ACTA SOCIETATIS
BOTANICORUM POLONIAE
Vol. XLVI, nr 2
1977

Isoenzyme pattern of glutamate dehydrogenase as a reflection
of nitrogen metabolism in Lupinus albus.

LECH RATAJCZAK, WIKTORIA RATAJCZAK AND HANNA MAZUROWA

Institute of Biology, University of Poznan

(Received: February 26, 1977)

Abstract

Glutamate dehydrogenase (L-glutamate: NAD dehydrogenase, EC 1.4. 1.2; GDH)
activity and electrophoretic separation pattern of the enzyme were studied.
The enzyme was extracted from embryos of Lupinus albus decotyledonized and
cultured for 24, 48 and 72 hours in media containing various combinations of
saccharose, ammonium chloride, nitrate as well as amino acids: glutamate,
aspartate, glutamine and asparagine. The absence of sugar in the medium re-
sulted in an increase of specific activity of GDH, measured by the rate of
NADH + H+ oxidation, and induced formation of new isoenzymes of NAD+ .—
dependent GDH. Most significant increase in GDH specific activity and most
evident appearance of new isoenzymes in the embryos were noted when sugar
was substituted in the medium by any of the mentioned amino acids. Induc-
tion of new isoenzymes could also be seen when ammonium salts were pre-
sent in the medium. GHD isoenzymatic patterns were obtained in wvarious
trophic conditions. It is suggested that the GDH isoenzyme patierns may serve
as a nitrogen metabolism index of a tissue from which the enzyme has been
extracted.

INTRODUCTION

Glutamate dehydrogenase is an essential enzyme of nitrogen metabo-
lism in plants as well as in all living organisms and estimation of its
activity is an accepted requirement in any studies of the metabolism.
Various metabolic disturbances, not only in the nitrogen metabolism,
result in evident changes in activity of the enzyme, as expected since the
enzyme catalyzes a metabolic pathway linking as important large meta-
bolite pools as amino acids and Krebs cycle metabolites. Although recently
some authors (Miflin, Lea 1975, 1976) have challenged the suggestion
that glutamate dehydrogenase is the only enzyme capable of incorporation
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of ammonia into an organic form, studies on the enzyme and its numerous
isoenzymes have shown that estimation of its activity and its isoenzyme
pattern may be used an an index of development and differentiation of
cells, tissues and organs (Hartmamnn et al, 1973). A hypothesis has
also been put forward that individual GDH isoenzymes may differ in
functicn, some of them exerting a catabolic effect while the other — an
anabolic cne (Hartmanmn 1973, Lee 1973). Electrophoretic studies of
the enzyme should provide data indicating whether at a given time and
in a given tissue synthesis of amino acids and proteins or their decompo-
sition prevails.

Studying amino acid metabolism in Lupinus we have detected gluta-
mate dehydrogenase induction caused by asparagine, aspartate or glutama-
te Ratajczak, Wilanowska and Mazurowa 1976). In this work
we present changes in activity and isoenzyme spectrum of GDH in Lupi-
nus embryos cultured in media with various sources of carbon and nitro-
gen. The experiments have been performed on decotyledonized embryos
so as to exclude the effect of endogenous nitrogen and carbon pools
on the reaction to media.

MATERIAL AND METHODS

Seeds of Lupinus albus L. cv. Kali originated from Seed Centre, Breed-
ing Station in Wiatrowo. They were allowed to swell in water for 6 hours
at 24° C and then transferred to germinating beds for 18 hours incubation
in dark, at 25° C. Then, germ axes of germinating seeds were isolated
and separated from cotyledons. The isolated seedlings embryonal axes
were placed in large culture tubes (40 in each). 40 ml of medium was ad-
ded to each tube (for medium components see Table 1). Each tube was
closed with gauze and the tubes with cultures were placed on a shaker
the oscillations of which were regulated so as to immerse all embryos
and not allow to sediment them to the bottom of the tubes. Every 4 hours
media were exchanged for fresh ones.

After 24, 48 and 72 hours of culture in the media samples of the deco-
tyledonized embryonal axes were homogenized in 0.05 M phosphate buf-
fer, pH 7.4, using 10 ml buffer per 10 embryonal axes. Enzyme extraction,
electrophoretic separation in polyacrylamide gel and the test for detecting
glutamate dehydrogenase in the gel were performed as described in detail
by Czosnowski (1974). For electrophoresis, the procedure of Davis
(1974) was followed. Isoenzyme densitograms were obtained in the ERI-
-65 densitometer with an integrator (Carl Zeiss, Jena, GDR). Activities of
NADH +H*-dependent glutamate dehydrogenase in extracts were esti-
mated using VSU-2P spectrophotometer, at the wavelength 340 nm, at
25°C + 0.5°C, as described by Davies and Teixeira (1973).
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Tabela 1
Culture variants

Letter symbol
of a variant

| Final concentration of substances (mM)
I in basal medium*

A —
___}3—_ S Sodium nitrate " 7
Saccharose 60

"¢ | Ammonium chlorate 7
Saccharose 60

i) : Sodium nitrate - ) ”

i '___E o Ammonium ch]oratc_m- 7_‘_"_—
—F N Asparagine 35
mG | g(:&l;‘l aspartate 35

o H B Glutamine .35 o
_—_I_ - D Sodiurn glutamate 35
T3 | Asaragine 35
| Saccharose 60

* Heller 's medium served as a basal medium (Heller 1954) except for nitrate
which was absent. Variant D of our media corresponded to the complete Heller's

medium,
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Estimation of enzyme activity and electrophoresis were performed
directly after homogenization of the plant material and centrifugation of
the extract, i.e. not later than 1 hour after collecting samples for analysis.

