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This study is concerned with the regulation of L-

asparaginase (LA) in the cell-free crude extracts from

Lactobacillus plantarum (ATCC8014). A previously reported

finding that adenosine triphosphate (ATP) inhibits the action

of LA in crude extracts was confirmed. The study was

extended to include the mono-, di-, and triphosphates of

adenosine, guanosine, cytidine, and uridine. These compounds

were also shown to inhibit LA activity. These andother

studies revealed that LA appears to be an allosteric type

enzyme exhibiting positive homotropism with respect to

substrate and heterotropism with respect to the nucleotides

tested.

The regulation of LA activity by high energy compounds,

when coupled with asparagine synthetaseL suggests a relation-

ship between amide synthesis-amide degradation and the energy

levels of the cell.
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CHAPTER I

INTRODUCTION

The enzyme asparaginase (LA), (E.C.5.3.l.l), which is

responsible for the hydrolysis of L-asparagine to aspartic

acid and ammonia, has been known since its discovery in

fungi in 1909 (1). Its occurrence was later noted in

other systems, but no great interest in this enzyme was

shown for many years. In 1953, J.G. Kidd observed that

guinea pig serum had a lethal effect on two different

mouse lymphomas, but little toxicity on the host (2). Eight

years later, Broome identified the active component as L-

asparaginase (3). Later, Mashburn and Wriston observed that

E. coli also possesses an LA which is inhibitory for a

certain type of mouse lymphoma (4). The discovery of anti-

neoplastic properties of LA brought increasing attention

to this enzyme. Further studies in various laboratories

determined that not all LA's were effective in stopping

tumor growth, raising questions concerning the properties

of an LA which would confer upon it tumor-inhibitory activity.

LA has wide distribution in animals, plants, and microorgan-

isms; however, this brief summary will emphasize those LA's

discovered in microorganisms.

1
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LA has been found in the fungi, Penicillum camemberti

(5), Aspergillus niger (6), and Fusarium tricinctum (7.

Its occurrence has also been shown in yeast (8). Extracts

of Mycobacterium phlei (9) and several strains of Myco-

bacterium tuberculosis (10) contain an LA, as do extracts

of Bacillus coagulans (11), and Bacillus stearothermophilus

(12). Also an LA is present in Pseudomonas fluor scens (13),

Pseudomonas boreopolis (14), Serretia marcescen (15), Erwina

carotovora (16), Erwina aroideae (17), and Proteu vulgaris

(18). LA activity has been detected in Salmonella carmel

and Salmonella hadar (19) and Lactobacillus plantarum (20).

A single enzyme that has both LA and L-glutaminase activity

has been found in Achromobacteracease (21), Alcaligenes

eutrophus (22) and Pseudomonas (23,24). Also Brucella

abortus has two LA's (25). Of the above sources, the LA's

which have been shown to exhibit antilymphoma activity in-

clude those isolated from S. marcescen (15), E. aroideae (17),

E. carotovora (16), and P. vulgaris (18) as well as E. coli (4).

There have been a number of reports of more than one

LA being found in the same organism. Roberts et al. (26)

and Campbell et al. (27) demonstrated that in E. coli B,

LA exists in two forms, one active and the other inactive

against animal tumors. The two enzymes differ markedly in

the pH activity profiles, their solubility, and chromatographic

behavior. E. coli K-12 was also shown to produce a tumor-

active and inactive form of LA (28). The active form, which
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is produced only under anaerobic conditions and is located

near the cell surface, differs from the inactive form in

its affinity for substrate, its solubility in ammonium

sulfate solutions, and its sensitivity to thermal inactivation.

Objectives of this Investigation

Futile cycles, defined here as a series of reactions

which, when combined, yield net hydrolysis of ATP to ADP and

Pi or AMP and PPi, are known to exist (29). While these

cycles might appear to be wasteful, those cycles that have

been studied (29, 42) revealed that ATP is an important

regulatory component of the cycles, thus preventing its

wasteful consumption. A possible explanation for the

relationship between ATP and potential futile cycles,

besides the regulation of the cycles themselves, is as a

mechanism for the regulation of both ATP:ADP and/or ATP:AMP

ratios in the cell. Thus, the importance of potential

futile cycles could be seen as a control mechanism of

cellular energy through the regulation of these compounds.

