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ABSTRACT

Asparaginase (EC 3.5.1.1) was isolated from the developing seed of
Pisum sativum. The enzyme is dependent upon the presence of K* for
activity, although Na* and Rb* may substitute to a lesser extent. Maximum
activity was obtained at K* concentrations above 20 millimolar. Potassium
ions protected the enzyme against heat denaturation. The enzyme has a
molecular weight of 68,300.

Asparaginase activity developed initially in the testa, with maximum
activity (3.6 micromoles per hour per seed) being present 13 days after
flowering. Maximum activity (1.2 micromoles per hour per seed) did not
develop in the cotyledon until 21 days after flowering. Glutamine synthetase
and glutamate dehydrogenase were also present in the testae and cotyle-
dons but maximum activity developed later than that of asparaginase.

Potassium-dependent asparaginase activity was also detected in the
developing seeds of Vicia faba, Phaseolus multiflorus, Zea mays, Hordeum
vulgare, and two Lupinus varieties. No stimulation of activity was detected
with the enzyme isolated from Lupinus polyphyllus, which has previously
been shown to contain a K*-independent enzyme.

Asparagine is a major nitrogen storage and transport compound
in plants (1, 11, 18, 19). In Lupinus asparagine may account for
70% of the nitrogen transported to the pod and seed in the phloem
although only 7 to 10% of the residues of the seed protein are
asparagine. When [U-"C], amide-[°N]asparagine was supplied
via the phloem to developing lupin seeds the amide nitrogen was
rapidly converted to a wide variety of amino acids in the seed
protein (1). It was suggested that asparagine was metabolized by
the enzyme asparaginase (L-asparagine amido-hydrolase, EC
35.1).

Asparaginase has been purified and characterized from Lupinus
polyphyllus (9); however, the enzyme was not found in the majority
of lupin varieties tested nor in other legumes, e.g. Pisum, Phaseolus,
or Vicia (8), a result confirmed by other workers in Pisum (2) and
soya bean (23). Two other possible routes of asparagine metabo-
lism have been considered (7); the first possibility that asparagine
could substitute for glutamine in the GOGAT? reaction has not
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% Abbreviations: GOGAT: glutamate synthase; GS: glutamine synthe-
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been confirmed with cell free extracts from a variety of sources
(2, 14, 23, 28). The second route, in which asparagine is trans-
aminated to give a-ketosuccinamic acid which subsequently
breaks down to release ammonia, has been demonstrated in soya
bean (24) and pea leaves (12) but we have been unable to find
asparagine transamination in maturing cotyledons of P. sativum.
Despite this lack of positive evidence for asparagine utilization we
have confirmed a previous report (16) that isolated developing pea
cotyledons grown in culture can utilize asparagine as the sole
nitrogen source for extensive synthesis of storage protein (10).
Studies with enzyme inhibitors suggest that asparagine is first
metabolized to ammonia which is reassimilated by the GS/GO-
GAT pathway (15). This paper reports the results of a further
search for enzymic evidence for asparagine breakdown and de-
scribes the isolation, from developing seeds of Pisum sativum and
a range of other plants, of an asparaginase which is totally
dependent upon the presence of K* ions.

MATERIALS AND METHODS
PLANT MATERIAL

P. sativum (var. Feltham first) plants were grown in pots with
KNO; as an N source in a greenhouse during the spring of 1978.
Flowers were tagged with the date as they opened. Other plants
used were grown at Rothamsted, except Lupinus species which
were generously supplied by Mr. C. Looker of the Wolfson
Research Unit, University of Reading, U.K.

ENZYME ASSAYS

Asparaginase. [U-"C]Asparagine (Radiochemical Centre,
Amersham) was purified by passing it in solution through a
Dowex 1 column to remove contaminating aspartate and recrys-
tallizing it from ethanol. The reaction mixture, in 1.5-ml capped
polypropylene microcentrifuge tubes, contained 1.2 pmol aspara-
gine (60,000 cpm/pmol), 6 pmol Tris-HCl buffer (pH 8.0), and 6
umol KC1 (when specified) in a final volume of 120 ul. At the
start of the reaction 60 ul were withdrawn as the zero time sample
and the remainder incubated at 30 C for 1 h. The assay was
terminated by boiling for 5 min. The tubes were then centrifuged
to remove denatured protein and 2 ul of 20% (w/v) (NH4):SO,
added to ensure a sharp aspartate spot after chromatography.
Asparagine was separated from aspartate by chromatography on
cellulose-silica TLC plates in phenol-H;O (80:20) (27). The amino
acids were located, removed from the TLC plates, and counted as
described previously (4). Counts located in aspartate from zero
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time incubations were subtracted from the test reaction. Enzyme
activities were expressed as umol aspartate formed/h.

