nutrient broth with 0.2 per cent glucose 
added. The depletion of ammonia (•-•-•) is shown. The batch 
chemostat conditions were agitation 400 RPM, aeration 500 
cc/min, and temperature 37°C. Data taken from the average 
of three chemostat runs. The ammonia measurements result 
from the average of six measurements. 
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Fig. 14. The rate of oxygen consumption recorded 
continuously as per cent dissolved oxygen (% D.O.) ( - — ) of 
E coli A-l grown in three per cent nutrient broth W l t ^ 
oer-cent glucose added is shown. The increase m broth 
medium protein concentration is also shown. Protein was 
measured using the Bradford (12) reagent, and the increase 
in optical density was plotted (•-•-•). The batch chemostat 
conditions were agitation 400 RPM, aeration 500 cc/min, and 
temperature 37°C. Data taken from the average of three 
chemostat runs. The protein measurements result from the 
average of six measurements. 
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increased rapidly after 14 and 16 hours of growth (Fig. 14). 

The protein concentration was measured with the Bradford 

reagent (12). Protein in the medium indicated that the 

cells were producing (extracellular) protein, since the 

viable cell count increased during this period. 

Asparaginase II and glutaminase activity 

The enzymatic activity of asparaginase II and 

glutaminase was determined by measuring the amount of 

ammonia released per minute per milligram of cell dry weight 

from asparagine and glutamine, respectively. Activity of 

asparaginase II was seen after 17 hours of growth (Fig. 

15). Enzymatic activity increased to 6.7 M M ammonia 

released/min/mg of cell dry weight after 22 hours and 

remained constant throughout the remaining growth period. 

It should be noted that asparaginase II appeared one hour 

after the concentration of ammonia was lowered to 

1.0 mM. Glutaminase was observed approximately two hours 

after the appearance of asparaginase II. The level of 

glutaminase remained low in comparison to the activity of 

asparaginase II. 
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Fig. 15. The uptake of dissolved oxygen by E. coli A-l was 
recorded continuously as per cent dissolved oxygen (% D.O.) 
( ) of the growth medium. The organism was grown in three 
per cent nutrient broth with 0.2 per cent glucose added. 
The activities of asparaginase II (•-•-•) and glutaminase 
(o-o-o) are reported as micromoles of ammonia released per 
minute per milligram of cell dry weight. The batch 
chemostat conditions were agitation 400 RPM, aeration 500 
cc/min, and temperature 37°C. Data taken from the average 
of three chemostat runs. The asparaginase and glutaminase 
activities resulted from the average of six measurements. 
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Fig. 16. The consumption of oxygen by E. coli A-l was 
recorded continuously as per cent dissolved oxygen (% D.O.) 
( ) in the growth medium. The organism was grown in three 
per cent nutrient broth with 0.2 per cent glucose added. 
The change in ATP concentration (•-•-•) is shown. The batch 
chemostat conditions were agitation 400 RPM, aeration 500 
cc/min, and temperature 37°C. Data taken from the average 
of three chemostat runs. The ATP measurements result from 
the average of six measurements. 
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Adenosine triphosphate concentration 

The adenosine triphosphate concentration per milliliter 

of extract was found to increase rapidly after 13 hours of 

growth (Fig. 16). The increase took place approximately one 

hour after oxygen in the growth medium decreased to a low 

level. The adenosine triphosphate concentration then 

decreased over a three hour period, increasing rapidly after 

17 hours of growth following a pattern similar to the growth 

of the organism. The adenosine triphosphate per colony 

forming unit versus time plot shows that the adenosine 

triphosphate concentration increased after 13 hours of 

growth (Fig. 17). The other fluctuations in adenosine 

triphosphate seen in figure 16 are not seen in figure 17 

since the number of viable cells was not considered in 

figure 16. 