In the bacterium L. plantarum, a series of reactions

exists which when combined results in an apparently futile

cycle. One enzyme of the system,L-asparagine synthetase,

catalyzes the conversion of L-aspartate and ammonia to L-

asparagine in a reaction where ATP is cleaved to AMP and PPi.

There is a metal ion requirement for the enzymic reaction

of either magnesium or manganese, but manganese yields
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greater activity (30). The other enzyme of the system, LA,

catalyzes the conversion of L-asparagine to L-aspartate and

ammonia. This LA exhibits no affinity for D-asparagine,

L-aspartate, L-glutamine, L-glutamate or p-aspartylhyroxamic

acid. The LA of L. plantarum has not been purified, but

there appears to be no metal ion requirement (20). The

combination of the two reactions results in an apparent

net hydrolysis of ATP to AMP and PPi:

a) L-aspartate + ATP + Ammonia --- L-asparagine +

AMP + PPi

b) L-asparagine + H20 ->L-aspartate + Ammonia

c) (Net reaction) ATP + H20 -> AMP + PPi

It is not known if the LA from L. plantarum actually partici-

pates in such a cycle. In preliminary studies it has been

shown that in crude preparations of L. plantarum, ATP does

inhibit the activity of LA (20).

In the present investigation, the intention was to purify

the LA of L. plantarum and to study the inhibition of the

enzyme by ATP (and other nucleoside phosphates) in greater

detail. A study of such a process would further the under-

standing of L-asparagine metabolism in this organism.

Herein are reported our attempts to stabilize and

purify LA, and our investigations of the inhibitory patterns
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of a variety of nucleoside mono-, di-, and triphosphates.

The data obtained from the latter studies are utilized to

define further the regulation of L-asparagine in L. plantarum.



CHAPTER II

EXPERIMENTAL METHODS

Preparation of Cell-Free Extracts

Cultures of Lactobacillus plantarum (ATCC8014) were

maintained at 50 by monthly transfer into agar stab tubes

containing micro-inoculum broth (Baltimore Biological

Laboratories). All culture media were autoclaved for fifteen

minutes in a Barnsted Autoclave prior to use.

L. plantarum was routinely cultured at 370 at pH 6.8

for twenty hours in acid-hydrolyzed casein medium (31) de-

scribed in Table I. Two hours before harvest, L-asparagine

was added (a quantity equal to that in the original growth

medium) to induce further LA production (20). Cells were

harvested, using a Sharples centrifuge, washed twice with

0.9 per cent saline, and stored at -20 in their packed form.

To obtain a cell-free extract, cells were slowly thawed and

suspended (one part cells to two parts solution) in either

40 mM Tris, pH 8.8, containing 15 per cent glycerol, and

0.01 M p-mercaptoethanol (BME); or 40 mM triethanolamine

(TEA), pH 8.8, containing 15 per cent glycerol and 0.5 mM

dithiothreitol (DTT). Cell-free preparations were obtained

by mechanical disruption with glass beads (0.11 to 0.12 mm)

for four one-minute intervals, using a Braun model MSK

6
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TABLE I

GROWTH MEDIUM

Component

Glucose..
Acid hydrolyzed casein
Sodium acetate . . .
L-tryptophan . . .".
L-cysteine . . . . .
L-methionine . . . . .
L,-glutamate. ...

L-asparagine . . .
SaltsAa . . . . ....
Salts Bb . . . . . . .
Vitamin supplements.
Purine and Pyrimidine
Water . . . . . . . .

a Salts A:
K 2 HPO 4  . . . . . . . .
KH2 PO4.. . . . . . . .
Water.. . . . . ..

b Salts B:
MgSO4 -7H2 0 . . .. . .
NaCl...........
FeSO4 -7H20.. . . . . .
MnSO4-4H20 . . . . . .
Water.. ........

. . a. a . .

. .. . . .

. . ". . ".

s . ". . a .

. .a ." . . .

. . a. ". .

. .a . .

. .a .M . . .

. . a. ". .

. .a . a. .

supplementd

. . a. 0. . .

Quantity

130 g
91 g
78 g

325 mg
1.3 g
1.3 g
1.3 g

17.17 g
260 ml
65 ml
26 ml
52 ml
13 1

25 g
25 g

250 ml

10 g

500 mg
500 mg
500 mg
250 ml

.w

.w

.

.w

.s

.

.4

."

."

."

.w

.r

."

.s

.

."

."

."

.w

. .w .w . . ."

