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This study is concerned with the metabolism of

L-asparagine in Lactobacillus plantarum (ATCC 8014). The-

primary area of investigation is the preliminary charac-

terization of a previously unreported L-asparaginase enzyme

in L. plantarum. This L-asparaginase was determined to be

an inducible enzyme with variations in its activity level

according to the L-asparagine level in the growth medium.

L-Glutaminase could not be induced in this organism by

L-glutamine, nor would L-glutamine induce the asparaginase

activity. These and other studies with amino acid analogs

demonstrated the high specificity of both induction and

enzymic activity of the asparaginase.

Various physical properties of the enzyme were studied.

The enzyme was found to be inhibited by adenosine triphos-

phate (ATP). This inhibition appears to be cooperative in

nature and of the type exhibited by allosteric enzymes.

These studies should be confirmed on a highly purified enzyme

as these preliminary experiments were performed using a crude

cell-free extract.
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CHAPTER I

INTRODUCTION

Anabolic Phase of Asparagine Metabolism

The anabolic phase of asparagine metabolism has been

studied in mammalian cells (1,2), plants (3-6), and bacteria

(7-9), but is still not completely understood. The only

known major function of asparagine in mammalian systems is

that of a building block in protein synthesis.

The biosynthesis of asparagine in Streptococcus

boVis (9), Escherichia coli (8), and Lactobacillus arabinosus

(L. plantarum) (7) has been shown to occur by the conversion

of L-aspartate and ammonia to L-asparagine in a reaction in

which ATP is cleaved to AMP and inorganic pyrophosphate.

+ ATPMg++ or Mn++
L-aspartate + NH3 + ATP

L-asparagine + AMP + PPi

In this reaction the L-asparagine synthetase of- Lactobacillus

plantarum requires either Mg++ or Mn++, but exhibits greater

activity with Mn++ (7); however, the L-asparagine synthetase

of S. bovis and E. coli requires Mg++, and Mn+ cannot be

substituted. Also in this reaction involving bacterial

synthetases, glutamine cannot be substituted for ammonia (7-9);

however, in an asparaginase-resistant mouse leukemia (RADAl)

1
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there is a: L-glutamine-dependent biosynthesis of

L-asparagine (10). This reaction occurs by the conversion

of L-aspartate and L-glutamine to L-asparagine and L-gluta-

mate, and again ATP is cleaved to AMP and inorganic

pyrophosphate. The reaction proceeds with either Mg++ or

Mn++, but greater activity is exhibited with Mg++ ions.

Ammonia can be substituted for L-glutamine; however, the

L-glutamine-dependent: L-asparagine' synthetase, which also

exhibits L-glutaminase activity, additionally requires

chloride ion (10).

The L-asparagine synthetases from the Novikoff hepatoma

and from embryo chicken liver use glutamine in preference

to ammonia as the donor of the amide group (11,12). In

some plants, cyanide provides the carbon and nitrogen of

the carbamyl group, with 8-cyanoalanine as a precursor of

L-asparagine (13-15).

While the L-asparagine synthetase in mouse leukemia

(RADAl) and S. bovis is inhibited by L-asparagine, it is not

repressed (9,10) as is the enzyme in E. coli and L. plantarum

(7,8). However, the repression of the asparagine synthetase

in E. coli requires relatively high concentrations of

L-asparagine (8). The evidence of enzyme repression in

L. plantarum has led to investigations in this laboratory

which will be discussed later in detail.
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Catabolic Phase of Asparagine Metabolism

The hydrolysis of L-asparagine to L-aspartate and

ammonia is catalyzed by the enzyme L-asparaginase. Since

1961 when Broome linked the presence of the enzyme

L-asparaginase in guinea pig serum to antilymphoma activity

(16) and when an E. coli L-asparaginase (17) was also

discovered to have antilymphoma activity, research on

L-asparaginases in mammalian, plant, and bacterial systems

has increased. Here the emphasis will be placed on those

asparaginases discovered in microorganisms.

L-asparaginase has been found in fungi, Penicillium

camemberti (18), Aspergillus niger (19), and Fusarium

tricinctum (20), and also in yeast (21). Extracts of

Mycobacterium phlei (22) and several strains of Myco-

bacterium tuberculosis (23) contain an L-asparaginase, as

do extracts of Bacillus coagulans (24) and Bacillus

stearothermophilus (25). Also an L-asparaginase is present

in Pseudomonas fluorescens (26), Pseudomonas boreopolis

(27), Serratia marcescens (28), Erwinia carotovora (29),

Erwinia aroideae (30), and Proteus vulgaris (31).

L-asparaginase activity has been detected in Salmonella

carmel and Salmonella hadar (32). A single enzyme that has

both asparaginase and glutaminase activity has been found

in Achromobacteraceae (33) and Pseudomonas (34,35). Also

Brucella abortus has two asparaginases, one for L-asparagine

and the other for D-asparagine (36). Of these, the
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asparaginases which have been shown to exhibit antilymphoma

activity are those isolated from S. marcescens (28), E.

aroideae (29), E. carotovora (30) and P. vulgaris (31) as

well as- E. coli (17). Some of the properties of these

various asparaginases will be discussed in a later section.