Glutamine Synthetase. This was assayed by the formation of
y-glutamyl hydroxamate in the synthetase reaction as described
by Rhodes et al. (20). Reaction mixtures (1.6 ml) contained 10
pmol ATP, 90 umol MgCl, 10 pmol hydroxylamine, 150 umol
glutamate, and 80 pmol imidazole buffer (pH 7.2). Assays were
carried out at 30 C for 20 min and terminated by the addition of
the ferric chloride reagent.

Glutamate Dehydrogenase. NADH-dependent activity was
measured by following the decrease in A at 340 nm in the presence
of NH,* plus a-ketoglutarate. The assay mixture (1 ml) contained
10 umol of a-ketoglutarate, 50 umol (NH,).SO;, 0.2 pumol NADH,
1 umol CaCl, and 50 pmol Tricine-KOH buffer (pH 7.2). The
addition of Ca®* ions was essential to obtain maximum activity.

EXTRACTION AND PURIFICATION OF ASPARAGINASE

Cotyledons or testae were ground in 3 volumes of extraction
buffer containing 50 mm Tris-HCI (pH 8.0), 15 mm mercaptoeth-
anol, 1 mm phenylmethylsulfonylfluoride, 50 mm KCl, and 10%
(w/v) glycerol, squeezed through muslin and centrifuged at
10,000g for 20 min at 2 C. The supernatant was slowly brought to
a concentration of 0.5 g (NH,);SO,/ml and the precipitated pro-
tein removed by centrifugation. When total levels of asparaginase
were assayed the redissolved pellet was desalted on a Sephadex
G-25 column equilibrated in extraction buffer; when it was re-
quired to remove K* the equilibration buffer did not contain K*.
To purify the (NH,).SO, precipitate further it was dissolved in
buffer containing 10 mm asparagine and ethanol slowly added to
a final concentration of 60% (v/v) (considerable loss of activity
was observed above this value). The ethanolic extract was left at
0to 4 C for 1 h and the precipitate removed by centrifugation.
The supernatant was applied to a Sephadex LH-20 column equil-
ibrated in extraction buffer (with or without K*) and the aspa-
raginase eluted free from ethanol.

EXTRACTION OF GLUTAMINE SYNTHETASE AND GLUTAMATE
DEHYDROGENASE

Pea cotyledons or testae were ground in 50 mm imidazole-HC1
(pH 7.2), ] mm DTT, 0.5 mm EDTA, and 0.1% Triton X-100. The
extract was squeezed through muslin and centrifuged at 10,000g
for 20 min. The supernatant was passed through a column of
Sephadex G-25 equilibrated in extraction buffer minus Triton X-
100. The extractable protein content of the seeds was determined
by the method of Itzhaki and Gill (6) and the total N by Kjeldahl
analysis.

MOL WT DETERMINATION

The method described by Martin and Ames (13) was used. The
extracts were layered on linear sucrose gradients of 5 to 20% (w/
v) prepared with or without 50 mm KCl. The gradients were
centrifuged on a Beckman L2-65B in a SW 27 rotor at 25,000 rpm
for 24 h. Beef liver catalase (mol wt 250,000) was used as a
standard marker.

RESULTS

Characteristics of Enzyme. The assay system used was a modi-
fication of that of Lea et al. (9). To increase the sensitivity of the
assay, a radioactive rather than colorimetric determination of
aspartate was used. Considerable care was taken to remove any
contaminating aspartate from the [“Clasparagine. After the en-
zyme reaction, radioactivity could only be detected in asparagine
and aspartate on the TLC plate. The reaction rate was linear for
3 h at 30 C, and proportional to the amount of enzyme added.

Asparaginase was detected in the testa and cotyledon of matur-
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ing pea seeds but not in the liquid endosperm. The enzyme was
found to be stable and active in 60% ethanol and ethanol precip-
itation of other proteins was used to give a 12- to 15-fold purifi-
cation of asparaginase; the ethanol was then removed by passing
the extract over Sephadex LH-20. Specific activity values for the
enzyme from the testa and cotyledon after ethanol purification
were 31 and 1 pmol/h-mg protein, respectively.