. ." . .f ." ."

. .w ." ." .s ."

. . .f ." .w ."

. .w .w . .r .

. .w . w . .

. ." ." ." .w ."

. .r .r . ." .r

"

."

."
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TABLE I--Continued

QuantityComponent.

c Vitamin Supplement:
Thiamin . . . . . . .
Nicotinic acid . . . .
Pantothenic acid .
Riboflavin . . . . . .
Pyridoxine . . . . . .
Inositol . . . . . . .
Biotin. . . . . . . .
p-Aminobenzoic acid
Folic acid . . . . .

Boiled distilled water
95% Ethanol . . . .

d Purine and Pyrimidine
Adenine .". . .. w.. .
Guanine . w.. .. " .
Uracil ... . . . . . ..

Water ........ ..

supplement:

. .w .w .+ ." -w

. ." -+ -w -t -"

. . .t-0-0-"

100
100

- 100
- 100

. 3
* 3
. 3
* 3
- 50
. 15
- 0.5
.0.15
.0.15
. 15
. 15

mg
mg
mg
mg
mg
mg
mg
mg
mg
ml
ml

mg
mg
mg
ml

."

."

."

."

."

"

"

.s

.s

."

"

M

.w

."

."

.r

.w

."

.w

."

."

."

."

."

."

"
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mechanical cell homogenizer. The cell debris was then removed

by centrifugation at 18,000 X g for twenty minutes at 50.

Protein concentrations were determined, using the Commassie

Brilliant Blue method of Bradford (32).

Asparaginase Assay

LA Activity was determined routinely by nesslerization.

Substrate and enzyme blanks were included in all assays.

The complete reaction mixture was typically composed of

L-asparagine, one to twenty mM; Tris buffer, pH 7.5, 100 to

400 mM; and a rate limiting amount of enzyme (crude cell-

free extract); in a total volume of one ml. When assaying

for total enzyme activity, saturating levels of L-asparagine

(20 mM) were employed. Each enzymatic reaction was terminated

by the addition of one ml of twenty per cent trichloroacetic

acid (TCA). Protein was removed by centrifugation and 0.5

to 1.0 ml of the supernatant fluid was then removed and

diluted to 7.5 ml with deionized water. To this solution

was then added one ml of Nessler's reagent (Harleco or

Fisher Scientific Company). The resulting solution was

allowed to stand at room temperature for ten minutes for

full color development, and then the absorbance was read

at 480 nm. A standard curve was prepared with ammonium

chloride, where the mM extinction coefficient for the color

complex, at 480 nm, equals 1.01.

The activity of LA could be monitored in whole cells

through toluenization of the cell-buffer medium suspension.



10

A one-tenth volume of toluene was added to a cell-buffer

medium suspension and gently mixed for 15 minutes at

room temperature. The cells were centrifuged and washed

three times with buffer medium to remove the toluene,and

finally resuspended in a volume of the buffer medium equal

to the original volume. These whole cell suspensions were

then employed in the assay for LA activity.

All compounds to be tested for LA inhibitory activity

were dissolved in an appropriate volume of 1 M Tris buffer,

pH 7.5, prior to addition to the incubation mixtures. The

concentration of Tris in the reaction mixtures not containing

inhibitor was increased accordingly, such that all reaction

mixtures contained equal quantities of the buffer.

Chromatographic Techniques

Ion-Exchange Chromatography

Whatman De-52 anion exchange medium was first pre-

cycled by treating it with 15 volumes of 0.5 N HCl for one

hour, followed by a basic wash with 15 volumes of 0.5 N

NaOH for 30 minutes. The equilibration of the exchange

resin was effected,using a solution of 40 mM TEA (not pH

adjusted), 15 per cent glycerol, and 0.5 mM DTT. The De-

52 was stirred into 15 volumes of this buffer medium and

the pH was adjusted to 7.5 with 1 N HCl. Carboxymethyl

cellulose (CM) cation exchanger was treated in-much the

same manner. Differences included these: the order of the
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precycling washes were reversed, and the buffer medium

employed was 10 mM phosphate, pH 6.0, 15 per cent glycerol,

and 0.5 mM DTT.

Hydrophobic Chromatography

Purification of LA through hydrophobic affinity chroma-

tography was attempted,using Sepharose 4B,to which a series

of n-alkylamines were covalently attached through cyanogen

bromide activation (33). The alkylamines employed were

n-ethyl-, n-hexyl-, and n-decylamine.