Meister has discovered that rat liver contains an

asparaginase which results from the presence of an w-amidase

that catalyzes the hydrolysis of w-keto succinamate formed

from asparagine by transamination (37). Rat liver addi-

tionally contains an L-asparaginase which is phosphate-

dependent and rather heat labile (38). In some systems

asparagine has been shown to be deamidated by w-replacement

reactions (39).

Objectives of this Investigation

Derepression of repressible bacterial enzymes under

varying conditions has been investigated for many years

(40); however, the investigation of the effects of exo-

genous, specific catabolic enzymes on the rate and extent

of derepression of certain bacterial anabolic enzymes has

apparently not been reported. It is a reasonable assumption

that pronounced activity of a catabolic enzyme on the end

product of an anabolic sequence of reactions should lead to

a derepression of the anabolic enzymes. However, it is

unknown whether an exogenously supplied catabolic enzyme

could,. indeed promote the derepression of anabolic enzymes

within a bacterial cell.
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In a previous study it has been reported that

asparaginase enhanced derepression of asparagine synthetase

in certain mouse tumors and normal tissue (41). It was

assumed that this response was due to the removal of the

cellular supply of exogenous asparagine from circulating

fluids. Also a correlation had been established between

the asparaginase resistance of certain tumors to the

presence of asparagine synthetase and asparaginase sensi-

tivity to an absence of asparagine synthetase in other

tumors (41-43).

Therefore, studies were initiated to explore this

hypothesis further; specifically, to study the effects of

exogenous, crystalline L-asparaginase from E. coli on the

derepression of L-asparagine synthetase in L. plantarum

(7). It was proposed that an enhanced derepression of the

L-asparagine synthetase could occur due to an increased

rate of depletion of intracellular asparagine. The study of

such a process would logically provide a better under-

standing of the mechanism(s) of membrane egress, or "leak"

processes (44). As these studies progressed, two major

difficulties were encountered: first, an inability to

achieve consistently a desired level of activity of the

L-asparagine synthetase in the controls in the derepression

experiments; second, an inability to achieve repression of

the L-asparagine synthetase in a consistent fashion.
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As these difficulties had not been reported in

previous studies of L-asparagine synthetase in L. plantarum

(7), it was considered, as a logical next step, to inves-

tigate the composition of the intracellular amino acid pool,

namely, the relative concentrations of aspartic acid and

asparagine.

These investigations were carried out utilizing the

membrane filtration method of Britten (45) and revealed

that a surprisingly high proportion of 14C-asparagine, used

to load the intracellular pool prior to the determination

of asparagine leakage rates',, had been converted to 14CO

aspartic acid. This observation has been substantiated by

the asparagine transport studies of Holden and Bunch (46).

Since no studies of asparaginase activity in L.

plantarum have been reported, it was desired to perform

preliminary characterization of this enzyme. The study was

made to ascertain a possible role of the enzyme in the

derepression of L-asparagine synthetase, and in so doing to

provide further insight into the mechanism and regulation

of aspartic acid and asparagine metabolism.



CHAPTER II

EXPERIMENTAL METHODS

Derepression Studies

,,Cultures of L,. plantarum (ATCC 8014) were maintained at

50 by monthly transfers into agar stab tubes containing Micro

Inoculum Broth (Baltimore Biological Laboratory). All cul-

ture media were autoclaved for 15 minutes in a Barnstead

autoclave just prior to use.

For derepression studies designed to determine the

effects of exogenous L-asparaginase, L. plantarum was cul*-

tured at 300 for 18 hours in a peptone-yeast extract medium

at a pH of 6.8 (47). Cells were harvested by centrifugation

in an IEC International Centrifuge and washed twice with 0.9

per cent saline. To effect the derepression of asparagine

synthetase, the cells were resuspended in a defined amino

acid medium (48) devoid of asparagine at a pH of 7.8.

Immediately, the cell suspension was divided into four equal

volumes. Crystalline E. coli L-asparaginase (kindly provided

by Merck, Sharp, and Dohme) (0.2 I.U./ml) was added to one,

0.3 mM asparagine was added to the second, the third volume

remained untreated, and the fourth was used as a zero time

control. The pH was not controlled during the release

period. After two hours ,at 300, the cells were shaken with

7
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toluene (5 per cent,. v/v) for twenty minutes at 300. The

toluene-treated- cells were washed twice with 0.9 per cent

saline to remove residual toluene and then used as a source

of asparagine synthetase. Alternatively, the cells were

grown in an acid-hydrolyzed casein medium (Table I) at 300

for eighteen hours at a pH of 6.8, and also resuspended in

this same medium (devoid of asparagine) for derepression

studies at a pH of 7.8. Asparagine synthetase activity was

assayed by a previously reported hydroxamate procedure (7).

Cell growth was monitored by reading cell suspension ab-

sorptions at 540 nm.