The enzyme was only active in the presence of K* ions. The
effect of different concentrations of K* on asparaginase isolated
from both cotyledon and testa is shown in Figure 1. In both cases
maximal activity is closely approached at 20 mm K* and the
concentration of K* giving half- ¥n,. were 4.5 mM and 6.0 mm for
the testa and cotyledon enzyme, respectively. These values should,
however, be treated with caution as they probably represent the
effect of K* on both the activity and stability of the enzyme (Fig.
3). Various other cations were tried as substitutes for K* but only
Na® and Rb" were able to promote activity to a significant level
(Table I). A number of anions were tested in the presence of K*
at 33 mm. Iodide, nitrate, sulfate, phosphate, a-ketoglutarate, and
tartrate had no effect on asparaginase activity when compared to
chloride; bromide inhibited by 11.1%. Mercuric chloride at 1 mm
inhibited asparaginase activity by over 95%.

The effect of concentration of asparagine on asparaginase activ-
ity is shown in Figure 2 and K., values were calculated as 3.2 mm
for the cotyledon and 3.7 mM for the testa enzyme. The two
products of the reaction, aspartate and ammonia, inhibited 33% at
6 mM and 6% at 10 mm, respectively.

In the absence of K™, the enzyme was unstable in solution (Fig.
3). Almost 90% of activity was lost after 10 min at 30 C, and 40%
lost at 20 C. Very little activity was lost in the presence of K* at
either 20 or 30 C. Sodium was able to substitute for K* in its
ability to prevent heat denaturation to a lesser extent, but aspar-
agine had no action as a protective agent. This stabilizing effect of
K™ is separate from its activating effect since when assayed under
conditions where the enzyme shows a reasonable degree of stabil-
ity in the absence of K*, i.e. at 20 C for 20 min, the enzyme is still
inactive unless K* is present.

Mol Wt. The mol wt of the cotyledon and testa enzyme were
very similar, and an average value of 68,300 was determined.
Attempts to determine an accurate value for the mol wt of the
enzyme in the absence of K* were unsuccessful due to rapid loss
of activity. The value is very close to that determined for the K*-
independent enzyme (72,000) isolated from L. polyphyllus (9).

Changes in Asparaginase Activity during Development. During
the course of this investigation Storey and Beevers (22) published
a detailed account of the developmental changes that take place
during the maturation of P. sativum seed. We have therefore
reported only results that are necessary to show the changes in
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Fic. 1. Effect of increasing concentration of KCl on asparaginase
activity isolated from testa (@——@®) and cotyledon (O——O) of immature
P. sativum seeds.
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Table 1. Activity of Asparaginase Isolated from Cotyledons and Testa of
P. sativum in Presence of Various Cations
All cations were present at 33 mM as the chloride. A Sephadex LH-20-
purified extract was used as a source of enzyme.

Catio Relative Activity of Enzyme
n
Testa Cotyledon
%
Potassium 100.0 100.0
Sodium 38.8 26.6
Rubidium 363 15.5
Ammonium 15 1.1
Lithium 6.3 1.6
Cesium 59 0
Tris 5.6 1.1
Magnesium 5.0 22
Calcium 3.8 0
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F1G. 2. Effect of increasing concentration of asparagine on the aspa-
raginase activity isolated from the cotyledons of immature P. sativum
seeds. (Inset: Lineweaver-Burk plot).
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Fic. 3. Stability of testa asparaginase to heat treatment in the presence
and absence of 50 mMm potassium and 10 mm asparagine. (@——@®): 20 C
plus potassium; (O——O): 30 C plus potassium; (A——A): 30 C plus
sodium plus asparagine; (l—W): 20 C no additions; (V—V) 20 C
plus asparagine; (V——V): 30 C plus asparagine. The remaining activity
was determined by bringing the LH-20-purified extract to 10 mm aspara-
gine and 50 mm KCl and assaying at 30 C.

asparaginase activity in relation to other developmental processes.
Our results for the time-course of fresh weight and extractable
protein increase in the cotyledons (Fig. 4A) are comparable to the
results of Storey and Beevers (22). When asparaginase was meas-
ured over this period (Fig. 4B) it was found that there was a rapid
increase in activity in the testa immediately prior to the onset of
protein synthesis in the cotyledon. Subsequently, asparaginase
then appeared in the cotyledon increasing to a maximum during
the period of maximum protein accumulation and then decreasing
to virtually nothing at maturity.
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F1G. 4. A: developmental change in fresh and dry weight of testa and
cotyledon during maturation of P. sativum seed. (@——@®): Dry weight of
testa; (A——A): fresh weight of testa; (W——V): N content of testa;
(O—0): dry weight of cotyledons; (A——A): fresh weight of cotyledons;
(V—V): N content of cotyledons; (li——l): fresh weight of whole seed.
B: developmental changes in asparaginase and protein in testa and coty-
ledon during maturation of P. sativum seed. (@——@): Asparaginase in
testa; (O——O): asparaginase in cotyledons; (A——A): protein content of
testa (X 10); (A—A): protem content of cotyledons. C: developmental
changes in GS and GDH activity in testa and cotyledons during maturation
of P. sativum seed. (@—@®): GS in testa; (O——O): GS in cotyledons;
(A—A): GDH in testa; (A——A): GDH in cotyledons.