Molecular Exclusion Chromatography

Molecular exclusion chromatography was attempted, using

Sephadex G-100 and G-200 (particle size: 40 -- >120 F).

Buffer medium for G-100 and G-200 in the chromatography were

40 mM Tris, pH 7.5, 20 per cent glycerol, and 0.01 M BME

and 40 mM TEA, pH 7.6, 15 per cent glycerol, and 0.5 mM

DTT, respectively.



CHAPTER III

RESULTS AND DISCUSSION

Stabilization

A comprehensive review of the literature (34-40)

reveals a complex and variable set of culture parameters

that affect LA synthesis in bacteria. For example, the

effects of culture medium, culture pH, and oxygen transfer

rate have been shown to affect the synthesis of this enzyme.

Studies were initiated to measure the effect of carbon

source, pH of the growth media, the presence of the inducer,

L-asparagine, as well as the incubation time on the production

of LA.

In a previous study (40), it was shown that glucose

(through catabolite repression) inhibited the production of

LA from E. coli A-l. In this laboratory, the effect of

ribose or glycerol on LA synthesis in L. plantarum, in lieu

of glucose as the carbon source in the growth medium, was

determined. The comparison of the three carbon sources

(Table II) was based on the specific activity of LA produced

from cell extracts obtained from each source. Of the three,

glycerol gave the poorest yield of LA. I should be noted

that L. plantarum utilizes glycerol only poorly as a carbon

source. The cell-free extracts obtained from bacteria grown

on glucose or ribose produced comparable levels of LA. A

12
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number of studies using the latter two compounds showed

neither carbon source producing a higher specific activity

in a consistent fashion. Glucose was routinely used, since

no apparent catabolite repression activity could be

confirmed.

TABLE II

EFFECTS OF DIFFERENT CARBON SOURCES
ON ENZYME ACTIVITY

L-asparaginase Specific
Activity

Carbon Source (I.U./mg protein)

Glucose. . . . . . . . . . . . . . . . . . 0.317

Ribose . . . . . . . . . . . . . . . . . . 0.289

Glycerol . . . . . . . . . . . . . . . . not detectable

The medium was prepared, less the carbon source (as
described in the Experimental Methods Section), then split
into three groups, where equal-molar quantities (0.055 M)
of each compound was added. Units of enzyme activity (I.U.)
are in terms of moles of ammonia formed per minute at 300.
See the Experimental Methods Section for further details.

Other studies attempted concerned pH manipulation of

the growth media (40) during different phases of growth and

variation in harvest time measured from the time of addition

of an inducing level o the substrate, L-asparagine (20).

No definitive data were obtained from these studies; however,

it was found in most cases that the highest levels of enzyme

resulted when the growth medium was supplemented with addi-

tional levels of L-asp ragine (10 mM) approximately two
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hours prior to the time of harvesting the cells. It would

appear that L. plantarum, even in the stationary phase of

growth, can be induced further to produce additional LA.

Under the best conditions obtained in this study, only low

levels of LA (0.5 to 0.8 I.U./ml of culture medium) were

produced by L. plantarum. Other microorganisms (34,37,38)

have been reported to yield considerably higher levels (1.3

to 4.0 I.U./ml of culture medium).

From the outset of the studies with the LA from L. plan-

tarum, it was noted that the enzymatic activity rapidly decreased

after cell disruption (half life, two to three days). Such

instability is often associated with high-molecular-weight

proteins composed of easily dissociable subunits. A number

of buffer systems were tested (tris, phosphate, and tri-

ethanolamine) along with sulfhydryl group protecting agents

(BME and DTT) and a known protein stabilizing agent, glycerol.

The buffer medium which best stabilized LA was one composed

of 40 mM TEA, pH 7.6, 15 per cent glycerol, and 0.5 mM DTT.

With the TEA buffer medium, the half-life of LA activity

in crude extracts was extended to approximately seven to

ten days.

To explore the possibility of destruction of the enzyme

through protease activity, a known protease inhibitor (41),

phenylmethysulfonylflouride (PMSF), 1 mM, was studied in

a crude cell-free preparation. As can be seen from the

activity data over a forty-three hour period (Table III),
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no decrease in the rate of activity loss resulted from use

of PMSF.