Asparagine "Leakage" Studies

Studies were made to determine the effect(s) of L-

asparaginase on the rate of removal (through "leakage") of

intracellular L-asparagine from cells of L. plantarum. The

acid-hydrolyzed casein medium, used in the previous studies

on the derepression of asparagine synthetase (Table I), was

utilized. Cultures ( 100 l) were routinely grown at 300 for

eighteen hours, harvested, and washed once with a 0.9 per cent

saline-0.3 mM chloramphenicol solution. The cells were then

resuspended in 100 ml of the hydrolyzed casein medium which

contained additionally, 0.03 mM L-asparagine-14 C (6 Uc, uni-

formly labelled) and 0.3 mM chloramphenicol. An incubation period

of forty-five minutes was allowed for significant uptake of the

labelled asparagine. The cells were then collected on a
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TABLE I

GROWTH MEDIUM

Amount Added
Component for One

Liter

Acid-hydrolyzed casein
Sodium acetate, anhydr
1-Asparagine . . * .
1-Cysteine . . . . ..
1-Methionine . 0 . .
1-Tryptophan . . .o
Salts Aa . -0 . . .
Salts Bb * ..
Vitamin supplementc.
Purine and pyrimidine
Glucose. . * . . . .0.*

a Salts A:
K2HPO4  * . . * . . .0 *
KH2PO4 - - - - - - - -0
Water. . 0 * * . .0 .

b Salts B:
MgS0497H20
NaCl - . .0

FeSO4 .7H20
MnSO4 -4H2 0
Water. .0

c Vitamin Supplement:
Thiamin. . . . . .0.0.*
Nicotinic acid . ..0.
Pantothenic acid ... &
Riboflavin . . . .. .
Pyridoxine . . . ..
Inositol . . . . .
Biotin . . . . . .
p-Aminobenzoic acid.
Folic acid . . . .. .
Boiled distilled water
95% Ethanol. . . .

ous. . . . .

.uplement. .

. . 0 . . 0

sup plemegm.ntd.9
.. I. . .

. 14 g
. 12 g
. 200 mg
. 200 mg
. 200 mg
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. 40Oml
. 10ml
. 2ml
. 4ml
. 10 g

.
.
.
.
.
.

.
.

.
.
.

.
.
.

I .
.
.

.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.

.

.
.
.
.
.
.
.
.
.
.
.

25 g
25 g

250 ml
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500 mg
500 mg
500 mg
250 ml

3 mg
3 mg
3 mg
3 mg

50 mg
15 mg

0.5 mg
01.15 mg
0.15 mg

15 ml
15 ml

.
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.



10

TABLE I Continued

Component
Amount Added

for One
Liter

d Purine and Pyrimidine Supplement:
Adenine . . . . . . . . . . . . . . . . . 100 mg
Guanine . . . 100 mg

- e . * .' . . III . ||1, ||||||
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large membrane filter (45 mm, 0.45 p pore size) and

resuspended again in an acid-hydrolyzed casein medium which

contained 0.3 mM chloramphenicol, but was devoid of apara-

gine. Immediately, the cell suspension was divided into two

equal volumes, and crystalline E. coli: L-asparaginase

(0.2 I.U./ml) was added to one of the cell suspensions.

Four ml aliquots of each suspension were quickly withdrawn

with a pipet at timed intervals, and the "incorporated" and

"pool" asparagine were determined by the membrane filtration

method of Britten (45). The membrane was left on the fil-

tering funnel with suction applied for one minute to insure

complete removal of the medium. Controls were also included

to determine the amount of 1 4 C-asparagine which remained

adsorbed to the membrane. The membranes were then added to

the scintillation fluid (49), and radioactivity was deter-

mined in a Beckman Liquid Scintillation Counter to 1.0 per

cent counting accuracy. A flow diagram of the routine pro-

cedure used in these studies is given in Figure 1.

The filtrate solutions from the determinations of

the "incorporated" and the "pool" asparagine were used

to determine the relative concentrations of aspartic

acid and asparagine contained in and leaking from the

amino acid pool. The radioactive aspartate contained in

these filtrates was separated from the radioactive

asparagine by a modification of the procedure described

by Bessman (50) in which the aspartate is adsorbed



Figure 1

Flow Diagram of PROCEDURE UTILIZED IN LEAKAGE STUDIES

aTWO ml aliquot removed at timed intervals.

bTwo ml aliquot removed at timed intervals added to

equal volume of 10% TCA.
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on columns of acid-treated alumina, and the asparagine remains

in the effluent. An aliquot of the neutralized filtrate

solutions was passed through columns of acid-treated alumina

(80-200 mesh), and the columns were washed with thirty ml of

water. The effluents were collected in two fifteen ml

fractions, and an aliquot of each was placed in a vial con-

taining the scintillation fluid (49) for counting.

Radioactive aspartate was then eluted with thirty ml of

0.15 M trisodium phosphate. The effluents were collected,

and aliquots were again taken for counting in the same

manner.

Preparation of Cell-Free Extracts

Cells of L. plantarum were cultured routinely at 370 at

pH 6.8 for 18 hours in the acid-hydrolyzed casein medium

(Table I) with the exception that the concentration of L-

asparagine in the medium was varied as indicated.

