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ABSTRACT

Metabolism of glutamine and asparagine was examined in
developing endosperm of maize with emphasis on:
1. Characterization of the enzymes of amide metabolism.
2. A comparison of the levels of activity of enzymés of
nitrogen assimilation in the endbsperm of a normal
variety of maize (W64A) and its isogenic high 1ysine
mutants opaque-2 and-floury-2.
3. Investigations of the metabolism of (UL-!*C} glutamine
iﬁ the endosperm of cultured corn caryopsis.
Results showed that glutamate synthase (GOGAT), glutamine
synthetase (GS), glutamate dehydrogenase (GDH), asparagine
synthetase (AS), asparaginase (ASnase) and asparagine transaminase/

activities were present in the developing endosperm. The enzyme

increased in activity jué% prior to the onset of zein biosynthesfis,

reached a maximum between 15 and 35 days after pollination and '
then declined. Two forms of GOGAT with molecular weights,
estimated to be 171,000 and 2}0,000 for ferredoxin- and NADH-GOGAT,
re§pective1y, were identified., Almost equal levels of each enzyme
were present at évery stage of development. Eithef of these
enzymes could mediate the transfer of the amide nitrogen of
glutamine to as-amino nitrogen of glutamate. Glutaminase activity

was not detected in the endosperm tiséue.
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The pattern of developmental changes in activity, and the
actual levels of activity of GDH, GS, AS, and ASnase were similar
in the control and the mutant varieties. I[n the mutants, the level
of GOGATTactivity was higher at all developmenta]‘stages examined.
Twenty days after pollination the activity was 13 £ 0.6, 29 £ 0.5
and 18 £ 0.07 nmol NADH oxidized-min~!-endosperm™! in normal,
opague-2 and floury-2, respectively.

To estimate the capacity of the endosperm tissue to metabolize
glutamine, (UL-1*C) glutamine was injected into the endosperm of
cuitured caryopses. After 168 hr of inéubation, 21% of the total
label incorporated was recovered in starch, 38% in zein, 8% in
glutelin and 132 in the free amino‘acid fraction. In the zein
hydrolysate, glutamine accounted for 14% of the tﬁtal label in
this fraction. The results from tracer studies as well as the
observations on the presence of enzymes lead to the conclusion thét
corn endosperm tissue is fully capable of metabolizing glutamine.
The presence of label in the amino }cid fraction as well as in
carbohydrates suggests the preseﬁce of an enzyme system for the

extensive metabolism of glutamine in the endosperm tissue.
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INTRODUCTION

The cereal grain, a single seeded fruit called a caryopsis,
is composed ﬁredominantly’of an endosperm and embryo which account
for'apprdximate]y 90% and 5%, respectively,.of the seed dry weight.
These two structures are surrounded'by the testa (seedwcoat) and the
pericarp (fruit coat) (MacLeod, 1969). During development of the
grain, large{gmounts of storage reserQés {carbohydrates, I;pids and
proteins) are deposited, mainly in the endosperm. The seedling draws
on these resefves after germination. In corn, protein reserves make
up about 10-16% of the dry weight of the seed.” The endosperm typically
contains aboﬁt 80% of the total protein of the cereal seed (Earle

et al., 1946).

‘A.  Endosperm Protein Reserves

Osborne (1897) separated and chaﬁgcterizéd the major seed
proteinsZ?i thg basis of their solubility. Proteins soluble in water
were regarded 3s albumins, those solubfﬁzﬁn salt-water as globulins.

In terms of absolute amounts, saline and water soluble proteins are

“of 1imited significance contributing less than 10% of the total endo-

.sperm protein (Wall and Paulis, 1978). However, these proteins are

of major importance functionally because of their enzyme content.
A major protein fraction extracted in aqueous alcohol is-called pro-

lamine, or zein in corn. A fourth fraction, glutelin, can be extracted

o
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with dilute alkali. The amino acid composition of each.of these
fractions in corn is shown in Table 1.

Albumins and globulins are relatively rich in lysine, arginine%
threonine, histidine, aspartic acid and have a good balance of other
amino gcids. Zein and glutelins are the Storage proteins of corn -and
tbgether may account for up to 80% of the total endosperm protein in

- ;Sfturq kernel (Dalby, 1966;lI§ai et al., 1978). The latter two
classes of protein differ in their amino acid composition. Zein is
rich in glutamine, 1eﬁcine, proline and alanine but is essentially
de#oid of 1y§ine and methionine. GTuteIins have a more balanced amino
acid composition (Dalby, 1966; Murphy and Dalby, 1971; Sodek and
Wilson, 1971; Wall and Paulis, 1978). The two types‘of proteins also
differ in their localization (Christiansen et al., 1974) and pattern
of synthesis in deve[oping grain (Dalby, 1966; Murphy and Dalby, 1971).
Glutelin accumulation beﬁins 10 days after pollination in maize,
lcontinyes at a steady rate uﬁti] 42 days and then ceases. In contrast,
zein synthesis is low during the initial 20 days (Dalby, 1966; Murphy
and Dalby, 1971; Tsai, 1979; Misra and Qaks, 1981)}. Between 20-42
days, the rate of zein accumulation is about 3—fo1d-higher-than that
of glutelins. In mature normal maize, zein accounts for 60% of the
total endosperm protein and hence is the major storage protein (Hensel
gt al., 1973). The amino acid composition of the corn kernel is,
thus, to a large extent a reflection of zein amino acid composigon,
For example, ;ein contains a low level of Iysine,'methionine, and

tryptophan. These amino acids are also the 6nes which limit the

.
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Table ']

Amino Acid Composition of,."0sborne Fractions" from a

Normal MaI;e Variety*

Amino acid Albumin Globulin Prolamine Glutelin
(percent of total protein fraction nitrogen)
Lysine ’ 5.4 5.0 0.1 2.6
Histidine h 1.9 2.0 0.7 2.7
Arginine 5.3 5.5 1.0 3.0
Aspartic acid 8.2 8.6 5.4 5.7
Threonine 5.0 4.9 2.9 3.7
Serine 5.6 5.6 5.7 5.1
Glutamic acid 12.3 11.6 21.0 16.4
Proline - 6.9 7.4, 10.2 10.9
Glycine 0.1 11.3 2.1 7.0
Alanine 11.0 10.4 4.2 10.2
Half—cystine‘ 0.2 1.2 0.1 1.5
Valine 7.1 7.0 4.8 5.8
Methionine 1.3 ' 1.2 0.3 3.4
Isoleucine 4.4 4.1 4.2 3.5
Leucine 9.3 8.1 19.5 11.6 -
Tyrosine 2.5 2.6 2.9 3.4
Phenylalanine 3.3 3.6 4.8 3.4
Percent of grain 0.9 1.5 - .36.9 41.4

Total nitrogen

y,

* Data adapted from Sylvester-B?qglgf and Folkes, 1976.



nutritjona] quality of corn proteins for humans and monogastric
~animals. This suggests a negative correlation between the zein content
and the‘nutritiona1 quality of the grain (Mertz, 1972, 1976).

In normal varieties of corn, the production efficiency and
yield of the crop has increased significantly. This is achieved mainly
due to selection of varieties which respond to application of higher
levels of nitrogen fertilizer. However, addition of nitrogen
fertilizers enhances the synthesis of zein type protein and hence only
exaggerates the amino acid deficiencies in corn. Non-zein proteins
which have a more uniform amino acid content remain more or less
unaffected.by fertilization (Keeny, 1970; Hensel ez al., 1973; Rendig
and Jimenez, 1978; Tsai et al., 1980). Data shown in Table 2 illustrate
this point. Normal maize g%own with Tow Tevels of nitrogen contain
1.07 md\Qein-endosperm‘F, whereas those g:own on higher Tevels of
nitrogen contain 2.38 mg zein-endosperm-1, This‘represents an increase
of 122% relative to the control. Other protein fractions, i.e.,
albumins, glutelins and globulins show only slight increases (20-40%
relative to the control). |

Several endosperm mutations have been identified that both
suppress the synthesis of ze?n and improve the nutritional quality of
grain (Mertz et al., 1964; Nelson et al., 1965). For example, b .(
screening maize genotypaF-ﬁor lysine content, Mertz et gi. (1964)
and Nelson et al. {1965) identified.mutations opaque-2 and floury-2,
respectively. The opaque-2 mutant contains twice as much lysine as

that of normal corn, Floury-2 also contains higher than normal lysine
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in endosperm. In addition, the methicnine content is also higher in

the floury-2 mutant (Hansel ez i., 1973). Comparison of amino acid

composition of endosperm and geem proteins shows that effect of opagque-Z

is restricted to endosperm (Dalby, 1966; Table 3). The improved amino

acié composition of the endosperm is due to a shift in protein class

distribution rather than to changes in amino acid composition of

individual proteins. In mutant varieties, the level of zein is reduced

and as a result, the relative contribution of other proteins which

contain normal amounts of lysine, is higher (Paulis and Wall, 1978).

It has been Clearly established that zein synthesis is both slower

and terminates at an earlier stage of dgyé1opment in opaque-2 Tines

of maize relative to the normal isogenic lines (Murphy and Dalby,

1971; Tsai, 1979; Misra and Oaks, 1981). The rate of zein accumulation

is also diminished in the other high lysine mutants, floury-2 (Tsaj

and Dalby, 1975; Misra and Oaks, 1981) and opaque-7 (Tsai and Dalby,

1975). These mutant alleles reduce zein synthesis to a different degree.
The reduction of zein synthesis in the mutants, at Jeast in

opaque-Z, may be related to a decreased "availability" of zein mRNA

in the mutant endosperm (Jones et aZ., 1977). During endosperm

development, zein is synthesized on polysomes bound to membranes

(Jones et al., 19765 Jones et al., 1977; Larkins et al., 1980).

These membrane-bound polyribosomes vary in size. Large size membrane-

bound polysomes increase in nﬁmber during endoSperm development. The

ratio of large polysomes to total membrane-bound polysomes is highest

when zein is being rapidly synthesized. The membrane-bound polyribosomes



Table 3

Amino Acids in Endosperm and Germ of Normal and

High Lysine Kernels of Corn

Amino acid Endosperm Germ
opaque-2 norma) opaque-2 normal
(g/100 g protein) (g/100 g protein)

Lysine 3.4 2.0 5.9 6.1
Histidine 3.4 2.6 2.9 2.9
Amide NH, 3.4 3.3 2.1 2.2
Arginine 5.1 3.8 9.2 9.1
Aspartic acid 8.5 6.2 9.2 . 8.2
Glutamic acid 19.1 21.3  « 13.9 13.9
Threonine 3.9 3.5 3.7 3.9
Serine 5.0 5.2 5.0 5.5
Proline 9.4 9.7 5.3 4.8
Glycine 4.0 3.2 5.5 5.4
Alanine 7.0 8.1 5.8 6.0
Valine 5.0 4.7 4.4 4.3
Cysteine 2.4 1.8 0.9 . 1.0
Methionine 2.0 2.8 1.5 1.7
[soleucine 3.9 3.8 2.5 3.1
Leucine 11.6 14.3 5.6 6.5
Tyrosine 4.7 5.3 2.2 2.9
Phenylalanine - 5.0 5.3 3.6 4.1

Data adapted from Dalby (1966).



of opague-2 endosperm lack the larger polyribosomes present in normal
corn (Jones et al., 1977a). When Jones et al. (1977) compared the
in vitro protein synthesis by membrane-bound polysomes of normal and
opaque-Z mutant, they found that approximately 50% of the labelled
protein synthesized by the membrane-bound polyribosomes of normal
maize was ethanol soluble. In contrast, in opaque-2 only 34% of the
total protein was soluble in ethanol. As revealed by SDS-polyacrylamide
gel electrophoresis, there are two major molecular weight components of
zein; 23,000 or Z, and 19,000 or Z,, both of which are synthesized in
approximate1} equal amounts in endosperm of normal corn (Gianazza
et al., 1977). In opaque-2 mutant, the synthesis of Z, component is
drastically reduced both Zn vive and in vitro (Jones et al., 1976;
Jones et al., 1977b; Lee et al., 1976; Larkins et al,, 1980).

In endosperm of high lysine mutants, in addition to the reduced
synthesis of zein, levels of ribonuclease activity (Wilson and Alexander, 1967),

[

trypsin inhibitor (Reed and Penner, 1978) and certain free amino acids
are much higher at maturity (Sodek and Wilson, 1971; Mertz, 1976),
while levels of carbohydrates are lower (Tsai et al., 1978). Little
is known concerning the metabolic relationship of these disturbances.
Due to their lower yield, the commercial production of high lysine
corn is Timit;d (Paulis and Wall, 1978). Unlike normal corn, the
level of zein in opaque-2 doe§ not increase with an increasing level
of fe:;i]izer (Tsai et al., 1980; Rendig and Jimenez, 1978; Table 2).
The increase in protein components due to high nitrogen fertilizer

in the homozygous opaque-2 mutant appears to be proportionately



distributed in all pro

in fractions (Table 2). Thus, the fact that
application of nitrogén fertilizer does not stimulate a]f protein
fractions equally, and does not stimulate zein synthesis in certain
mutants, sugéest that)there is some genetic constraint on the bio-
synthesis of specific evdosperm proteins. The uptake of NO, from
soil by corn and its assimilation into organic compounds has been
studied extensively by Hageman's group (Hageman, 1979; Beevers and
Hageman, 1980; Reed et al., 1980) and several other laboratories
(Beevers and Hageman, 1980). However, the metabolism of nitrogen
transported to the developing corn endosperm has not been studied
extensively and needs to be characterized in detail. In this regard,
mutants with an altered response to fertilizer level and a reduced

synthesis of zein provide an important tool for studies re]ated to

metabolic control.

B. Nitrogen Metabolism in the Developing Seed

During seed development, a rapid synthesis of protein takes
place, resulting in a net deposition of storage proteins (Millerd
et al., 1973). This qapid synthesis of proteins crea;es a hegvy
demand for nitrogen and carbon which are supplied to the developing
seed frqm—roots'and leaves via xylem and phloem (Pate, 1973; 1980).
Since deve]oping seeds transpire slowly, it is believed that phloem
contributes more to nitrogen and carbon demands than does the xylem.
Analysis of the phloem sap shows that NO, and ammonia tend to be
absent or are present in low amounts. Therefore, the developing

seed must rely on an organic source of nitrogen to maintain protein
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synthesis. The major n{trogenous compounds used for transport are
asparagine, gTutam1>k7;?rginine and the ureides (allantoin and
allantoic acid (Pate, 1973; 1980).

In ]egumes; the bulk of the nitrogen is supplied in the form
of amides (temperate legumes) and ureides (tropical legumes). Other
amino acids are either absent or are present in amounts too low to
meet the requirement in protein synthesis. For example, arginine

is a major amino acid in the storage proteins of legumes. However,

‘)i

it is absent from the supply to the developing seed of pea and lupin.
Asparagine is the major amino acid of the sap, accounting for as much
as 60% of the total amino acids supplied (Atkins ez ai., 1975) yet
aspartyl residues in seed protein represent only 6-10%. The excess
asparagine is probably ‘utilized for the synthesis of arginine and &
other amino acids supplied in low amounts (Fig. 1). Indeed {:°N)
labelling studies have shown that amide nitrogen of ésparagine is
utilized for synthesis of a variety of amiﬁo acids, Atkins et al.

~e

(1975), with the use of asparagine labelled with (UL~-1“C) and the
(}*N) in the amide position, followed the fate of both }he carbon
skeleton and amide nitrogen of asparagine in the developing seeds of
Lupinus albus. During the period of ‘maximum protein synthes%s, over
68% of the nitrogen was found in protein amino acids other than
asparagine while over 65% of the 2%C remained as aspartate. The

wide distribution of (5N) into all the amino acids suggested that

there was an extensive de novo synthesis.

[y
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Figure 1. Composition of amino acids in phloem exudate and seed
proteins of Lupinus albus,

(Adapted from Atkins et al., 1975),
(A) Percentage composition of amino acids in
fruit phloem exudate of Lupinus albus.

(B) Percentage composition of amino acid
residues in seed protein of Lupinus albus.
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In corn plants also, aneéisis of the xylem sap shows a
general imbalance of amino acidg (Arruda and Dasilva, 1979).
Although proline accounts for up to 10% on molar basis of total
amino acids of storage protein zein {Oaks and Beevers, 1964}, it
is completely absent from the vascular supply. Glutamine is the
major form of nitrogen supplied, followed by asparagine, aspartate,
and glutamate in that order {Ivanko and Ingeversen, 1971; Arruda
and Dasilva 1979; Zelenic et al., 1966).. This is also frue in
' barley (Tully and Hensen, 1979) and wheat. {Kirkman and Miflin, 1979).
Tﬁus, cereals in generé] seem to use glutamine as the preferred
transported form of nitrogen, however it is also a major amino
acid of the storage protein. )
The ratio and amount of nitrogenous compounds tranqug@ed
¥s-affected to a certain extent by the amount of nitrogen fertilizer
«applied to the roots. Increased amounts of nitrate applied to
wheat p1Fﬁ}s increased the total amount of nitrdgen transported \\\_//
in the x}]ém and also the ratio of nitrate nitrogen to amino nitrogen.
Analysis of ;ylem.exudate showed that the major products of nitrate ' _
assimilation from roots were glutamine and asparagjne.(;irﬁman and
Miflin, 1979). In corn plants, addition of nitrate to nitrogen
starved plants rapidly increased the total nitrogen content of the
sap (Ivanko and Ingeversen‘ 1971). However, nitrate nitrogen accounted
%;: as much as 63% of the total nitrogen. The addition éf NHf to

the roots caused a rapid synthesis of the two amides, g]utamineﬁand

asparagine. After six hour$ of application of NH:, organic¢ nitrogen

-
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accounted for 93% of the total nitrogen in the sap. Glutamine
alone acco&nted for 37% of the total amino acids transported

{Ivanko and Ingaversen, 1971). Arrﬁda and Dasilva (1979) have
shown that the levels, and proportions of amino acids supplied
through the xylem to the maize ear during development, remain

constant with glutamine as the predominant amino acid. :

1. Enzymes of Primary Nitrogen Assimilation
. Glutamine plays a central\Fals\l;\the metabolism of h1gher
plants (Miflin e+ al., 1980; Miflin et a 1981). It is the major

port of the entry of inorganic nitrogen 1ncoq¥nated into the plant.

It can be used una]tered in protein sy’,bes1s, part1cu1ar1y in cereals,
where prolamine containg high ]gVeTs of this amide (Dalby, 1966;
Murphy and Dalby, 1971). G1utamin; also provides nitrogen for a
number of biosynthetic_reactions (Fig. 2): #or exémp]e; in the synthesis
of various amino acids, for biosynthesn f purine and pyrimidine
nucleotides and glucosamine-6-phosphate. . The indole nitrogen of
tryptophan, and an imidazole nitrogen atom of histidine are derived
from the amide group of glutamine. ‘The amide nitrogen of g1utamiﬁe
can also be transferred directly to asparagine. The enzymg§ that
cata]yze the synthesis and degradation of this amino acid are, therefore,
of major importance in nitrogen metabolism.

' Fig. 3 illustrates the currently held view of nitrogen

metabolism in pzants. Nitrate is converted to nitrite and ammoniium

by the enzymes nitrate reductase and nitrite reductase, respectively.
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Glutamine synthetase catalyzes tﬁe formation of glutamine from
glutamate and ammbnia. One mole of ATP is hydrolyzed in this process
to yield ADP and inorganic phosphaté. Glutamate, a substrate for
glutamine formation,‘ig generated by the‘g]utamate synthase reac%ion.
In thjs reaction, the amide nitrogén of glutamine can be direttly
transferred to a-ketoglutarate to yield two molecules of glutamate
(Miflin and Lea, 1976; Miflin and Lea, 1977). One of thé two
molecules of glutamate formed is cycled via glutamine synthetase
glutamine ayé the other molecule can be used in biosynthetic reactions.
Together the glutamine synthetase/glutamate synthase (GS/GOGAT) is
referred to as the glutamate synthase cycle. These two erymes

have been 1sd}ated from higher plant tissues and are thus known to

be widely distributed (Miflin and Lea, 1980).

The activity of glutamate synthase was first discovered in the
bacter&é:EZ;EFEEter aerogenes where the enzyme used NADPH as the
electron aohor(Tempe;t et al., 1970). In pea leaves however, the
activity was shown to be dependent -on reduced ferredoxin (Lea and
Mif11h, 1974). About the same time, an NAD{P)H dependent glutamate
synthase aétivity‘waé'described in cultured carrot root cells
{Dougall, 1974) and ig\gea roots (Fowler et dl., 1974). Recently,
the two types of activity, ferredoxin dependenf and pyridine-nucleotide
dependent, h;ve been detected in etiolated shoots‘(Matoh et 'al., 1980;
Suzuki et ai., 1982; Wallsgrove et al., 1982), roots (Matoh et al., 1979;

Suzuki, wé—al., 1982) and seeds (Matoh et al., 1979).
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Enzymes of primary nitrogen assimi]atiod.' ~

Glutamine car be considered the primary Qort of entnxg
of reduced n?\rﬂﬁfn into metabolism.

The transfer of glutamine amide nitrogen t
nitrogen is mediated by glutamate synthag® (GOGAT):
glutamine + a-ketoglutarate (a-Kg) + Tutamate.
AsparaﬁTﬁEvéﬁuld be hydrolyzed by asparaginase to
aspartate and ammonia or it could beftransaminated
to give a-ketosuccinamig acid (2-KSA).

a-amino

2-ketosuccinamate may{be metabolized to oxaloacetic
acid (0AA) and ammonia The ammonia produced could
be reassimilated by glutamate dehydrogenase {(GDH) to
produce glutamate or by glutamine synthetase (GS)
reaction to produce glutamine.

Ammonia could also be derived from the reduction of
NO; to NO; to NHY mediated by the enzymes nitrate
reductase (NR) and nitrite reductase (NiR). Glutamine
and/or NHY could then be-utilized in the asparagine
synthetase (AS) reaction.
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In pea leaves, subcellular localization studies have shown
that glutamine synthetase is equally distributed between chioropliast
and cytosol, whereas, g]utamat; synthase is located solely w£}h1n the
chloroplast (Wallsgrove et al., 1979). In corn roots, glutamine
synthetase is mainly soluble. while g]utamate synthase is localized
in plastids (Suzuki et al., 1981). In barley leaves, two forms of
glutamine synthetase designated GS, and GS, have been described
(Guiz et al., 4979; Mann et ai., 1979). These two forms do
not dif%er in their molecular wéights but differ in pH optima,
stability, and kinetic properties. Subcellular ]océ]izatﬁon studies
show that GS; is the cytosolic form while GS, is present iﬁ‘chloroplast.

Enzyme extracts pr

om barley roots and developing seeds show /,'
peak(®f GS activity which coincides with GS, when eluted on
2 DEAE-Sephacel column. Thus, GS, appearﬁ to be p}esent in leaves,
roots and seeds while GS, is present in green tissue only {Mann et ai., 1979).
GS of E. coli is reguiated by several mechanisms inciyding
repression and derepression of its synthesis, rapid reversible
ipactivation,and inhibition by potential end products of g]utam%ne
metabolism (Woolfolk and Stadtman, 1967; Stadtman, 1973). Simflar
regulation o?“énzyme from higher plants have not been found (Lea
and M;fIin, 1980). In Lemma minor, changes fﬁJ;EE)vity of glutamine
synthetase, glutamate dehydrggenase and glutamate synthase havé been
examined under a range of conditions. Glutamine synthetase and

giutamate synthase activities are high under conditions of low

ammonia availability. Inreasing the NH, concentration results in a

4
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decrease in the level of these two enzymes and an increase in the
glutamate dehydrogenase level,

Glutamine synthetase has a high affinity for ammonia. For
example, in Zerma wmizor, the Km for ammonia is 1.2-1.5 x10°° M,
whereas, that of NAD-linked glutamate dehydrogenase is 33 mM
(Stetart and‘Rhodes, 1977). In this organism, the intraceilular
concentration of ammonia does ﬁot exceedQO.Z to 1.0 mM, whether the
plants are grown on NO; or low levels of ammonia. Thus, glutamine
synthetase could efficiently assimilate ammania under these conditions.
When external ammonia concentrations’are high, the intracel]u]ar.
concentration of ammonia can increase td 30 mM. Under these conditions
GDH could mediate a reductive amination of a-ketoglutarate to
produce glutamate. T

The activity of GDH is inhibited by ATP, a substrate for
GS. On the other hand, GS is inhibited by ADP and 5'-AMP. The
inhibition of GS activity by these nucleotides is competetive with
respect to ATP. Similar results related to nuc]g&fﬁde.inhibition
of GS activity have been reported in pea leaf (0'Neal and Joy, 1975)
and in rice root (Kanamorij and Maigumoto, 1972}. The inhibitign of
GS activity by AQP and Sf;lMP-and of GDH by ATP suggestg that activity
of these enzymes is regulated by the énergy charge.

In pea ieaves (0'Neal and Joy, 1975) and in rice roots- (Kanamor
and Matsumoto, 1972) GS is also activated by the presence of

a-ketoglutarate, indicating regulation by carbon precursors. In

rice roots, a stimulation as high as 50% has been observed. \



Thus, it has been suggested that glutamine synthetase would
catalyze the primary reaction for assimilation of ammonia when energy
charge is high and carbohydrate supply is plentiful. However, when
the energy charge is low and the ammonia concentration is high,
glutamate dehydrogenase may be involved aﬁd may, in fact, be the maore
important reaction in assimilation of ammonia (Stewart and Rhodes, 1977).
Simi1af.results are observed in corn root tissue (Oaks ez al., 1980).
Incubation of excised root of corn in presence of glucose, enhances
the synthesis of nitrate reductase, stabilizes the levels of GS and
GOGAT and reduces the synthesis of glutamate dehydrogenase. It is
believed that in addition‘to the supply of carbon, glucose may
enhance the energy charge and thus could be important in regulating
the synthesié or activity of enzymes of nitrogen a§simi]ation.

Asparagine syﬁthetase catalyzes the formation of asparagine.

This enzyme was first extracted from bacterial systems. The reaction
required L-aspartate, ammonium ion and ATP as substrates. Asparagine,
adenosine monophosphate and 1n6rganic pyrophosphate are the products ‘\\
formed by the enzyme (Cedar and Schwartz, 1969). In higher pfants _ l
and animals, the asparagine synthetases are classified as amidotransferases
(Buchanan, 1973). It is the amide n%trogen of glutamine rather than

free ammonia that serves as the nitrogen source. This is supported >~

_ by the fact that the Km for g]ufamine is much']ower;%Lan the Km ©

for ammonia. Glutamine-dependent asparagine synthetases have been

isolated from the coty1edoQ5 of lupin (Rognes, 1975; Lea and Fowden, 1975)

and soybean seeds (Streeter,1973)}. The eniyme is 4 to 10 times more
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active with gTutaming\than with ammonia. In soybean cotyledon extracts,
the Km is 0.12 mM'and 3.9 mM for glutamine and ammonia respectively,
suggesting that glutamine is the physiological substrate. Enzyme

from corn roots, emb;yo and scutellar extracts have Km's of 1.6, 0.49 and
0.59 mM for glutamine and 4.0,2.6 and 2.6 mM for ammonia, respectively
(Ross, i§79). Thefefore, the enzyme from corn roots reacts only
slightly better with NHf than glutamine. -

Since asparagine and glutamine are supplied in excess in
developing seeds, it is 1ikg]y that the degradation rather than
synthesis of these amides is the dominant reaction. In fact, activity
of AS and GS could be inhibited as a result of the higﬁ concentrations
of these amino acids in the endosperm. 1In corn endosperm extract§,
the asparagine synthetase is inhibited by 2 mM asparagine <n vitro.