TABLE III

EFFECTS OF PMSF ON ENZYME ACTIVITY

Addition to
Crude Extract Activity (I.U.)

0-Hours 19-Hours 43-Hours

Control .043 .037 .032

PMSF, 1 mM .043 .035 .031

PMSF solution consisted of 10 mM PMSF in a 30% ethanol-
water solution. One-tenth volume of the PMSF solution was
added to the crude extract. One-tenth volume of 30% ethanol-
water solution was added to the crude extract to serve as
control. Activity (I.U.) is defined as that amount of
enzyme necessary to produce 1 pmole of ammonia in one minute
at 300. See the Experimental Methods Section for further
details.

This indicates that the loss in enzymatic activity over the

forty-three-hour period is due to other factors, a PMSF

insensitive protease, or a combination of both.

The effects of prior dilution of the crude extract

upon LA activity were determined (Table IV). The results

indicate that there is a rapid decrease in activity as

a result of dilution. After twenty-seven hours, there

was an almost three-fold decrease in LA activity (as

compared to the undiluted crude extract) attributable to

dilution. No activity could be restored by concentrating
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diluted preparations. Behavior of this type is characteristic

of quaternary proteins, where loss of activity, after dilution,

is due to dissociation of subunits. These data seem to

indicate that any purification process which is accompanied

by a dilution of the crude extract will suffer an unavoidable

loss in activity due, at least in part, to the dilution

process itself.

TABLE IV

EFFECT OF DILUTION ON ENZYME ACTIVITY

Crude Extract Activity (I.U.)

0.25 Hours 1 Hour 27 Hours

No dilution 0.041 .039 .037

Prior dilution 0.024 .014 .014

Prior dilution refers to a 5-fold dilution with TEA
buffer medium. Both samples were at the same dilution at
the time of assay. Times listed refer to the time the assay
was started from the initial 5-fold dilution. Activity is
defined in terms of I.U.; the number of pmoles of ammonia
produced per minute at 300 by a given quantity of the crude
enzyme preparation. See the Experimental Methods Section
for futher details.

Purification

Purification of the LA from L. plantarum was attempted

using standard procedures. These included separation of

protein in crude preparations based upon differences in

(a) solubility, (b) electric charge, (c) molecular size,

(d) adsorption characteristics. Thus, ethanol and ammonium
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sulfate precipitations, cation and anion exchange chroma-

tography (carboxymethyl cellulose and diethylaminoethyl-

cellulose), molecular exclusion chromatography (Sephadex

G-100, G-200), and hydrophobic adsorption chromatography

were employed in enzyme purification attempts. In all

cases, the recovery of enzyme was very poor, if any was

recovered at all, and the fold purification was very low.

The loss in activity was attributable in part to dilution

of the enzyme during these purification processes, the time

required to carry out these processes, and the inherent

instability of the enzyme.

The initial aim of this project, the characterization

of the regulation of L-asparagine from L. plantarum, proposed

the use of a purified preparation of the enzyme. However,

the difficulties encountered in stabilizing the enzyme

prevented the conducting of the desired studies on such

preparations. Therefore, the regulation studies, of

necessity, were conducted employing crude cell-free extracts

of L. plantarum.

Validity of the LA Assay Method

An evaluation was made of the assay system (nesslerization)

used for determining the activity of LA. Figure 1 shows the

enzymatic release of ammonia from asparagine with respect

to time. The reaction velocity was linear for at least

forty minutes, indicating that zero order kinetics were in



Figure 1

L-Asparaginase Activity as a Function of Time Plot

Rates of the enzymatic release of ammonia as deter-
mined by nesslerization. L-asparaginase was assayed as
described in Experimental7Methods. Volume of crude ex-
tract used was 0.1 ml.
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effect. When enzymatic velocities were plotted as a

function of enzyme concentrations, a linear relationship

was also observed (Figure 2). This would indicate that

the colorimetric determinations of the quantity of ammonia

produced in the enzymatic reaction are a valid measure of

the LA present in crude extracts. A plot of velocity as

a function of substrate concentration (Figure 3) shows a

sigmoid saturation curve, characteristic of a homotropic-

allosteric enzyme with positive cooperativity. The SO5

value is approximately 9 mM asparagine under the assay

conditions.