Log phase cells were chilled, harvested using a

Sharples Supercentrifuge, washed twice with 0.9 per cent

saline, then resuspended in a small volume of 0.04 M Tris-

0.01 M -mercaptoethanol buffer, pH 7.6, and frozen

overnight. Cells were then slowly thawed and subjected to

mechanical disruption for five minutes using a Braun Model

MSK Mechanical Cell Homogenizer. The cell debris was then

removed by centrifugation at 25,000 X g for thirty minutes

at 00 using a IEC International Centrifuge.
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Protein concentrations were determined using the

spectrophotometric method of Waddell (51) in a Beckman DB-G

Grating spectrophotometer. The cell-free extracts were

stored at -300 for as long as forty days without appreciable

loss in asparaginase activity.

Asparaginase Assays

Asparaginase activity was determined routinely by -

nesslerization when the ammonia produced enzymatically was

in the range of 0.4-3.0 moles. Substrate and enzyme blanks

were included in all assays. The reaction mixture was

routinely composed of L-asparagine, 1-30 moles; Tris buffer,

pH 7.5, 100 moles; rate-limiting amount of enzyme (crude

cell-free extract); and deionized water to adjust the volume

to 1.0 ml. After the desired incubation time, the reaction

was stopped by the addition of a volume of 20 per cent tri-

chloroacetic acid (a volume equal to that of the enzyme

preparation used). Protein was removed by centrifugation,

and 0.5 ml of the supernatant fluid was then removed and

diluted with 7.0 ml of deionized water. To this solution was

then added 1.0 ml of Nessler's reagent (Paragon C. & C. Co.,

Inc.). This solution was allowed to stand for 10 minutes

prior to reading its absorbance at 480 nm. A standard curve

was prepared with ammonium sulfate where one mole of ammonia

is equal to an absorbance of 0.283 at 480 nm.

Alternatively, when enzymatically-produced ammonia was

in the range of .001-0.4 moles, a radioactive assay was
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employed to measure the formation of radioactive aspartate

from radioactive asparagine. This assay was also employed

to test the effects on the enzyme of certain metals and

potential inhibitors which would interfere with the ness-

lerization reaction. Controls were included in all assays

to correct for any possible radioactive impurity present in

the 14C-asparagine.

The complete reaction mixture contained Tris buffer,

100 moles; L-asparagine-1 4 C, 1-10 moles (80,000 cpm);

rate-limiting amount of enzyme (crude cell-free extract);

and deionized water to adjust the volume to 1.0 ml.

When it was desired to test the effects of various

potential inhibitors, the amount of water was varied

accordingly to readjust the final volume to 1.0 ml. The

final pH of the reaction mixture was 7.5, and the incubation

was for 40 minutes at 300. The reaction was stopped by the

addition of a volume of 20 per cent trichloroacetic acid

equal to that of the enzyme preparation used, protein was

removed by centrifugation, and the supernatant solution was

neutralized with 8 N potassium hydroxide. The radioactive

aspartate produced in the reaction was separated from the

radioactive asparagine by a modification of the procedure

described by Bessman (50). An aliquot of the neutralized

supernatant was passed through columns of acid-treated

alumina (80-200 mesh), and the columns were washed with

70 ml of water. The effluents were collected initially in
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a forty-five ml fraction and subsequently in a twenty,-five ml

fraction. An aliquot of each was placed in a vial containing

the scintillation fluid (49) for "counting. Radioactive

aspartate was then eluted with 18 ml of 0.16 M sodium

hydroxide. The effluent was collected, neutralized with 6 M

hydrochloric acid, and then an aliquot was taken for counting

in the same manner as previously described.



CHAPTER III

RESULTS AND DISCUSSION

Effect of L-Asparaginase on the Derepression
oF L-Asparagine Synthetase

It has been shown by Prager and Bachynsky that the

asparagine synthetase levels in resistant tumors increases

up to 20-fold upon treatment with E. coli L-asparaginase,

while normal lymphoid tissue and, asparaginase-susceptible

tumors only experience a modest increase in asparagine syn-

thetase activity (42). Asparaginase treatment lowers the

blood and tissue levels of asparagine; therefore, there is

less product inhibition and greater derepression of aspara-

gine synthetase (41).

Studies were initiated to determine if exogenous

crystalline E. coli L-asparaginase would have a similar

effect on the derepression of L-asparagine synthetase in L.

plantarum. In the bacterial system, however, the dere-

pression of asparagine synthetase would be modulated largely

by the intracellular asparagine concentration ("pool"), since

the derepression medium is devoid of asparagine. As has been

stated in the Introduction, difficulties were experienced in

achieving reproducible derepression and repression of the

L-asparagine synthetase. In Table II there is presented a

summary of the data obtained in several experiments of this

18
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type. It is apparent from these data that exogenously

supplied L-asparaginase has no apparent effect on L. plantarum

asparagine synthetase derepression.

Effect of L-asparaginase on the Rate
of Nsparagine "Leakage"

Previous studies in this laboratory had also indicated

that there was an enhancement of the rate of "leakage" of

intracellular asparagine due to the presence of exogenous

L-asparaginase. These studies were repeated utilizing an

amino acid-containing medium (acid hydrolyzed casein medium)

(Table I), in an attempt to promote the accumulation of a

larger intracellular amino acid pool for use in the "leakage"

studies than had been possible in a glucose-salts medium

(52). Chloramphenicdl was added to the medium to minimize

the amount of incorporation of L-asparagine-1 4 C into protein.