The enzyme®from scutellum or roots is much Tess sensitive to inhibition
by asparagine {Ross, 1979). Asparagine synthetase activity in
-extracts from lupin cotyledons, is also sensitive to asparagine

{Lea and Fowden, 1977}~

In man§ respez;;? events that occur in developing seeds are

the reverse of what happens in the roots. Fér example, it has been
well documented that asparagine or glutamine support growth of
legume cotyledons (Millerd et al., 1975; Thompson et al., 1977;
Lea et al., 1979; Skokut et al., 1982) and of corn endosperm tissue
(Straus, 1960; Reddy and Peterson, 1977; Shannon and Liu, 1977) in
culture. Thus, instead of being a product of metabolism, glutamine
or asparagine represent the major source of nitrogen (Farrar and

Ganugapati, 1970). Thus, GOGAT,a glutaminase, an asparaginase or

\
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asparagine transaminase can all bgﬁsmportant in supply_of NH, for
other biosynthetic reactions. Glutamine synthetase And g]utahate
dehydrogenase may be involved in secondary assimilatid ammonia

Tiberated as a result of the degradation of the amides in the seeds.

2. Asparagine metabolism

In legumes, the metabolism of asparagine has been ;tudied
extensively. TwoAroutes of asparagine metébo]ism have been
identified (Sodek et aql., 1980; Ireland and Joy,‘1981). The enzyme
asparaginase catalyzes the hydrolytic deamidation of asparagine,
liberating ammonia and aspartate as the products. The presence of
the enzyme was first reporfed in plant tissue by Grover and
Chibnall (1939) and Kretovich (1958). Lees and Blakeney (1970}
demonstra;ed the enzyme activity in crude extraéts of Lupinus and
Dolichﬁs roots and in nodules.

In developing seeds, Atkins et al., (1975) reported the
pfesence of the enzyme in crudé extracts of maturing seeds of
Lupinus albus. In a time course study, the (*°N) from amide group
of asparagine was traced to free ammonia, glutamate + glutamine, and
alanine in the soluble en&osperm. The results suggested that the -
inifja] hydrolysis of the amide grqup_of asparagingwas followed by

reassimilation of ammonia into glutamine and alaning., In vitro

activity of asparaginase was up‘;;\s umoles of aspartate formed per

hour per gram-fresh weight which more than accounted for the estimated

rate of asparagine utilization in vive. Recently, Sodek et al, (1980)

k
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have demonstrated the presence of this enzyme in a large number of '
legume and cereal seeds.

Streeter (1977) demonstrated that asparagine was transaminated
in soybean leaf extracts, suggesting that in this tissue, a tran;émidase"
rather than asparaginase was present. The enzyme was most active with‘
glyoxylic acid as the ketoacéeptor, followed by pyruvate, oxaloacetafe‘
and x-ketoglutarate. Lloyd and Joy (1978) have extended these
experiments to examine the fate 6f (**C)-asparagine in growing pea
and soybean leaves. Following a 30 minute incubafion period in ijght,'
label apﬁeared in aspartate, glutamate, homoserine and alanine. In

y a 270 minute incubation period, 75% of the labelled asparagine was

metabolized and more than half of the metabolized carbon skeleton

was present as 2-hydroxy-§uccinamate When 1%C- ketosucc1namate (KSA),

the immediate product of transamination of asparagine was fed to the

a leaves, an efficient convers1dﬁ to 2-hydroxysucc1namate was
obggr;éd.' After two hours of labelling with (lhc)-KSA, amino acids
became labelled (aspartate, glutamate, homoserine), but two-thirds of
the metabolized carBon was recovered as 2-hydroxysuccinamate (2-HSA).
Thus, 2-KSA was deaminated to some extent but the majority was reduced

. to 2-HSA which tends.to accumulate. Based on ‘these results, they
suggested that in pea and szbean leaves, reduction of 2-ketosuccinamate
to 2-hydroxysuccinamate .provided the major pathway for the htiliiation'

?
of 2-ketosuccinamate. The 2- hydroxysucc1namate was slowly metabolized

[

in the dark to 11berate ammonia and malate.
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In scybean cotyledonsg (15N)'1abe11{ng studies show that
both asparaginase and asparagine-transaminase activities are present.
The pattern of labelling suggests that in early stages of development,
aspéragine-transaminase‘is mainly responsible for metaboiizing

asparagine g-amino group nitrogen for protein synthesis (Skokut ez aZ., 1982).

3. Glutamine metabolism

‘ I} developing seeds, the activity of g1ﬁtamate synthase is
high and the increase ih’activity-coincides with period of rapid
.protein synthesis (Begvers and Storey, 1976; Storey and Reporter, 1978
Storey and Beeyers, 1978, Sodek and Dasilva, 1979; Oaks et al., 1979;
Misra and.Oaks,;}QSI).- The reaction is of primary importance in the
developing seeds as the enzyme could serve to transfer the amide
nitrogen of gtutamine to other compounds.
: s

Storey and Beevers (1978) followed the glutamate synthase
activity in the pods and cotyledons of pea during development‘and
maturation. The activity ingreased rapidly as the pod elongated:‘
Coty]edona;y GOGAT activity also increased during the period of active
growth and maximum protein synthesis and later declined. The <n vitro
activity of the enzyme was several fold higher than the measured rate
of prafefn synthesis‘and Qas more than sufficient to account for the
metabolfsm of all of the accumulated nitrogen in the seed.

Skokut et al.,(1982) examined the fate of (1°N) amide
nitrogen of g]ufamine in cotyledons of sowbean grown in sterile cultures,

with glutamine as the sole source of nitrogen. Analysis of protein N

Vb ot
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revealed approximately equal amounts of (°N) and (1“N5 incorporated
into seed prbtein. This result is consistent with the operation of-

glutamate synthase activity. The amide nitrogen ('°N) of asparagine
on the other hand, appeared as (ISNHt) in the medium, an observation
consistent with an asparaginase activity <n vivo.

Sodek and Dasilva (1979) have reported that activity of
glutamate synfhase reaches significant levels in the‘%aize endasperm
at the time of rapid/;;gzgégis of storage proteins. 0Oaks et ai., (1979)
have shown that, in addition to glutamate synthase, activities of other
enzymes of nitrogen metabolism i.e. GS, GDH, asparagine synthetase also
increase in the endosperm and their appearance coinéides yith‘the onset
of zein biosynthesis. | ‘

Injection of - (1*C) labelled precursors directly into:the '
developing endosperm of maize indicates that pathways of amino acid
biosynth&ﬁ?g ane functional in deverping endosperm (Sodek, 1976).

Thus potentially, the amide nitrogen of glutamine or aspéragine coﬁ]d‘ \‘/j )
be utilized for synthesis of various amino acids in situ. However,

the understanding of the degradatioﬁ of asparagine and glutamine in.
cofn is not complete.

fn the present study, the metabolism of asparagine and glutamine

was examined in the dEve]oping endosperm of maize with emphasis on:

1. a) Characterization of the enzymes of-nitrogen metabolism,
particylarly asparaginase, glutamate synthase, glutamine

synthetase and gtutaminase.
B oy
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.b) A comparative assessment of the Tevels of activity

of the, enzymes involved in*synthesis and degradation
of amides and of reassimilation of the released ammonia
in the endosperm of.a normal variety of maize (W64A)
and its isogenic high Tysine mutants opaque-2 and
fioury-Z.

2. Investigation of the synthesis and degradation of
glutamine in the endosperm of cultured caryopsis
of hybrid v'ariety- W64A x W182E using [22“C]-acetate

and {UL-**C]-glutamine.

Rl i ol o s tnchl i ted A et Ukt 2 B s



MATERIALS AND METHODS

A ’

Maize kqrnels Zea mays (L), inbred W64A, and its isogenic homo-
er

‘A, Materia]s

zygous mutants opaque-2 and floury-2 were supplied by Dr 0. E.. Nelson of
the University of Wisconsin, Madison, WI, USA. Samples of the hybrid
- .

variety W64A x WI82E were pﬁrchased from the Wisconsin Seed Foundation,

n,.wI. Cobs of field grown commercial variety Dekadb 14A were ‘
kindly sypplied by Dr, S.F.H. Threlkeld, McMasfer‘University, Hamilton,
6ntario. ' ‘ ' .
The following mafﬁrials were obtained'fromASigha Chemicals E _
Cd;, St. Louis. HEPES (N-2-hydroxyethy1 piperazine-N'-2 ethanesulfonic |
‘acjd), tricine‘(N-tris(hydroxymethyI)methy1 g]}cine), aminooxyacétic |
acfd, ferredoxin, L-glutamate dehydrogenase, catalase, alqohé] dehydrogenase,
malate dehydrogenas;, aSparaginase, nicotinamtide adenine dfnucleotide
reduced form), nicofinamide adenine dinucleotide phosphat¢ (reduced
rm), L-aspartic acid,'L-glutamic acid, Etketog1utarate (monosodium
salt), trypsin, yeast RNA (type III), cacodylic acid (dimethy]'aﬂ!ehic :
ac1d). phenyl methy!l su]fony] fluoride CPMSF), ~giutamate—oxa10acetate
transam1nase. blue dextran, b;ﬁ_iha1d1aldehyde adenos1ne 5'~tr1phosphate,
a- N -benzoy1-DL-arginine-p- n1troan111de (BAPNA), streptomycin sulfate,
pen1c1111n.
Pronase, carboxypeptidase A, L-g1utam%ne and L-asparagihe were-

[ ]
obtained from Calbiochem, San Diego, California.

{ . 4 26 | . '
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Tris-(hydroxymethyl)amino methane, sodium dodecyl sulfate,
Dowex-rgsﬂns, and.protein-dye reagent were obtained from'Bio—Rad
Laboratories, Richmond, California.

Two-mercaptoethano],.titanium trichloride, potassium dij-
hydrogen phosphate, sodium borate, ammonium sulfate, ammonium nitrate,
magnesium chloride and ferrous sulfate were obtained frdm Baker .
themicaTs Co., Phillipsburg, N.Y,.

) Sodium molybdate, zinc sulfate, copper sulfate, disodium
efhy]ene diamine tetraacetic acid were obtained from Fisher Scientific

/_H.
Co., Fair Lawn, N.Y.

——

Sucrose, ninhydrin reagent, potassium chloride, potass1ug,_//ﬁ\\ '

n1trate magnesium sulfate, potass1um iodide, calcium chloride, . '
methanol, manganese sulfate and cobalt chloride were obtained from
Bﬁitish.Drug’House Chemica]s, Toronto, Canada.

Potassium phosphate was obtained from Mallinckrodt Inc.
Paris, Kentucky. ‘Bacto-agar was obtained from Difco Laboratories,
Detfoit, Michigan. Sephadex resins were pqrchased from Pharmacié,
Uppsaia, Sweden. [UL-1“C]-glutamine (40'méi/mmo1), [2-1*C]-acetate
(40-60 mCi/mmo1) were obtained from Amersham, IL., USA

(UL-1%C) aspartate (200 mC1/mmoles) and Omnifluor, were

obtained from New England Nuclear Boston, Mass.

B. Growth Conditions for Developing Seeds

Corn céryopses were planted in<a soil-peat sand and manure
‘mixture (3:2:1:1) in disposable pots, and were grown under greeqi::se

conditions (22°C, natural Tight) for 2 weeks. The seedlings plus

s
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pots were then transferred to the field, or else were grown under
growth chamber conditions of 26°C, 16 h light (about 150 uEinsteins-
m-2.sec~'). Flowers were cross-$o11inated by hand when silks first
appeared. Developing caryopses were harvested-at § day-iﬁterya]s
starting at 5 days after pollination. After removal of the embryo,
the endéSperm was frozen in liquid nitrogen, transferred to frggépr'

bags and stored at -20°C until further use. For tissue culture,

freshly harvested 5-7 day-qld caryopses were used.

[. Enzyme Extraction and Assay Procedures

A. General methods

For the enzymes of nitrogen assimi]ation,'i.e., glutamate
synthase; glutamate deﬁydrogenase, glutamine synthetase, asparagine
synthetase and asparaginase, the extraction was carried out at 0-4°C.
| The endosperms were ground in a mortar and pestle with 2 volumes of
. extraction buffer per gram fresh-weight. The extracts were filtered
through one layer of Miracloth Before centrifugation (15,000 g for

20 min). The supernatant was treated with (NH,),S0. (0.315 g/ml =
50% saturation). After 20 min .on ice, the extract was centr1fuged
aga1n {15,000 g for 10 min) and the pel]et wés ;ed1sso1ved in a
minimum volume of extrqgt1on buffer. It was then filtered through-a
Sephadex G-7% column (20 x j.S‘" cm) which had been equilibrated with
e]ution'buffer. Protéin glactiohs were collected and pooled. The
final activity of each enzyme was.calculated on the basis of the
amount of product produced o}:substrate utilized per endosperm, or

as specified in the text.
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B. Glutamate synthase (GOGAT)

1. Extraction and assay /f’fﬁ\

The extraction buffer contained 0.2 M HEPES (pH 7.5, neutralized

- with NaOH), 12.5 mM 2-mercaptoethanol, and 2 mM EDTA. The elution
buffer contained 25 mM HEPES (pH 7.5), 1 mM EOTA, and 12.5 mM 2.
mercaptoethanol. fhe assay mixture developed by Oaks et ai. (19%9)
contained 20 mM HEPES (pH 7.5), 15 mM'KC], 1 nM EDTA, 1 mM a-keto- "
glutarate, and 20 mM glutamine in a total volume of 1.0 m]. As
electron donor, 0.16 mM NAD(P)H or 40 umoles ferredoxin were used

per assay. When ferredoxin waS used; 1.8 mg sodium dfthionite‘p1us
1.8 mg sodium bicarbonate were also added. 'The reaction was monitored
by either following the oxidation of NAD(P)H at 340 nm in a Gilford

. sp?ctrﬁphoté%eter or by assaying g]utamate formation affer separation

- on a reverse-phase HPLC column fsee under HPLC methodology).

2. Sephadex 6-200 column chromatography

Step' 1. Extraction: For Sephadex G-200 filtration of GOGAT, -
"crude extracts were prepared according to thg method of Matoh ét
al. (1979). Phosphate buffer 200 mM {(pH 7.5) containing 25 mM
2-mercaptoethanol, 2 mM EDTA, and 1 mM PMSF* was used. The homo-
genization was performed in an e]ectfic blender for 2 min at makjmum
speéd. The homogenate was filtered through four'1aygrs of gauze
and centrifuged at 15,900 g -for 20 min, Al1l operations wére performed
at 0-4°C, .

*

Stock solution of PMSF was prepared by disso]ving 35 mé of PMSF
in 10 m1 of isopropyl alcohol, this was diluted to 60'ml with

25 mM phosphate buffer (pH 7.5) to give a final concentration of
4 mM, ‘

-
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1
Step 2. Ammonium sulfate fractionation: The supernatant was

brought to 25% saturation with solid ammonium sulfate (8:64 g/66 ml).
After stirring for 20 min on ice, the sample was centrifuged at
15,000 g for 20 min. Ammonium sulfate was added to the supernatant
to give a final concentration of 60% (13.5 g/60 m1). The resulting
precipitate was collected by centrifugqtion and suspended in 50 ‘mM .
potassium-phosphate buffer .(pH 7.5)econtaining 12.5 nM 2-mercapto-
ethanol, 2 mM EDTA, 1 mM PMSF and 2 mM u-ketog1ptarate. It was
dialyzed against the same buffer for 16 hr. Thg,qjalyzed"enzjme was

concentrated using an immersible CX-30 ultrafiltration unit (Millipore

Corp., Bedford, Mass.), brought to 50% glycerol (1:1 v/v) and stored

at -20°C overnight. ‘

Step 3. Filtration on‘Sephadex G-200: The concentrated
enzyme solution was subje ted to gel filtration using a Sephadex G-200
column (1.8 x 82 cm) previously equilibrated with the dia1y§is buffer,
supplemented with 100 mM, NaCl. Fractions of Z.f m] were collected

and- assayed for NAD(P)H-'and Pd-dependent GOGAT.

3. Molecular weight estimdtion

The molecular weights of the enzymes were estimated by

p o

filtration through Sephadex G-200 column, ing the method of

Andrews (1970). The column was equilibrated with 50 mM phosphéte
buffer {pH 7.5) coQtaining 12.5 mM Z-mercaptég;hanol, 100 mM NaCl.
[t‘wés calibrated with yeast alcohol dehydrogengig (150,000),
catalase from bovine liver (250,000), énd boving serum albumin
(BSML(fraction V, Sigma) (68,000). These marker proteins were

2

. &t
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located by measuring absorbance of eluted fractions at 280 nm. The

results were plotted as Ve/Vo vs the 1og of molecular weight.

C. Glutamate Dehydrogenase (GDH)

The extraction buffer contained 0.2 M HEPES (pH 7)&,/12.5 mM
'2-mercaptoethanol and 2 mM EDTA. The elution buffer contained 25 mM

HEPES (pH 7.5), 1 mM EDTA amd 12.5 mM 2-mercaptoethanol. The assay
mixture contained 0.8 M (NH4),S0,, 1 mM a-kéfogTUtarate, 0.16 mM
NADH,0.1 Mtris-HC1 buffer (pH 7.9) in a total volume of 1.0 m1. The
disappearance of NADH at 35°C was meagured with a Gilford spectro-

photometer.

D. Asparagine Synthetase (AS)

' A rad1otracer method adapted from Stulen and Oaks (1977) with
slight modifications was used for the asparagine synthetase assay
Tissue was homogenized in 200 mM HEPES buffer (pH 7.5)s 12.5 mM
2-mercaptoethanol, 1 mM EDTA, 1 mM ATP, and 10 mM.MgC1,. This buffer
was also used for the elution of the eniyme from Sephadex column.

The assay mixture contained 100 mM tris-HCT buffer (pH 8.0),
1 mM 2-mercaptoethano] 1.9 mM ATP, 10 mM glutamine, 1 mM a-amino-
oxyacetate, 13.2 mM MgCl,, 1.1 mM aspartate (0.22 mCi of (UL-1%C)-
aspartate) and 0.2 ml of enzyme in a total volume of 0.62 ml. The
assay was run for 20 min at 35°C and was terminated by the addition
of 1.0 ml of ethanol (95%). | \

The product [!%C]-asparagine was separated from aspartate

on Dowex-1-acetate column (50 x 5 mm). The product was identified

>/
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as asparag1ne or aspartic acid by paper chromatography before and

after hydro1y51s by T N HC1 or by a)conmerc1a1 asparaginase. Effluents
from the column were mixed with 15 ml of a toluene-triton X-114

(1:1 ¥/V) scintillation cocktail. The samples were then counted in

a Beékman~LS-ESO scintillation counter. Values wére corrected for
radioactivity in the asparagine fraction from assays run in the

—

absence of a nitrogen source.

E. G1uﬁuming Synthetase . (GS)

P
E?Eh;}tion and assay .

The method used was a modification of the on

described by
0'Neal and Joy (1973). The extraction and elution uffer contained
50 mM tris-HC1 (pH 7.9), 20 mM MgSO., and 1 mM EDTA. The reaction

buffer contained 10 mM-tricine (pH 7.8), 20 mM MgSO, and 1 mM EDTA.

The assay mixture also contained glutamic acid (88 mM),™Mydroxylahine \\\\‘\\_
(6 mM), and ATP (5 mM)- The pH was adjusted to 7.8 with KOH and the

total volume was 1.5 ml. The assay was routinely run for 20 min at
© 35°C. The reaction was stopped by addition of 1.0 mi of FeCl,
reagent (0.37 M FeCl, + 0.2 M TCA in 0.67 N HC]iV The tubes were
- Spun at top speed in a c11n1ca] centrifuge for 20 min to remove the
proteins. Format1on of y-glutamylhydroxamate iron complex was

- monitored at 540 nm. - o

2. Ion-exchange chromatography of GS

For characterizatipn of isoforms of GS, the method of Hirel

and Gadal (1980) was employed.
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a. énzyme extraction: Ten grams of endosperm were homogenized
in 50 m1 of 25 mM 1m1d§zo1e-HC] buffer (pH 7.8) containiﬁg 1T mM Mgcjz,
1 mM DTT, 1 mM EDTAY, anq 10 mM 2-mercaptoethanol in a Waring blender
for 2 min. The br 2\yas filtered through a single layer of Miracloth
and centrifuged aE 26l000 g for 30 min. The supernatant was assayed
for GS activity.

b. DEAE-SephaceTl column chromatography: The crude extract
was loaded on a DEAE-SephaceI\ column (20 x 2 cm) previously equili-
brated with extraction buffer. A linear gradient of 0-0.5 M NaCl
was used to elute the enzyme. The flow rate was ‘adjusted to 10 mi-h-!

and 2 m] fractions were collected. Each fraction was assayed for

enzyme activity.

3. Immunotitration analysis
The antibodies raised against GS, (cytosolic GS) from etiolated
leaves of barley were kindly supplied by Dr. B. Hirel. Immuno-

titration was performed by incubating antibodies with enzyme for 12 h

at 4°C. The antigen-antibody complex was removed by centrifugation

at 10,000 g for 10 min and glutamine synthetase activity was assayed

in the~supernatant solution.
}

F. Aspardginase - (Asnase)

1. Extraction and assay o .

The activity was measuréd by a coupled spectrophotometric

assay developed during the course of this study. = The extraction anz;:f::::>
elution buffers -contained 25 mM Na-HEPES (pH 8.0), 12.5 mM 2-mercap; ‘ _
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ethancl, 1 mM EDTA and 30 mM KC1. The enzyme was assayed using
Na-HEPES (25 mM, pH 3.0), asparagine (100 mM), KC1 {20 mﬁ), and 0.2 mi
of enzyme in a total volume of 0.8 ml. Asparagine used in this assay
was purified by passing it over a Dowex-l1-acetate column. The water-
eluant was concentrated under vacuum at 30°C and was then diluted to
the appropriate concentration. The incubation was carried out at 30°C
and the reaction was stopped by ﬁfacing the tubes in boiling water for
5 min. The precipitate was femovéd by. centrifugafion at top speed in

a clinical centrifuge. The superndtant was assayed for total aspartate
formed by adding 20 ug glutamate-oxaloacetate transaminase (GOT),
andc]lZY ug malate dehydrogenase (MDH) to an appropriate aliquot of
supernatant, also included were 0.1 m!-of NADH (0.16 mM), 0.1 ml of
a-kétoglutarate (1 mM), and tris-HC1 (0.1 M, pH 7.8). The tngl voTume
was adjusted to 1 ml, The total oxidation of NADH was foliowed at

340 nm with a Gilford spectrophotometer.

2. Product identification N

The production of aspartate was confirmed by descending paper
ch}omatography in butanol:acetic acid:water (12:3:5) or phenol:water
'(80:20 w/v), solvent system. An analysis with a Beckman model amino
acid analyzer aiso confirmea the presence and amount of aspartate.

This latter test was performed by Dr. K.W. Joy, of Car]etog University,
Ottawa.
Ammonia produced in the reaction mixture was assayed in

Conway dishes. The‘Nﬂt was liberated from the reactibn mixture by
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adding a saturated solution of potassium carbonate (3 ml/ml of reaction
mixture). It was allowed to distill overnight into 0.0143 N sulfuric
acid. The sulfuric acid sample was then assayed for NHt by the

phenol-hypochlorite reaction (Russel, 1944).

G. Asparagine Transaminases

~

Frozen endosperms were ground in 50 mM Tris -HC1, pH 7.8, with a

mortar and_pest]e. The tissue buffer ratio was 1:2.5. The brei was
passéﬁ through cheesec]oth,.centrifuged at 12,000 g for 10.min, and
the supernatant was passed through Sephadex G-25, equilibrated and
eluted with the extraction buffer. Enzyme (1 ml) was added to 0.1 mf
of reaction mixture at pH 7.8 to give the following concentfaﬁions:
asparagine 10 mM; pyruvate or a-ketoglutarate 10 mM; pyriddxa]
_phosphate 0.02 mM. The mixture was incubated at 30°C and after 20
and 40 min, 0.5 ml aliquots were removed and added to 25 mg of 5-
squhd#aIicy]ic acid. Precipitated protein was removed in a micro-
centrifuge and amino acid content of the supernatant was determined
ﬁsing a Beckman 119 BL amino acid analyzer. This test was performed

by Dr. K.W. Joy of Carleton University, Ottawa.

H. Endopeptidase

The endosperm pieces we}e homogenized in 100 mM tris-HCL
buffer, pH 7.5. Two mi]]i]%ters of buffer wére uséd 5er gram of -
fresh we1ght of tissue, and the homogenate was centrifuged at 28 000 g‘
for 20 min at 0°C. The supernatant was used as crude enzyme.
Protease act1v1ty was determined by the method of Melv11]e and

Scaqdal1os (1972) ‘The assay mixture contained u-N-Benzoyl-DL-

———— s
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arginine-p-nitroanilide (BAPNA) as substrate (120 ng/assay), tris-HCL
buffer (0.1 M pH 7.5), and 50 pl of crude enzyme preparation in a

total volume of 1.12 ml. The reaction was monitored at 35°C by
following changes at 410 nm with a Gilford spectrophotometer. Trypsin
assays were also performed with known amounts of trypsin and from these
values, the endopeptidase activities could be expressed as m%crogram

equivalents of trypsin.

I. Ribonuclease

Tissue was homogenized with 5 volumes of 50 mM tris-HC] 1
(pH 7.5) and centrifuged at1500 g for 20 min. The crﬁde preparation .
was then assayed for ribonuc]ease activity by the méthgd of Wilson (1967).
A 2.5 ml reactioq mixture containing 50 mM cacodylate buffer (pH 5.8),
160 mM KC1, 5 mg of dialyzed yeast RNA,\and 0.2 ml of crude enzyme
preparation,was prepared and the incubation was carried out at 38°E
for 10 min. The reaction was stohbed by the addition of 0.5 ml of
25% perchloric acid cortaining 0.75% uranyl acetate. The reaction
was chjl]ed on .ice for 20 min and then centr%fuged to remove the
precipitate. The'supeﬁnatant was diluted 20 times befo;e reading at

260 nm, , Y

II. Radioactive Labelling of Endosperm Reserves

A. Preparation of Labelled Substrate
(UL-1%C) glutamine was purified by passage through Dowex-1-
acetate column to remove acidic amino acids. 'The final (1%C)

glutamine fraction was taken up in water to give arconcentration of
4 '
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'Appropriate amounts of sterilized solution was then added to the
Solutions of (2-1*C) acetate (10 nCi/ml) were sterilized in a simi

manner just before use.
4

B. Incubation of Excised Endosperm | '

Cobs were harvested 20 days after po11ination The caryopses
were surface-sterilized in 1% hypoch]&??fg_Eolut1on for 1 min and  _
s rinsed in d1st1]1ed water several times. The embryo was dissected
out uﬁder sterile conditions ana either whole or sliced (5 slices/
endosperm) endosperm were transferred to 25 ml Etlsgfgyer flask
--conta1n1ng 3 m] of Hoag]and s sa]t so1ut1on 5 uCi (2-'%C)-acetate
or 0.8 uCi (1“C) glutamine. Pen1c11]1n (]0 ug/ml), @nd streptomycin
(250 ug/m1) were inc]uded to minimize bacterial con amination. The
flasks were jncub;ted af 26°C t 1, with ¢onstant shaking. After the
requ%red incubation time aliquots of iqcubation media were plated on
nutrient agar to test for contamination. ~At the end of the experiment
the endosperms were rinsed with distilled water, frozen in 1iduid
nitroﬁgh\and’gidred at -20°Cx Fﬁ;ﬁ?mcubation medium was also frozen
immediately and stored at -20~Q§\;>
N - . +
C. Caryopsis Culture

Furj:éryopsis culture, tha, technique o\f Gengenbach (1977) as

modified by himamqto and Nelson (1981) was used. Ears of maize

were harvested 5-7 days after po]]iﬁ‘:jff—jff were cut into blocks
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containing 10 caryopses/block. The blocks were surface-sterilized
with 1% sodium hypochlorite for 1 min and then rinsed thoroughly
with sterile distilled water. Five of these blocks were plated on*
the nutrient media (50 mquqnfa 125 m1 Erlenmeyer ;léék in such a
way that only cob tissue was in cefitact with the medium. They were
grown for 7 days on the standard medium and then transferred onto
(**C) glutamine~containing medium (5 uCi/20 m1) or (2-1“C)Iacetate-
containing medi um (1 uCi/m1), in a 128 ml baby food jar. In ‘some

later experiments, (1*C) glutamine was injecfed direct;}\:nto the

.endosperm and the caryopses were incubated for 7 -days -at é8°C At

the end of the experiment, the blocks were harvested, endosperm, embryo
and cob tissues were frozen separately in 11qu1d nitrogen, and stored

/ -
at -20°C until further analysis. After the caryopses were harvested,

‘the agar medium was eluted overnight with 50 m] of water at 4°C.