Inhibition Studies

Relatively little is known about the function and

regulation of the LA from L. plantarum. The study of the

regulation of LA from L. plantarum is of interest because

the enzyme directly opposed the action of asparagine

synthetase. From the reaction diagram below (Figure 4),

it can be shown that in the absence of appropriate regulatory

controls, the coupling of LA with asparagine synthetase

would form a futile cycle of amide synthesis and amide

degradation, resulting in the wasteful consumption of

cellular energy (ATP). Potential futile cycles have been

recognized. Among these, the glutaminase-glutamine synthe-

tase system of E. coli (42) closely parallels the system

presently being studied,with an exception that ADP and



Figure 2

Plot of Velocity of Lactobacillus Plantarum
L-Asparaginase versus Protein Concentration

The reaction velocity of L-asparaginase at increasing
protein concentrations (mg/ml)in the reaction mixture.
See Experimental Methods section for details of the assay
procedure. One International Unit (I.U.) is defined as
that amount of enzyme necessary to produce one micromole
of free ammonia in one minute.
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Figure 3

Plot of Velocity of Lactobacillus Plantarum
L-Asparaginase versus L-Asparagine Concentration

The reaction velocities of the deamidations of
L-asparagine at varying substrate concentrations after
i forty-minute incubation period of 300 and at pH 7.5.
One International Unit (I.U.) is defined as the amount
of enzyme necessary to produce one micromole of free
ammonia in one minute.
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inorganic phosphate are the products of the glutamine

synthetase reaction, not AMP and pyrophosphate. The most

studied potential futile cycles are found in the amphibolic

pathways in the gluconeogenic-glycolytic sequence (29). In

general, the anabolic enzyme is regulated by the biosynthetic

end-products and the catabolic enzyme is regulated by energy

metabolites. Since ATP is required for the synthesis of

asparagine, the effects of ATP on the activity of LA should

be examined.

In an earlier study in this laboratory, ATP was found

to inhibit L. plantarum LA, but no detailed investigation

of this observation was made (20). In the present study,

it has been confirmed that ATP does indeed inhibit the enzyme.

The I0.5 (that concentration of inhibitor in the reaction

mixture that produces Vmax) for ATP at a 6 mM level of

the substrate, L-asparagine,: is 1.4 mM (figure 5). Further-

more, this inhibition appears to be cooperative in nature

and of the type exhibited upon many allosteric enzymes.

A plot of velocity versus substrate concentration (Figure 6),

supports this proposal, and further suggests that the sig-

moidal response to ATP inhibition (at a variety of fixed

ATP concentrations) is overcome by high levels of substrate.

Examination of the double reciprocal plots (Figure 7),

indicates that the inhibition by ATP is overcome by high

levels of asparagine, suggesting that LA from L. plantarum

is a K-type allosteric enzyme (43); thus, the negative effector,



Figure 5

The Effect of ATP on L-Asparaginase
Activity from LactobacTltus Plantarum

Velocity is expressed in moles of ammonia produced
per minute at 300. Substrate concentration was 6 mM in
the reaction mixture. Incubation time was for forty
minutes at 300. See Experimental Methods for further
details.
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Figure 6

Effects of ATP on L-Asparaginase
Activity from Lactoba illus Plantarum

See Experimental Methods for description of assay.
One International Unit (IU.) is defined as that amount
of enzyme necessary to produce one micromole of free
ammonia in one minute.

0 , no ATP present

A ,l mM ATP

, 2 mM ATP

O , 3IMM ATP
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Figure 7

Double Reciprocal Plot of the Inhibition by ATP
of the L-Asparaginase Activity from

Lactobacillus Plantarum

The double reciprocal plot of data from Figure 6+.
See Experimental Methods for conditions of the experiment.

0, no ATP present

A, 1mMATP

U, 2 mM ATP

O, 3 mM ATP
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ATP, causes an increase in the apparent Km of the enzyme

while the Vmax remains constant. It was not determined

whether or not inhibition by ATP was reversed upon removal

of the ATP due to the inability of the enzyme to withstand

techniques for such experiments, i.e., gel filtration or

dialysis. Evidence, given later, indicates that nucleoside

triphosphate inhibition of LA is reversible.

With expansion of the inhibition studies to include the mono-

and diphosphates of adenosine, a definite pattern of inhibition

emerged. From Figure 8, this pattern indicates that ATP is

the most effective inhibitor, followed by ADP, with AMP

being the least effective of this series. In other words,

the level of inhibition appears to be associated with the

degree of phosphorylation of adenosine.