The size of the intracellular amino acid pool showed a

definite increase through use of this medium, and in Figure 2

is illustrated the results of a typical uptake and incor-

poration experiment. In Figure 3 is illustrated the size of

the amino acid "pool" accumulated during the allowed incu-

bation period.

In these experiments uptake is designated as the amount

of radioactive amino acid remaining in the, bacterial cells

after filtration of. these cells on a. membrane filter; this

uptake represents both "pool" and "incorporated" amino acids.

Incorporation is defined as the amount of amino acid which is



Figure 2

Time Course of Uptake and Incorporation of
Radioactivity from L-"Asparagine-14C

Uptake and incorporation of: L-asparagine-1 4C were
determined as described in the Exrerimental Methods section.



23

25 I

Uptake

Incorporation

0
10 20 30

MINUTES OF INCUBATION

20 1

0N

H)
x-

15

z)

10

5

0 40 50



Figure 3

Amino Acid "Pool" Accumulation versus
Incubation Time

The "free amino acid pool" is the difference between
the total amino acid accumulation and that which is in-
corporated. For details see Asparagine "Leakage" Studies
in the Experimental Methods section.
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incorporated into protein or other trichloroacetic acid

insoluble material. The "free amino acid pool" is the

difference between the total amino acid accumulation and

that which is incorporated.

When the radiolabel from asparagine- 1 4 C had reached a

high level in the amino acid pool (approximately forty-five

minutes), the cells were employed in "leakage" studies as

described in the Experimental Methods Section. Typical

results of the leakage studies are shown in Figure 4, and

indicate that there is no significant enhancement in the

rate of removal of "pool" L-asparagine- 1 4 C from cells of

L. plantarum when exogenous L-asparaginase is present in

the medium. The data shown are from one of five separate

experiments of this type.

As these results seemed to conflict with the earlier

studies made in this laboratory, the filtrate solutions from

the determinations of the "incorporated" and "pool" amino

acids were examined for the relative concentrations of

aspartic acid and asparagine. It was discovered that a

surprisingly high proportion (Table III) of the

L-asparagine-1 4 C, both contained in and leaking from the

amino acid pool, had been converted to.L-aspartate-1 4 C,

negating an earlier assumption that the amino acid pool had

contained mainly L-asparagine-1 4 C.

This observation has been substantiated by the aspara-

gine transport studies of Holden and Bunch (46). According



Figure 4

Leakage Rate of L-Asparagine-1 4 C-Charged
Amino Acid Pool as Measured by

Residual Radiolabel

Cell suspensions, after previous accumulation of
L-asparagine-1 4C, were divided into two equal volumes,
and crystalline E. coli L-asparaginase (0.2 I.U./ml)
was added to one of the cell suspensions. The leakage
rate of the amino acid pool was determined as previously
described in the Experimental Methods section. Seealso
Figure 1.

* , L-ASPARAGINASE-TREATED CELLS

* , UNTREATED CELLS
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TABLE III

METABOLISM OF ASPARAGINE AND ASPARTIC ACID
IN LACTOBACILLUS PLANTARUM

Radioactivity
Distribution

Filtrate Solution Pool Component (Per Cent)

Represents "leakage" Asparagine 10
from amino acid

"pool" Aspartic acid 90

Represents "pool" Asparagine 10
amino acids Aspartic acid 90

See Experimental Methods for details concerning the
asparagine leakage studies. See also Figure 1.

See Experimental Methods for details concerning the
separation of asparagine from aspartic acid in the amino adid
pool.
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to these authors, this rapid conversion of asparagine to

aspartate raises two possibilities. First, an enzymatic

conversion could occur in the outer region of the cell mem-

brane, and most of the isotope thus enters the cell as

aspartic acid. Second, the conversion of asparagine to

aspartate could occur after or perhaps during the transport

of the isotope. Holden and Bunch favor the second possi-

bility and offer additional evidence in support of this

hypothesis.

It was thus assumed in this laboratory that a previously

unreported intracellular L-asparaginase was responsible for

the conversion of the radiolabelled asparagine to radio-

labelled aspartate. Therefore, studies were initiated to

determine the validity of this assumption and to characterize

the nature and metabolic role of the proposed enzyme activity.

Preliminary Characterization of an L-asparaginase
in Lactobacillus Plantartfl

Inducibility of L-Asparaginase Activity

The rapid conversion of L-asparagine-1 4 C to L-aspartate-

14C in cells of L. plantarum suggested the presence of L-

asparaginase activity. That an activity of this nature is

indeed present was supported by the finding of an asparagine-

dependent production of free ammonia using Nessler's reagent.