Fifty mi;ro1itre aliquots of the eluted medium were éﬁsayed for
radioactivity and the amount of Iabé] left in the medium at the end ° (’J'

of the incubation period was estimated. . ///,'~

r

D. Preparation of the Cultured Tissue

Frozen samples were freeze driéd for two days and the dry
weight of each sample was recorded. Tissue was ground to a fine
powder in a Prolabo (Dangomau) ball mill. The total radicactivity in
each sample was assﬁyedAaccording to thé method of Shimamoto .and
Nelson (1981). Two to five mg of each tissue were mixed with 10 m]
scintillation cocktai1, shaken well, left for 24 h at 4°C and then

’ !
counted in a Beckman LS-250 1iquid scintillation counter.
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E. Fractionation of Enddsperm Reserves

A modified method of Sodek and Wilson (1971L)*Wss employed to
progressively extract the various endosperm'fractions.according to
tpeﬁr soTubility, %.g., total salfiso1ublernitrogen, starch, zeiq;¥ft,f‘”“”
glutelin. Ten millilitres of éolvent wds used per gram of tissue.
%wo rep]%cate samples of 100 mg each were extragted in the following"

manner:
o~

Extraction in 0.1 M NaCl for 1 hour at 4°C, was followed by
/’;:'”h TN T

centrifugation for 1Gemin q}ﬂtop speed in a c]inifa] centrifuge. The

with the original supernatant solution. This constifut

k]
water-soluble and salt-soluble fractions, i.e., albumi S, globulins,

- Ppellet was washed 3 times with water and the washings werg\igT?ined
J/ combined
.~ free amino acids, organic acids, and sugars. This combinkd fract1on
was lyophilized and then resuspended in 70% ethanol (v/v), Wwhich
dissolved the amino acids, sugars, and organic acids. The albumin
and globulin prote1ns were prec1p1tated and collected by centr1fugap¥£;
The pellet was washed twice with 70% ethanol and the washings were
comb1ned with the ethano]-so]ub]e fraction, The residue remaining '

& after the extraction of salt-soluble compounds,'ﬁas treated with
0.1 N HC1 for 1 h at 100°C in order to hydrolyze th starch. After
centrifugation, the pellet was washed 3 times with wat;; and the
washings w combined-wjth,the supernatant. The residue remaining "
from the qutreatment was shaken with 70% ethanol containing 1 mM
2-mercaptoethano] fo;(] h at 60°C. After incubation, the suspens1on

was centr1fuged at 12 ,000 9 for 5 min to recover the supernatant The

1
7] -

S s
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pellet was washed twice with ethanol*and the washings were combined

‘with the ethanol supernatant solution. Finallly, the g1ute11ns were L3
-extracted by 1ncubat1ng the pellet with 0.7 N NaOH for 30 min at
'40°C. The supernatan; was recovered by'centrifugation and the
waﬁhings were combined with the'supernatanth %he-nellet remaining
after extraction of theemajér protein fractions was digestee in 6 N
HCT at 115°C and 15 1bs pressure for 12 h. ‘Protein in each fraction
~ was Hetermined colorimetrically using the BioRad protein dye reagent
'with bovine serum albumin as the standafd. To determine radioactivity

in each fraction, 50 ul aliquots were mixed with 10 ml of sgintillati n
cocktail. The samples were then counted in a Beckman LS-250 scintille- >
tion counter, R ‘

) ' SR . |
F. HydroTysys of Endosperm Protéins. | N ' FJ
| C :

" 1. Enzymatic hydrolysis

To Fecoven g]utamfne in the profein digests, a modj?ied method .
of N1nk1er and Schdn (1979) was used for the enzymatic hydrolysis

of prote1ns.A )

'a. Preincubetien Fifty to one hundred mg of endosperm

_ powder was pretreated for 1 h at 40°C with 0 1N NaOH (1 .8 m1) plus
15% SDS {o. 4 mﬂ), st1rr1ng cont1nuous]y After .this preincubation,

‘the pH of the prem1x was adjusted to 8.3 using 2 N HC and 2.0 ml’

~of sodium borate buffer (pH 8.3) was added

b. Dialysis of pronase One hundred g of enzyme was

dissolved«in 1.0 ml of 0.7 M tris- buffer (pH 7.0). This enzyme
solution was d1a1yzed for 40 h aga1nst 3-4 litres of 0.1 mM tris

b&ffér/at 40°C ) _ : ' 7



4]

¢. Incubation: - To the buf%ered premix, 20 mg of dialyzed
pronase and 2.5 mg of carboxypeptidase'A were added: Ethanol at a

5

final concentratiﬂn af a T0% and 20 ul1 of chloroform were also added
toigiﬁﬁd-microbial cont;minétjon during incubation period. The
mixture was then incdbated at 40°C for 48 h in a shaking water bath.
At the end of the experiment, the samples were spun for 10 min at -
top speed in a clinical centrifuée, The supernatant and the residue

were stoyed frozen at -20°C.

G. Amino Acid Analysis

1. Preparation of samples

The soluble fraction confaining amino acids, sugars and
organic acids was first separated by use bf ion;exchange resins (Dowex-
50 (H+), 1 x 5¢m). Elution of these columns with 50 ml of water
removed Sugars.and organic acids. Amind acids were then eluted with
50 m1 of 2 M NH,OH. Each fraétion was taken to dryness under vaguuﬁ
at 40°C and made up to a known voTumg. Radioactivity in each
fraction was assessed as described previously.. A reverse-phase
‘high performance 1iquid;chrométography column was used to separate
| glutamine, glutamate, asﬁaraginé and aspattate. The other amino

L.

acids were cb11ecteg in bulk.

2. HPLC-methodology

a. Eﬁuipment: A model 332 grad%ent liquid chromatography
{Beckman, Altex Scientific Inc., Berkeley, Ca.), a model 334 dual

pump solvent delivefy system with a model 210 sample injection valve,

-

NS
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equipped w1th a 20 11" sample 1oop were emp]oyed in this study. Two
ATtex mode] 110 A pumps and A1tex model 421 m1croprocessor were.f
used for generation of elution gradients. Chromatograph1c separations
‘were performed using an u]trasphetg*ODS {particle size 5 um) packed
a reverse-phase column (250Ax 4.6 mm). The absorbance of the column
eluants was ﬁonitored with a Gilson model spectra/GLO fluorometer
.with excitafion filter of 360 nm. The emission filter peaked at
455 nm. The ¢hromatographic peak areas were integrated by an Altex
C-IRA recording data processor. All chemicals were of HPLC grade and
solvents were degassed and filtered through 0.45 um1r11]1pore filters
before use. ) s ’

b. Derivatization: The derivatization was performed
éccording to Lindroth and Mopper (1979)." Twenty ﬁicro]itres of amino
acid standard (1.0 mM each) or sample were reactéﬁ with 100 1 of
0- phfha]dia]dehyde (OPA) réagént at room temperature. Samples were
‘then ;hun for 2 min in a B;m;Lman Eppendorf centr1fuge Seventy-five
m1cro]1tres of reacted sample were 1nJected using a 25 ul micro-
syringe or else a.model 500 automatic sampler (Beckman).

Preparation of derivatizing solution: Fifty-four mg of ¢
OPA were dissolved -in 1.0 ml of pure methano] To this so]ut16h
9 m] of borate buffer (400 mM, pH 9.5) and 0.2 ml of- 2-mercapto-
ethanol were added. The solution was allowed to stand in the dark for
half an hour before use..

c. Chromatographic procedure: OPA derivatives were eluted

from the column by isocratic elution as follows: sd]vent_Was a

| ZOJMW/;odium phosphate buffer .(pH 6.8) :methanol 30), pumped \_\j
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at a flow rate of 0.8 mi/min. In the amino acid analysis where a

gradient was employed, the concentrations were as follows: ClOZ M
phosphéte buffer {pH -6.8) + methanol gradient starting at 10% methanol S
_and increasing 55733% over a 20 min period following by an isocrat%c #
step at 33% for 20 min duration. This was followed by- increasing the
methanol to-SO% over a 10 min period. An isocratic step with 50%
-hethanol was maintained for 10 min. At the end of the run, inifia]
.conditions were restored by running a reversed methanol gradien£ qF

~a rate of 2%/min so that finat concentration of methanol was 10%. This.
igradient worked well for the separation of acidic amino acids and _

their amides. For Fadioactive.assays, the column eluants were

collected, taken to‘dryness in sEanﬁglation yials and after addition

of 10 ml of scinti]}ation.f1uid, counted iﬁ a ]iqﬁiéff?%g§i]lation

counter, ' , .

For the complete separation of the amino acid mixture,

sodium écetate buffer apd-methannl were used in the fo]low{ng manner:
"~ soivent A: 0,05 M Na-acetate buffer.gH 5.9 + tetrahydrofuran +

methanol (80:1:19, v/v/Q), solvent B: 0,05 M sodium acetate bufigef,

pPH 5.9 + methanol (40:60,-v/v). The solvent ﬁas pumped at a-f1ow

‘rate of 0.8 mt/min and the gradient prdgramlﬁis as follows: 100% A
for.the initiation of the*n(ggfgh, 5 linear step to give 25% B 15

3 min, an isocratic step at 25% B for 10 min, a Tinear step to 80% B

in 20 min, an isocratic step at 80% B for 15 min, a 1inear-s£ep to . <
100% B in 15 min, and an isocratic step af 100% B min. At

the end of the experiment, initial conditions were resitored by_rﬁnning

“a reverse methanol gradient ét‘a rate of 274%/min.
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. &
[II. Analytical Determinations

A. Total Nitrogen and Zéin Protein Nitrogen .

For qua£t1tat1ve extract1on of ze1n the method of Dalby (1974)

was adopted. One hundred mg of endosperm powder and 0.4 ml of 70% g

ethanol were heated in a sealed tube at’60°2 for 90 min with constant

shaking. The tubes were centr1fu93§:fﬁr’§’ﬁﬁn at top speed in a

c11n1ca] centr1fuge, shaken on‘% vortex-mixer-and. recentr1iuged for

5 min. One hundred microlitres of;§upernatant solution was -transferred

to Whatman No. 3 filter paper discs. To remove non-zein impurities,

discs were washed in bulk through a ‘series of solvents as fo]]ow;:.

.. 5% NaCl for 15 min.(Z times), distilled water, 15 min (1 time),
_anhyd;ous ethyl ether for 10 min (1 time), cold acetone for 10 min

(1 time), room temperature acetone for 10 min (1 time), anhydrous

ethyl ethér for 10 min (2't$ﬁes). 'The discs were air dried éfter the
last step and were hydrolyzed in concentrated sulfuric acid. For
total nitrogen lyophiTized-endosperm powder was digested with con-

cenitrated sulfuric acid. In each case, the resulting NHI.was measured

by Nesslerization (Ballantine, 1957).

B. Free Amino Acid-Content of Endosperm

Frozen endosperm powder was ground in 2 volumes of HEPES
buffer (0.05 M pH 7.5). After fi1tré;ion through one layer of
Miracloth, crudelextracts %ere obta?ned by centrifugation at 12,000 g
for 20 min. To the supernatant an equal Volﬁme of HPLC grade
methanol was added.L Agter 20 min on ice, the precipitate was

removed by centrifugation. An'appropriate aliquot of the s:;;rnatant
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was usea for quantitative ana]ys;s of the free amino acid pool of |
the endosperm by reverse-phase high performance Tliquid chromatography.
Some samp]eé were also assayed with a Beckman (model 119 BL) aminb
acid analyzer by Dr. K.W. Joy of Carleton University, Ottawa.
C. Eﬂ; ) . ' | s

The crude homogenates prepared as described above were used
for estimation of diffusible ammonia. After diéti]]ation in Conway
dishes into 0.0143 N sulfuric acid for 12 h, the amm;ﬁia was.assayed
. according to the modified method of Berthelpt (Kap]an, 1965) or by

Ness]er1zat1on (Ballantine, 1957) S .

D. Enzyme protein

o

Enzyme protein was measured by the method of Lowry et al.
- {1951) and for this test, bovine serum albumin (BSA, fraction V,
Sigma) was used as the standard. In later experiments, the BioRad

protein dye reagent method was employed (Bradford, 1976).



RESULTS

o
— .

I. Characéerization of the Eﬁiymes of Nitrogen Assimilation

The method for extraction and assay;of asparaginase activity
was developed during the course of the present Study. -The properties
of asparaginase from corn endosperm were characterized. The extraction
and assay for GOGAT and GDH‘were adapted from literature (Wa11aqg,
1973; Daks e; aZ., f979) The conditions for maximum enzyme
activities in corn endosberm were optimized. In addition to NADH- Y
dependent activity, a ferredox1n -dependent GOGAT act1v1ty was
'1dent1f1ed in endosperm tissue and the phys1ca1 and k1netTE‘propert1es

of both enzymes were characterized in detail. The optimum conditions

for corn endosperm GDH activity were worked out by Karen QOnes.
-Addifiona1 information obtained in this investigation dealt with the
effect of Ca?* on enzyme activify. Results showed that GDH from
corn endbspermiwas not responsive to Ca?* (0-7.5 mM-assay~!) and as
a result it was omitted from the assay‘mixture.. Both thé extraction
buffer for asparagine synthetase and the assay cdnditions were as
‘ modified by Ross (19?9).7 i

The g]utamine synthetase assay was partia]]y_adépted from
0'Neal and Joy (1973).- The an%igenic properties of the enzyme %rom

endospérm and embryo Were étudied. Antibodies raised against the

cytosolic form of GS (GS;) from etiolated barley leaves ﬁs:e supplied

46
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by Dr. B. Hirel. Glutaminase activity was assayed according to a
radioactive assay (Prusinger and Milner, 1970}, a_coup]ea assay
invoTQing glutaminase and glutamate decarboxylase (Chiu and Boecker,
1979} and by conventional methods, i.e., measuring production of ‘
ammonia by NessTerizatidn and glutamate by ﬁﬁper chromatogkaphy. None <
of these methods gave positive results for glutaminase activity in
the endosperm tissue. In the experiments described in this section,
I will concentrate on asparaginase, glutamine synthetase and g1ufamate
synthase, those reactions whifh have been examined in detail in this

study.

A. Asparaginase (Asnase) .

1.“ Developing an assay“for asparaginase
' Asparaginase activity can be measured by determining the .
production of ammonia or aépértic acid (Wriston and Yellin, 1973).
In my assay method, I have taken advantage of.the'fact’fhat aspartate,

a product of the asparaginase reaction, can be_trahsaminated in the

.. presence of a-ketoglutarate to yield oxaloacetate and glutamate. The

"oxaloacetate is then reduced to malate in the presence of NADH and

malate-dehydfogenase (MDH) according to the foIlowinE}reaction:

> L-asp + NH; '“xu—/) (1)

) L-ésp + a-ketoglutarate —or—> L-9lu + 0AA , (2)
OMA + NADH + H' —pre 5 nalate + NAD® (3)

The total decrease in concentration of NADH followed at 340 nm should

_/
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equal the aspartate concentration of the reaction mixture if therE//,

are no interfering reactions. A calibration curve was péepared using
vagrious concentrations of aspartic acid. Fig. 4 shows that there was

a linear relationship between NADH oxidized and the amount of aspartaté

. added to the‘reaction mixture (04100 nmoles-assay~1).

fab]e & 111ustrafes the requirements for the assay of asparaginase

-in extrétts_prepared from maj

& endsperm (var. W64A). The reaction
required asparagine and/endosperm extxact in the preincubatipn mixture.
‘raugh Sephadex G-75 to remove

The endosperm extragfs had been passed’

a

endogenous aspartatex Ips the coupled reaction glutamate-oxaloacetate
transaminase (GOT), malate dehydrogenase (MDH), a-ketoglutarate, NADH
and aliquots from the "complete" preincubation mixture were required.
The addition of a-aminooxyacetate (AOA), a transaminase inhibitor
(Branhstein, 1973), to the coupted reaction assay completely inhibited
the oxidation of NADH, suggesting that there wa interference from
GDH in the reaction. Also, the addition of a-keto tarate and NADH
alone did not support the oxidation of NADH.

a. Linearity of the assay: With incresSing time of incubation,

there was an increase in the amount of. NADH oxidized in the coupled
reaction (Fig. 5). The amount of aspartate formed was calculated
from the standard curve of NADH oxiAized vs. aspartate concentration.
The reaction was 1inear with time fﬁr_at Teast 90 min (Fig. ﬁ): The

reaction was also linear with enzyme concentration (Fig. Y)Eﬁ

b. Identification of the reaetion products: The production
o .
of aspartate was confirmed by descemding paper chromatography in

"-\‘



. Figure 4.
L
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-~

Calibration curve for asparaginase T -

Varying concentrations of aspartate (10-100 nmoles)
were assayed quantitatively by measuring a coupled
transaminase and MDH reaction.

The total oxidation of NADH was followed at 340 nm.-
Based on values for nmoles of NADH oxidized, the
recovery of aspartate varijed between 90%-98%.

The reaction mixture contained 0.1 m1 NADH (0.16 mM),
0.1 ml a-ketoglutarate (1 mM), MDH (1.27 ug protein)
and GOT (20 ug protein) in a total volume of 1 ml.
Values shown are the average of two separate experi-
ments t range (bars).-

»
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Table 4

©

Requirements for the Assay of Asparaginase in

Extracts ared from Maize Endosperm (W64A)

20 Days Post-Pollination *

LN

Assay conditions : Actiﬁity
Jﬂ nmoles NADH-.assay~

a. Preincubation mixture _
complete-zero time . 5.00
- complete 116.00
- KC1 : 46.40 _
- Enzyme extract : , 0.80 S
- Asn o 0.20 -
‘a
b. Coupled'reaction :
- complete + ADA (1 mM) ~ no activity )
- transaminase - MDH no activity : 9
-Asn + a -kg + NADH ' 0.2 /,;> ) 4
a. The complete preincubation mixture contained 100 mM Asn,
* 20 mM KC1, 254 Na HEPES (pH 8.0) enzyme 0.2 ml in a
total volume of 0.8 ml, incubated for 60 min before
addition of GOT and MDH.
- ~—
b. The coupled reaction contained supernatant from pre-

incubation mixture (see Methods). 0.1 ml of NADH (0.16 mM)
0.1 ml ea-ketoglutarate (1 mM) MOH (1.27 ug protein/assay}
and GOT (20 yg protein/assay).

DY RPN



Figure 5.

> (
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Oxidation of NADH measured at 340 nm with increasing
time of preincubation of endosperm extracts with

asparagine.

-

In blank samples, asparagine or enzyme was omitted

from the reaction mixture.

The concentration of asparagine was 100 mM and 0.2 ml
of Sephadex G-75 filtered endosperm extract (var.
W64A) was used. :

The coupled reaction contained 0.1 ml1 NADH (0.16 mM),
0.1 ml a-ketoglutarate (1 mM), GOT (20 ng protein),
MDH (71.27 ug protein) and an appropriate aliquot of
the supernatant in a total volume of 1€ §

(0,25,50,55 - time of preincubétion in minutes.)

~
e
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Figure 6. The effect of increasin time of preincubation on the
‘activity of asparaginase isolated Trom 20-d Td

-day 0
sample {(var. WodA).

A

—The complete preincubation mixture contained 100 mM
asparagine, 20 mM KC1, Na-HEPES (pH 8.0) and 0.2 ml

< of enzyme in a total volume of 0.8 m1. The coupled
redction was as described in Methods.

<

Urhe mean + range (bars) of two replicate assays is
: shown. .

a
&
2
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5

Figure 7. The effect of increasing the enzyme content on the
. activity of asparaginase.

Endosperm extracts were prepared from inbred maize
(var. W64A), harvested 20 days after pollination.
Time of preincubation was 30 min and the production
of aspartate was measured as described in Methods.

w -

/1
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increased with time.

54 -

butanol:acetic acid:water (12:3:1) or phenol:water so]vedt system
(80:20). After chromatography of the reaction mixture minus GOT and
MDH, a n;nhydrin positive spot with an Rf simil@r to aspartate was
detected (Fig. é). The increasing co]dur intensity of the aspartate
spot with increasing time of incubation suggests an 1ncreas1ng

amount of aspartate produced during the reaction. No aspartate was

‘detected when either enzyme or asparagine was omitted from the reaction.

¢. -Stoichiometry of the asparag{nase reaction: Table 5
illustrates the quéntitative'corfelation between NADH-oxidation,
aspartate and ammonia produced in the redction. The levels of
aspartate were guantitatively estimated with an amino acid analyzer
(by, pr-"K.W. Joy).. There was a good correlation in the levels of
aspartlate fogmed whether aspartate levels were determ1ned by the
; ion of NADH or by direct ana1ys1s. Ammonia, the other product -
of asparaginase activity‘was first distiiﬁid into dilyte sulphuric
acid in Conway diffusion dishes and then measured by pheno1-hydo-_'

chlorite reaction (Russel, 1944). The amount of ammonia al<o

@

2. Properties of asparaginase from corn endosperm

a. Effect of KC1 on enzyme activity: The asparaginase R
aétivity‘in corn endosperm extracts was stimulated by k* ions and ;

+
hence is simijar to the asparaginase system described for legume

cotyledons (Sodek et alf 1978- Lea et az‘ 1978). Fig 9 shows

the effect of various concentrat1ons of tmEXC] added to "the. assay

-
media. In "minus-KC1" samp]esn ac§3v1ty was 20 nmo]es aspartate min’

:assay' . QﬁJ;dd1t1on of 6 mM KC1 to the assay mixture, activity‘
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Figure 8. Identification of aspartate.

The chromatogram shows asparagine and aspartate in
the asparaginase reaction mixture after 20, 40,
60 and 80 min incubation period.

b
The amino acids were separated using descending
paper chromatography in the butanol, acetic acid,
and water solvent (12:3:5).. Chromatogram was run
for 18 hr, dried and run again in the same solvent
for another 13 hr.

RS 4
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Table 5-

Stoichiometry of the Asparaginase Reaction

Time of incubation NADH Asp* NH:.'
(minutes) {nmoles/assay) (nmoles/assay) .(nmoTes/assay)
0 10.68 o 21.6 ' 17.2
20 .7 46.8 : 456 54.0
40 83.6 87.6, 84.4 95.09
60 / 116.8 © . 116.4, 114.8 124.58
80 ' " 143.6 1620 155.44
80 {-asn) - 0 -0.8 T 0.08 not detectable

|

T

Complete reaction as described irrJhble 4, -

*Aspartafe 1evels were determined by amino acid amalyzer. At 60 min
the nmoles of asp/endosperm were 349 and per mg protein were 290.

»
-
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\ PN

Figure 9. Effect of increasing concentration of potassium-
chloride on asparaginase activity isolated from

\\\ ¢0-day endosperm tissue.

Assay conditions were as described in Methods.
KC1 was omitted from the elution buffer.

‘The mean values * range (bars) of two replicate
© assays are shown. R

Time of preincubation was 50 minutes.
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increased to 35 nmoles aspartate.-min-®°.assay-%, fhe reaction wis
saturated at a concentration of 20 mM of KC1. Routinely, 20 mM KC1
was added to the asparaginase assay preincubation mixture.

Sodek-et al. (1980) ha?e\gemonstrated that K™ affects both
the act1V1ty and the stability of the enzyme 1n solution. (In the '
abserice of KC1, the enzyme from developing coty]edons of pea was’
unstable in solution aﬁd Almost 90% of the activity.was lost after ('
10 mirr at 30°C, whereas, very little activity was lost in the presence
of K" (50 mM). This stabilizing effect was shown.to be separate
frqm'its activating effect. ’Hhen assayed under conditions where
the enzyme showed a reasonable degree of stability in the absence of
K" (i.e., at 20°C for 20 min) the enzyme stiTi r'equiredrK+ for

maximal activity.
‘

b. Substrate saturation kinetics: Fig. 10 shows the substrate

. There is an ;;ﬂ%ease in activity

qith increasing concentration of aspar

saturation kinetics of asparxgi

ine. The peaction is not.

fully saturated even at a concengrakjon of T00 mM asparagipe.

Routine assay for énzyme activity

/Based on the aBove\resu1£s, in all future assays, 100 mM
asparagine, 20 mM KC1 and 0.2 m! of Sephadex-treqtéd'enzyme were
used per assay. Under op€1mum assay conditionss the ma%imum aspara— :

ginase activity in the deve10p1ng corn endosperm was 1n the order of \__ ~

5.6 nmol-min~l.mg protein-%, In bacteria and ani 1 tissues where
level of asparégiggse can be qbite high (50-500 éEi:‘min'l;mg'prot in:l)
a-direct spéctrophoﬁbmetric g;ocedhre has been employed (Cooney and

. . - Fd . *

. L3
-
. N .
- N
. . ,'
. - » - ' '

'

/\



Figure 10.
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The effect of increasing concentrations of

asparagine on asparaginase act1v1ty 1n corn 7

endosperm extracts. - Co

The enzyme extract wads filtered through a Sephadex

 G-75 column before use. The preincubation mixture

contained 20 mM KC1.and 0.2 ml of enzyme extract .
in a total volume of 0.8 mi. The incubation period
was 30 min. The. coupled reaction was as described
in Methods.

The avé;%ge values i‘range (bars) for replihate
ssays are shown for each point.
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Handschumacher, 1968; Kojima and Nacker 1969) However, due™to

\\4're1at1ve1y ]ow levels of asparaginase af"%v*fy in corn endosperm

b

P

.ox1dat1on of NADﬁ -in the minus asparagine treatment show that there

tissue, it was necessary to preincubate the,asparag1ne w1th enzyme
™

and then couple it to GOT and MDH, systems. In routine assays,

Y-

_ therefore, asparagfﬁe was first hydrolyzed by'asparaginase to aspartic

acid and ammonia durlng a preincubation of the e dOSperm extract with
the substrate asparagine. The reaction was stoppe by p]ac1ng the
tubes in boa11ngfwater bath for 5 min, The'prec1p1tated protein was
removed by centrifugafion and the supernatant was assayed for tota]

aSpartate by<the coupled reaction..

The good stoichiometry of the reactipn plus the lack of
o

is no 1nterference from GRH and other NADH-consum1ng reactigns
<

that the method 1s, the ore a reltgbie _assay for asparaginase.
!

The method can also be adapted for measurement of asparagfne and

‘ .oLe . . i
aspartate }ﬁls ip the t1ss‘f . I : o
. Ty tT - . : .
¢. value for asparagine: The Km value for asparagine was

~Jdetermined using the Sephdﬁe\:fi?tered‘enzyme ‘Enﬁyme activity was

assayed us1ng several concentrations of asparag1ne and .Km values
were determined from L1neweaver-Burk plots. The line of best fit was
then calculated. A typ1ca1 L1efyeaver -Burk plot is shown 1n F1g. 11:_

The Km value obtained for asparagine was 8:93 mM-Km vaIues for asparag1ne

- show a wide range depending on_the,p1ant-9r1gln of ‘asparaginase, e.gk,

pea seed (3 mM) (Sodek et al., 1980; Ireland and Joy, 1981)s Lupinus

sp. (12.2 mM) (Atkins et al., 1975; Lea.et al., 1978).
: ‘ . SN
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Figure 11. Lineweaver-Burk plot for asparaginase reaction in
corn endosperm.