Cellular cyclic adenosine monophosphate 
concentration 

The cyclic adenosine monophosphate concentration per 

milliliter of cell extract fluctuated as shown in figure 

18. After 12 hours of growth, the cyclic adenosine 

monophosphate concentration had increased from 4.2 pM to 

9.0 pM. Extrapolations of the fluctuating pattern suggest 
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Fig. 17. The consumption of oxygen by E. coli A-l was 
recorded continuously as per cent dissolved oxygen (% D.O.) 
( ). The organism was grown in three per cent nutrient 
broth with 0.2 per cent glucose added. The ATP 
concentration per colony forming unit (ATP/CFU) (•-•-•) is 
shown. The batch chemostat conditions were agitation 
400 RPM, aeration 500 cc/min, and temperature 37°C. Data 
taken from the average of three chemostat runs. ATP 
concentrations per colony forming unit were taken from six 
measurements. 
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Fig. 18. The uptake of oxygen by E. coli A-l grown in three 
per cent nutrient broth with 0.2 per cent glucose was 
recorded continuously as per cent dissolved oxygen (% D.O.) 
( ) of the growth medium. The cellular cAMP concentration 
(•-•-•) is shown. The batch chemostat conditions were 
agitation 400 RPM, aeration 500 cc/min, and temperature 
37°C. Data taken from the average of two chemostat runs. 
The cAMP concentrations were taken from the average of two 
determinations. 
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that the increased level of cyclic adenosine monophosphate 

detected at 12 hours of growth resulted from a fluctuation 

in concentration one or two hours before this increase. 

The fluctuation in cyclic adenosine monophosphate 

concentration that occured here coincides with the decrease 

in dissolved oxygen. Between the growth hours 12 and 13 the 

concentration of cyclic adenosine monophosphate decreased. 

The increase seen between the hours 13 and 14 occurred after 

glucose was depleted. By 16 hours of growth, the 

concentration decreased, and it had increased at 17 hours of 

growth. This increase took place during the period when 

growth medium ammonia was decreased to a low level. By 19 

hours of growth, the concentration fluctuated approximately 

two hours before the start of the decline in viable cell 

number and the increase in dissolved oxygen content of the 

medium. 

Culture Tube Studies 

The culture tube studies were done in quadruplicate, 

and each experiment was repeated giving a total of 12 values 

for each measurement. Thus, the specific activity of 

asparaginase II reported is the result of data from three 

experiments where four tubes were inoculated and grown under 
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Fig. 19. Shake cultures of 13. coli A—1 in three per cent 
nutrient broth incubated at 37°C were tested for 
asparaginase II activity after inoculation. The specific 
activity (micromoles NH3 released /min /mg cell dry weight) 
of the enzyme was recorded two, four, six, and eight hours 
after inoculation. Data shown are the average of 12 
measurements. 
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TABLE III 
ACTIVITY9- OF ASPARAGINASE 

IN VARIOUS MEDIA 

Asparaginase 
Growth Modiuni Activity 

Minimal Medium*5 q 

3% Nutrient Broth (N. B.) 7.5 

3% N. B. with 
0.01 M NH4CI added 3.9 

3% N. B. with 
0.01 M KNO3 added 5#6 

3% N.B. "spiked" 
with NH4C10 4.2 

a Activity reported as micromoles NH3 released per minute 
per milligram of cell dry weight. 

b The ingredients of the minimal medium are shown in 
Table II. 

c 3% nutrient broth was "spiked" one hour after inoculation 
with 0.5 ml of 0.01 M NH4CI. 
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the same conditions. The activity was reported as ammonia 

released per minute per milligram of cell dry weight. 

Asparaginase II activity was not detected in 

the cultures grown in minimal medium or nutrient broth 

assayed one to three hours after inoculation (Fig. 19), 

while minimal medium containing only potassium nitrate 

failed to support growth. The activity in three per cent 

nutrient broth was 7.5 /(M ammonia released/min/mg of cell 

dry weight (Table III). The activity was lower under the 

other conditions studied. The activity of asparaginase II 

was higher in three per cent nutrient broth containing 

potassium nitrate than in three per cent nutrient broth 

containing ammonium chloride. Yet, the activity under the 

above conditions was lower than the activity in three per 

cent nutrient broth alone. No difference in the level of 

enzyme was detected as the concentration of ammonia and 

potassium nitrate in three per cent nutrient broth were 

increased. 