It was desired to prove conclusively that the significant

conversion of radiolabelled asparagine to radiolabelled
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aspartate and the detection of free ammonia had not occurred

as a result of a reverse reaction catalyzed by L-asparagine

synthetase, but rather as a consequence of the action of an

intracellular asparaginase. The cells had been cultured in

the acid-hydrolyzed casein medium (Table I), which is 0.75 iM

in L-asparagine. This amount of asparagine has been reported

to totally repress the formation of asparagine synthetase in

L. plantar'um (7).

It would appear obvious that if the conversion of L-

asparagine to L-aspartic acid by a reverse reaction catalyzed

by L-asparagine synthetase occurs, the level of activity of

the enzyme should decrease as the L-asparagine concen-

tration is increased. Consequently, cells were cultured in

various concentrations of' L-asparagine to test this con-

clusion. As can be seen in Figure 5, when the concentration

of L-asparagine was increased, the: L-asparaginase activity

increased accordingly. These results indicated that the

asparaginase enzyme in L. plantarum was induced by the

presence of excess -asparagine, apparently precluding the

possibility of the reverse reaction of L-asparagine synthe-

tase. There is thus an apparent inverse correlation between

L-asparaginase activity and the activity of L-asparagine

synthetase, illustrated in another fashion in Table IV. Also,

in contrast to the metal ion requirement (Mn++ or Mg++) for

asparagine synthetase activity in L. antarum, there is



Figure. 5

Induction of L-Asparaginase by L-Asparagine

Cells were cultured sixteen hours in acid-
hydrolyzed casein medium containing various concen-
trations of Lasparagine. Cells-free extracts of the
cells were assayed for L"-asparaginase activity by the
nesslerization procedure described in the Experimental
Methods section. Enzyme activity is expressed in terms
of moles of ammonia produced per rmg of protein.

A , Cells grown in medium with L-asparagine
concentration of 10 mM.

0, Cells grown in medium with L-asparagine
concentration of 5 mM. ~

*, Cells grown in medium devoid of
Lq-asparagine.
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TABLE IV

L-ASPARAGINE SYNTHETASE ACTIVITY AND L-ASPARAGINASE
ACTIVITY IN LACTOBACILLUS PLANTARUM AS A
FUNCTION OF L-ASPARAGINE CONCENTRATION

Asparagine Specific Activityb
Concentration of Specific ActivityC

in L-Asparagine of
Growth Mediuma Synthetase L-Asparaginase

None .08 .195

5 mM .019 .258

10 mM .b12 .565

aSee Experimental Methods for details concerning the
culturing of cells.

bSpecific activity is expressed in terms of moles of
S-aspartylhydroxamic acid produced per mg of protein per
twenty-five minutes.

cSpecific activity is expressed in terms of moles of
ammonia produced per mg of protein per twenty-five minutes.
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no apparent metal ion requirement for the asparaginase

activity of this organism.

No glutaminase activity could be detected in extracts

from L. pIantarum. An attempt was made to induce glutaminase

activity by culturing the cells in medium which was devoid

of asparagine but which had a glutamine concentration of

15 mM. This attempt was also unsuccessful, illustrating the

specific nature of the asparaginase activity in this organism,

as well as the strict specificity of the induction of the

asparaginase activity.

Properties of the Enzyme

Effect of substrate concentration and pH on L-

asparaginase activity.--The enzymatic activity is linear with

time for at least thirty minutes (Figure 5). The effect of

pH on enzymatic activity is shown in Figure 6. The curve

obtained indicates a rather broad pH activity profile, with

nearly optimal activity at physiological pH.

The initial reaction rates of the deamidation of

L-asparagine at varying substrate concentrations were deter-

mined at pH 7.5. The results of a typical experiment are

shown in Figure 7 (velocity versus substrate plot) and in

Figure 8 (a Lineweaver-Burk reciprocal plot of the same kinetic

data). The Michaelis constant was calculated from the

Lineweaver-Burk plot to be 3.1 x 10-3 M (four experiments) in-

dicating a rather low affinity of the enzyme for L-asparagine.



Figure 6

Lactobacillus Plantarum L.-Asparaginase
Activity as a Tunicton of pH

In the pH range of 6.0 7.5 a 1 M imidazole buffer
was utilized. In the pH range of 7.,5 - 8.5 a 1 M Tris -
buffer was employed. See the Experimental Methods section
for details of the radioassay of L-asparaginase activity.
The incubation period was forty minutes.
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Figure 7

Plot of Initial Velocity versus Substrate
Concentration for Lactobacillus Plantarum

L-asparaginase

The initial reaction rates of the deamidation of
L-asparagine at varying substrate concentrations were
z-etermined at pH 7.5. The data shown are typical of
four such experiments. Velocity is expressed as moles
ammonia produced per mg of protein per forty minutes.
See the Experimental Methods section for details of the
assay procedure used.
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Figure 8

Lineweaver-Burk of L4-Asparaginase Activity

The Michaelis constant was calculated from the plot
to be 3.1 x 10,-3 M (four experiments). See the Experi-.
mental Methods section for details of the assay procedure.
Velocity is expressed as moles ammonia produced per mg
of protein per forty minutes.