To further investigate this trend of inhibition, the

nucleotide families of guanosine, uridine, and cytidine were

studied. As with ATP, these nucleoside triphosphates, GTP,

UTP, and CTP were comparable as inhibitors of LA activity.

The I0.5 values of the above nucleoside triphosphates were

determined to be 1.25, 0.80, and 0.85 mM, respectively, at

a 6-mM level of the substrate, asparagine (less than saturating.

See Figures 9, 10, and 11. The mono- and diphosphates of

these three nucleosides, when tested for their effective-

ness as inhibitors, revealed the same pattern of inhibition

as that found with the adenosine nucleotides (Figures 12, 13,

and 14).



Figure 8

Effects of the Adenosine Nucleotides on the
L-Asparaginase Activity from

Lactobacillus Plantarum

See Experimental Methods for details of the assay.

One International Unit (i.U.) is defined as that amount
of enzyme necessary to produce one micromole of free
ammonia in one minute.

0, no effector present

U, 3 mM AMP

A, 3mM ADP

., MM ATP
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Figure 9

The Effect of GTP on the L-Asparaginase Activity
from LactobacilTus Plantarum

Conditions as in Figure 5 except the assay mixture
containing varying concentrations of GTP.
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Figure 19

The Effect of UTP on thE
Activity from Lactobac:

Conditions as in Figure 5
contained varying concentration

L-Asparaginase
iTus Plantarum

except the assay mixture
is of UTP.
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Figure 11

The Effect of CTP on the
L-Asparaginase Activity from

Lactobacillus Plantarum

Conditions as in Figure 5 except that the assay
mixture contained varying concentrations of CTP.
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Figure 12

Effects of the Guanosine Nucleotides on the
L-Asparaginase Activity from

Lactobacillus Plantarum

Conditions are as found in Figure 8.

0, no effector present

, 3 mM GMP

4, 3mM GDP

*, 3 mM GTP
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Figure 13

Effects of the Uridine Nucleotides on the
L-Asparaginase Activity from

Lactobacillus Plantarum

Conditions are as found in Figure 8.

0, no effector present

U, 3mMTUMP

A,

of

3 mM UDP

3 mM UTP
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Figure 14

Effects of the Cytidine Nucleotides on
the L-Asparaginase Activity from

~actobacillus Plantarum

Conditions are as found in Figure 8.

0, no effector present

U, 3 mM CMP

A, 3mMCDP

*,3mM CTP
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The inhibition, data are indicative of the type of

inhibition given by reversible, negative allosteric effectors,

but the data do not preclude the possibility of chemical

modification occurring, rather than reversible inhibition.

To answer this question, UTP was used in an experiment as

a representative of the nucleoside triphosphates studied

thus far. In Table V, the data indicate that there is

little difference in the activity resulting from enzyme

incubated with UTP prior to enzymatic assay, group A, as

compared with enzyme to which UTP was added at the time of

the assay, group B. It was reasoned that preincubation

of the enzyme with high levels of a potential chemical

modifier (UTP) would effect a greater inhibition, after

dilution for assay of enzyme activity, than would occur

if the inhibitor (UTP), at lower concentrations, were

present only during the enzyme assay. This would be true,

of course, only if irreversible chemical modification of

the enzyme were operative. The negligible difference in

activities between the two groups indicates that 'the inhibition

by nucleoside triphosphate is reversible in nature. These

findings are in<:contrast to those obtained for L-glutaminase

from E. coli, where the enzyme was shown to be chemically

modified by ATP (42).

It should be noted that while the evidence presented

here is consistent with the characteristics of an allosteric

type enzyme, other explanations are possible for the sigmoid
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TABLE V

EFFECTS OF PREINCUBATION OF CELL EXTRACT
FROM L. PLANTARUM WITH UTP

Preincubation of Assay of Activity Percent
Cell Extract Diluted Cell (lU.) Inhibition

Extract

(UTP in assay)