*(nmoles .Asp-min~3?%.assay-1),

The substrate varied in assay was asparagine.
The equation for line of best fit is

1 1

<=0, ) + 0.

v 0.1086 (S) + 0.0122
’

Km =.8.93 uM

///““j
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B. Glutamate Synthase {(GOGAT)

- ™

1. Effect of Sephadex-filtration on NADH-GOGAT activity

Since the method for assaying GOGAT involved oxidation of
NADH, preliminary expérimen£s were performed to make sure that
glutamine-dependent oxidation of NADH was due specifically to the
glutamate synthas® activity. Crude extracts prepared from developing
endosperms showed a high rate of glutamine-independent oxidation of
NADH (Table 6). The substrate independent oxidation was lost after
treatment with Sephadex. This indicated the presence of some inter- .
fering reactions in crude extracts. One possibility is that aspartic
.agid is present in crude extracts. As a result, the u-ketogiutarate
and NADH rggui;;E for GOGAT are used ingteag of a glutamate-oxalo-
acetate transaminase and malate dehydrogenase reactions.

€

Addition of a-aminooxyécetatéila‘specific inhibitor of B
transamina§e (Brannstein, 1973) would inhibit a transaminase-dependent
NADH oxidation but not that catalyzed by NADH-GOGAT. Addition of 1 mM
a-aminooxyacetate (ABA) to the assay mixture iﬁhibited the activity in
the crudg extract by 73%. After Sephadex ff];ration, however, the
AOA no Tonger had an eff;ct on the GOGAT -reaction showing that sub-
strafes for the transaminase reaction had been removed. It is
{nteresting to note that ;ctivity seen in crude extracts plus AOA

equals the value obtained for GOGAT-dependent NADH oxidation in gel-

filtered extracts.

' -+
2. Characteristics of Sephadex-treated NADH-GOGAT

In Sephaﬁéx-treated extracts glutamate synthase activity

was strictly dependent on L-glutamine as the N donor (Table 6).
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Table 6

Effect of Sephadex-filtration on Activity of NADH-Glutamate

Synthase Isolated from 20 day Post-Pollination Endosperm of

Hybrid Maize (var. W64A x WI1B2E)

Reaction mixture Activity nmoles NADH'min-!- endosperm !
crude , Sephadex-
i extract , filtered
extract
A. Complete system* 71.9 15.9
-GIn . 52.4 0.9
-a-Kg 8.0 0.64
-a-Kg-Gln 8.2 ) 0.65
-Enzyme 6.0 0.60
Complete system + AQA 15.2 15.0
B.-GIn + NH, (20 mM) - 2.30
-GIn + NH, (40 mM) - 1.39
-GIn + Glu (40 mM)} . - 1.10
-GIn + Asn (20 mM) - 0.98

* Complete system is as described in Methods.

20 mM HEPES (pH 7.5), 20 mM glutamine, 15 mM KC1, 1 mM a-keto-
glutarate and 0.16 mM NADH in a total volume of 1.0 ml.



64
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Addition of (NH,),S0. {20 mM/assay-®) at a concentration equivalent
to thét of glutamine used for assay of GOGAT gave values close to
blank samples showing that NADH oxidation was not caused by a GDH
reaction which could use ammonia released by glutaminase. With

40 mM (NH,),S0. slightly higher rates of oxidation of NADH are
obtained. Maximum activities for GDH endosperm tissue are seen with
0.8 M (NH,),S0, . Asparagine or glutamate did not replace glutamine

in the reaction.

a. Linearity of the assay: Fig. 12 shows that with 0.1 mi

of enzyme per assay, the reaction was linear for at least 13 min as
measured by oxidation of NADH at 340 nm. At this time, the change
in absorbance was 0.44 units. The activity was also linear in the
range of 0.05-0.15 ml of Sephadex-treated extract per assay (Fig. 13).
In all subsequent assays, 0.1 ml of enzyme was used. The reaction
was recorded for the initial 5 min and from this the rate of oxidation

of NADH was calculated.

b. Stoichiometry of the NADH-GOGAT reaction:

L-glutamine + NADH + a-ketoglutarate + 2-glutamate + NAD'
The sto1ch1ometry of the NADH ox1d1zed and glutamate produced in the
GOGAT reaction was examined. The amount of NADH oxidized in the
enzyme reaction was measured by following the change .in absorbance at
340 nm. For quantitétive analysis of glutamate, a reverse-phase high
performance liquid chromatography (HPLC) procedure was employed.

. Fig. 14 shows the elution pattern of o-phtha1d1aldeh§de (pEA)

derivatives of standard glutamate and glutamine. Figs. 14b, l4c



S

Figure 12,

. v
Effect of increasing time of 1ncubat1oq on NADH-

. GOGAT activity.

Sephadex G-75 filtered extracts of qyéiid maize
(var. W64A x W182E) harvested at 20 'days after
pollination were used.

Enzyme was assayed using 0.15 ml of extract, 20 mM
glutamine, 1 mM a-ketoglutarate, 0.16 mM NADH, and
15 mM KC1 in a total volume of 1.0 ml.

Activity was measured by following the oxidation
of NADH at 340 nm.

The mean + range (bars)} of two rep11cate,6§says is
shown for each point,
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Figure 13.
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Effect of enzyme concentration on activity of NADH-
glutamate Synthase. :

tvity was measured by following oxidation of NADH
t 340 nm. Extracts were prepared from 20-day endo-
perm tissue of hybrid maize (Var. W64A x W182E).

Enzyme was assayed using routine concentrafions of
substrates (see Methods).

The mean + range (bars) of two replicate assays is
shown for each point.
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Figure 14 (a-c).
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Elution profile of amino acids on reverse-phase

nigh performance Tiquid chromatography (HPLC)

column,

Chromatograms of o-phthaldialdehyde derivatives
of glutamic acid and glutamine. ‘
a. Standards; glutamate and glutamine.
b. Reaction mixture of NADH-GOGAT.
c. Reaction mixture of Fd-GOGAT.

7 _
Derivatives were eluted from the reverse-phase
column by using a 20 mM sodium phosphate buffer
(pH 6.8):methanol (67:33) solvent. The flow
rate was 0.8 ml/min.

A
G

glutamate

glutamine

tris buffer

><
H
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v

show the elution pattern of OPA derivatives of reaction products.
Two major peaks corresponding to glutamic acid and g]utaﬁiﬁe.were
obtained in the reaction mixturé. Glutamic acid eluted at 5 min
and -glutamine at 15 min, after injection of derivatized. samples {the
elution conditions are described in the Figure legends). In assays
which include ferredoxin instead of NADH; an additional ﬁeak eluting
at 23 min was found and it corresponded to tris-buffer._ The amount
of glutamate produced in the reaction mixture was calculated from the
corresponding values of the peak area obtained with known concentrations
of glutamate.

Tgb]e 7 illustrates the stoichiometry of the NADH oxidation
and g]utaﬂﬁfe qumation in GOGAT reaction. A ratio of 2.1, 1.75 and
2.08 (G1u/NADH) was obtained in three separate readings.‘ A stoichio-
metry of 2.0 is predicted from the reaction equation (see p. 64). Thus,

NADH oxidation is the result of glutamate synthase.

c. Effect of inhibitors on NADH-GOGAT reaction

. +

1. End product inhibition

Enzyme reactions are often inhibited by their end products.
The effect of end products of glutamate synthase on enzyme activity
is shown in Table 8. Increasing the concentration of glutamate from
5 to 10 mM resulted in slightly higher inhibition of enzyme activity
(from 11% to 21% inhibition of enzyme activity relative to the contéo]).
NAD", a product of NADH oxidation, also caused a minor_
inhibition of the reaction. These results show that the end products
of glutamate synthase reaction do not regulate the enzyme activity

rigorously in corn endosperm.
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Table 7

Stoichiometry of NADH Oxidized and Glutamate Produced in

GOGAT Reaction

\ ' .
Assay time \NADH Glutamate Ratio
{min} (nmojles/assay) (nmoles/assay) GTu/NADH
/ . -
10 37 80 2.1
20 80 140 1.75
30 120 250 2.08

ey

. NADH oxidation was monitored at 340 nm using a spectrophotometer

and glutamate was assayed by reverse phase high performance
chromatography using a glutamate standard. Assay conditions were
as described in Metheds. The extracts were filtered through

Sephadex G-75 column.
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Table 8

'lEffect of Potential End Products aq\QOther Inhibitors on

the G]utamate Synthase Activity in Endosperm Preparations

{
Treatment S " Activity relative to
control
Control . 100.0  (20.3)

+ NADH + NAD (0.16 mM) 90.0
+6lu (5mM) _ . 89.0
+ Glu (10 mM) ' 79.0
+ methionine sulfoximine (2.7 mM) 52.0
+ methionine sulfone (2.7 mN) 33.0
+ azaserine (0.5 mM) . 15.0
+ azaserine (1.0 mM) - 0.0
+ albizziine (1 mM) . 88.5
+

albizziine (25 mM) . . 47.7

Value in brackets represents the actual rate in nmoles NADH
oxidized-min~*-mg protein=!. The enzyme extracts were passed
through a ﬁgkhadex G-75 column. - Standard assays included 20 mM
KC1 in the endosperm extracts prepared from hybrid maize

(var. W64A x WIB2E). a-Ketoglutarate and glutamine concentra-
tions were 1 and 20 mM, respectively.

I

=

-
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2. Analogues of glutamine and glutamate

The glutamine analogues azaserine (o-diazoacety];L-serine)
and albizziine (L-2-amino-3—ureido-propionic acid) are inh?bitors
of glutamine amide transfer reactions (Miflin and Lea, 1980; Fig. 15).
These analogues are also known to inhibit the glutamate synthase
reaction in pea root (M%f]in and Lea, 1975) and in pea leaf (Wallsgrove
et al., 1977). For example, the enzyme activity in each case is 50%°
ighibited by 0.2 mM azaserine and 2 mM albizziine.
In corn endosperm extracts, azaserine at a cencentration of
1 mM resulted.in a complete inhibition of glutamate synthase activity
(Table 8), \}?”is believed that, because of the structural sim{Jarity
between glutamine and azaserine, they compete for binding to the active
‘site. However, ﬁnce'bound, the diazo-acetyl group of the analogue
reacts with the enzyme and the analogue becomes'irreversibly attached
(Miflin and Lea, 1980). Albizziine, another analogue of glutamine,
was less effective as an inhibitor and at a concentration of 25 mM
gave only 50% inhibition of enzyme activity. GOGAT was also sensitive
to a Tesser degre:/}n the glutamate analogues methionine sulphoximine

ifd methionine su¥fone, each causing 50% and 67% inhibition of

activity, respectively, at a concentration of 2.7 mM.

3. Electron donor specificities of GOGAT

In Sephadex G-75 filtered extracts or in dialyzed extracts
prepared from eﬁaoéperm,jihe enzyme could use NAbH, NADPH, fer-rr-_u:tox1'n‘t
(Fd) and methy1 viologen AMV) as the electron donor (TabTe 9). The

NADPH-dependent activity at equimolar concentrations, was 50% of that
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Figure 15.. Structure of glutamine and glutamine analogues.




C?OH
CHNH,
|

CH,

|
CH,

|
C
RN
0 NH,

(L-Glutamine)

CHNH,
COOH

(Albizziine)

(Azaserine)



73

observed with NADH as the electron donor. Sodek and DaSilva (1979)
have also de:::;E;Ebgd NADH- and NADPH-dependent GOGAT acfivities fn
developing endosperm extract of corn, but in their preparations, the
NADPH-dependent activity was variable and ranged between 20-100%
relative to NADH-GOGAT activity. Similar results of dual specificity

h}
for pyridine nucleotide linked GOGAT activity have been reported in

etiolated rice leaf and in roots (Suzuki e: ai., 1982);—§oybean
cotyledons (Storey and Reporter, 1978), etiolated pea leaf and FOOtsfj
(Wallsgrove 2¢ al., 1982; Matoh et al., 1982).

Two generalizations can be made from these reports:
a) The enzyme is active with NADH and NADPH but NADPH-dependent-GOGAT
activity is genefa]]y Tower than NADH-GOGAT activity and b) in
purer preparations, the enzyme appears to be NADH-specific. In
- desalted-extracts of devé]oping soybean cotyledons, it has been
s\ggested that NADPH-dependent activity is an artefact in the assay
system owing'to the presence of pyridine nucleotide phosphatase
activity which would convert NADPH to NADH:

NADPH » NADH + Pi — NADT
(phosphatase)- GOGAT.

The phosphatase reaction is inhibited by potassium fluoride (KF) and
for this reason, KF was used to determine the specificity of the
pyridine nucleotide-linked activities (Wells and Hageman, 1974,
Dailey et 21.,1982). In the assay wfth corn nitrate reductase,

. 2 umoles/ml (2 mM) of KF reduced NADPH-NR activity to 10-15% of

the control and phosphatase activity (assayed directly) to 3% of
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Table 9

Substrate Requirements of Glutamate Synthase from

Developing Endosperm of Corn var. WE4A x W182E

Assay conditions

Famn
R \\, nmoles

glutamate-
min-lmg protein~?

Complete system (NADH)

25.09
-NADH + NADPH 12.50
-Enzyme 2.20
-Glutamine 2.20
-a-ketogliutarate 1.50
- NADH 1.72
Complete (ferredoxin) 17.00
-0T + Fd 2.00
- Enzyme , -
-Glutamine . 2.01
-Fd + MV/DT 8.50
-a-ketoglutarate 1.50

Each assay was run for 30 min at 30°C.

Dialyzed extracts were used for enzyme assays and the reaction
was stopped by the addition of 1.0 ml of methanol. Glutamate
was assayed by reverse phase HPLC.
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the control. There was no effect on NADH-NR activity. Similar
results were obtained with soybean extracts and with bariey Teaf NR
(Wells and Hageman, 1974) except that higher concentrations of KF
“(40 mM, ZSOJmM, respectively) were required.

Fig. 16 shows the effect of addition of KF in assay mixture
on GOGAT activity of enzyme from corn endosperm. It can be seen that
at a concentration of 10 mM, KF had little effect on the NADPH-GOGAT
activity whereas 250 mM KF completely inhibited the NADPH-GOGAT
reaction. There was no effect on the NADH-dependent activity at any
concentration of KF. Thus, it appears that in extracts from corn
endosperm, the observed NADPH-GOGAT activity may be due to conversion
of NADPH to NADH by phosphatase. In this regard, my results differ
from those of Sodek and DaSilva (1979) in cofn endosperm. They report
that NADPH-GOGAT activity was insensiti#e to KF, although they do not

indicate the concentration of KF used.

4. Optimizing conditions for Fd-GOGAT assay

a. 'Linearity of assay: The conditions for Fd-dependent GOGAT.
were optimized in Sephadex G-75 filtered endosperm extracts. The
reaction was linear with time (Fig. 17} and with increasing concentra-
tions of the enzyme (0-0.76 mg protein-assay-!) (Fig. 18). The
reaction saturated at 40 ug Fd-assay~! 0.5 mM a-ketoglutarate
and 2 mM L-glutamine. In all routine assays, 40 pg Fd, 1.0 mM
a-ketoglutarate and 5 mM L-glutamine were used. Incubation was

carried out for 30 min at 30°C using 0.2 ml of enzyme.
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r -~G
- Figure 16. Effect of potassium-fluoride upon NADH- and NADPH-
dependent glutamate synthase activities in extracts
0t corn endosperm,

Sephadex G-75 filtered extracts of hybrid maize
(var. W64A x W182E) harvested at 20 days after
pollination were used. :

Activity was measured by following oxidation of
NAD(P)H at 340 nm.

Values are expressed as ﬁercentage of activity
relative to the control samples.

o——+e  NADPH-dependent GOGAT.

®———e  NADH-dependent GOGAT.

Lol
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Figure 17.
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Effect of increasing time of incubation on Fd-GOGAT
activity in Sephadex G-75 filtered extracts of
hybrid maize (var. WodA x WIBZE).

The reaction was stopped by addition of an equal
volume of methanol, aliquots of supernatant were
assayed for glutamate on HPLC. Assay was performed
using 0.15 ml of enzyme extract, 1.0 mM a-keto-
glutarate, 5 mM glutamine, 40 ug ferredoxin, 1.6 mg
sodium dithionite, 1.6 mg sodium bicarbonate and

20 mM HEPES buffer in a final volume of 1.0 ml.
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Figure 18,
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Effect of increasing the enzyme volume on activity .
of rd-glutamate synthase.

Sephadex G-75 filtered extracts from 20 day post-
pollination endosperm of hybrid maize (var. W64A x

WIB2E) were used. Assay conditions were as described
in Figure 17.
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5. Sephadex 6-200 column chromatography

- .

In develeoping cotyledons of pea, Matoh ez a?. (1979) have
shown that NADH-dependent and ferredoxin- dependent glutamate synthases
are two distinct enzymeés as defined by separat1on on Sephadex G-200
.co]umq. To examine this possibi]itylin developing endosperm of
corn, éhe extracts were passed through a Sephedex G-200 column (2.7 x
82 c¢m). The elution profile of enzyme is shown in Fig. 19. Three
milliliter fractions were collected and the absorbance of each fraction
was monitored at 280 nm. Protein content was also.estimated by BioRad
protein test (Bradford, 1976). Each fraction waS-a;sayed for &:DH,
NADPH and ferredoxin-dependent GOGAT activity. NADH and ferredoxin>
dependent; act//)iues appeared as two distinct peaks but the NADPH-
dependent 9Ct1v1ty was lost. The fractions show1ng NADH- and ferredoxin-

dependent activities were pooled separately and their kinetic;»and L

physical properties were characterized.

6. Substrate requirements of NADH- and‘Fd-GOGAT

The substrate specificities of each enzyme after filtration
through Sephadex G-200 are illustrated in Table 10. The specific acti-
wity of NADH-GOGAT (111 nmoles-glu-min~1.mg protein=!) and of Fd-GOGAT

(77 nmoles-glu-min“t-mg protein-!) was 4- and é:foid higher respectively
than in dialyzed extracts. The Fd-dependent activity was strictly ‘
dependent on the presence of gluéamine, reduced ferredoxin and

' a-ketoglutarate in the assay mixture. The NADH-GOGAT activity was'

also dependent on the presence of a-ketoglutarate, NADH and glutamine

%f the assay mixture. ) . ‘\
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Figure 19.
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4

Elution profile of GOGAT from developing endosperm

of corn on a Sephadex G-200 column.

The column (2.7 x 82 cm) was equilibrated and

eluted with the phosphate(buffer_containi?g 200 mM
NaCl. The sample (54 mg in 2.0 ml) was
applied to ggéﬂzzlnmn and 3 m1 fractions. were
collected. Three hundred ul aliquots from each
fraction were assayed for NADH-{e—o), Fd-(o0—0),
and NADPH-(a——a)\dependent activity. .

» -
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’ Table 10
G ).

Substrate Requirements of the Two Forms of Glutamate Synthase

from Developing Endosperg,after Sephadex G-200 Filtration

~

Assay condit??ns . nmoles glu-min~!.mg protein:;
’ : ) //

Compiete (NADH) 111.00
-NADH + NADPH : 11.00
_N&DH + Fd/DT  ° o 14.00
-m + MV/DT 8.00 [
-NADH . , 2.00
:a-ketoglutarate 8.00
-GIn-a-ketoglutarate ‘ 2.00
-enzyme B 2.50
Complete(ferredoxin) 76.66

\Q " -Fd + NADH : 11.00
-Fd + NADPH | '3.90
-Fd + MV/DT . 8.00
61n 0.00
-Fd o 0.00
~a-ketoglutarate ' 7.40
-enzyme .. 2.7 -

Enzyme extracts were prepaﬁed from 20 day post-pollination -
endosperm (var. W64A x WI82E). Glutamate production was
assayed on reverse phase HPLC. :

oy,
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7. Estimation of molecular weights

For determination of molecular weight by gel-filtration, a
Sephadex G-200 column was calibrated using standard proteins of known
molecular weight. The void volume of the column (Vo) was calculated
from ejution pattern of Blue-Dextran and values were plotted as Ve/Vo
vs log molecular weight. The concentrated enzyme sample (54 mg/2 ml)
(25%-60% (NH,),S0, fréction), was applied to the column and enzyme
activities in the eluants were localized by their appropriate assays.
The estimated molecular weight of ferredoxin-GOGAT was 171,000 and
of NADH-GOGAT was 280,000 (Fig. 20).

8. Km value for each substrate

To compa%e the apparent catalytic efficiency of each enzyme
in developing endosperm tissue, Km valubs for glutamine, a-ketoglutarate
and NADH/Fd wéré detérmined using Sephadex-treated enzyme.

Enzyme activities were measured using several concentrations
of the variable substrate in the reaction and routine concentraiions
of all other substrates. ' Km values were determined using double
reciprocal plot of velocity vs substrate concentrations. Lines of
"best fit and correlation ¢oefficients were then calculated.

Typical Lineweaver-Burk plots for glutamine, u-ketoglutaFaté
and NADH for NADH-glutémate synthase reaction are shown in Figs. 21-23
and those of giutamine,.a-ketoglutarate and fefredox%n for Fd-
glutamate synthase readtion are shown in Figs. 24-26. A summary of

Km values for each substrate is shown in Table 11. Km values for L-

- glutamine, a-ketoglutarate and NADH for NADH-GOGAT are 1.068, 0.539

Y



Figure 20.
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Estimation of molecular weight of glutamate synthase

of corn endosperm by gel filtration.

The Sephadex G-200 column (2.7 x 82 cm) was equili-
brated with 200 mM phosphate buffer (pH 7.5) containing
100 mM NaCl and was calibrated with:

1.

2.
3

I

BSA (68,000)
Alcohol dehydrogenase (150,000)
Catalase (250,000)

NADH-GOGAT were identified by appropriate

I1 Fd-GOGAT enzyme assays

*Ye/Vo is the ratio of the relative elution volume
(Ve) for the particular protein to the column void

. volume (Vo).
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Figure 21.
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-

Substrate saturation kinetics and Lineweaver-Burk
plot of NADH-gTutamate synthase reaction in corn
endosperm extracts,

¢

1/V = nmoles glu-min-3%-assay~!.

The substrate varied in the assay was L-glutamine.

Concentrations of other substrates were as

described in Methods.

For L-glutamine the equation of line of best fit
1/V = 0.0333679 (%) + 0.0314508

0.998

re

Km = 1.068 mM
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Figufé 22. Substrate saturation kinetics and Lineweaver-Burk
plot for NADH-gTutamate synthase reaction in corn
endosperm extracts.

1/V = nmoles glu*min~3%-assay~*.

The substrate varied in the assay was NADH.

Concentrations of other substrates were as

described in Methods.

For NADH, the equation of line of best fit:
1/V = 0.000410 (%) + 0.0483541

0.931

8.06 um,

r

Km
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Figure 23.
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Substrate saturation kinetics and Lineweaver-8urk

plot Tor NADH-gTutamate synthase reaction in corn

endosperm extracts.

1/V = nmoles glu-min~3%assay~1,

The substrate varied in the assay was a-keto-
glutarate. Concentrations of other substrates
were as described in Methods.

For a-ketoglutarate, the equation of line of
best fit

1/V = 0.0092495 (%J + 0.0171315
0.9772
0.539 mM.

re

Km
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- Figure 24. Substrate saturation kinetics and Lineweaver-Burk

plot for Fd-gTutamate synthase reaction in corn
endosperm extracts,

The substrate varied iﬁ.the assay was L-glutamine.

1/V = nmoles glu-min~? -assay= ‘

For L-glutamine, the equation of line of best fit —
"1V = 0.0057102 (%) +0.0093437 -

0.997 - | L/

0.617 mM.

rz

Km
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Figure 25. Substrate saturation kinetics and Lineweaver-Burk
plot for fd-glutamate synthase.reaction in corn
endosperm extracts.

*1/V = nmoles glu-min~?P-assay-1,

The substrate varied in the assay was a-keto-
glutarate. Concentrations of other substrates were
as described in Methods. For a-ketoglutarate the

- equation of line of best f%&i

1/V = 0.0125498 1%4\+ 0.0484607

r:=0.988 -
km = 0.258 M. .
N 'P-V/
¥
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.
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.
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Figure 26. Substrate saturation kinetics and Lineweaver-Burk '

plot of Fd-gTutamate synthase reactioh, in corn
endosperm extracts. -

* *1/V = nmoles glu-min-3%-assay-1.
The substrate varied in the assay was ferredoxin,
Concentrations of other substrates were as
described in Methods.

For ferredoxin the Tine of best fit:

{__
1/V .= 0.0058861 (;.) + 0.0031565
rz = 0.975 -
km = 1.864 M.
W
-.‘.-._- ‘
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and 0.0086mM respectively. These values are in close agreement witg;}
pubilished resuits of Sodek and Da$ilva (1979). The Km vé]ues for _~
L-glutamine, a—ketoglutaraté, and ferredoxin for Fd-GOGAT are 0.617,
0.258 and 0.00186 mM respectively.

The Km values obtained for glutamine (0.617 mM) and a-keto-

2

glutarate (0,258 mM) in Fd-GOGAT reaction are significantly lower

than glutamine and a-ketoglutarate Km values (1.068 mM and 0.539 mM
-’
respectively) for NADH-GOGAT reaction. Hence, if appropriate reductant

. & . -
were available, this enzyme could be physiologically more important

in the formation of glutamate.

&

C. Asparagine Synthetase (AS)

Mg 2+

. |
ATP + aspartate + glutamine asparagine +:§Jutamate +

AMP + PPi.

1. Optimizing the extraction conditions

a. Effect of omitting ATP, aspartate and MgCl, from the

extraction buffer: Routinely Sephadex G-75 filtered extracts from

)

developing endosperms were used. Conditions were optimized for

extraction and Sephadex-fi]tratibn of the enzyme. In expef%ments
with(foots of corn, it has been shown that addition of enzyme sub-
st?at@S\{ATP; aspartate and MgCl,) to the’extragtion and elution
buffers protected the enzyme actjvity (Stulen and 0§5§, 1977; Ross,
1979). The effect of eacﬂ of .these ingredients was tested on the
activity of the enzymé in endosperm extracts. Activity was similar
in a standard extractfon and elution buffer and in extracts lacking

aspartate (Table 12).  Whap ATP was omitted from the buffer, 30% of

)
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Table 12 fﬁi:>

Effect of Omitting Aspartate, ATP, or MgCl, from the Extraction
and Elution Buffers on Asparagine Synthetase Activity

in Developing Endosperm Extract )

Extraction conditions Activity Average %
t mean control
cpmemin~2%-assay~?! variation
3
1. *Standard extraction 1. 571 .
buffer . 527 551 + 16 -
3. 555
2. - Aspartate . 1. 548
2. 580 568 + 13 103
577
3. - ATP , 1. 391
357 379 £ 15 69
390
-
4. - MgCl, 1. 540 497 + 50 91
2.-4454

Sephadex fi]tereéZéxtracts of. endosperms harvested 20 déys after
pollination were wsed.

Extracts were assayed as described in Methods.
The mean * range of three replicates is shown for treatments 1-3.
The values obtained for MgCl, were from two separate assays.

- *Standard extraction buffer: 0.1 M phosphate buffer (pH 7.5) + 15%
glycerol, 12 mM 2-mercaptoethanol, 1 mM EDTA, 1 mM ATP, 10" mM MgCl,
and 0.8 mM aspartate .

i



the activity relative to the control was lost; in absence of MgC1,,
10% of the activity was lost.

b. Comparison of phosphate buffer vs HEPES extraction buffer:

In the initial experiments, phosphate buffer + 15% glycerol containing
1 mM EDTA, 10.qM MgCl, and 12.5 mM 2-mercaptoethanol was used.

Later, the tissue was homogenized in 200 mM HEPES buffer (pH 7.5)
containing 1 mM EDTA. Enzyme extract was eluted from Sephadex G-75
column with 25 mM HEPES buffer (pH 7.5) + 1 mM EDTA, in the presence
or the absence of ATP (1 mM) and MgCl, (10 mM). The activity in HEPES
buffer (+ MgCl, + ATP) was 30% higher than that in complete phosphate .
buffer (Table 13). As with the phosphate buffer, the omission of

ATP and MgCl, from the HEPES buffer resuited in a loss of asparagine
synthetase'activity. Based on these observations, the extraction

and elution buffefs for asparagine synthetase were mod%fied to
contain 200 mM HEPES buffer (pH 7.5) containing 1 mM EDTA, ]ﬁM ATP,
12 mM 2-mercaptoethanol and 10 mM MgCl,.