41

9

8

7

6

44

3

2

14

0 -. 4 -. 2 0 .2 .4 .6 .8 1.0

1/[ASPARAGINE], mM



42

Enzyme specificity.--Studies indicated that the enzyme

catalyzes the hydrolysis of only the L isomer of asparagine

and exhibits no affinity for D-asparagine. The enzyme also

exhibits no affinity for L-glutamine or 3-aspartylhydroxamic

acid. This lack of affinity for '-aspartylhydroxamic acid

precludes the use of the L-asparaginase assay developed by

Frohwein et. al. in which this compound is used as a sub-

strate (53).

Enzyme stabity.--Crude cell-free -extracts could be

stored for as long as forty days at -300 without appreciable

loss in asparaginase activity. The enzyme could be dialyzed

overnight against 10 mM asparagine without loss of activity.

Dialysis against 0.04 M Tris-0.01 M -mercaptoethanol buffer,

pH 7.6, against 1 M Tris buffer, pH 7.5, or against the

latter buffer containing 3 mM dithiothreitol plus 3 mM

glycerol, or against 10 mM Mn++ or 10 mM Mg++ solutions,

resulted in complete loss of enzymatic activity. The results

of the dialysis experiments are summarized in Table V.

Inhibitors of enzyme act .--The enzyme is not in-

hibited by L-aspartic acid, L-glutamine or L-glutamic acid,

nor was it inhibited by $-aspartylhydroxamic acid or

D-asparagine. No evidence of inhibition is found with ammonia,

10 mM cyanide ion, 5 mM sulfate ion, 10 mM inorganic pyrophos-

phate, 5 mM Ca++, or 1 mM adenosine monophosphate. A small

enhancement of enzyme activity was found with 10 mM Mn++ an~d

5 MM Mg++
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TABLE V

EFFECTS OF DIFFERENT DIALYSIS MEDIA UPON THE
L-ASPARAGINASE ACTIVITY FROM

LACTOBACILLUS PLANTARUM

Dialysis mg Protein Specific
Media ml Solution Activity

Not
Dialyzed 22.4 .080

Tris buffer ,
0.04 M, pH 7.6
containing 0.01 M 10.0 0
-mercaptoethanol

L-asparagine,
10 mM 14.8 .202

L-asparagine,
10 mM; 15.0 .180

MnC12 , 10 mM

L-asparagine,
10 mM; 14.8 .110

MgCl2, 10 mM

*
Four ml of cell extract was dialyzed overnight at 4

against 100 ml of media.

Specific activity is expressed as moles L-aspartic acid
produced per mg of protein per twenty-five miniites. See
radiochemical assay procedure in Experimental Methods.
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Adenosine triphosphate (ATP) does inhibit the enzyme

activity. In Figures 9 and 10 are illustrated the type of

inhibition obtained. This inhibition appears to be cooper-

ative in nature and of the type exhibited by allosteric

enzymes. It should be pointed out that these studies were

carried out using a crude cell-free extract. It is possible

that an impurity in the enzyme solution, reacting with the

adenosine triphosphate, or the presence of an interfering

enzyme, are responsible for the resulting sigmoidal curve.

Also, other possible explanations can account for the ob-

served effect of ATP on the kinetics of the enzyme (54).

These studies should be confirmed and amplified on an enzyme

which has been highly purified.

As has been previously stated, L-asparagine synthetase

catalyzes an adenosine triphosphate-dependent reaction;

however, studies were performed that indicated that the

enzyme has an absolute requirement for Mn++ (or Mg++) for

activity (Table IV). Therefore, the results obtained with

ATP cannot be due to the catalysis of a reverse reaction by

L-asparagine synthetase, since no metal ions are added to

the reaction mixtures.

It is possible that there is a coupling of the

reactions of synthesis and deamidation of asparagine which

leads to the appearance of a cycle that involves hydrolysis

of ATP.



Figure 9

Effect of ATP on the- nitial Velocity of the
L-Asparaginase Activity in
TLactobacillus Plantarum

Velocity is expressed in moles of ammonia produced
per mg of protein per twenty-five minutes. See Experi-
mental Methods for details concerning the determination
of asparaginase activity by nesslerization.

A , no ATP present in the reaction mixture.

* , 1 mM ATP in the reaction mixture.

* , 2 mM ATP in the reaction mixture.

0 3 mM ATP in the reaction mixture.
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Figure 10

Lineweaver-Burk Plot of the Inhibition of
L-Asparaginase Activity in Lactobacillus

Plantarum by ATF

The conditions of the experiment are as described
in the Experimental Methods section. Velocity is ex-
pressed as moles ammonia produced per mg of protein per
twenty-five minutes.

A, no ATP present in the reaction mixture.

1 mM ATP in the reaction mixture.

*, 2 mM ATP in the reaction mixture.

0,, 3 mM AT? -in the reaction mixture.
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a) L-asparatate + NH 3 + ATP + -asparagine + AMP + PPi

b) b-asparagine + H20 -L-aspartate + NH3

ATP + H20 + AMP + PPj

As this cycle could deprive the cell of needed energy,

it may be that the concentration of adenosine triphosphate

can control the overall cycle rate by regulating the

generation of aspartic acid from asparagine (i.e., through

inhibition of asparaginase). As the L-asparagine synthetase

is reportedly repressed by 0.03 mM asparagine in the growth

medium and is inhibited by higher asparagine levels (7),

this enzyme activity would be precluded until the L asparagine

levels in the cell were lowered sufficiently to require its

action. As this study has shown, the L-asparaginase is

induced when the L-asparagine concentration reaches suffi-

ciently high levels. A combination of these inhibitory and

stimulatory factors could well operate in regulating aspartic

acid-asparagine metabolism.