Asparaginase activity will produce ammonia which must be
reassimilated if maximum use is to be made of the transported
nitrogen. The two possible routes of ammonia assimilation (14)
require either the enzyme GS or GDH. The two enzymes were
monitored during maturation of the pea seed, and the develop-
mental changes observed are shown in Figure 4C. Maximum
activity of both GS and GDH in the testa was detected slightly
later than the maximum activity of asparaginase. In the cotyledons
there was again a lag between the development of asparaginase
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activity and GDH and a further lag before the development of
high levels of GS activity.

K*-dependent Asparaginase in Other Seeds. In a report of
asparaginase in lupin seeds in which the enzyme was extracted
and assayed in the absence of K* ions it was found that the
enzyme was restricted to a relatively small number of lupin
varieties (9) and not found in certain other legume seeds (8). We
have, therefore, tested these plants again for the presence of
asparaginase and have studied the effect of K* ions on activity
(Table II). As in the previous study little or no asparaginase
activity was found in the absence of K* (even though a much
more sensitive assay has been used) in the seed of P. sativum, Vicia
faba, Phaseolus multiflorus, Lupinus albus (var. Buttercup) or L.
mutabilis (var. Tabor) although in all cases significant levels of
activity were found with K* ions present in the assay. In contrast,
asparaginase was readily demonstrated in L. polyphyllus in the
absence of K* ions (as before [9]) and was not further increased
by the addition of K*. Asparaginase activity was also detected in
the developing grains of maize and barley, which was considerably
stimulated by the addition of K* ions.

DISCUSSION

Although asparagine has been recognized as an important
storage compound for reduced N in plants for over 170 years (3,
7, 11) it is only recently that any successful attempts have been
made in understanding the enzymology of asparagine breakdown.
Atkins et al. (1) demonstrated the presence of an asparaginase in
L. albus and we have purified a similar enzyme from L. polyphyllus
(9). Streeter (24) and Lloyd and Joy (12) have characterized a
second route of asparagine breakdown in which asparagine is first
transaminated to a-ketosuccinamic acid. However, we had been
unable to demonstrate either asparagine transaminase or aspa-
raginase activity in a number of maturing legume seeds, including
L. albus and species known to use asparagine as a sole source of
N for cotyledonary protein synthesis (10, 16, 26). The reason for
this is now clear; the asparaginase in these species is strictly K*-
dependent and in all of our previous work we have used Tris
buffer without added K™; in contrast Atkins ez al. (1) used phos-
phate buffer (cation unspecified) and therefore the K* dependence
of the enzyme is unknown. As the asparaginase isolated from all
other seeds tested (except L. polyphyllus) was strongly K*-stimu-
lated, it may be assumed that the enzyme is widely distributed. In
contrast the L. polyphyllus enzyme which is completely active in
the absence of K* has a very narrow distribution (unpublished
results). It is difficult to estimate the [K*] at the site of enzyme
activity, but the [K*] in the phloem in which the asparagine is
transported to the seed varies between 50 and 100 mm (19).

Even though K* plays an important role in activating enzymes
involved in a wide range of processes including starch and protein
synthesis (5, 25), we have been unable to find any previous report
of an asparaginase from any other source that is activated by K*
or any other cation. However, the asparaginase reaction is an
example of an elimination reaction involving an enol-keto tauto-
mer as an intermediate and Suelter (25) has shown that similar
enzyme-catalyzed reactions involving such intermediates are K*-
stimulated. The reason that the enzyme from some higher plants
requires K as a cofactor for activity whereas those from certain
lupin species (9), fungi, and bacteria (29) do not, is not known.