Control No UTP No UTP 0.057 0

Group A 10 mM 1 mM UTP 0.040 30
UTP

2 mM UTP 0.026 54

3 mM UTP 0.025 56

Group B No UTP 1 mM UTP 0.042 26

2 mM UTP 0.027 53

3 mM UTP 0.024 58

Protein concentrations of Groups A and B were identical
during preincubation. Both groups were preincubated for 30
minutes at 300. The control came from Group B. Enzyme
reaction time (asparagine present) was for twenty minutes
at 300. The volume of the bacterial extract for Group A
was varied in the enzymatic assay to obtain the desired UTP
concentrations. The differences in the enzyme concentrations
were corrected for in the color assay. One I.U. is defined
as that amount of enzyme necessary to produce 1 Fmole of
ammonia in one minute at 300.
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shape of the velocity-versus-substrate curve (Figure 3) when

working with an unpurified enzyme. At low substrate levels,

enzyme processes that decrease the amount of substrate avail-

able for conversion to product by LA, or that deplete the

amount of product as formed (free ammonia) by LA, could

also produce a sigmoidal response. Enzymes such as aspara-

gine-specific oa-aminotransferase (2.6.1.14), asparaginyl tRNA

synthetase (6.1.1.12), and carbamate kinase (2.7.2.2) are

reasonable examples. The former enzyme has been observed

only in mammalian systems. The latter two enzymes require

ATP, in addition to other substrates, for activity. However,

a sigmoid response for LA activity was shown in the absence

of ATP, as well as in the presence of other nucleoside tri-

phosphates. Furthermore, considering the usual fates of

L-asparagine, that of conversion into L-aspartate and

incorporation into protein, and the conditions of the assay

(see Experimental Methods)) it is reasonable to assume that

these other factors are not operative.

The inhibition of LA by the adenosine, guanosine,

uridine, and cytidine families of nucleotides all appear

to be cooperative in nature and of the type exhibited by

many allosteric enzymes. The non-linear response to the

inhibition by these nucleotides is overcome at high levels

of substrate. The findings of this study have not been

previously reported for bacterial L-asparaginase. In all

instances, the degree of inhibition is related to the level
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of phosphorylation of the nucleoside. This relationship

not only seems to indicate that nucleoside triphosphates can

serve to regulate an apparent futile cycle of aspartate-

asparagine interconversions, but could also indicate that

the energy charge of the cell is an important determinant.

While this relationship is unclear, based on what is currently

known about energy production in L. plantarum (44), it may

be rationalized that this system of controls is a holdover

from a time when L. plantarum relied on other mechanisms for

energy production. If at one stage of L. plantarum evolution,

energy was derived aerobically from the tricarboxycylic acid

(TCA) cycle, then the LA-asparagine synthetase system could

be tied into the TCA cycle by making additional aspartate

available for energy production when the supply of ATP was

low. This hypothesis is that L. plantarum may have exchanged

biochemical diversity and nutritional independence for a

set of new properties that have enable it to live successfully

in close association with plants, animals, and humans.



CHAPTER IV

CONCLUSION

In this investigation, the aims were the purification

of L-asparaginase (LA) from L. plantarum, and the characteri-

zation of the regulation of this enzyme through the use of

the purified preparations. However, LA was found to be

very unstable in crude cell-free preparations, and no sub-

stantial purification could be achieved. Therefore, regulation

studies of LA were investigated using crude extracts.

Herein are studies that confirm the previously reported

(20) finding that ATP inhibits the activity of LA. Extending

the study to include the mono-, di-, and triphosphates of

adenosine, guanosine, uridine, and cytidine revealed a pattern

of inhibition common to all four families of nucleotides.

In each case, the level of inhibition of LA activity was

related to the level of phosphorylation of the nucleoside,

with the inhibition being overcome at high levels of substrate.

My studies of this LA in L. plantarum indicate an allosteric

type enzyme exhibiting positive homotropism with respect to

subtrate and heterotropism with respect to the inhibitory

nucleotides tested. Variation in the concentrations of these

negative effectors leads to changes only in the Km of the

enzyme, further classifying LA as a "K type" enzyme.

52
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The correlation between the level of inhibition and

the level of phosphorylation of the nucleosides suggests

that the interconversion of L-asparagine and L-aspartate

is related to the intercellular levels of energy in the

form of high-energy phosphate bonds. ATP is required

for the synthesis of asparagine (asparagine also serves

as a negative effector of asparagine synthetase), whereas

ATP (and other nucleoside triphosphates) strongly inhibit

degradation of asparagine to aspartate. This system

would avert a futile cycle, which would couple amide

synthesis and amide degradation to hydrolysis of ATP and

AMP and PPi. It is uncertain, at this time, what pathways

L-aspartate would follow if it were to serve as fuel for

energy production in L. plantarum when cellular ATP levels

are low.
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