2. Linearity of the assay

Fig. 27 shows the éffect of increasing inéubation time on
asparagine synthetase activity. The activity was linear with time
of incubation up to 65 min. The activity was also Tinear with
volume of Sephadex-filtered extraci:ﬁver the range of 0.1-0.3 ml _
of enzyme extract per assay (Fig. 28). Routinely, 0.2 ml of enzyme°

extract was used and the incubation time was 20 min.
C
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Figure 27. Effect of incubation on asparagine synthetase

= ——_

/4

g£t1Vth.
1 ' -

—~ ~—-Sephadex G-75 filtered extracts of hybrid maize

(var. W64A x WI1B2E), harvested at 25 days after
pollination were used. .

The assay mixture contained 1.0 mM ATP, 10 mM
glutamine, 1 mM a-aminooxyacetate, 13.2 mM
MgCl,, 1.7 mM aspartate, 0.22 mCi of (%C)-
.aspartate and 0.2 m]l of the enzyme extract in
a total volume of 0.62 ml. Two assays were
run at each time point.

s

[
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i

Figure 28. Effect of increasing the enzyme volume on
asparagine synthetase activity.

Extracts were prepared from endosperm of inbred
Maize (var. W64A), harvested 25 days after
poilination.

The assay mixture contained 1.0 mM ATP, 10 mM
glutamine, 1 mM a-aminooxyacetate, 13.2 mM
"MgCl,, 1.7 mM aspartate, 0.22 mCi of (C)- e
aspartate in a total volume of 0.62 ml.
The mean values * range (bars) of two replicate
assays areshown for each point. (: y
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D. Glutamine Synthétase\TGS)

1 v Me?t .
L-glutamate + ATP + NH; ———— L-glutamine + ADP + P;

1. Linearity of the assay ) ' 3

Fié. 29 shows the effect of increasing time of incubation on
act{vity of glutamine synthetase in crude extracts and in Sephadex-
filtered extracts obtained from maize endosperms. In either case,
the activity is linear with inéreasing time of incubation and with

. increasing volume of énzyme extract (Figs. 29, 30). The activity

in crude extracts was lower than that in Sephadex-treated extracts.

2. Recovery of g]utaﬁine synthetase activjty

Tab1e§14 %]1ustrates the percent recovery of total activfty _
when crude extracts were~fi1teFéd through Sephadex G-75 and the -§"
changelin specific activity."%he pércent recovery of. }ota1 activity
in all cases was higher after filtration tﬁrough'Sephadex co]umn.
(117-156% in W64A and 183-190% in 6padue-2 and 169-172% in f]oﬁry-Z)
.relative to the crude extract va1ués. The activity on d.pqr end;sperm
basis and ‘the sggcifié activity was higher after filtration throﬁgh .

. Sephadex. The‘increase'ranged from two (W64A) to three and a half
”\\.g~’”‘\fold (opaque-2).

\\\E;!rDEAE-Sephace1 column_chromatography of glutamine synthetase
The chromatographic properties~q£ gTEfE@EEE-synthetase in

corn endosperm and embryo extracts were eximined by DEAE-Sephace] 7

column chromatography. Sixty fractions of 2 m] each were collected

) from the column. Fractions were assayed for glutamine synthetase °



&\Ejg;re 29.

98

-

->

Effect of increasing incubation time on glutamine
synthetase in crude (e————e), and in Sephadex-
tiltered (&———a) extracts.

Enzyme extracts were prepared from hybrid maize
(var. W64A x WI82E) harvested at 25 days after
pollination. : .

The assay mixture contained glutamic acid (88 mM),
hﬁdroxylamine {6 mM), ATP (5-mM), MgS0, (20 mM) .
artld EDTA (1 mM), and 0.2 ml of enzyme in a total
volume of 1.5 ml.

Formation & v~-glutamyl hydroxamate was monifored
at 540 nm. - N .

-
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\

Figure 30. Effect of eniyme concentration on activity of glutamine

synthetase. »

A——A Sephadex-filtered extracts

o———& Crude extracts

- Enzyme extracts were prepared from hybrid maize (W64A x
WI182E}, harvested at 25 days after pollination.

The assay mixture contained glutamic acid (88 mM),
hydroxylamine (6 mM), ATP (5 mM), MgSO, (20 mM),
EDTA (1 mM), and enzyme extract in a total volume
of 1.5 ml. The incubation time was 20 min.

Formation of y-glutamyl hydroxamate was monitored at
540 nm.

)



0.D. 540 nm
.9 .
&

0 . 0.1 —— 0.2 . . 03
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©TY
activity by monitoring y-glutamylhydroxamafe-formation in the presence
“of NH,OH.. Fig. 31 shows that each extract had only one GS peak.
Activity of GS from endosperm was 0.0062 umbles v-glutamylhydroxamate
(HA)-min-1-g-fresh wt™*. Activity of GS from embryo w§3’9,86$1 umoles

" HA-min~l.g-fresh wtl,

4. Reactivity of GS.Eéwards the anti-GS-IgG

Glutamine synthetdse, GS;, is the cytdsolic isoform of the
enzyme, the plastid form is designated as the GS, (Guiz ev zi., 1979;
Mann e: al.,:1963). Antibodies were rajsed against GS, obtained |
from etiolated barley Teaves. Behaviour of glutamine synthetase
~towards the anti-glutamine synthetase IgG was examineq by immuno-
titration ana]ysfs.“ Fig..32 shows the immunotitration analygiﬁ of
glutamine synthetase from corn endosperm and embryo. The activity in
" the supernatant decreased with the increasing concentration‘o% the
IgG (ranging between 0-50 ul). With 20 ul of the IgG, activity in-
endosperm extract was completely. precipitated. For glutamine
_synthetase extracts from the embryo, onIy one concentrat%on of the
anti-GS; IgG was tried (25 ul). At this‘éoncentration of the IgG,
the GS activity was comp]eteiy 1nactiJ§ted. Therefore, the enzyme
from both endosperm and émbryo was susceptible to pfecipitatiqn by
anti-GS, IgG suggesting that each corresponds to the cytosolic form

of GS-GSI.

E. Reproducibility of Enzyme Extraction and Assay-Procedures'
Table 15 illustrates the reproducibility of gxtraction énd |

assay procedures of enzymes of nitrogen assimilation, i.e., glutamate

-



igure 31.
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-

Elution patterns of glutamine sydjthetase of corn

endosperm {&———e) and embryo eqtracts (0———0)
ot nybrid maize (var. X ) tfrom a DEAE-

sephacel colTumn {20 x 2 ¢m). §

Elution of proteins was performed by progressively
mixing 50 ml of 25 mM imidazole-HCl buffer (pH 7.8)
containing 1 mM DTT, 1 mM EDTA, 10 mM 2-mercapto-
ethanol -and 1 mM MgCl, with 50 m1 of the same buffer

which also contained 0.5 M NaCl.

Two ml fractions were collected and 200 .1 aliquots
were -assayed. ' :

Maximum activities for GS (endosperm) and GS (embryo)

were 0.0062 ymoles and 0.0071 umoles y-glutamy?- - :
hydqgffmate-min'l-g fresh wt-!, respectively, S

-
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Figure 32. Iimmunotitration curves of glutamine synthetase

o

from endosperm (e——e) and embryo (A——a) of

deveToping corn kernels.

The antibody (anti-IgG-GS,) from etiolated barley
leaf (kindly supplied by Dr. B. Hirel) was used.

‘One hundred u1 of enzyme was incubated with an

increasing amount of anti-GS,-IgG. For the extract
from embryo, only one concentration of antibody
(25 ul) was used. .
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synthase, glutamate dehydrogenase, glutamine synthetase, asparagine
synthetase and asparagine in developing endosperm of corn. To check
the reproducibiTity of the enzyme assays, duplicate aésays were
performed on 3 separate extracts. Values were averaggd and percentage

variation was calculated as: .

mean variation
average X 100 ] .

Standard deviation values were also calculated and are given within
the brackets for each enzyme activity. As can be seen from the
results, the variability of assays was low and the reproducibility \
| of extraction was also goéd as judged by the values for 3 separate .
extracts. The mean variation was within + 10% of the average activity
and standard errors of the mean values were in the range of (+0.056 -

+ 0.311). Therefore, the extraction and assay pro;edures were

considered satisfactory.

F. .Stability of Enzymes under Storage Conditions (-20°C)

In these experiments, deveiﬁping kernels were harvested, the
,endosperm tissue was separated from the embryo, frozen in Hquid
n1trogen and subsequently stored in freezer bags at 20°C The
stability of the enzyﬁ;s of n1trogen ass1m11at1on as a function of
time in storage was checked and the resu]ts are 111ustrated in Table
16. The enzyme activities of glutamate synthase (NADH-dependent ),
g]utamine synthetaée, asparaginase, asparagine synthetase and
glutamate dehydrogenase were assayed .at varfous time intervals
ranging between 0-300 days in storage. Inij jal enzyme activities were

i

recorded within 5 days’%f harvésting the engdsperm tiésue.

+



105

+

2's '
. : 2’9 £
~ 7
("0 7) 9°5 ,
¢'0 F0L°S 9°'G ¢ . :
. . ( {-tmadsopua uotjeul|lod-3sod
9°G - p-ULw.dsy sajowu) sAep 02
LS L aseurbesedsy Z2-do-yp9M
0L - :
8" £
(60°0 ¥) 0°9
. £°8 S0 F £L°9 9 A
) 2 o
‘G (9Aoge se aues) “ uolrjeut|Lod-350d
'S L 1v909 sAep ST ( Vh9M
0'62 <
. . 0° L2 £ .
| (50°0 F)» 0°62 e
£°S t'LF8L2 0 om. -2 (- Wadsopua
. . . g ULW-HAYN u) uopjeut | od-3sod
2 oo t 1¥909 SAep 02 .
2-do-yyoN
A1tatyoe
abesaae jo g se UOL)eLJURPA LR F '} (s3tun) A )
uotjeLJdes ueay A1LAL1T® abeuanay A3LALIOY  3oRUIXT padesse awAzul LeLuatey

\

ua0) ut wuaadsopuj Burdo|saag uL uopjepLwssy uaboufiy

Gl @lqel

40, saWAZu3 40 S34NpaJ0Ud Aessy pue uoLIILUIX] 4O AL |YqLInpouday

~



68°¢
. 0¢°e €
(£0°0 ¥) 65°2 - (;-wadso
. . : . - pua
g ve ¢ . ase3ayjuis _Skep ot
, (v°e L \2ulwein|n 2-do-yyoM
a9 ,
\/ LL's b .
. LL°S .
. : G ol < G6°0 F 22°6 R ) MM.M 2 A.nle.h@nmo_ucm -
) +¢-UY-VYH salour)

22'Y aselayjuis uotjeui|(od-3sod
. 22'% L ) utwelnyy sfep 02 VHoM

0L°62 .

2’92 £

o . .
' .m . \ (51°0 ﬂw £°0¢
. : 0£°82 . aseuaboapAyap uogjeul | Lod-ysod
s L§°0¢€ L  9jeweln|o sAep G| YHIM
0°6¢
bUEe £
. ) . . . - pua
S9'v 8E'L ¥ £762 £°8¢ ¢ .n-:ws.=a<z S [ owu) uoLyeut | jod-1sod
AS: Y .. aseuaboapAyap sAep gz
£°62 -l ajewe3n|y 2-do-yy9M
A3tAL3oe . |
. abeuaase Jo 7 se UOLIPLJRA UBDW ¥ ¥ (s31un) .

UGLIRLARA URDY K3LAaL3oe abedasay A3LALQOY . 20vu3X] pakesse owAzuj Letaaley

__?m::_u.:oi Gl aLqey



107

\ 4 ) .
. \ a .
. : A *UOLIRLADP paRpUR]S JUBSBUE3A SIDYIVJUQ ULYILM SIN|eA.
. : . $SIORUIXD
mam;ﬁamm 33443 40 OM} U0 paudojuad auam sAesse ajed)|dnp ‘walsAs Aesse awAzud Jo A35|1QEINPOUdIL 3Y] ¥I3Yd> O]
4 | . | . -\
| - 61°'2 B | L
(80°0 7) - 6l'e ¢ (anoqe se awes) 5
B A 5 80°0 ¥ 6LL°¢ ‘ - 9p°e - 9se3aYFuAs - uoLjeutjjod-3sod
6512 l aulbeaedsy mhmvamw YoM
. v8'e - {y-wadsopua mm _
. oL F) vo'e ¢ ¢ 32 UL S3 OWU) uoieut | [od-3sod
IR LL'0 ¥ ££9°2 _ Gy*Z . . B5el1dyJuAs shep 02
‘ ¥8°2 | . auibesedsy Z-do-yH9M
FSYYYSEL) . g ~ _
abeuaaae jo g se . uojjetdeA ueaw F : # * (s3tun) .
uotjeLues ueay A3LAL300 Bbeuaaay AILALIY  JoeaIX] pafesse awAzug LWL "

»/ .

(penuLjuod) G| aqey



7 €5T1¥56°02, (9L F16%2%5 £96°0F50° (2, 7" aseuaboapAyap o3euwesn{g
(dva 0z ‘vboM) - (dva 0Z ‘WboM) .- | ’ .
L°0F86°G . . - ~G2°0F¢2°G .- - ) (¢-waadsopua
. ¥ } © -p-dl:yH sajour)
: - ot LL'0F85°L o 8/0°C ¥69°L ; 9L°0F900'Z , ase3ayjuhs supwesn|y
(dv0 02 - .(dva oz - -
2-13 ‘YyIn) _2-L3 ‘viomM) .
E2°0F99°S 80°0 FEL'9 - - . - (¢ -Waadsopud
. ) : o . : : . e uUli.gSYy Sajowu)
o .- - 60°0 ¥68L°G , SLOT0F28L°S , 99L°0F29L'S , . *~ " eseujbededsy -
o . .
: (dva sl {»dv0 S1 : ’
‘2-do’ ‘ypgM) z-do ‘ypogM) o
20°0F § Co- 5°0 F 56 §°0¥96°6 . - | (. U13dsopus.
. . ' o ULt sajowu
. - o VOFSLOl,  L0°0FLB 0L, ISEOTSSOL, Lty e
1 . g . . R " . . N
. ] \ ; ;
00€ - 0bZ 002 .- 0L1.. 0§l - 0FL 09 - Ob S-0-. (s3pun
awA

o

/

i

e ’ . i (-uuatsopua
* (dva 02 ‘YH9M) ; (d¥Q 0Z ‘Vb9M)  (dVOD0Z “Y9M) .  oz-ULU-NSY S3otu)
: 80°0 F 2°1 : - £E2°0F —mmm l0°o¥s8Yy ¢ - asejayjuAds augbeaedsy

(dvQ 0Z ‘Vy9H)} = ¢
"G00 F9£°2¢ -

- , P

(dva 02 ‘vvam)
50°0 F 884

(dva 02 ‘vy9M) .
0°¢%00°¢y - - ({-wtadsopua

uLW.HOYN Sa|ouu)

(sAep) 3saadey Ja3je abeao3s up awpf

P

1

]

R . (2002-) suot3tpuoy abedoys Japun SV pue Hap ‘SY ‘aseutbededsy ‘v s0 A3L|iqess

-’

NS

9L a1qel | . , .



»

109

=o_um:_——oa Jajje shep = dva «
*spaas vpgamc Low SP awes ayj.asaM suoljLpuod abeuozs
*squeld umoJb- -pl3t} woay audM s3|dwes z-Auno|y pue zZ-snbedo ‘yygM pajeIIpuUl IS[LMLBYIO SSAfun pasn
SJ4oM (IZBLM X Yp9M) SIBuU4ay pLJAqAH °3snh Jdayjdani [L3un 9,0Z- 1e pF0 L3uartbasqns jpue 0abouajiu pinby
UL UBZOJJ B4BM 4O A1JDBJ}p J3YILD Pasn asdM swuadsopus ayj pue PRAONANDIBM SoAuqa ay] ‘uorzeulyiod
433140 shep 22 je pa)SaAdey aJaM Spaas mc—aopm>mc *potuaad JubL| 4y ® YILM ),97 € sdaqueyd yimoub ul
umodb auam pue ({:(:2:g) aunIxiw mg::ms u:m pues ‘jead ‘[L0s e ul pajueid a49M (328|M X VHOM) S([Bu4ay uu03

(Panutjuod) g| a|qey,



110

Results show that activity of each of these €nzymes was stable

. within 150 days in storage. After this period, the activity of NADH-

glutamate synthase and_asparagigzlsynthetase.stdrted to deCIing and
by 300 days, activity of these enzymes was reduced by 50% relative’ f
to the initial actfvity. Glutamate dehjdrogenase activity declined

by only 25%, whereas asparaginasefand glutamine synthetase activities

remained fairly constant. Since all the enzyme activities remained

cohstant for at least 5 months of storage, it is safe to compare

enzyme activigies within this time period. :

. II.. Changes in ‘Nitrogen Fractions in Déveloping Endospérm

Before comparing the activitiés of enzymés of nitrogen
assimilation in the normal.and the mutant varggfies,_it was necessary
to define the sysfem in terms of basic changes'occurring in total
pré?bin, so]ﬁBIe u-amino_;?trogen, and amou;ts of-NHf. The action

of the enzymes invoTVed in the primary assimilation of nitrogen

were also examined .#n the endosperm of a hybrid (W6GA x W182E) and

an’inbre&,]ine (W64A)}. It proved difficu]t to get good seed set ..

with W64A under the growth chamber conditiens (as described in Methods):.

... As a result, much of the initial enzyme work was done wWith the hybrid

Y

variety. Samples-of developing endosperm were analy&éd‘at 5,1b,15,'
20,25 and 30 days'after pollination. During this-peéiod, the dry

weight of the endosperm incréhseqfabout 10-fold in each variety kTab]e 17).
A:wfﬁﬁangés in Levels of"ﬁFEEETns__z”’

L * . - N ‘ o
The resu]t;‘pf Fig. 33a illustrate the changés’in 1eve1\gi}

-~
b

~~d



Table 17

Changes in Dry Weight of Developing Endosperm of

Hybrid Maize (W64A x WI182E) and Inbred Maize.(w64A)r

Days after 'Average dry weight {mg-endosperm=?) .

" pollination W64A x W182E* WE4A*
o ~ 0.5 - ~ 10t
15 ' . ' 18
20 . T 87 45
25 S By T T 70
30 105 B : 110
) ; . ' . y 1 4 .
a0 : - 120

A sample of 25 endosperms were analyzed at each stage of development.
-The samples were lyophilized and the dry weight of each sample was
recorded. The average dry weight of the endosperm (mg-endosperm™!)
was obtained by dividing the total dry weight by the number of
- - endosperms. , _ —~ .
" *The hybrid variety (W64A x W182E) was grown in the growth chamber
and the inbréd variety (W64A) was field grown. '

r..-

v ’
. .
. '
.



Figure 33a.

112

™~ .
.Y

Changes in protein fractions and total nitrogen

levels during development in the maize endosperm

var, (W6dA).

T = total nitrogen _ S
Z = zein nitrogeﬁ - .,\_,;f ’
A= albumin } globuiin

T/2 = total nitrogen values are reduced by
1/2.

AX10 = protein (albumin + globulin) values are
increased 10-fold.
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Figure 33b. Changés.in_protein fractions ddfinq development in .
. corn enQospgrmjlyﬁaA x WI182E).
T = total nitrogen
Z= zéin'nitrogen
S = soluble nitrogen
_A=

albumin L -
. A

Results are expressed on a dry wéighf’ﬂasis
(umq1es N-g+dry wt=1).

-.Adapted from Oaks et al. (1979).

F}
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endo;perm-proteins. There was a major éhift in protein ;ynthesig \\_‘\
betﬁeen day 10 and day_15. The accumulation of total nitrogen and

zein was inigiated at_10 and 15 days éfter pallination, respectiveTy.
There was an increase im these two components throughout the experi-
ment.. The soluble proteins also showed an abrupt increase 15 days

after pollination but no large change after that. The trends observed

are very similar to thos d in hybrid corn (Caks et al., 1979)

and also agree with esults of Murphy and Dalby (1971) and Tsai (1979).
In Fig.

b, the changes in’ Tevél of various proteins_are

expressed on a dry\weifht basis. 'The level of soluble proteins
decline rapidly as the endosperm matures. Zein is the only protein
that increases with time relative to increase in dry weight. Since
the initiation of zein syﬁthesis represents a majér metabolic shifféﬂ
in the process-of endosperm developmeni; \ks et'az. (1979) suggesfed
that it could be used as a marker for examining changes in the levels

of specific enzymes in the deve1oping tissue, i.e., enzymes of amide

metabolism and those of reassimilation of ammonia. -

B. Changes in the Level of Soluble Amino Acids

Fig. 34 (a,b) shows the chaﬁges in level of free glutamine,
glutamate, asparagine and aspartate in the endosperm with age. The
levels of so]ub]e glutaﬁine and g]utaﬁate started to incrgase af
about 10 days after pollination. Thereafter, the level o;(glutamate
remained high, whereas 1evi;;;;£;§§§;§39ne declined rapidly. Levels
of soluble asparagine and a ic aéjd also started Yo ;ncrease at

-

'\.
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+

Figure 34 (a,b). Changes in the level of free amino acid content

in_the developing endosperm (var. WGA4A).

Arrow indicates the onset of zein biosynthesi;.

a.

b.

Changes in- the level of asparagine (e——s)
and aspartic acid (0——o). :

Changes in the level of giutamine {e——e)
and glutamic acid- (0——o0).
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10 days after pollination, peaked at about 15 dayﬁqg%d then declined.
Asparagine ]eye]s were twice thg;e of aspanfate up to 20.days after‘
poilination, A1most equal 1ev(}s of asparagine and aspartate were
* found after that time. In eacg case, the concentration of-g1ﬁtamine
was about 5 to 10 times highef than other é nn;acids. The maximum
concentration of g]utamine in thE‘enaosperm was~30 mM (15‘days after
po?]ihation) and that of asparagine was 9 mM (Z-Sday; after pollinaXjpn).
The d1sappearance oﬁJghese amino acids at later stages of deve1opme:iQh‘\)

reflects either a relatively faster incorporation into proteins, a

faster r&te of catabolism or a lower rate of supply.

C. Accumulation of Ammonia

'Ammqnia levels increased abruptly about 8, reac

maximum level at day 20 and then declined. S1m1lé:ih_ 5 ..

ammonia is observed in the hybrid variety (Oaks et aZ.)\]Q?Q).

In each variety, the accumulation of ammonia preceded the maximum

\
accumulation of albumin and the peak in endopeptiﬂasefifﬁjvity (Fig.
35). | |

0. Changes in Le¥els of Enzymes of Nitrogen Assimilation

The activities of enzymes involved 12\91trogen assimilation,
i.e., glutamate synthase, g1utam1ne synthetase, -glutdmate dehydro-
.genase asparagine synthetase, asparaginase ‘and asparagine- -trans-
~ aminase appear,to rise just prior to or about the time zein biosynthesis
is initiated.ﬁn the endosperm (Fig. 36). The levels of these enzymes -
were significantly higher.at a time when rapid synthesis of-iéin
(\ .

"
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Figure 35.
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Changes in NH:,_albumin and endopéptidase levels

in _developing endosperm of nbred (WG4AJ.

x——x albumin {mg protein-endosperm-! , values
increased 7-fold)

O0——0 NH, (umoles N-endosperm-*, values '
multiplied x 10)

o——+ endopeptidase (trypsin equivalents-min~1-

endosperm™?).

LA
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Figure 36. Changes in the level of enzymes of nitrogen
~~assimilation during endosperm development .

* (var. W6dA}. A

Arrow indicates the onset of zein biosynthesis.
o——0 glutamate synthase .

—p g'lat):am'ine Synth_etase (values reduced by
1/2 ' '

o—0 aspgragine”kynthetase (values multiplied
- X3 : .

X

X glutarﬁa%dehydrogenase.

“w i

. e

o
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takes place iﬁ the endosperm. Table 18 illustrates the relative
levels of enzyﬁe;in the inbPed and hybrid variety of maiee at 20
8 qayslefter pe1]ieetion. A1l enzyme assays were performed on Sephadex
éF/ﬂ? : G-fS filtered extracts. - Glutamate synthase, g]utaﬁgte dehydrogenase
and glutamine synthethse were present in high amounts in the endosperm
of each variety. Activity of glutamine %xnthetase was 2- to 3-fold
higher than glutamate synthase aét%vity in each variety. | ]
' The peak of g]utamate synthase activity is reached 5-10 days
'after the peak accumulation of glutamine and coincides with the
per1od of active zein adccumulation. An enzyme capable of hydro]yeing
glutamine in a reaction similar to that of asparaginase was not

7

detected in the endosperm tissue.
- 4 '
}veﬁghgnges,in levels of NADH- and Fd-GOGAT

Table 19 shows the changes in level of NADH- and ferredgxin-
dependent glutamate synthase act1v1§;,with deve1opmenta1 stage?
Almost equal levels of activity of these‘two enzymes were preﬁent -
in the endosperm at each stage of deve]opment:examined. At day 15,
- ,5*)% the level of each enz*gSJgif low in the endosperm (3.02 nmotes glu- \\__,
S min~!.endosperm-! an® 3.62 nmoies glu- m1n‘1-epeosperm‘1 for NADH and ' |
. Fd-GOGAT, respectively). TherJ;:ter *a parallel 1ncrease in acf/v1ty - f ™~
of each enzyme was ob;erved and levels per endosperm rose about 5-fo1d

B between day 15-20. Thus; equal 1evels of activity dufing endosperm

deve1opment ﬁygg that either of these enzymes cou1d be 1mportant
in g]utam1ne degrada jon in developing endosperm. In fact, the 10Wer

Km values ?E? glutamgne and a-ketoglutarate. in the ferredbxin-dependent

. . : *
- - . . \ . L4
~ - . ‘,%- RN I
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Table 18

Enzymes of Nitrogen Assimilation in Developing Endosperm

Asparagine transaminase:
1. Asn-a-ketoglutarate

'1 2. Asn-pyruvate

o.zoof
0,220

\
Enzyme umoles product (oréggbstrate)-mg protein=t.
I* II
. Glutamate synthase:
1. NADH-dependent 1.54 0.90
2. Fd-dependent 1.02 -
Glutamate dehydrogenase 1.82. 2.64
Glutamine synthetase 4.08 3.17
Asparagine synthetase 0.020 0.015 :
Asparaginase 0.164 0.33 |

-

Samples were harvested 20 days after poIlingtion. .
A1l enzyme assays were performed on Sephadex G-75 filtered extracts.

I* hybrid var: (W64A x W182E)
IT inbred var. (W64A).

N

-~

\
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Table 19

NADH and Fd- dependent GOGAT act1v1t1es in Endosperm

with Stages of DeveTopment

Days nmo]es_glu -min~!-endosperm™?
post-pollination NADH-GOGAT Ferredoxin- GOGAT
15 - 3.02 - 363
20 .. 15.8 | \10 03 e
25 13.0 © 10.00
30 - : 16.0 12.13
' 5 — / '

les of’hybr1d maize (N64A x WIB2E) were harvested at various
es after pollination. :

Enzyme assays were perforg;d on Sephadex G-75 filtered extracts.

s
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GOGAT react1on suggest that if r;dueeq\j;rredox1n was ava11ab1e,
-4

this cou]d be the physiologically more important reaction. ¢

- *
2. Asparagine degrading enzymes '

. Two_known routes of breakdown of asparagine in higher plant
tissues.are: hydrolytic deamidation of asparagine catalyzed by the
enzyme asparaginase (Wriston and Yellin ‘]973) and the direct
transamination of the amino group of asparag1ne to a ketoacceptor X
(Bauer et al., 1977; Streeter, 1977; Ireland and Joy, 1981).