Four hours after inoculation of three per cent nutrient 

broth, asparaginase II activity began to increase (Fig. 19). 

Activity of the enzyme was unaffected by the addition of 

glucose six hours after inoculation of the cultures 

(Fig. 20), yet addition of glucose one hour after 

inoculation appeared to inhibit asparaginase II production. 
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Fig. 20. Shake cultures of 15. coli A—1 in three per cent 
nutrient broth incubated at 37°C were "spiked" with glucose 
six hours after inoculation. The activity (micromoles NHq 
released /min /mg cell dry weight) of asparaginase II was 
measured one, two, four, and 14 hours after the addition. 
Data taken from the average of the results of 12 
measurements. 



I 

2 4 14 

Time After Glucose Addition IhrJ 



82 

Fig. 21. Shake cultures of E. coli A—1 in three oer cent 
nutrient broth incubated at 37°C were "spiked" with ammonium 
chloride one hour after inoculation. The activity 
(micromoles NH3 released /min /mg cell dry weight) was 
recorded one, two, four, and 14 hours after the addition. 
Data taken from the average of the results of 12 
measurements. 
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Fig. 22. Shake cultures of E. coli A-l in three per cent 
nutrient broth incubated at 37°C were "spiked" with ammonium 
chloride six hours after inoculation. The activity 
(micromoles NH 3 released /min /mg cell dry weight) was 
recorded one, two, four, and 14 hours after the addition. 
Data taken from the average of the results of 12 
measurements. 
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Since the final pH of this medium was 5.6, it was assumed 

that enzyme activity was inhibited due to high acid 

production. The addition of ammonium chloride one hour 

after inoculation of the culture suppressed asparaginase II 

synthesis (Fig. 21) while addition of this compound six 

hours after inoculation did not suppress the activity of the 

enzyme (Fig. 22). 



CHAPTER IV 

DISCUSSION 

The objectives of these studies were to answer two 

questions, (1) does the concentration of glucose in the 

growth medium effect the production of asparaginase II by 

E S C h e r l C h i a £211 A-l and (2) is asparaginase II produced as 

a result of nitrogen catabolite repression. To answer these 

questions, the organism was grown at 37°C in a rich nutrient 

medium containing a total amount of 0.2 per cent glucose. 

Although culture vessel conditions were designed to maintain 

a high respiration rate, (impeller at 400 RPM and aeration 

at 500 cc/min) the organism initially produced acids since 

the PH decreased perceptibly. Figure 7 shows that the 

respiration of E. coli A-l under these conditions was at 

minimal rate. Asparaginase II activity was unaffected by a 

variety of conditions and media; however, it was not 

detected when the glucose concentration was increased to 0.3 

per cent (Fig. l0). Apparently the increased production of 

acid from glucose by E. coli A-l, as evidenced by the 

87 
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decrease in pH, inhibited further respiration and 

asparaginase II synthesis. Under conditions where 

asparaginase II was synthesized, the pH of the growth medium 

was increasing after initially decreasing for a brief period 

of time. These variations in culture pH were invariably 

associated with sudden, short-lived changes in the rate of 

oxygen consumption. Such "oscillations" in the respiration 

of the organism (Fig. 7,8,9) were predictable under the 

conditions of these experiments. These data indicate that 

the synthesis of asparaginase II depends on several closely 

related metabolic activities of the organism. The enzyme is 

apparently synthesized only when the organism is engaged m 

respiratory metabolism, when the pH is greater than 6.0, and 

when no glucose is left in the medium. These observations 

can be used to satisfy one of the objectives of this 

research. The effect of glucose is probably two-fold: 

first; L-asparaginase II is not synthesized when glucose is 

present in the medium and second; L-asparaginase II is not 

synthesized if the medium pH falls below 6.0. It is assumed 

that the pH decreases when organic acids are produced as a 

result of glucose fermentation. 