Similar Properties of Other Bacterial' L-Asparaginases

In this laboratory studies indicated that in L.

plantarum, L-asparaginase is induced by its substrate, L-

asparagine, under microaerophilic conditions. Similarly, in

S. marcescens, L-asparaginase synthesis is induced by

L-asparagine (55). In Pseudomonas both L-asparagine and

L-aspartic acid serve as inducers (56, 57). The induction

takes place in both organisms under aerobic conditions. In



50

E. colii, induction of L-asparaginase EC-2 isoenzyme, which

has antilymphoma activity, has been observed to occur if the

culture is grown under anaerobic conditions or under con-

ditions of moderate aeration after oxygen has been used up

from the medium as detected by an oxygen electrode. It is

also induced by its substrate, L-asparaginase; however, for

this effect the absence of oxygen or presence of lactate are

a prerequisite (58).

The enzyme has no affinity for glutamine as do the

enzymes from Achromobacteraceae (33), Pseudomonas (34, 35),

and in P. vulgaris (31). The enzyme also has no affinity

for D-asparagine, nor is it inhibited by it. The

asparaginases in' P. vulgaris (31), Achromobacteraceae (33),

P. fluorescens (26), B. abortus (36), Pseudomonas (34, 35),

B. coagulans (24) exhibit activity toward D-asparagine, as

well as L-asparagine. The L-asparaginases in F. tricintum

(20), M. phlei (22), M. tuberculosis (23), B. stearothermo-

philus (25), and Sal. hadar and Sal. carmel are competitively

inhibited by D-asparagine.

With the exception of the enzyme in B. coagulans (24)

and the enzyme in the H37Ra strain of M. tuberculosis (23),

the lack of inhibition of enzymatic activity by L-aspartic

acid or ammonia is a characteristic shared by most bacterial

L-asparaginases with the L-asparaginase in L. plantarum.

Inhibition of enzymatic activity by metal ions was not ob-

served for the enzyme in L. plantarum or for most other
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bacterial L-asparaginases; however, the L-asparaginase in

Sal. hadar and Sal. carmel is inhibited by Zn 2 + 2+, and

Cu 2 + (32). Only the L-asparaginase in L. plantarum (this

study) has been observed to be inhibited by ATP. The L"

asparaginases in B. coagulans (24) and B. stearothermophilus

(25) were inhibited by N-ethylmaleimide and p-mercuribenzoate.

Further experiments should be performed on a purified

L-asparaginase in L. plantarum to determine if these sub-

stances might be inhibitory to enzymatic activity.

The L-asparaginase in B. abortus (36) and Achromo -

bacteraceae (33) is labile to repeated freezing and thawing

unlike the enzyme in L. plantarum. Enzymatic activity

toward a3-6aspartyhydroxamic acid is exhibited by the enzyme

in P. 'fluorescens while the enzyme in L. plAntarum exhibits

no affinity for it (26).

Further comparison of some of the properties of the

L-asparaginase in L. p .antarum with the properties of other

bacterial L-asparaginases is illustrated in Table VI.
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CHAPTER.IV

CONCLUSION

In these investigations information has been obtained

which can lead to a better understanding of asparagine-

aspartic acid metabolism. Through the use of L-asparagine-

1 4C the amino acid pool was discovered to contain a

significant proportion of L-aspartic acid. These experiments

led to the first reported study of an intracellular L-

asparaginase in L. plantarum. This enzyme has been shown to

be inducedby the presence of excess L-asparagine and

inhibited by the presence of ATP. This suggests the possi-

bility that a cycle which involves the hydrolysis of ATP is

linked inseparably with the deamidation of asparagine.

The difficulties encountered in initial studies may

possibly be explained by the existence of such a cycle. When

unexpected derepression of L-asparagine synthetase was

experienced (Table II), it would seem that asparagine-

dependent induction of L-asparaginase activity had resulted

in the conversion-of the supplemental -asparagine to

L-aspartic acid, thus initiating the derepression of the

L-asparagine synthetase. The levels of ATP in the cell at

this time would have to be sufficiently low to allow the

activity of the L-asparaginase. For an explanation of the

second instance, when the L-asparagine synthetase was not

54
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derepressed, not only must derepression be inhibited by the

concentration of L-asparagine present in the cell, but

additionally the intracellular concentration of ATP must be

at sufficiently high levels to inhibit the: Lasparaginase

activity.

It is not known at this time that the L.-asparaginase

in L. pfAntArum functions in such a cycle or has another

role which has, as yet, not been determined. However, further

experiments should be performed utilizing a highly purified

enzyme to determine if such a cycle is a possible mode of

regulation of asparagine-aspartic acid metabolism.
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