Activity of both enzymes could alse be detécted in the déve]oping
endosperm of corn. Fig. 37 shows the changes in activity of aSpara—,
ginase with age. Asparaginase activit; was apparent 5 days after <;
pollination, increased until 25 days post-pollination and then
dec]inedt The maximum asparaginase activity per endosperm was 0.349
umol-asp-h-t, Asparag1nase activities were lower than GOGAT
activities when max1ma1 activities were compared under optimum

assay conditions. The cereal gndOSperms appear to have‘much less

" asparaginase than legume cotyledons (Sodek et al., 1980). The

_maxifium asparhginase activity-in developing pea seed is in the order
. x |

* "of 3.6 umoles-h=t-seed”! i the testa tissue and 1.2 umole-h~l.seed™®

in the cotyledons. _ .
Asparagine twansaminase activity was found with Soth pyruvate

and g;ketoglutaraggzzs amino acceptors. During deve]opmént, the level

of aspa#agine-pyruvate transaminase activity varied and showed a - 15

maximum at 15-20 days after po]?" at1on (Fig. 38) The asp‘rag1ne-

a-ketoglutarate transam1nase act1v1ty was somewhat h1gher 1n1t1a11y.

-, / ’ . . . . A
. -
. n .



Figure 37.

Changes in activities of asparaginase (o——o) and

glutamate synthase («x x) during development in
the maize endosperm (WG4AJ. :

Arrow indicates the onset of zein synthesis. For
a1l assays Sephadex G-75 filtered extracts were
used, assay conditions were as described in Methods.




’f'h

1 1 ] ]

y -

20 - 30

10

.- J...
76.543(\2
O~ O o © 'O o

(~wadsopug - sejow

A\
.nvh

Days After Pollination

i3

H




124

e N~
Figure 38. Changes in activities of asparaginase (0——0),
asparagine-a-ketogTutarate (&——eJ, an

asparagine-pyruvate transaminases (x x) _in
the developing endosperms {W64A x W1BZE).

Transaminases were assayed by Dr. K.W. Joy,
Carleton University, Ottawa.

Arrow indicates the onset of zein bibsynthesis.
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The différent patternrof activities gurfng endosperm developi&nt
suggests that separate proteins could be responsible for'thg two
activities. The peaks in these activities (Asn-a-ketoglutarate trans- )
aminase, 4 nmoles Asn-mg pro’te\n"1 -h=1, Asn-pyruvate transam1nase,
\\\7 3.5 nmoles Asn-mg protem'1 -h~at 15 and 20 days after po111nat1on, '

M~ resgectyve]y) were later than the peak for asparaginase :Ct1VTty

'(5.8 nmoles Asn-mg.p'rfc»tein"l-h‘1 at 10 days Sﬁter pollination). Thé'

asparagine-transaminase activities were substantially Tower than

. s c . .
some of the other transaminases. For éxample, it was only a few percent

< -

!. : pf the glutamate-pyruvate or glutamate-oxaloacetate transéminase
lactivity (Table 20):‘ Unlike developing pea cotyledons (Ireland and
Joy, 1981), the levels df the asparagine tq?n§amiﬁase in maize endo-
‘sperm tissue were of the same order of magnitude as thosd of |

asparaginase.

In extracfi/leﬂ,fFes

y harvested endospesm, the km for -
‘asparagine (in the asparagine-s-ketqglutarate trgnsaminase reaction)

was in the Eange of 4-9 mM.

Tost during

activity appeared to

storage of endodperm at -20° sequently foungd that the
. K for asparagine increased durihg‘sfgrage. For example, af
month; of storage, Km for aSpafagine was 10 mM. As endosperm sa
had been frozen for some weeks before assay, it is 11ke1y that the
/ gaIue presented in F1gl 38 is an underestimate of the 1e.ve15 whu:h
~ -would have been measured in the fresh tissue.™ . H\\_/;

The approx1mate concentrat1on of free aragine in the ¥pdo-
\’_} ‘ 3 g . /—\’ﬁ
_Sperm tissue w found to.be 9 mM. ~Thus, a]though-asparggina e and
. : % !hp - -,
7 3 . -- . ) . ‘_. ) . ) J : ': [
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Table. 20

Thansaminase'Activity in Devqupiﬁg\ﬂgjze;Endosperm Tissue

Transamlnase reaction ] .Agg (days after pollination)
" 21 80 - 32
Activity (nmoles-h~!-endosperm=!)
Asn -+ a-ketbg]utérate - 223., 315 229
Asn + pyruvate 241 - 77
Glu + pyruvate . - 25,600 27,530 18,510
: Ve
Asp -+ u-ketoglutarate_ 11,637 14,210 ' 7,890
Asp + pyruvate 680 , - 215
Asparaginase . 164 - - -7 58

7
. .

Sephadex-treated extracts were used in all assays and the assays were
analyzed by amindﬁ?cid analyzer. For asparagipase, K* was present

throughout the enzyme extraction procedure. (W64A. x W182E, growth
chamber-grown seed.) , ‘

/
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o
&£

asparagine transaminase argd present in the developing endosperm, ~

their Tow level of.activity, combined with high Km for asparagine

{~10 mM) suggest that'they are probably not capable of efficiently
degrading the endosperm asparagine. . '
. . &

N S \.
Y
//

II1. Comparat1ve Study of Inbred H64A and 1ts Mutants Opaque 2 andv ° (1\3\
FTourZ -2 . ' ' ~

A. Nitrogen Content in Debe]oging Endosperm

1. Dry matter accﬁﬁDﬂation and total n1trogen content
N
The dry we1ght and total n1trogen of the normal (NG4&),

opaque-2 and floury-2 endosperms are shown in Fjg. 39A,B. The changeé

" were recordeﬁ at 5 day intervafs for 40 days after p611fnation. Dry

weights and total nitrogen contents in the—three genotypes were similar
ovér the iqitia] 25 day period. Howeyer, after this time, the normal
endosperm had more dry weight, and totéT nitrogen than the mutants.

At 40 days post po]11nat1on dry we1ghts of the endosperms were 137 mg//—d“
128 mg, and 124 mg in normal, floury- 2 and opaque-2, respectively.
The rate of nitrogen accumulation ceﬁpulated,on a daily. basis dur1ng |
the period_of rapid accumulat1on of_njz}ogen was 10.7 uymoles-N-day~? |
endosperm™!, 9.2 ymoles-N-day~*-endosperm™! and 7.0 umo1es-Naﬁ<{:ij

endosperm™! in norﬂff, floury-2 and opéqde-z,‘respectively.
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Cﬁangeé in dry‘weidht (A),total nitrogen (B),

zein protein (C), and NHE (D) per endosperm
of normal (XJ, opaque-2 (0) anE ?Iourx-g'tu)

maize during deveiopment,.

Changes in level of RNAise(E) and protease
activity (F) per endosperm .of normal, opaque-2

i:t;)ﬁ maize. . o
_ ¥ one unit of RNAkse activity is tﬁ;/;;;:;:’;;\\\

enzyme/which, under'conditions of the assay

(See. Methods), produce a charfje in absorbance

- of.0-1 when masured.at 260 nm in a 1 em )
-1ight, path. R : o

e
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2. Zein nitrogen

A modified method of Dalby (1974} was uséd to'ex{ract zein
protein from dry powders of lyophilized endosperms. In this method,
the zein is first extracted by @eating dry powder with 70% ethanol
+ 1 mM 2-mercaptoethanol. Any contaminants in this extract are
sequentially removed by extraction in a series of solvents. The
reproducibility of extraction by tﬁis orocedure was examined.

Table 21 shows the results obtained in two replicate determina-

tipns made on two separate extractions of endosperm powder of normal

and opaque-2 varieties. The values were averaged and percent variation

calculated. The variability between replicate samples was 2-3% for
both samples. The method of extraction was, therefore, considered
satisfactory. In control plants and floury-2 mutants, synthesis of
zein was initiated 15-20 days af;;: pollination and it continues

to increasé for at least 40 days when expressed on a per endosperm
basis (Fig. 39C). F1oury?2 mutants had lower than noéﬁa] rates of
zein accumulation throughout the developmental sequence. For
example, between 35-30 days after pollination, the.rate of zein
accumulation in floury-2 is 4.8 umoles N-day-! compared with a rate
of 9.2 umoles N-day~! in the control endosperm (Table 22). In
opaque-Z mutant, zein synthesis was also initiated 15-20 days after
pollination. However, in addition to reduced rate of accumulation
(5 umoles N-day™! between 25-30 days after pollination), zein
synthesis was terminated at about 30 days after pollination. In

each case, the increase in zein nitrogen closely parallels the

~



™
Table 27

Reproducibility of Extraction and Estimation of Zein Nitrogen

Sample Extract Zein content Average Mean variation
# umoles N. * mean as % of average
endosperm-? variation activity
WE4A 1 21.31
20 DAP 21.31 20.95
2 19.85 oiss 2.85
_21.32 *
W64A-0p-2 H 24.30
30 DAP 21.26 . 22.50 2.76
il 2 23.28 * '
21.26 0.6

Zein was extracted from lyophilized endosperm powders according to the

method of Dalby (1974). Duplicate assays were performed on two separate
extractions. : d
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Table 22

Rate of Accumulation of Zein in Developing Endosperm of Control

(var. W64A) and Mutant (op-2 and f1-2) Plants

Days post- - umoles N-day~!
pollination WE4A, N~ H64Aop-2 N64Af1_2
15 - 20 - - -
20 - 25 . 5.0 2.4 3.2
25 - 30 9.2 5.0 4.8
30 - 35 2.8 0.4 0.8
35 - 40 2.0 0.4 2.4

The values for each time interval were calculated from graph 39-C.
(umoles zein nitrogen-endosperm=!-day-1).
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increase in total nitrogen in the endosperm. At 40 days post-pollina-
tion, zein accounted for 45%, 36% and 18.7% of total nitrogen in
normal, floury-2 and opaque-2, respectively.

When zeih accumulation in maize endosperm is expressed\on a
dry weight basis (Fig. 40), there is no apparent increase in zein
beyomy 30 .days after pollination (in either the normal inbred or the
muta:fz\;glque~2 and floury-2). In opaque-2, around 30 days, the
d;y weight increase is higher than increase in zein. Similar patterns
of zein accumuIatiSn in normal and in the mutants opaque-2 and

floury-2 are reported by Tsai and Dalby (1975). ’

3. Accumulation of NHf

NHr Tevels in the control endosperm increased just prior to
the onset of zejn biosynthesis, reached a ﬁaximum level at about 25
. days after po]]in&ti%n and then deL]ined (Fig. 398). In mutant
endosperms also the level of ammonia rose from low level at day 5
to éignificant levels at 20 and 25 days after pollination in opaque-2
and floury-2, respectively, and then declined. In opaque-2, NHt
Tevels were higher'than the control levels initially and remained
high throughout the experimental period. Floury-2 endosperm had
intermediate levels o?ﬁaﬁ;nnia. At 20-25 days after pollination, the
level bf ammonia in the endosperm was 1.3, 1.7 and 1.98 - umoles-endosperm™?

v

in the normal, floury-2 and opaque-2, respectivg]y.

B. Ribonuc]ease-

Fig. 39t illustrates the changes in level of ribonuclease

activity in the three varieties with time after pollination., Higher
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Figure 40.
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Zein accumulation patterns in developing endosperm
of maize inbred {var. WodAT (o—F0] and the

mutants (opaque-2){e——s) 2and (fioury-2)(0—0)

Zein accumulation is expressed ¢h a dry weight basis
(umoles N-mg-dry wt-1). -
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Tevels of ribonuclease activity were seen in the mutants throughout
the developmental sequence. The increase was more apparent in the
opaque-Z2 mutant. Similar increases in ribonuclease activity in
mutant endosperm'have been reported earlier (Hi]soq, 1967; Dalby and

Cagampang, 1970).

C. Protease

A neutral endopeptidase measured in the endosperm increased
between 5-10 days after pollination in each variety (Fig. jQF). In
the control (W64A), the highest level is reached at 25 days after
pollination (38 umoles trypsin equivalents.min~leendosperm™!)
followed by a decline. . In the mutants, there is no decline in activity
S0 that by later stages of development, protease gctivities are

somewhat higher in the mutants.

D. Free Amino Acid Content

The concentrations of glutamate anfl aspartate and their amides
were determined in the developing endosperm the three varieties.
The patterns of change of each amino acid, i.e.,.aspartate, glutamate,
asparagine and glutamine are described below.

The concentration of(glutamine was highest at 15 days after
pollination in normal and floury-2 gndosperm tissues (4.8 and 4.9
umo]es-endosperm'?, respectively), qnd at 20 days after pollination
in opaque-2 mutant (8.0 umoaes-endosperm'l) (Fig. 418). In the

controls, the level of glutamine began to decline rapidly after 15

days after pollination. In Ehe mutants, there is an initial decline

o~



Figure 41 (A-D).

Changes in level of free gqlutamic acid (A)
glutamine {B). aspartic acid ((),and
asparagine (D) per endosperm bf normal (x),
opaque-2 (o) and floury-2 {C3 maize during

deveIogggnt.
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followed by a levelling off at 1éter stages of development.\ At 40
days after pollination, the:léyel of glutamine was 0.8 uﬁOIes, 4.2
umoles and 6.8 umo1es-end05peFﬁ‘1 in normal, floury-2 and opaque-2,
respectively.

The asparagjne concentratifn in the~endospé;m also reached a
maximum at 15 days after pollination in control and floury-2 endo-
sperms (Fig. 41D) and then declined over the next 25 days. In
opaque-Z2, asparagine level showed a gradual increase up to 30 days
after pollination and then showed a slight decrease over the next 10
days. At 40 days after pollination, the level of asparagine was 0.05,
0.3 and 0.8 umoles-endosperm™! in normal, floury-2 and opaque-2,
respectively.

The level of glutamate increased rapidly .initially in all three
varieties (Fig. 41A). In W64A, the level of g]utamafe'was more or
tess constant between 15-25 days after pollination and then decreased
over the next 15 days. In opaque-2, it continued to increase over
the initial 25 days after pollination ahd then leypdled off. In
floury-2, there is a gradual increase for 35 days followed by a slight
déc1ine. At 40 days, glutamate ibncentration per endosperm was (.18,
0.45 and 0.75 umoles in normal, floury-2 and opaque-2, respectively
(Table 23). | - |

‘The aspartate levels reach a h%ximum at 15 days after
pollination in control and floury-2, f611owed by a decline {Fig. 41c).

In opaque-2, aspartic acid continued to increase throughout the

experimental time. In the floury-2 mutant also, the level of
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Levels of Free Amino Aqids in the Developing Endosperm of

W64A, Opaque-2 and Floury-2 at 40 Days After Pollination

Amino acid Sample
umoles-endosperm=? W64A WodAop-7 WedAfT-2
Glutamine 0.80 6.8 4.2
. Asparagine 0.09 0.8 0.3
Glutamate 0.18 " 0.75 0.45
Aspartate 10.10 0.60 0.35

-

(Data taken ftrom graph 41 A-D.)
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dspartic acid shows a gradual inc}egse between 30 end 40 days after
pollination. The Tevel of aspartate at 40 days after pollination
was 0.1, 0.35 and 0.6 ﬁmo]es -endosperm™! in normal, floury-2 and

~ opaque-2, respect1ve1y (Tab1e 23).

E. Enzymes of Nitrogen Assimilation - -

_Fbr comparisons  of enzyme activities iﬁ the three varieties,
an extraction buffér_was developed such that activities of asparagine
synthetase, glutamate synthase, and glutamate deh?drogenase, asparaginase
and glutamine synthetase could be extraéted in one buffer system and
'then assayed. For this purpose, a HEPES buffer 0.2 mM (pH 7.5)
conta1n1ng 2 mM EDTA 12. 5 mM 2-mercaptoethanol (routine GOGAT buffer)
+1 mM ATP and 10 mM MgCl, (to protect asparagine Synthetase activity)
was tested. fhe:act%vity of each enzyme extracted and eluted in
standard buffers for each enzyme (see Methods) as compared to those
extracted and eluted in modified buffer are shown 1in Table 24‘

Activities of glutamate synthase and glutamate dehydrogeneEe
were simi]ar_ie each buffer; The activity of asparagine synthetase
was a little-higher (32.8%) in HEPES bgffer whereas activity of
glutam1ne synthetase was lower (66% re]a:1ve‘fbbthat in standard buffer).
AS, GDH, and GOGAT negg;1ons were also T1near with enzyme concentration
and with time of incubation. Therefore, it was decided to assay
asparagine synthetase, GDH, and GOGAT in the extracte-prepared with
HEPES buffer. Glutamine synthetase and asparaginase were prepared
separately by the methods described earlier (see peges 32, 33).

Figure 42E shows the changes in activities of the enzymes of

nit ssimilation with age in the three varieties. Glutamate



: ‘uotieul|od 43340 SAep GZ pajSaAdey auaam sI|dueg
“FLOBW WU 0L pue ‘diy Ww | ‘[oueylaojdedauw-z W G'Z| ‘Y103 WU 2 “(S°Z HA) WU 2°0 4843nq SIJIH  :1I

‘YPOM ‘JRA PAJqUL JO S}ORUIXD paJallly 6/-9 xmuu:nmm uo pauaoyaad auom shesse awfzua L1V

“Spoy}ay 33§ !
‘pru (7-3%- |- _ulw-dsy saowu)
0'L ¥ 0£°9 . aseu|beardsy
.n . (¢-3%- W g Y-yH so|our)
- 8£0°0 ¥ 0°9 : ) b90°0 ¥ 076 S9
. (¢-3X: (W g -ULULUSY S3|OWU)
.G20°0 F ¥6' b £2°0 ¥ £9°¢ asejayjuds sutbeaedsy
(s )]
~ : ﬂﬁ-ux.PE.mmﬂ_E.zccz sajouu) Auwux.~e.ﬂum_s.=c<z saowu)
“ 9t FO'8LL : L' F 0°91L HQY
(3%« (W ULW-HQYN S3|Owu) ' .
06°2 ¥ 9°B¢ 88°2 ¥ [2°0% . 1¥909
] < Y
sJajing . S4a4nq . ~
uoLIn{a g uoLjoIealxa uoL3Ings § uoilIedIXd @
S ELELEL [PAepuels awAzu3

muum;umw wiadsopul ul uorlefLwLssy uabouyLy
Pom— .
;/ 40 sawAzu3 snotJep 30 AJLALIDY U0 484JNG UCLIN|T PUC UCLIIRUIXT 4O 1I3)43
\ .

b2 alqey



140

Figure 42 (A-E). Changes in level of enzymes of nitrogen
assimilation in developing endosperm of
normal (x), opaque-Z (0] and fioury-¢2 -

L - a).
’ *Activity of each enzyme is expressed on
the basis of the amount of product

produced or substrate utilized per
endosperm per unit time.

A - glutamate synthase

glutamate dehydrogenase

B
C - glutamine synthetase
D

- asparagine synthetase

m
[}

asparaginase.
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synthase (NADH-dependent), glutamate dehydrogenase, glutamine synthe-
tase, asparagine synthetase and asparaginase were present in the
immature endosperm of each variety (Table 25). There is a general
increase in activity in each case Just prior to the initiation of zein
biosynthesis.

Asparagine synthetase in three varieties showed a similar
pattern of development (Fig. 42D). <Calculated on a per endosperm basis,
enzyme activity rises from a 1 evel at day 10 to a peak at 25 days
after pollination and then d&clined in later stages of development.

The level of maximum activity was 4,5 and 6 nmoles Asn produced-min~20.
endosperm™ ! in normal, floury-2 and opaque-Z, respectively.

Asparaginase activity in each variety started to increase
early in development, reached a maximum at day 25 in control and at
Qay 20 in the mutant varieties. In floury-2, the enzyme activity
showed a second peak around 35 days after pollination. In each case,
levels of activity in the endosperm were low and no significant
differences were observed between the three varieties (Fig. 42E).

The Tevel of NADH-GOGAT activity examined in each variety
started to increase at day 10 and reached a maximum Tevel at 25 days
after poliination in floury-2 and W64A, and at 20 days after pollination
in opaque~2 (Fig. 42A). Thereafter, the enzyme levels decreased
gradually (in tEe mutant varieties opaque-2 and f]oury-é). There
was a more rapid loss in activity in the wild type. The enzyme level
was highér in the mutant varieties relative to the control throughout

the developmental sequence. At day 20, the measured values are

significantly higher in opaque-2 (29 % 0.45 nmoles NADH'min~!.endosperm™!)

*
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floury-2 {18 + 0.7 nmoles NADH-min~ -endosperm™%}, than in the wild
type (13 + 0.58 nmoTés NADH:min~*-endosperm™1}, |

Activity of glutamate dehydrogenase began to increase 5 days
after poliination in each variety, and continued to increase unt11‘30
days in the normal and opaque-2 varieties (Fig. 42B). In floury-2,
the peak of activity was at day 25 after pollination.

The activity of glutamine synthetase also started to increase
5 days after pollination and continued to increase until day 25 in
floury-2 and day 35 in normal and opaque-2 varieties (Fig. 42C).
Thereafter, the activities declined in each variefy. Although samples
show minor diffefences in the time course %or the development of GDH‘
and GS actfvities, the mutant varieties are not clearly different from
the wild type. Tsai (1979) has reported previously that GS was much
lower in the opaque-2 endosperm throughout the experiment and that GOGAT
was higher and, in fact, continued to increase throughout a 40 day
"post-pollination period. The differences between results descr%bed here
and his could be-due to his use~9f crude extracts. Results presented
earlier (Table 16} showed that GS activities are higher with Sephadex—.
treated extracts, and with this treatment, the activities of GS are
comparable in each variety (at least until 35 days after po]Tinatfon).

As mentioned earlier, aspartic acid is present in crude
extracts and as a result, the a-ketoglutarate ﬁa‘NAPH substrates for
GOGAT can also be used as substrates in the glutamate oxaloacetate
transaminase andl%a]ate dehydrogenase reactions (Mifiin and Lea, 1975;
Misra and Oaks, 1980). In fact, aspartic acid is mugﬁyhigher in the

opaque-2 mutant than in the wild type and it continues to rise
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throughout the developmental sequence. Thus, the much higher level of
GOGAT in Tsai's experiments probably reflects the increase in aspartic
acid. In my experiments with Sephadex-treated extracts, GOGAT activity

1s about2-fold higher in the mutant opaque-2 at 20 days after pollination.

IV. Glutamine Metabolism in Endosperm

The <n vivo metabolism of glutamine was examined by feeding
(UL-1“C)-glutamine and (2-1“C)-acetate to endosperm tissue. If the
major fate of glutamine in the endosperm tissue was its incorporation
into zein then a large proportion of label in zein should be recovered
as glutamine. On the other hand, extensive metabolism of glutamine

.
should result in a recovery of (“C) in many different constituents.

A. Establishing Conditions for Glutamine Feeding

1. Acetate-2{1*C)

(2-1%C)-Acetate was used for characterization of the optimum
experimental conditions. Acetate is readily incorporated into various
components of the ce11'(Fig. 43). It is especially useful for labelling
dicarboxylic acids via TCA cycle (MacLennan ez al., 1963) and amino
acid derivatives of the TCA cycle. The dicarboxylic acids serve as
precursors for biosyntheség/if a number of amino acids including
glutamate and glutamine (Oaks, 1965; Oaks et al., 1970). Two types of
tissue were examined: (1) Whole endosperm or sliced endosperm pieces
obtained from the standard 1asoratory var. W64A x WI182E ; and (2)

Cultured corn caryopses of a commercial_vafiety Dekalb T14A and of

our standard hybrid variety W64A x WI82E.
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Figure 43. MetabolTsm of acetate via TCA cycle into the
amino acid derivatives.
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a. Incubation of excised endosperm

Experimental design: Endosperms obtained from the maize hybrid

WE4A x WI1B2E were Barvested at 20-25 days after pollination. At this
stage of development, there is a rapid synthesis of storage proteins and
the activities of enzymes involved in nitrogen assimilation are high
fTab]e 18; Fig. 36). The synthesis of starch is also rapid at this time.
Using aseptic conditions, the endosperm tissue was dissected out. [In-
‘cubation was carried out in 1/10 Hoagland's salt solution which containéd_
acetate (5 uCi/3 ml). When endosperm slices were used, each endosperm
was sliced into 5 parts of approximately equal thickness. The uptake

of label was measured by total 19be1 accumulated in the tissue. Endo-

sperm fractions were extracted as described in Methods.

1.~ Whole endosperm vs endosperm slices

Table 26 shows the incorporation of (2-1“C)-acetate into pro-
tein and non-protein fractions, when whole endosperm tissue or sliced
endosperm were used as experimental material. The total uptake of
(t4C)-acetate by slices over a 90 min incubation period is 2.5 times
greater than uptake into the whole endosperm. 'However, the percentage
distribution of Tabel into three major fractions, i.e., water soluble
proteins, water soluble non-protein fractions and siorage proteins,
is similar in each case. Based on this observation, it was decided
to use endosperm slices in further experiments.:

ii. Kinetics of uptake with time and amount of tissue

The kinetics of uptake of (1“C)-acetate with time and with
amount of tissue used per assay is shown in Fig. 44a-b). The

~»
incorporation of acetate carbon increases more or less linearly for
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Figure 44 (a,b).
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Kinetics of uptake of (!“C)-acetate with time (a)

and amount of tissue (D).

Endosperm tissue of the hybrid variety -W64A x
W182E was harvested 20 days after pollination

~and was incubated' in 1/10th. Hoagland's solution

containing § uCi (2-1“C)-acetate per 3 ml of
incubation media. . In treatment (a), 5 endo-
sperms were incubated per flask for various time
intervals.

Values for each treatment are the means from
duplicate samples.

In treatment (b), the incubétion time was 120 min,

\_.___'____‘m
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60 min and then ceases. The incorporation of label also increésed
with increasing amount of endosperm tissue per incu?ation. For
example, increasing the number of endosperm pieces from 20 to 40 per.
flask resulted in increase in incorporation of label from 1.25 x 10~*
to 2.25 x 10°* cpm in 30 min. With more thaﬁ 50 endosggrm pieces
per flask, no further increase was observed (Fig. 44@))

b. Fate of (1“C)-acetate in endosperm

i. Table 27 shows the distribution of acetate carbon into
various fractions of the endosperm. After 2 hr of incubétion, most /
of the label was in the water soluble fraction, .e., amino acids,
sugars, organic acids, albumins and gloﬁhl?ns., %Eis fraction
accounted for 60-70% of the total label incorporatéd during the 2 hrh
incubation_period. Of the total label in-;his fraction, about half
of the radiocactivity was in the free amino aéid fraction. The organic
acids + sugars and albumins + globulins contained 22%and 5% of the,f\\

total label, respectively. Thus, amino acids account for a substant1a\

/

proportion of total radicactivity. Label in starch accounted for \

~—

16-20% but'only minor amounts of the total Jabel Qas recovered from - /

S~
the storage proteins, i.e., zein (2,}627‘or glutelin (2.0%).

ii. Analysis of the amino acid fraction: The o-phthaldial- -

dehyde (OPA) derivatized amino acids in the free am1no acid fraction

of the endosperm were analyzed by 11qu1d chnomatography us1ng a f}
‘reverse -phase column. The peaks for aspartate, asparag1ne, g]uté&ate
and glutamine were 1dent1f1ed by compar1son with standard samp]es\bf’///
these amino acids. . The total fraction of‘each amino acid was

collected and then assayed for radioactivity. The remaining amino .
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acids were collected in bulk and the radioactivif& in this fraction
was also assessed. An aliquot of the incubation media taken at the
end of the experiment was also assayed for amino acids and for
radicactivity.

Fig. 45a-c'show; the elution profile of standard amino acids
(a), amino acids from endosperm extract (b) a ~{rom the media (c).
As can be seen, large amounts of free amino asjds were also present
in the incubation media. Since tests for microbial contamination of
.the incubation media were negative, the amino acids were probably
leaking from the endosperm tissue during the course of experiments.