A possible explanation for asparaginase II synthesis is 

associated with the biphasic nature of the growth in these 

cultures. Asparaginase II activity was initially 
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detected at the beginning of the second phase of growth. 

The second phase of growth occurs in the absence of glucose 

and during the time when the pH of the medium increases to 

its maximum value. It seemed reasonable to explain the data 

described above by the following hypothesis: under the 

conditions of this culture system, E. coli A-l grows at the 

expense of glucose utilizing fermentative metabolic pathways 

producing sufficient acid to cause a significant decrease in 

pH; when glucose is exhausted and in the presence of 

asparagine, the enzyme asparaginase II and possibly other 

inducible enzymes needed for amino acid metabolism are 

synthesized and amino acids are metabolized via their 

conversion to organic acids. The second phase of growth 

must then result from growth on organic acids. This is a 

reasonable hypothesis since several possible mechanisms for 

cellular control of enzyme synthesis in microorganisms are 

possible. Primarily, synthesis of inducible enzymes is 

usually initiated by an organism responding to a stressful 

situation such as the exhaustion of a primary substrate. 

Since asparaginase II catalyzes the liberation of aspartate 

and ammonium ion from asparagine, a study of the carbon and 

nitrogen effects on growth was deemed important. The effect 

of glucose was studied in an attempt to resolve the 

contradictions that exist between the reports of Barnes 
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et al. (2), Boeck et al. (7), and Jiresova et al. (32). The 

effect of nitrogen, ammonium ion, was studied because 

L-asparaginase II synthesis has been reported to be 

repressed by nitrogen compounds in Saccharomyces cerevisiae 

(20, 40). It was assumed that asparaginase II would convert 

asparagine to aspartic acid and ammonium ion allowing 

E. coli A-l to use aspartic acid as a source of carbon via 

its conversion to oxalacetate, an intermediate of the 

tricarboxylic acid cycle. Consideration of the above 

hypothesis, led to the belief that asparaginase II would be 

produced along with several secreted enzymes and proteins 

needed for utilization of growth medium amino acids and 

peptides. The results of the measurement of glucose, 

ammonia, and protein concentrations in the growth medium 

during growth in the fermentor proved part of the hypothesis 

since glucose was exhausted approximately three generation 

times before asparaginase II activity was detected 

(Fig. 12,15). This finding and Jiresova's statement that 

asparaginase II was probably not regulated by catabolite 

repression (32) were substantiated by the finding that 

asparaginase II activity was unaffected by the addition of 

glucose after enzyme activity was initiated. Even more to 

the point was the finding that the exhaustion of medium 

ammonium ion and the appearance of asparaginase II activity 
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took place within one generation time of each other 

(Fig. 13,15). The addition of ammonium chloride before 

enzyme activity was detected, prolonged the time of enzyme 

induction (Fig. 21). However, addition of ammonium chloride 

after enzyme activity was detected did not affect 

asparaginase II activity (Fig. 22). The concentration of 

protein in the growth medium rapidly increased during the 

second phase of growth indicating protein synthesis and 

excretion into the medium before asparaginase II activity 

was detected (Fig. 14,15). The extracellular protein and 

asparaginase II activity did not increase at the same time. 

If asparaginase II induction is part of a general reaction 

and not a specific response, then activity of the enzyme 

should have increased at the same time that extracellular 

enzymes and proteins needed for utilization of growth medium 

amino acids and peptides were excreted. It is inferred from 

the preceding experiments that asparaginase II is 

synthesized only when all glucose and ammonium ion were 

consummed. This is consistent with the hypothesis proposed, 

i.e., asparaginase is synthesized in order to convert an 

unusable medium constituent (asparagine) into a 

metabolizable aspartic acid and ammonium ion. 