In certain K*-activated enzymes the cation plays an important
role in maintaining the functional integrity of the enzyme (17).
This may involve some discrete conformational change in the
enzyme structure or the dissociation into inactive subunits in the
absence of K*. We were unable to find any effect of K* on the
mol wt of pea seed asparaginase. Although we have no evidence
as to the mechanism involved, the enzyme is very unstable in the
absence of K* (Fig. 3) showing that the cation is required for
maintaining the integrity of the enzyme as well as for catalytic
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Table II. Occurrence of Asparaginase Activity in Developing Seeds

Plant Material Specific Activity
wmol/h-seed wumol/h-g fresh wt
Pisum sativum var. Feltham first
Cotyledons
+K* 0.66 1.81
-K* 0 0
Testa
+K* 2.70 3243
-K* 0.048 0.57
Pisum arvense
Cotyledons
+K* 2.27 6.17
-K* 0 0
Vicia faba var. Minden
Cotyledons
+K* 1.79 2.56
-K* 0.017 0.024
Phaseolus multiflorus
Cotyledons
+K* 0.12 0.34
-K* 0 0
Lipinus polyphyllus
Whole seed
+K* 0.48 9.75
-K* 0.44 89
L. albus var. Buttercup
Cotyledons
+K* 0.64 4.70
-K* 0.01 0.08
L. mutabilis var. Tabor
Cotyledons
+K* 0.41 2.18
-K* 0.03 0.15
Zea mays var. Fronica
Seed
+K* 0.37 1.04
+ K- 0.07 0.19
Hordeum vulgare var. Julia
Endosperm
+K* 0.01 0.35
-K* 0.0012 0.04

activity. For these reasons K* should be routinely included in
buffers for isolating the enzyme.

The changes in asparaginase activity during cotyledon matura-
tion correlate well with the times of maximum protein synthesis;
thus, the highest levels of activity in the testa and cotyledon are
reached during the phase in which the protein content of these
organs is increasing (Fig. 4B). The maximum level of activity of
the cotyledonary enzyme is sufficient to allow the synthesis of up
to 5 mg protein per cotyledon pair per day from asparagine. This
compares with a maximum calculated rate of cotyledonary protein
synthesis of 3.08 mg protein per seed per day between the 24th
and 27th day after flowering.

The development of GS and GDH in the testa lags behind the
maximum level of asparaginase activity by several days—this lag
may be the reason that ammonia can accumulate in such large
amounts in the liquid endosperm of legumes (60 mM in lupins [1]
and 15 mM in the peas reported here). This accumulation is
transient, as the liquid endosperm is rapidly absorbed by the
expanding cotyledon, when the rate of protein synthesis acceler-
ates. In the cotyledon, asparaginase and GS both have a peak of
activity at the same time although GS begins to increase again as
the seed matures and eventually reaches a much greater value.
Although the amount of GS is not particularly great during the
maximum phase of protein synthesis in the cotyledon, it is always
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in excess of the level of asparaginase, suggesting that it is probably
capable of assimilating the ammonia formed in this reaction. This
conclusion is confirmed by inhibitor studies which show that the
utilization of asparagine for protein synthesis in the cotyledon is
inhibited by methionine sulfoximine, an inhibitor of GS (10). GS
is unlikely to be required for the assimilation of NH; from nitrate
reduction since nitrate reductase appears not to be present in pea
cotyledons (10).

The reason for the rise in GS activity during the final stages of
maturity of the cotyledon is not clear but it may be important in
the synthesis of glutamine during the breakdown of the storage
proteins during germination.

In contrast to previous workers (2, 23) we have found large
amounts of GDH present in both the testa and cotyledons. Al-
though inhibitor evidence is against any role for GDH in ammonia
assimilation in the cotyledon, large concentrations of NH," accu-
mulate in the liquid endosperm (although not in the testa or
cotyledon), and it is possible that cells lining the endosperm may
assimilate ammonia via GDH.

The demonstration of asparaginase in developing pea seeds
completes the list of enzymes that may be expected to be of
importance in the transfer of N from asparagine and glutamine
into the amino acid-N required for protein synthesis. What has
not yet been fully demonstrated, although it is implied from
studies of cotyledons in culture (10, 16, 26) and from preliminary
labeling studies (P. J. Lea, and W. R. Mills, unpublished results),
is the ability of the cotyledons to synthesize the various carbon
skeletons required for the various protein amino acids. The pres-
ence of a K*-stimulated asparaginase in maize and barley along
with GS and GOGAT (15, 21) suggests that the pathway of
asparagine metabolism in the developing seed is the same in these
plants as in peas, although a detailed study of the enzyme during
the time course of seed development remains to be carried out.
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