Table 28 shows the diétribution of (1“C)-acetate carbon in
various amino acids analyzed in the free amino acid fraction of the
endosperm and those present in the media. In each case, label was
found in the acidic amino acids, their amides and the neutral and
basic amino acia fraction. Of the total counts in the free amino
acid fraction of the endosperm, g1utaminé accounted for 10% of the
tBtaT counts. Preseﬁée of Tabelled amino acids in the incubation media

suggests that acetate entered the endosperm tissue and that metabolites

of acetate moved out. .

B. Caryopsis Culture

1. Optimizing conditions for ['“C-glutamine] feeding

a. Experimental design: Fig. 46 illustrates the technique

for carygpsis culture. A1l procedures were performed under sterile
conditions. Sectioq} of cob containing 10 kernels were removed from

the developing cob BXJ days after pollination. The sections were



Figure 45 (a-c).
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Chromatogram of o-phthaldialdehyde derivatized

amino acids.

a) standard aspartate (A), glutamate (B),
- asparagine (C) and glutamine peaks (D).

b) elution profile of the amino acid fractions
- of the endosperm extract.

c) elution profile of the amino acids in an
aliquot of incubation media, taken at the
end of the experiment.

Endosperm tissue (hybrid var. W64A x WI82E) was
harvested 20 days after po]]ina;ion.

Incubation was performed in 1/10th Hoagland's
salts solution containing 5 uCi (2-1“C?-acetate
per 3 ml of incubation media. : :

At the end of the experiment, amino acid fractions
were prepared and eluted from reverse-phase

high performance liquid chromatography column
using the gradient described in Methods.

=,
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Table 28

Distribution of (“C) among Various Amino Acids in Free Amino

Acid Fraction of Endosperm Tissue and Those Present in the

Incubation Media at the End of

the Experiment

Amino acid Incubation media Endosperm extract

fraction umoles- umoies.

cpm endosperm™? cpm endosperm=*

Glutamine . 578 1.77 921 2.24
Glutamate 474 7.50 1,819 12.00
Asparagine 289 1.60 \313 4.57
Aspartate 470 1.33 7 920 4.57
Neutral +

Basic 1,395 - 4,090 -

Endosperm tissue from hybrid maize was.

containing (2-1"C)-acetate (5 uCi/3 mi).

incubated in Hoagland's solution

After a 2 hr incubation period, analysis of the amino acid fraction of
the endosperm and of incubation media was performed as.described in

Methods.,
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Figurg,46. Caryopsis culture technique.

Samples of maize were’ harvested 5-7 days after
pollination.

Sections of cob containing 10 kernels, were surface-
sterilized in 1% hypochlorite solution for 1 min

and were thoroughly rinsed with sterile distilled
water. Incubation on nutrient media was performed
according to the method of Gengenbach (1977).

0/N = overnight.



5-7 days after pollination

@\ kernels
cob txssue

Cob blocks [10 caryopses each]

kernels ;
cob pieces
‘ nutrient ( standard) media

Incubate 28 * 1°C 10 days)

(%4¢) glutamme or (4C)-
acetate m/ed\m) :

Incubate 28 * 1°C (0/N:7days) |
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placed on nutrient agar and were allowed to grow for 10 days (step 3).
They were then transferred to media containing (2- 1“C)—e;tcetate (1 uCi/ml)
or (UL-1*C)-glutamine (0.25 uCi/m1) (step 4). The sections were placed
“on média in such a way that only zaé\cob tissue was in contact with
the media. At the beginning of the transfer process (step 3), a large
number of kernels aborted. The percentage of kernels surviving (step 1),
was about 25% whether the cobs were obtained from field or from growth
chamber-grown materials. Cobs harve§ted 7 days after pollination
gave a better growth response than those harvested 5 days after
pollination. Even thqu;h the cob blocks were surface steri1i£ed
with 1% hypochlorite prior to their transfer on nutrient media, some
samples were lost due to microbial contamination. The frequency of
microbial contamination was higher in field-grown than in growth

chamber-grown cobs.

b. Kinetics of uptake of label from the media: A time

cqurse experiment with the system described above,showed a continuous
upta&F of (*“C) substrate over a period of several days (Fig. 47a,b).
Samples of endosperm tissue analyzed after 168 hr of incubation
showed that in each case significant label was incorporated into
starch and zein (Table 29). With (2-*“C)-acetate as the precursor,
16.6% of the label was in starch, 42.1% in zein, 16.2% in glutelin
and 12.6% remained in the solubLe fraction of the endosperm (amino
acids, sugar, organic acids). When (UL-1*C)-glutamine was the

precursor, 19% of total label appeared in starch, 33% fn zein, 26%

in glutelin and 9.0% remained in the soluble fraction.



S

Figure 47 (a,b),

136

Kinetics of uptake of label from nutrient media.

a. (2-“C)-acetate containing media.

b. (UL-1“C)-glutamine containing media.

The samples of_var. Dekalb T4A were cultured on
nutrient media according to the method of
Gengenbach (1977).

Developing caryopsis were harvested at the times
indicated in figures a and b.

Each treatment had 5 flasks.

Each flask contained 5 caryobses.

At the end of the experiment, samples from all 5
flasks were pooled and uptake of label/mg of
tissue was measured.

Each point on the graph is the mean value
obtained from 25 caryopses.
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Analysis of the medium at the end of the expetiment
showed a single peak which corresponded to glutamine (Fié. 48a,b).
This shows_that there was no diffusion of amino acids from the endosperm
back into the media. Incorporation of !“C in zein suggested
that this system mimicked normal kernel development. Therefore, this
technique was used fof the definitive experiments on the fate of (1“C)-

glutamine in hybrid maize variety W64A x W182E.

2. Definifive experiment on the fate of [*C] glutamine in W64A x WIB2E

.- a. Increase in dry weight with time of incubation: Table 30

shows the ;qcrease in dry weight of endosperm, embryo and cob tissﬁe
during a 7 ggy period in culture. The average weighf of endosperm
increaséd érom 26 f:2.36 mg at day one to 45.41 % 3.6 mg at day 7.
The average weight of embryo also inc;egsed from 0.8 £ 0.13 mg_to-2.286 *
0.256 mg, ‘whereas, the dry weight of COb'tTSSpe remained more or less
constant (175 % 23.3 mg‘to 187 £ 15 mg). The dry weight increase
observed in endosperm tissue was comparable to ;haﬁ observed in
kernels developing on normal cob in growth chamber conditions. For
example, 20 days after po1]ination: the dry weight of endosperm from
growth chamber-grown p1ant§ was 53.0 mg-endosperm"'1 (TabIe‘T;). At
19 days after pollination, the average dry weight of the cultured

endosperm was 45.41 + 3.6 mg.

b. Total uptake of (*“C)-glutamine: The samples were

harvested at 15,24,48,96 and 168 hr after incubation on (UL-1*C)-

glutamine. Each treatment had five replicates containing 7 caryopéés

each.—The total uptake increased over a 7 day incubation period.



Figure 48 {(a,b).
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-

\ .
Chromatogram of OPA derivatized glutamine

standard (a) and an aliquot of the incubation

media (bj. '

The standard glutamine (4 mM) was reacted with -
o-phthaldialdehyde reagent and 20 ul of deri-
vifj;éd sample were injected.

Elutions were performed by reverse-phase
chromatography.

. . ,
For assay of the incubation media, the agar
nutrient media was'gxtracted with 25 ml of
distilled water ?;,,°C, overnight.

An aliquot of this extract was reacted with OPA
reagent and 20 ul sample was injected.
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There was a par#llel decrease in the (*“C) content of the media

(Fig. 49).

c. 'Distribution of [**C] from glutamine in cob endoggerm. -~
and embryo: Fig. 50 shows the distribution of-(l“c) in various tissues
of the cultured cob blocks both as total *“C content and as *C content

. per mg dry weight. Estimation of $abel in different tissues showed-
a gradient of decreasing'concentration’of 1%C in order: cob ——s
endosperm —> embryo. However, at later stages of ihcuﬁation, i.e.,
96 and 168 hr, embryo and endosperm had almost equal amounts of label
on a cp.m-mg"1 dry weight. In genera],'the pattern of uptake is
similar to the patterns reported by Shimémoté)and Nelson (]981)

for leucine, phenylalanine, and proline in the cultured caryopsis.

3. ' Fate of (**C) derived from (1“C)-glutamine in cultured endbsperm

tissue

a. Distribution of label in various fractions of endosperm:

The/ﬁetabo1ism of glutamine and its incorporation into protein amino
acids was-examined.' Kinetic studies on the incorporation of label

into various endosperm fractions showed that after 15 hr of incubation,
most of thE,labe]fwas in the water soluble fraction, but as the
incubation period increased, label appeared in the zein-fraq;ion.

The incorporation into this fraction was.greatest between 96 and 168

hr. At 168 hr, 31% of the total label was in.zein fraction, 15% in
glutelin, 24% in starch and 19% remained in the free amino acid

fraction:%EOI (Table 35, Figure 571). -

— b

-
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Figure 49, K1net:2:\3? uptakeif:\zztéﬂ—glutam1ne by cuItured cob

blocks of var. W64A x WIZZE

§;;;1es were harvested ?lf days after pellination.

Incubation on nutrignt media centaining (4C )-glutamine
(0.25 uCi/ml1) was performed -as described ifi Methods.

Czﬁ(\/__ ¢——e (cob tissue + endosperm + embryo)

o0——0 (med1a)

Mean values of 5 replicate samp]es t range (bars) are
shown for each point.
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Figure 50,
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Incorporation of (*“C)-qlutamine into cultured cob

Lissue, endosperm and embryo with time of incubation.

Samples of maize hybrid W64A x N182E were harvested
5-7 days after pollination. -

Incubation on nutrient media conta1n1ng (* )-g]utamine
(0 25 uCi/m1) was performed as described if Methods.
——e cob tissue

o——0 endosperm

O———0O embryo

Mean values of 5 replicate samples * range (bars) are
shown for each point.
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Figure 51. .Distribution of label in the various fractions of
endosperm extracts with time of incubation.

Samples of maize hybrid W64A x W182E were harvested
5-7 days after pollination. Incubation on nutrient
media containing (**C)-glutamine (0.25 uCi/ml1) was
performed ai:ggscribed in Methods.

B——8 amino acids

X zein

0———o0 starch
A glutelin
< o¢——ee albumins and globulins

A————A organic acids and sugars
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b) Enzymatic method for hydrolysis of endosperm proteins
In order to digest proteins, iyophilized and pu]verized_éndosperm
powde}s were treated w%th commercial proteases: a mixture of pronase
and,carboxypeptidase A. The kinetics of the hydrolysis are shown
in Fig. 52a. The values for release of total nitrogen and a-aﬁino —
nitrogen in the supernatant are represented as a percent of total
values measured on ac{d hydrolyzed powders. After 2]‘hr, 90%
of the total nitrogen is released into the supernatant solution,
whereas only 60% of the total a-apino nitrogen is released. After
60 hr, about 86% of the total a-ajiino nitrogen (re]a{;£§h‘:? C:::;/,,/1/
to that obtained in acid hydrolyzed powders) is released. This was
the maximum value obt&ined in these experiments. Esfimation of‘
ammonia'on these sampies showed that the amount of diffusible ammonia
increased in the samples with the longer periods of incubation {Fig.
52a,b). For example, in the enzyme hydrolysates, after 30 hr of
incubation, amhonia contributed.Z.S% of total nitrogen, after
54 hr, 6%. This suggested some breakdown of amides with longer
periods of incubation. To reduce the time of incubation, and to
achieve maximum hydrolysis of proteins, the method was modified
according to Winkler and\Schon (1979). The dry endosperm powders were
pretreated with sodium dodecyl sulphate (SDS) to solubilize the
proteins according to the procedure described in Methods; this was
followed by enzymatic hydr;;;kis. At time zero (after 30 min in SDS
at 40°c}, all the nitrogen was recovered in the medium. - Thirty-five

percent of the total nitrogen was present as a-amino nitrogen.

After 48 hr, the level of a-amino nitrogen in medium was almost

s T f -



Figure 52 (a,b).

166

Kinetics of enzymatic hydrolysis of endosperm

Eowders.

a) Release of total nitrogen and a-amino
nitrogen from endosperm powders vs .
time of incubation.

.——h'—'. total N
O0——0 a-amino N

b) Release of ammonia’ in enzymatié hydrolysates -
of endosperm powders incubated for various
time periods.

Fifty mgLof dry endosperm powder were incubated
with 100 mg pronase + 2.5 mg rboxypeptidase A
in 2.0 ml of borate buffer (pH 8.3). To avoid
microbial contamination, 20 ul of chloroform
was added. Incubation was performed at 40°C.
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equal to that obtained after acid hydrolysis of the dryh
powders ..

The amino acid analysis of the acid hydrolysates and the
enzymatic nydrolysate of the 30 day pqst-pol]ination powder yielded
similar results, except that proline was not detected in the enzymatic
hydrolysates (Tables 31,32). Also, the values for (Glu + Gln) and
(Asn ; Asp) in enzymatic hydrolysates are somewhat Targer than those
obfained'for glutamate and aspartate in the acid hydrolysates, -
respective]y On the other hand, the level of arginine, va11ne,
1soleu51ne Teucine and tyrosine are galy slightly higher in the
enzyme hydrolysed samples. “\\

The sdbernafant solutions' after enzyme hydrolysis were 9150-.
subjected to acid hydrolysis. Prior to acid hydroiysis, the samgles
were®™brfught to 50% with methanol, incubated at -20°C ove;night and’
then centrifuged The resultant supernatant solution was hydrolyzed
in 6 N HC] for 12 hr. Amides.recpvered by enzyme hydrolysis
were converted to glutamafe or asparatate after acid h{g%;Iysis.

Proline, was also released after acid hydrolysis.

Therefore, it may be that some of theee amino acids are

released as peptides and that presence of proline in primary structure

Js inhibiting the activity of proteases (Oaks et ai., 1982). Since

most of the glutamine was recovered by enzymatic treatﬁent, the method
was considered satisfactory for digestion of proteins.

c., Distribution of label in amino acids derived from zein:

Afterl‘168 hr of incubation, the zein fraction accounts for

-/
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o _Table 32

Amino Acid Composition of Endosperm Powder Hydrolysates

" Amino acid - Enzyme hydrolysates ﬁéid'hydroiysates
N nmoles/100 mg nmoles/100 mg
Lysine 0.448 | . 0.361
Hisgidine 0.575 - g 0.479 -
Arginine ... 1.095 - . 0.709
. . - ) ) ) v
Aspartate . 0.416 2.392
-~ Threonine - o o - 1.300 T 1425 [
- Serine . 2222 - . 2470 e
Glutamate . 0.613 . 8.320
Proline ’ .. N.D. " 4.870 - .
 Glycine . T T T 1.686 - 1.832 .
Alanine - 5.600 | 5.300
7 - : ‘ ‘ .
valine Vv 2.617 2.132
Methionine - ' 1.780 : . 00
lsolewcine N . 2.285 o 1.420 .
Leucine - .73 0 6.710
Tyrosine . T aso!, 1.340
Phenyldianine - . 1.830 | 1.600 -
VR L.
_Aén o . L
GIn T 5000 -
CAsp + Asn](_— | 1700 . ¢ - 2.400
[Glu + GIn] T 513 S 8,300
Ny .

Amino acid analyses were performed by Dr. K.W. Joy, Carleton Univ.,
Ottawa 0ntar1o.. : : o
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Table 33

Amino Acid Composition of Endosperm Powders Digested with Acid,

» Enzymes and Enzymes + Acid
Amino acid ‘ __nmoles-mg powder~*?
I* 106 . III
Lysine Jalf-i 178.9 - 173.0 | 144.0
Histidine 230.0 153,00 191.0
Arginine 624.0 ©249.0 ~2338.0
Aspartic acid : 669.0 719.0 957.0
Threonine 520.0 346.0 510.0
Serine 899.0 584.0 988.0
Glutamic acid 245.0 2,036.0 3,328.0
Proline not detected .1,003.0 1,948.0
Glycine 717.0 674.0 - 7330.
Alanine 2,109.0 1,666.0 2,119.0 .
* Yaline . 1,085.0 774.0 853.0
Isoleucine 913.0 518.0 566.0
Leucine® 2,929.0 1,810.0 2,684.0
Tyrosine 784.0 o 431.0 534.0
Phenylalaning . 734.0 521.0 641.0
Asparagine 505.0 - -
Glutamine - 1,194.0 - - =
TOTAL . . 15.05 11.65 . 16.43

I*  Enzymatic digestion. )
IT . Enzymatic digestion followed: by acid .digestion.
IT1 Acid digestion only.

Endosperm powders prepared from samples harvested 30 days after
pollination were used. .

The hydrolysis was essentially as, described in Methods.

113: In supernatant solution of enzyme hydrolyzed powders, the
proteins were first precipitated with ethanol and then the
supernatant was hydrolyzed with 6 N HC1. |

-

e

-
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up to 37%.of the total counts. incorporated into the endo;ﬁerm
powders. Zein was then hydrolysed Ey pronase and carboxypeotidase
A, in order Eo determine the incorporation of glutamine into this
fraction. Fig. 535\? shows_the elution pattern of OPA-derivatized
amino acids in these hydrolysates. The glutamine concentration
is Higher than that of glutamate. Radioactivit} in aspartate,
asparagine, glutamine,.giutamate and %n the neutral + basic*amiao_\\\
acids was measured (Tables 34b, 36). The results show that the
acidic amino acids and their amides together accounted for 33% of
the total label in zein fraction and of these, glutamine alone
accounted for 13% of the 1abé1; .The‘Qalueg for g[utamiﬁe in the '

zeim hydrolysate may be an underestimate because of'the somewhat

Tower recovery of Glu + GIn in enzyme hydrolysates relative to that

in acid hydrolysate.

d. Analysis of the cob tissue: As all fbe label entering

the kernel must pass throdgh the cob tissue, the cob tissue was
also examinédFor {1%C). Results in Table 43a show that glutamine
was extenéiye]y metaolized*to sugars and organic acids in .cob

ol
tissue. These two fractions accounted for 37% of the total label

J
o

'\incorpOrated into cob tissue. Of the free amino acid fractfon,

" glutamine was the major amino acid and it alone accounted for ébout
40% ‘of the total label. In contrast to the cob tissue, in the free
amino acid fraction-of the endosperm, only 12-16% of total label was

in g]htamine {Table 34b). ‘Thus, is appears that in the cob tissue,

AN
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-]

Figure 53 {a,b). Elution pattern of amino acids in zein hydrolysage (b).

, The zein fraction wasvhydrolyzed with commercial
pronase and carboxypeptidase. as described in
Methods. .

Appropriate aliquots were 1y0ph{3ized and derivatized
. with o-phtha]dialdehyde and 2-mercaptoethanol.

Aspartate, glutamate, asparagine and glutamine were
4 identified by running derivatized standards(a).
) Other amino acids were collected in bulk.

Qs

-~

Conditions

A®phosphate buffer (0.02 mM, pH 6.8) + methanol
gradient starting at 10% methanol and increasing

"~ to 33% over a 20 min period at a rate of 1.65%/min,
isocratic step at 33% for 30 min, followed this
by 50% methanol for 10 min, increasing at a rate
of 0.48%/min. Flow rate was 0.8 ml/min. .

ASPARTATE
GLUTAMATE
ASPARAGINE
GLUTAMINE

o0 B »
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glutamine is extensive]y metabolized. Also, it sucgests that metabolic
products of glutamine produced in the cob may be translocated to the
endosperm. For example, a 1arge amount of (**C) in the carbohydrate

of the endosperm could result from transiocation of (1“C) in sugars

- derived from the metabolism of g]utaﬁine in the cob tissue. To rule

out this possibility, g]utaﬁine (0.05 uCi/ul/endosperm) was

'injected directly into the endosperm of caryopses, 10 days after

the initiation of the cultures.

e. Fate of (!“C]-glutamine injected.into the endosperm: An

analysis of the various endosperm fractions qbtainéd 168 hr after

injection, confirmed. that glutamine was not only used for the synthesis

of amino aqids in the endosperm but also that a large fraction was

converted into carbohydrates. The distribution of labe] in various
fractions after 168 hr of incﬁbation was 21% in starch, 38% in zein,
% in glutelin and 13% in the free amino acid fraction (Table 35).
In zein hydrolysates, glutamine accounted for 14% of the total label
(Tab]e-as) This distribution pattern is similar to the pattern
obta1ned when ll“C-glutannne was supplied through the nutrient media.
In"both exper1ments, label in g]utamine of the endosperm tissue

accounted for only about 12- 14% of the total label- incorporated into

 this tissue. The percentage recovery of (1*C) glutam1ne in whole

endosperm powders-after enzymatic hydrolysis of proteins was similar

to the values obtained on zein Hydrolysates. Table 37 shows the

percentage recovery of glutamine in whole endosperm powders d
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Table 37

1

Distribution of Glutamine-Carbon in

the Endosperm Amino Acids

&

Amino acid fraction ' cpm-sample
' *] I
Asp 80 121 N )
Asn n.d, *** n.d,
Gl 9 102
GIn 176 (16.7)** 153 (13.4) \
Others : 698 761
TOTAL ‘ 1,049 : 1,137

* ‘ ’
Two replicate samples of in vifro cultured caryopses.. Each
sample contained 7 caryopses.

*% ‘
(*“C)-glutamine as percentage of total counts.sample.

e de e
n.d. = not depected.

Whole endosperm powders of cultured caryopses on a (1*C) glutamine-
containing media were hydrolyzed with commercial proteases as
described in Methods.

Amino acids were fractionated by HPLC and radioactivity was recorded.

N

e
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with commercial proteases. In two experiments, the perdentage value

of glutamine was 13-17% of the total (1%C) in the amino aci




DISCUSSION
The deve]oanq kerngls of ce¥Peals depend upon vegetative

t1ssue for organic nitrogen and other nutrients. Assimilated n1trete

is reduced in the roots and leaves and is thought to be transpo?tee

as emino'agids or amides. Am{np acids are also.mobilized from

senescing leaves to developing kernels, (Pafe 19 0).' -

_ In young corn seedlings, g]utemine,is a major transport

compound and in fact hay account for as much as half gf the total "amino -

acids and amides transported from the roots to the upper parts of. ;J
‘ the plant (Ivanko and Ingeversen, 1971). ASparagipe also contributes to '
the nitrogen imported into the déveloping seed. Kirkman and Mifiin |
{1979) have meaeured the amino acid levels of bleeding sap}of wheat
plants during the growing season and they found that glutamine w§§ the_
major amide present. However, its relative abundance declined with
increasing age. Apruda and DaSilva (1979) have also shown,#hat glutamine
is a major source {f}nitrogen supp]iee to developing coﬁﬁ/:::s.
Results of this stud -Aiéo indicate a relatively high level of
glutamine jn endosperm extracts. The concentration of free glutamine
in the endosperm of inbred variety (W64A) wés-calcu1ated to be in the
order of 30 mM. "The 1eve]s of q]utam1c acid plus glutamine represent

22 percent of the amino acid content of zein, the major storage .

protein in maize. Aspartic acid plus asparagine,on the otper hand,

180
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represent only 5-6 percent of the amino acid content (Da}by,lgﬁﬁ).

The major fate of imported glutamine (or aspawﬁEThe) coh1d'berits

direct incorporation into éndosperm proteins. Because maize endosperm

tissue will grow'in sterile;cultures.with either asparagine op— '
. + " el . Jt'/-v

glutamine or NH, salts as a source of nitrogen,” it is clear that this

tissue has the capacity to catabolize e{ther amide and to use tﬁe

resultant NH: derived from the amides. Nitrate salts do not support growth of
) o - -
\

corn endosperm tissue in culture and hence are probably not important
as nitrogen precursor<in developing endospeem (Straus,1960; Farrar and

Ganugapéti,1970; Reddy and Peterson,1977; Shannon apd Li ,1977).

A. Enzymes of Asparagine Metabolism
The two known major routes for asparagi e"degﬂaggigon in -

plants are as follows:

L]

I Asparaginase: | o
, Asparagine + water ~—————+ ASpartate + NH3 ’ 57//

II ? Asparagine transam1nase

-

Asparagine + a-ketoacid —— 2-ketosuccinamate + amino acid

S

[Ia 2-ketosuccinamic acid + water ——————¢ Oxaloacetate + NH3

"IIb': i 2- ketosuccinam1c acid —-—321-+ 2- droxysucc1namate

- ii 2- Hydroxysuccinamate ————U—+ Malate + NH,
g~
In pea seed, asparagine transaminase activ1ty 1s low

Ireland and Joy, 1981}, However, high asparaginase activity (76
. =1 ] =~
moles aspartate .min . seed ,J combined with a Tow Km for asparagine
A o
(=3 mM) suggests the presence of an efficient system for the uti11zat1on

A
ot
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,an important. function <n vivo.

182,

of the emide nitrogen of asparagine (Sodek et al., 1980' Ireland ®
and Joy, 1981}. The act#v1ty of the enzyme deve]ops 1n1t1a11y 1h° v
the tests, subsequent]y the act1v1ty appears in the coty]edons

The maximum lével of activity of the cotyledon enzyme was afff1¢1ent
to allow. the synthe515 of up to 5 mg prote1n per coty]edonary pair
per day from asparagﬂne. Th1s compares with a max1mum calculated

rate of cotyledonary protein synthesis of 3.08 mg/éhed/day dur1ng

- the period of rapid b?otein-accumu]ation. An asparaginase with an

apparent Km of 12.2 mM has been described for Lupinus sp. (Lea et

az., 1978) but 1in this case, the concentration of asparaginase in

the phloem stream supp1y1ng the developing seed is in der of

50 mM (Atkins‘et al., 1975). Hence, thi; en;yme too chuld,aIso have '
In corn endosperm extracts, aspareginese activity was égéayed

qsing a coupled sgettrophotometric assay.'developed during the

course of this work (Misra and Oeks,AIQBO)._ The-asparagfnase activity ‘

was detected in the developing endosperm at all stages examined. As.

with the pea-en;yme,fthe 9spaneginase‘from.;aize endosperm was

stimulated by X', Asparagine at a concentragion of 100 mM and.KCK

at 20 mM saturated the reaction. UnQer optimum assay conditions,

asparaginase activfty per engosperm was 0.349-umoles~h'1.\ Levels of

asparaginase peaked in the endosperm about 20 days after pollination.

The approximate concentration of asparagine, when maximum levels of
. . '4-‘.' 0 . .

asparagine were found in’the-endOSperm tissue, was 9 mM. Since

asparaglnase from corn endosperm has an apparent Km of 10 mM, the,

~

- potential capacuty of the maize asparag1nase for degrad1ng asparagine .

—~

"
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in vivo, is much less than that of the pea enzyme.

'Asparagine transaminases have also been reported in a number
of plants, most recently in soybean (Skokut et aZ ]582) and pea
(Ireland and Joy, 1981) (1 5N) amide and (!5N) am1no-nitrogen 1abe&ing
studies performed in deve]oping coty]edbns of soybean Show'that
the.transaminase reaction is of majof importance in the utilization
' of aspafagine for synthesis of storage proteins. Ouring the seven
days in culture wi;h asparégine as the sole source of nitrogen, thé : f""L/
" amino nitrogen donatéd approximately twice as much nitrogén to prdteins
as did the amide nitrogen. However, the use of the amide nitrogen
increased with longer periods of incubation (Skokut et aZ.,]QSé). - ‘*\\\\

In developing maize endosperm tissue, the levels of asparagine-;ﬁﬁ

transaminases were low._‘The-peaks }or transaminase activities.
(asparagine-pyruvate, 241 nmoles.h-! .endosperm-! and aéparagine—
a-ketoglutarate, 223 nmo]eslh'l.en;osperm-l) were 5-10 days later than s
the peak in asparaginase activity (349 nmoles.h~!.endosperm=1.). The
initial increase coincides'wifh 1ncrease§ in’zein protein in the! S _ Qf
endospefm. Both the levels of-activity atreach stage of development .
and Km for asparagine (‘]Q mM) suggest 'ihat-e3ther of these reactions N
could be re5ponsiblé for the degradgtion of ASparagine in maiz®
endosperm. However, the 1ow 1evels of act1v1ty of enzymes of asparagine
catabolism, a Tow affinity for substrates and Tow concentrat1on of

.34

free asparagine in endqsﬁerm extracts suggest that the dominant fate

of asparaging is-probably its direct incorpofation into endosperm
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[ 4

Protéins.rather than its catabolism. Tracer §fﬁd§s§/goqé dn wheat \
seem to suppert this suggestion. For example, Kolderup (1979) hag

shown that asparaginé supp]tgﬁ'ektgrna11y to. developing wheat spikes

is not metabolized éxtensive1y and most of it is incorporafed intact

into étorage proteins.