A review article by Botsford (11) on cyclic 

nucleotides in procaryotic organisms reported that in 
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addition to the roles of cyclic adenosine monophosphate and 

catabolite repressor protein in the initiation of 

transcription of inducible catabolic operons, the two appear 

to affect many other cellular functions as well. One of 

these functions was the induction of asparaginase II 

reported by Russell and Yamazaki (43). They found that 

E. coli mutants lacking the ability to synthesize cyclic 

adenosine monophosphate would not support synthesis of 

L-asparaginase II unless supplied with exogenous cyclic 

adenosine monophosphate. They also noted that mutants 

deficient in cyclic adenosine monophosphate receptor protein 

did not support formation of this enzyme. Therefore, it was 

postulated that the measurement of the cyclic adenosine 

monophosphate concentration would aid in understanding the 

causes for the production of asparaginase II by 

E. coli A-l. The concentration of cyclic adenosine 

monophosphate was found to fluctuate drastically but from 

the data presented no direct relationship could be discerned 

between this and carbon or nitrogen substate levels. The 

fluctuations detected in the concentration of cyclic 

adenosine monophosphate just before glucose exhaustion were 

probably due to catabolite repression. The rise in the 

concentration of cyclic adenosine monophosphate just before 

the exhaustion of ammonium ion may have been associated with 
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the induction of asparaginase II synthesis but no direct 

evidence is presented. Since the exhaustion of ammonium 

ion, the increase in the fluctuating cyclic adenosine 

monophosphate concentration, and the appearance of 

asparaginase II activity took place within one generation 

time of each other, it was assumed that some relationship 

among the three may exist. 

The studies described above indicate strongly that the 

concentration of ammonium ion in the growth medium affected 

the synthesis of asparaginase II. It is well known that 

ammonia, adenosine triphosphate, and glutamate play a vital 

role in the synthesis of glutamine. This is a product of 

the first step of a highly branched metabolic pathway which 

ultimately plays a role in the synthesis of nearly all of 

the important macromolecules of the cell (Fig. 23). Each of 

the compounds shown in figure 23 are important precursors in 

the synthesis of either protein, nucleic acid, complex 

polysaccharides, or coenzymes. 

The data presented here show that E. coli A-l growing 

at a minimal rate in an enriched medium exhausted its supply 

of free ammonium ion and brought about a stressful situation 

in the culture. It is suggested that in this stressful 

situation, the organism produced asparaginase II, an enzyme 

which could liberate ammonium ion and aspartic acid. 



9 4 

a 
tryptophan 

COOH 

O 
I! 

CH2-CH-C-OH 

NH2 

O 
II 

N H 2 - C - 0 - P 

CH 2 -CH-C-OH 

N. N NHr 

carbamyl phosphate 
histidine 

p-aminobenzoate 

o o 
11 II fcl 

HO-C-CH-CHO-C-NH 
II d 

o 
CK—ketoglutaramate 

CH2OP 

O o 
'I II ' 

jJO-C-CH-CH 2 -CH 2 -C -NH 2 

NH2 

L- glutamine 

N H : & 
CTP 

N ' 

ribose^'P 

N - ^ N 

ribo»e5'P 

OH^j f OH 

N H 2 

glucosamine 6 - P 

O O 
11 II k i 

HO-C-CH-CH 2 -C -NH 

NH2 

asparagine 

nbose5'p 
HO-C-CH-R 

amino acids ribose5 -P-P-Adeno$ ir 
N A D 

F i g . 2 3 . M e t a b o l i c f a t e s of t h e a m i d e n i t r o g e n o f 
L - g l u t a m i n e . 