B. Enzymes.of Glutamine Metabolism

‘An enzyme (glutaminase) capable of hydro1yzipg.glutamine in
a reaction similar to that of asparaginase, was not detected in the
endospenn.tissue. On the_other hand, glutamate synthase activity T
is high enougﬁ“qn the developing endosperm of’corn to supply glutamic
acid for the synthes1s of other amino acids and hence could be the
enzyme responSTble for the degradat1on of g]utam1ne in the seed.
The peak of g]utamate synthase actﬂv1ty'1s reached 5-10 days after
the peak accumuTation-3% glutamine and_;éincides with the period of
active zein accumulation. Sodek_and[h Silva (1977) have also shown
that the glufamate synthase activity is related to the rate of n%trogen
accumulation in the‘endosperm and that ;hé level of enzyme activity
is hi%h encugh to acéount for the observed rate of nitrogen accﬁmu]ation.}
For examp]e, when the rate of n1trogen accumulation was 9.5 nmoles. min-1,

the GOGAT act1v1ty was-in the order of 56 nmoles g1utamate min-1,

Similar 1ncreases in GOGAT activities are also observed in developing

A e

cotyledons of pea (Storgy and Beevers, 1978; Murray and Kennedy, 1980).
However, the primafy role of the enzyme in the pea tissue is reassimilation
of ammonia (via GS/GOGAT) released from asparagine (M1f11n and Lea, 19805

Miflin et al.,1981). B : | r

<
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In crude preparations-from corn endosperm, the énzyme appears
to be active with reduced ferredoxin as well aé NAD(P)H. In pea
cotyledons, it has been shown that NAD(P)H and ferredoxin-dependent
GOGATs are distinct broteins_(Matoh et al., 1979). More recently, = -
siﬁi]af resu]ts_have been 6btained in etiolated pea shoots {Matoh
et al., 1980) ,* Chlamydomonas (Cullimore and Sims, 1981) and jn.etiolated
rice shoots (Suzuki et ai,, 1982). In the latter tissue,'immunologic -
studies showed that Fd-GOGAT from grees and etoliated leaves are
antigenically idenficai}whereas Fd-GOGﬁT from roots Ts gn]y partial]y
- related to the leaf enzyme. The antibodies raised against ferrqdoxﬁn-
GOGAT from green leaves éf rice did‘not'crgss react with NAD(P)H-depéndent
 glutamate synthases in etialg@gbleaf and root tissues.

In green tissues, ferredg;jn reductipn is mediated by the
activity of‘photosysfem I. In donrgreen tissues, it is‘be1ieve& .
~that NAD(P)H-ferredoxin reductase mediates the reduction of ferredoxin
and that the NAD(P)H is supplied by the activity of péntose phosphate
pathway in the plastids ah‘ﬂ %n‘qnd Lea, 1980). The situation is
analogous to the feduction‘bf nitrite in roots and 1hAcu1turEd cells.
In these tissues, the nifrife reducfase'agfivity is dependent on
ferredoxin. Nitrite reductasé, like glutamate synthase, is located
in the'piastids and reductibn'of nitrite is c]qsé1y Tinked to the
activity of the pentose phosphaté pathway (Da1ling etiaz., 1972;
Miflin, 1974; Emes and Fowler,1979; Oaks and Gadal, 1980; Dry.and
Wallace, 1981). o _

In deve1op1ng endosperm of corn, there is also an NADH-GOGAT and

Fd-GOGAT activity. The ést1mated molgcu1ar we1ght of ferredoxin- GOGA4&



186

was 171,000 and of NADH-GOGAT was 270,000. In higher plants, the
molecular weight of férredoxin-QOGAT ranges from 145,000 in Vieiq faba
Teaves t% 224,000 in Chilamydomonas re‘!;nhardii (Table 38). Where two
forms of GOGAT have beeqndéécriﬁed in one tissue, the molecular weight
of NADH-GOGAT is hféﬁér iﬁ%h'phat of ferredoxin-GOGAT. It is believed
that association of‘f1av1h-m5?iiés results in s]ightTy higher molecular
weight of NADH-GOGAT than Fd-GOGAT. Since stud1es wigh flavo-enzyme
inhibitors (e.q., tryptam1ne{\acr1d1ne) show that NADH- GOGAT 15
inhibited by these 1nh1b1tors whereas Fd-GOGAT rema1ns unaffected
(Matoh et al., 1979) Spectrdphotometr1c absorption stud1es also

show 1ack of flavin in ferredox1n-GOGAT (Matoh et al., 1980

Tamura et al., 1980).

Almost equai Teve]s of activity o /these enzymes were present
in “the endosperm of corn at each stage of development examined. The
Km values for glutamine, a-ketoglutarate and NADH for NADH GOGAT are
1. 068 0.539, and 0, 0086 mM, respectively. The Km va]ues for L-glutamine,
a-ketoglutarate and ferredoxin for ferredoxin-GOGAT are 0.617, 0.258,
and 0.0086 mM, respectively. The high affinity of each enzyme for
their respect;:e subétrétes and,almostlequal levels during development
suggest that—each enzyme has the potential tdlmétabolize g1htamine »
provided that sufficient reductants are available. In fact, the lower
Km values for glutamine and a-ketoglutarate in ferredoxin-GOGAT B
reaction/relative totthat of NADH-GOGAT reactijon suggest that this
enzyme coutd’ be physiologically more important %n the formation of

glutamate.

\ .
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In developing pea leaves, the relative level of NADH and (‘“
;/fferredoxin-GOGAT seem to vary with age {Takahashi et g7., 1982).
) In- immature leaf, NADH-GOGAT is much htghertphap the ferredoxin-GOGAT. )
Duriné maturatidn of thefﬁeaf, the ferredoxin-GOGAT becomes relatively (;J///’
more important. Further it hés been shown that chloroplasts from ~
immature leaves mediqte a light independent cdnvérsion of glutamine
to glutamate, wﬁen the appropriate carbohydfate supply is available.
In mature 1eaf.Fhlor051asts{G0GAT activity was dependent on light.
The predominance of NADH-GOGAT in the immature tissue migﬁt account
for the 1ight independence of glutamine utilization in this tiSsug,
Thu;, the changes in the re]agive level ofrthese enzymes in 1eaf'
tissue appear to be integrated'with the chahges in reductant supply
(NAD(P)H or ferredoxin). o | _“._

In-corn seedﬁ, the_bhysio]ogicaI_significanqg of the.Ebexistence
of the two enzyme‘?orms-is not clear, Hoqgveﬁ}x;he two enzyme forms
may dfffer in their distr%bution within the seed tissue. For example,
in developing seeds of bar]ey, ferredoxin-EOGAT activity, medsured in '
crude extracts, is localized exclusively Jn the testa and per{carp,
where&s, NADH-GOGAT activity is pregominant in the endosperm tissue
(Miflin Fnd Shewry, 1979). Unlike corn sééd, tgsta ahd pericarp (;J -

in immature barley seeds-are chlorophyllous.
. » Lo

C. 'Compaﬁgéive Assessment of Nitrogen Metabolism in Normal and High

Lysine Mutant Varieties

Prolamine and starch are the major storage groducts of cerégls.

Zein, an ethanol soluble pFote{h fraction may account for.up to 60% of
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. the total protein at maturity (Mertz,1972). It is relatively high.in
glutamine, proline, alanine and leucine, whereas lysine is poorly
}epresented (Nelson et al., 1965, Murphy and Dalby, 1971). Also, the
zein fract1on 1ncreases with increasing levels of nitrogen fert111zers,
while non-zein prote1ns show only m1no>‘responses (Keeny,1970 Rendig
and Jimenez, 1979; Tsai et al., 1980). 1In high lysine mutants of copn;
opaque-2-and floury-2, the synthesis of zein 1s reduced. As a result,
the relative contribution of other endosperm proteins which;contain
significant amounts of lysine is higher (Murphy and Dalby, 1971; Sodek
and Wilson, 1971; Tsai et al., 1980).

| In barley, the high lysine trait is associated with a block

-

in starch synthesisfgﬁd.an accumulation of soluble sugars and amino

[}

acids in the endosperm (Kreis and Doll, 1980). Direct evidence for

-

biocked starch synthesié has not yet been demonstrated in h%gh lysine
corn. Although a lower dry weight(which is probab1y related to a Tower
level of carbohydrate) of kernels at matu%ity?compared with the normal
variety, is'characteristic of;the oﬁaque-? and floury-2 seeds (Murphy and
'Dalby, 1971; Dalby and Tsai, 1975; Tsai et al.,1980).

' Tsai et al. (1978) sho@ed‘érpositive correlation between
levels of starch, kerné] weight, zein content and germ size
of normal variety of maize. This suggests that levels of starch
are correlated in some way with rates of zein b1osyntabs+s Some .
starchy mutants of dorn do, in fagt,have a lTower zein cgntent'(Tsai and

Dalby, 1975). Dalby and Tsdi (1975) reported that mutation at the

opaque-2 locus, which reduces zein synthesis, results in a reduétion of kernel

-
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weight and yield. The results are explained on the basis that zein
may serve as a functional nitrogen sink in the kernel and thus may
affect starch accumulation and kernel waignf. The results of my
study show that up to,35 days, the differences in dry weight of nbrmg]
and mutant varieties are minot although the zein content is clearly

reduced from 20 days post pollination. At 40 days, the contro]

kerneis had the kighest f zein and marginally higher levels

of total nitrogen and dry weigh ‘
Besides affecting prolamin s}nthesis, major differences

exist in tpe metdbolism, in normal and high lysine mutant varieties.

For example, it has been shown that high lysine mutant varieties of

barley as well as corn have an altered amino acid metabolism {Sodek and

Wilson, 1970; Brandt,1975; DaSilva and Arruda,1979). In the normal

endosperm, a_reduction in lysine entration is seen duriﬁg maturation, .

whereas, the high lysiée mutathJZ:?EEAiﬁ é constant level of lysine in

the endosperm throughout the developmental period (Brandt,1975;

DaSilva and Arruda, 1979). Sodek and Wilson (1970) ﬁémonstrated a

lower rate of catabolism of lysine to pro}#ﬁé'and glutamate and

this éou1d be the cause of tﬂe higher lysine .content in ﬁutant

varieties at_mqturity. In their expériments (14C) labeled leucine

and lysine were injected below the ear into the shank of the corn

nlant and the kernels were analyzed at maturity. Appregiable levels

of 14C derived from lysine was found in zein. _Analjsigﬂo} (1%C) in

individual amino acids of zejn ifidicated that lysine had been converted

NS
to glutamic acid and proline in the endosperm of normal variety but

- - ] = ] - - a . L}
to a lesser extent in.opaque-2. Similag results re]ated_;o the catabolism
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-~ of lysine have also been reported in barley (Brandt,1975).

Results of my experiments show Higher accumulations of glutamate,
g1utaming, aspartate and asparagine in opaque-2 and f1ogry-2'mutants
than in the wild type. Similar observations have been made previously
(Dalby,1966; Murphy and Dalby,1971; Sodek and Wilson,1971; Dierks-
Ventling,1981). The accumulation of these amino acids couid result
from a normal transport coupled to a reduced UEQQization in the synthesis
of zein. Glutamine would be an example of this mechanism. Other
neutral and bésic.amino %Eids should also accumulate. For example,
proline, alanine and leucine which are abundant in Egjn, might be
expected to accumulate in the soluble fraction. A coﬁplete analysis of
amino acid fractions of normal and opaque-2 endosperms has ;ho that
a]i amino acids do not accumulate.in the endosperm (Sodek and Wilspn,1971}.
For example, in opaque-2, the level of arginine, histidine, va]in and
isoleucine remain more or less unchaﬁgﬁd This may indicate that the "
synthesis of these amino acids s requlated by end product 1nh1b1t1on
One might predict that if Ehe synthesis of these amino acids were
regulated by end preduct inhibition, there would be a reduction in the
conversion of transpof@ed glutamine into other amino acids and an
enhanced tendency for the accumulation of glutamine.

Oaks {1963) and -Oaks et al. (1§io) have shown that synthe§is
d¥'pr011né and a number of other amino acids is regulated by end product
inhiéition in roots of corn. The extent of regu]at%on of amino acid
biosynthesis in endosperm tissue i§ ﬁot well understood. Recently,

Kolderup (1979) in a Timited series of experiments has examined this g
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phenomenon in developing spikes of wheat. In his experiments, arginine
supplied externally to developing whéat spikes inhibited arginine
synthesis but not proline. Proline supplfed externally did not inhibit
its own biosynthesis. Glutamate is*he precursor for proline and arginine
(McConne]],lQSQ). ﬁfoline is abundant 1h storage proteins of cereals
and is absent from vascular supply, therefore, its synthes{; must occur
entirely de novo. Higher levels of proline relative to the wild type
dre observed in endosperm tissue from opaque- -2 (D1erks Vent11ng, 1981).
This observat1on agrees with results of Kolderup (]9791/anq suggests
that proline biosynthesis is not stringently regulated in endosperm
tissue. //F_‘H\\\

Enzymes involved in nitrogen assimilation, i.e., glutamate
synthase, g]utamine synthetase, glutamate dehydrogenase and asparagine
synthetase appear just prior to or coincident with ze1n biosynthesis
in the endosperm. Based on these obsenvat1ons, Oaks' et al. (197&\\
suggested that the time of increase may be characteristic of _the
b1osyn;he51s of the enzymes of nitrogen metabolism. This contrasts
with enzymes iﬁvo]ved in carbohydrate metabolism (Tsai et ai., 1970).

The level and pattern of developmént of glutamjpe synthetase,

' agparagine synthetase, glutamate dehydRpgenase and asparaginase did

not differ significantly in mutant and/normal varieties. Glutamate

synthase, on the other hand, was s}i tly higher_in the opaque-2 mutﬁnts
than in the ﬁf]d type throughout the experimental period Miflin and
Shewry (1979) have also found that changes in GDH and GS were similar

<:n normal (BOMI) and high lysine (1508) barley. As with corn, the -

ct1v1t1es of glutamate synthase were slightly highe; in the mutants.

~



v
- D
mﬂ]’ 193 "

Thus, it_apggars that the mufaiionsat the opaque«if%nd floury-2

Tocus appears to alter the zein synthesis significantly but do not
° A ) -

appreciably affect the enzymj% of nitrogen assimilation.

In each of the mutantjvarieties, the activity of glutamate
synthase is several t{mes higher -than zﬁf;ééﬁgfved rate of nitrogen .
accumulation. For example, when.thé-r te of accumulation of nitrogen
is maximum, GOGAT activity per endosperm is 5 the range of 30,40vand
60 nmoles of g]utampﬁ%-min‘l-endosperm;lin-norma] floury 2 and o:;;:;‘;)
respectively. This compares to a n1trogen accumulation rate of 6.7, 6 0

and 5.2 nmoles-min~!-endosperm™!, respectively. There seems to be a

negative correlation betyeen GOGAT activity an

accumulation. Thus, levels of GOGAT activi
an indicator of the capacity for proteil’ synt

o
There is an accumulation of NHt in the endogperm which reaches ad

peak about 20 days after pollination in both n and high lysine

'var1et1es. The actual levels of ammonia are hfgher ‘in the mutant L,\;‘h’
varieties. S1m11ar observations relat1ng to accumulation of ammonia

. in devé]dping seeds have been made in hybrid corn (Oaks et al., 1979),
barley (Duffus amd Rosie, 1979), and pea (Sodek et al., 1980). In

pea, asparagine is the major transport form of nitrogen. and there are

" high levels of asparaginaseﬂ Thus, the accaaglation of ammonia

probably results from the hydrolysis of aspardgine. In cereals, the
reason for the dccumulation of ammonia is not apparent.” The accumulation

of ammonia precedes the maximum accumulation of albumin-and the peak

in endopeptidase activity (Oaks et aZ., 1979). On the other hand, the

N
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accumulation of,NH:'does coincide with the appearance of enzymes of

nitrogen assimilation.‘ It may, therefore, be that glutamine and/or

asparagine are the major precursors of thzs NH». However, glutaminase

activity is not present in the endosperm. Enzymes of asparag1ne

* catabolism although present are much less act1ve than GOGAT The
source of ammonia in cereals could be the coup1ed action of JGOGAT and

GDH. It is believed that the GDH may funct1on pr1mar11y 1n$\

deaminating d1ree¢1on in h1gher plants, i.e., ox1d1z1ng glutamate to

a-ketqg]utarate and NHg. The activity of this enzyme 1ncreases

significantly in senescing leaf (Thomps 1978). and root tissue

(Oaks et az., 1980). Labelling studies with (?SN) in the amide-nitrogen =

. 0f glutamine have provided evidence for the catabolic activity of

GDH in-developing soybean cotyledons (Skokut et al., 1982). For
‘example, consistent with the operation of glytamate synthase act1VIty, |
‘approximately equal amounts of *5N- and 1"N lahelled g]utamate were

formed in the coty}ggens Some of the (lSN) g]utamat/c*\g subsequently

metabolized to 15NH4.

Hy'expgrjments have confimmed the egrly ermihation of zein

biosynthesis in'the.mutants'(Mertz; i971° urphy and Dalby, 1971) and

e

the dramatic increase i} RNAse reported. ear11er by others (H1lsonand A]exander,

1967; Dalby and.Davies, 1967). heriz:f also a minor increase in GOGAT
/ .

activity and a delay in the loss of | .dpeptiﬂésé aqtiyify in the
ﬁutants relative to the iso-épic control.. A;CumuIatiop of amino a&ids,
particularly of\asp?rtate and glutamine and oF'NHt éefﬂeétsa‘bééic '

- disturbance in the‘supp]yxand'utj1ization of tﬁeﬂsoiuble precursors

~~
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of proféqz(synthesis. This disturbance is more pronounced in the

opaque-2 than the floury-2 mutants.

D. [UL-*C] Glutamine Metabolism | ST

McConnell (1969) injected (1“C) glutamine into the top internode
. of fhe wheat'p1qnt stem during late stages of growth. He showed that
glutamine contributed significantiy to the synthesis of starch (48%_, )
" of tofal Tabel- in meal) and gluten (34% of total Tabel), the major
-'stofage protein of the wheat. 1In gTd%en, a large proportion of label
was recovered in-g]utamine. However, label was also found in a
range of other amino acids, i.e., proline, arginine, aspart1c acid,
. threon1ne glycine, -serine and a]an1g§’ On the other hand, when
“TatEl led arg1p1ne was supplied, 1; rema1ned largely as arginine and
, was inqbﬁﬁorgted as guch into the storage proteins. More recently,
Ko1dﬁ5up(1979) has confirmed these results.
Harve} (1973) demonstrated- conﬁiderab1e convers{bh of both

-

acetate and proline carbon into starch in developing maize as' well -

as an extensive'incorp:;?tion into storage proteins. The distribution -
of (**C}) in protein amifo acids was the same whether the caryopses

had been fed with proline or acetate.™\In wheat also (1“C) proline

L4
fed to developing spikes metabplized\ to g]utamate and conﬁ?ﬁbuted ///,a——*
o/
) significantly to synthesis of starch ané\g1uten (McConne]] 1§%9) ¢ E
? In gluten, the specific activity of g]uta\}e (glutamate + g]utamme)
as h1gher than pro11ne thq;/ind1cat1ng a ready metabo]ism of glutamate
[\
|ad pnnljne in the cereals., The ratio of specif;k act1v1ty of glhten .
"y 0" . .
to §%arch/waﬁp1 s in ;ontrast,wfth arginine as.precursor th ratio
- - s .~ ..
WaS:G 1. , S T o 7
o S S .
/ K . o v . S
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. Thus, jtseppears that glutamine and proline could support de novo
. Synthesis of amino acids in cereals and contribute carbon for starch.
However, since the protein precursofs used in these studies were
supplied viathe stem and since incubations were carried out over
¢~ . several weeks, nothing can be “said’ concerning their rates of conversion

or the sites of conversion. -
In maize kernels, there are no vascular connections between

endosperm and maternal tissue. A1l translocated substances enter the

developing seed through specia]izen transfer cells at the base.of the.

endosperm and then diffuse into the rest of the tissue (Felker ana-gﬁknugn
1980). Shannon (1972) has also shown that (1*C) photosynthates fixed

in leaves of Zea mays, translocated to developing kernels pass thrnugh

these specialized basal cel]s prior to movement into the starchy endosperm.

Detailed anaiysis of the movement pattern showed that sucrose contained
‘three-fourth511Fthe radioactivity 1n the kernei base 1- eﬂngbfs after

(1%c0,) treatment of plant. However, in basal endosperm tissue\tﬁﬁee-

(}fourths of the label were in glucose §nd fructose.  Based on these

(~v/ observations, it was_suggested that, in) e _case of (I“C)_assimilates,
. ‘ metabo]ism-can‘gccur prior to entry i -endosperm followed by
: [‘ reassimilafion. Thus, trans]ocated sucrose may be cleaved to glucose

d fructose duripg entry tnto the endosperm and the monosaccharides -

ffuse throughout the endosperm. ) LA
Little information is avgdiable concerning the translocation
‘ of amino acids from maternal fissué to the kernel._ The relative
j> | efficiency of movement of amino a 1ds from the maternal tissue to t

en rm is much lower than for sugarsllﬁhimamoto and Nelson,
N 0N BRI o
.. ) . ’ -- ‘_‘__.c\ - /_J . . 2] )
e - .o T . : .
AN T .
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Studfes done on proline, leucine and phenylalanine show that each

amino acid is metabolized inf%he cob tissue and contributes significantly
g . to qther amino acids and sugars in this tissue. For example, whén

(1%C) proline was fed to caryopsis developiﬁg iﬁ sterile cultures, only

18% of the (1“C) recovered from the cob tissue was in proline. On the

other hand, sugar and various amino acids, accounted for 60% of total

label. In endosperm extracts, a relatively high perceﬁtage of total

tabel {30%) was recovered in p;bline. Other amino acids accounted

for 34% of the label and sugars for 21%. Thus, an.accurate evaluation

of proline metabolism by endosgerm tissue has not yet been accomplished.

Sodek (1976) injected (! “C) precursors (aspartic acid, alanine,

A

cetate) into ‘the developing endosperm of maize. In each case, all
;t Hg(gffi:riyino acids becamé labelled. Label was also found in

sugars and organic acids. This experiment demonstréted the de novo

— biosynthe of amino actds in the'endOSperm tissue.
' In present study, an in vitro technique for growth of corn

caryopsis (Gengenbach, 1977) was also adopted to study the metabolism \‘\,,/l

. ’/j;}; of g]ﬁtamine. Results showed that when (1%C) glutamine was supplied
. : b4

in the media,'ex§3psﬁg;3mLtaBolism of glutamine did occu

P tissue. G]utaminet in this tissue,dyas ﬁeésbo1ized mainly to, ~
organic acids and amino acids. Thése three fractiors accounted for. [

» 71% of the tgtal label incorporated into cob'tissug, 0f the free
amino acid raction,;g]utamine was the major amino aciq and Et alone

<

accounted ésr abbut 40% of the t8tal label. Therefore, it was ppssible

~ Y | .
. - : )

Q.
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that products of glutamine metaboli ed in cob tissue could enter the
endosperm and contribute to the apparent reeovery of 14C glutamine
of various fractions in the -endosperm. When (14C) glutamine.was
injected directly into the immature endosperm of cultured caryofisis,

analysis of the tissue showed that of the' total label incorporated,

i_\\h;/ 21% was in starch, 38Y% in ze1n 8% in glutelin and 13% in free amino

~

_acid fraction. In zein hydrolysate, glutamine accounted for 20% of the

total label. This distribution was similar both when (1“C) glutamine
was supplied through the media or was 1n3ected directly 1nto the
endosperm. Glutamine accounted for on]y about 15% of the total
radioactivity incorporated into the endosperm in each type of experiment,
Thus, it is apparent that glutamine is extens1ve1y metabolized in the
endosperm tissue. v '

The results from tracer-studies, as well as observations on
the presence of enzymes of glutamiQe metabolism in the endosperm of corn
kernel lead to the conclusion tha¥ corn eﬁdosperm tissue is capable of

- -

metaboT”}ing ‘glutamine. The metab011c products of glutamine not only
contribute to carbon and nitrogen of various aﬁ:ho acid residues of
storage proteins, but also to carbon for the synthesis of carbohyd?ates;
The pathways involved in the metapolism of glutamine ahe summarized in |
Fig. 54, Glutamine supplied by the transport sysfem may be 1ncorpora£ed
dlrectl into prote1ns or be mgtabolized via GOGAT to glutamate and

then v1a GOH to u-ketoglutarate of the tricarboxylic ac1d (TCA)

cycle Biosynthesis of sugars cou]d be by g]uconeogengzis or by the

part1cipation of the glyoxy1ate pathway (Beevers,1981). Synthesis of

. . )
' .
. - ) .
- -

< nd ¢ . G



Figure 54. Summary of pathways of gqlutamine and

asparagine gegraaat1on 1dentified in

eveloping endosperm of corn.
4

. 9 Activities of enzymes 1dent1f1ed by
. in vitro-assay.

¢ present
0 . absent

% o pathways predicted from tracer
studies only,
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sugars from|{TCA cycle intermediates:is found in only a few specialized
tissues. For exigple, synfhesjs of sugars from stored fat during germiﬁa-
‘tion of fat storing seeds (Beevers,1981) and also in maize scutellum (Qaks
ana Beevers,1964) and synthesis of ;ﬁbars from phosphogliyceric acid in
photosynthesizing tissues. In cereal endosperm, amino acids which are
metabolized to precursors of TCA cyc}e or glycoiytic paghway, for .
~examples a]énfne, g]utamatg; g]utamiqg. and proline genéra]ly contributed
significantly to the synthesis of starch ( McConnell 1969;'Harvey.1973;
Sodek,1976) . .

Sylvester-Bradley and Folkes (1976) have suggested earlier that little
or no 1nterconver51on of amino acids occurs in deve1op1ng cereal seeds
and as a result, the abundance pf amides, spec1a]1y glutamine, favours )
the production of the gluﬁaming rich prolamine fraétion in the

endosperm.‘ However, on/\e; basis of observations related to general

- imbalance of amino acid composition of the xylem sap and that of grain

.

(Arruda and‘Da Silva,1979; Kirkman and, Mif1in,1979), the presence of
enzymes of nitrogen metabol1sm (Duffus and Roberta, 1978; Da Silva and
Arruda, 1979) and E\Erdata on tracer stud1es on“cereal seeds (McConnel]
1959, 1969; Sodek,1976), other workers have disregarded his hypothesis
as an over simplification.. My data on the presence‘of label in all the

amino acid fractioﬁs as well as carbohydrates also suggests the presen

endosperm tissue. The resu]ts of this study are more. conclfisive in this
respect than the results obtained from tracer studies with’ 1ntact plants,

1} .

4



‘-’////;;:;e the involvement of maternal tissue in the metabolism of glutamine

during translocation to the kernel can not be avoided in such P
experiments. | /
The system of caryopsis culture adopted in this stuqy permitted
va realistic evaluation of the fate of the glutamine in the déve1oping
eadosperm of maize under controlled growth conditiéns, without . )
perturbing'the synthesﬁs of storage-proteins. Since the composition of
media in such .a system can be altered w1th ease, the system could be of
potential use in studying the effect of various nutrients and hormones

on the growth and metabolism of ‘the devq]qping kernel and the regulation

of amino acid biosynthesis.
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