95 

Ammonium ion is a reactant needed for the synthesis of 

glutamine from glutamate and the aspartate, a source of 

carbon and energy. This hypothesis may also explain the 

report of Barnes et al. (2) who claimed that monosodium 

glutamate was a better stimulator of asparaginase II 

synthesis than the substrate asparagine. The repression of 

asparaginase II synthesis by nitrogen compounds has also 

been reported in Saccharomyces cerevisiae (20, 21). Dunlop 

et al. stated that asparaginase II synthesis was under the 

control of nitrogen catabolite repression. There are 

numerous accounts of asparaginase II activity in E. coli and 

other organisms grown in anaerobic culture (5, 7, 16, 43). 

Unfortunately, in these reports, as in all the previous 

reports on asparaginase II synthesis by E. coli and other 

organisms, nitrogen compound concentrations of the growth 

medium were not studied. 

Adenosine triphosphate concentration was studied in an 

effort to find the reason for the oscillations seen in the 

respiration of E. coli A-l. The adenosine triphosphate 

concentration was found to increase before the first 

oscillation in the respiration of E. coli A-l. The cellular 

adenosine triphosphate concentration remained constant until 

the cells started the death phase of the culture. The 

concentration decreased during death phase. The finding 
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that the adenosine triphosphate concentration remained 

constant during the growth of E. coli A-l was similar to the 

findings of Harrison and Maitia (26). They reported a high 

degree of cellular control over the adenosine triphosphate 

content of the cell during growth and based this primarily 

on the fact that large changes in the respiration rate 

were not accompanied by large changes in adenosine 

triphosphate content. The results reported here agree with 

the report of Harrison and Miatia (26). 

The oscillating respiration of microorganisms grown in 

continuous culture has been previously reported by different 

workers (27, 39, 53). These oscillations reflect alternate 

stimulation and inhibition of the respiration rate of the 

organism. Degn and Harrison (18) described the mechanism 

leading to oscillations in the respiration rate in 

continuous cultures of Klebsiella aerogenes. The mechanism 

was based on three conditions: (I) the respiration rate of 

the culture was inhibited by high concentrations of oxygen, 

(II) the respiration rate depended on the concentration of 

oxidizable substrate (which was lowered at high respiration 

rates and increased at low respiration rates) and (III) the 

uptake of oxygen was limited by the rate of diffusion. Our 

findings agree exactly with these and we propose the same 

reasons for metabolic oscillations as those proposed by Degn 
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and Harrison (18) even though our system and experimental 

organism, were quite different from theirs. 

The relationship between the oxygen tension of the 

growth medium and the synthesis of asparaginase II by 

seen in these studies suggests that E. coli A-l 

growing in an aerated medium changed from fermentative to 

aerobic metabolism upon the exhaustion of glucose. This 

idea was confirmed by measuring the cellular adenosine 

triphosphate levels and also by the studies of the viable 

cell count which showed two exponential growth phases. 

Since cellular adenosine triphosphate increased after the 

rate of oxygen consumption increased, glucose was exhausted, 

and the pH of the growth medium started to increase, it was 

assumed that the organism changed from fermentative to 

aerobic matabolism. Therefore, it was postulated that the 

effect of oxygen on asparaginase II synthesis was associated 

with the exhaustion of ammonia and the change from 

fermentative to aerobic metabolism occuring at or near the 

same period of growth. 

The findings in these studies clearly indicate that the 

asparaginase II of E. coli A-l is synthesized under aerobic 

conditions in response to low concentrations of ammonium 

ion. Experiments designed to assess asparaginase II 

activity with respect to the concentration of ammonium ion 
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in the growth medium and the effect of added ammonium 

chloride suggest that synthesis of this enzyme was effected 

by this culture parameter. 

In summary, this research has revealed that: 1) 

asparaginase II will be synthesized only after glucose has 

been exhausted as the growth substrate; 2) once 

asparaginase II synthesis is initiated, glucose will not 

interfere with further synthesis; 3) ammonium ion added to 

the culture will inhibit asparaginase II synthesis. While 

this work did not establish unambiguously the mechanism(s) 

involved in asparaginase synthesis, it did give a better 

explanation of the conditions which affect synthesis and the 

nutritional conditions which trigger it. 
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