Protein content was estimated according to Lowry et al (1951).

RESULTS

Glutamate dehydrogenase activity in Lupinus embryos axes was 268 &
+ 35 mU/mg protein at the moment of their isolation from cotyledons.
One miliunit (mU) corresponds to one nanomole of NADH -+ H* oxidized

in one minute.

From the point of view of molecular structure, the enzyme was ho-
mogenous. While the demsitogram in Fig. 1 showed only a single, clearly
defined band, several new isoenzymes appeared during culture of isolated
embryonal axes in media containing various sources of carbon and nitro-
gen. Densitograms for all culture variants are presented in Fig. 2. Den-
sitogram fragments far from the point of applying the extract have
been cut out since none of GDH isoenzymes could be detected in that
region. An analysis of perpendicular columns in the Fig. 2 demonstrates
time-related changes in GDH isoenzyme composition in a given medium.
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Evidently, in the majority of variants new isoenzymes appeared and,
with elapsing time of culture, their activity increased while activity of
the original enzyme form decreased. A horizontal analysis of Fig. 2, par-

ol i e

Fig. 1. Densitogram obtained for Lupinus albus embroys after 24 hours of seed swell-
ing (time O in our cultures). Optical density of polyacrylamide gel was recorded
after electrophoretic fractionation of embryonal extract and after developing a reac-

tion for NAD+-dependent GDH, using 530 nm filter '
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Fig. 2. Cumulative table of isoenzyme pattern changes of NAD+-dependent GDH of
Lupinus albus embryos at different times and variants of culture
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ticularly in the lowest densitograms presenting GDH isoenzyme pattern
in individual cultures at 72 hours of culture permits to define the isoenzy-
mes which appeared due to a given substance added to medium.
Embryos cultured in amino acid-containing media (variants F, G, H, 1)
contained most active new isoenzymes (the sharpest peaks in densito-
grams). However, addition of saccharose to the media abolished the induc-
tion of new isoenzymes by amino acids, as evident from variant I in
which medium contained asparagine and saccharose. The same was found
for all 4 studied amino acids (variants not shown here). Independently
of nitrogen source and even if nitrogen compounds were not present in
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a medium (variant A), the absence of sugar in a medium always resulted
in an increased activity of new isoenzymes. New GDH isoenzymes could
however be induced by ammonium chloride (variant C) even in the pre-
sence of saccharose although they were less active than isoenzymes induc-
ed by ammonium chloride in the+absence of saccharose. The described
changes can easily be noticed upon analysis of Fig. 3 in which schematic
electrophoretic fractions have been presented of GDH isoenzymes from
embryos cultured for 72 hours. In the figure, specific activity of GDH
has also been presented for 72 hours embryos and various medium var-
iants. Specific activity of GDH reached peak values in embroys cultured
in amino acid-containing, sugar-free media. Specific activity of GDH was
unaltered if medium was supplemented with an amino acid and saccharose.
Analyzing specific activities of GDH in embroys of all variants of cultures
a conclusion may be drawn that the absence of sugars in the medium
has always caused an increase in the enzyme activity but the increase
has been particularly evident when sugar has been substituted in the
meditm by an amino acid.

DISCUSSION

The literature discussing properties of glutamate dehydrogenase in
plants is ex tensive but conclusions and generalizations of individual au-
thors frequently contradict each other. The controversis may result from
the fact that divergent results have been obtained studying different
plants. This argues for performing basic studies on economically important
plants, species and varieties cultivated in defined climatic zones.

In this work we have described changes in activity and in isoenzyme
pattern of glutamate dehydrogenase of Lupinus albus cv. Kali in relation
to various trophic conditions. In the absence of sugar an increase in GDH
activity has been noted in the embryos and new isoenzymes have appear-
ed. GDH induction resulting from sugar absence has been described by
Sahulka et al. (1974) who have performed experiments on isolated
pea roots. Similarly, Duke et al. (1975) have found a decrease in GDH
activity in Lemna perpusilla cultured in saccharose or fructose solutions.
Sahulka have ascribed to sugars a role of a direct repressor of GDH
synthesis and have attempted to explain by the same mechanism also
other cases of increased GDH activity, i.e. GDH activation by ammcnium
ions and amino acids (Sahulka et al. 1974, 1975). Our studies indicate
that also in Lupinus albus an ‘activity of GDH and its isoenzyme pattern
are, in fact, dependent on the availability of sugars. GDH isoenzyme dis-
tributions are divergent, however, for embryos cultured with nitrates and
for those cultured with ammonium salts if the medium contains also
sugar. Ammonium chloride has been inducing additional isoenzymes both
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in the absence and in the presence of saccharose (Fig. 3). Thus, in our
experiments on Lupinus albus we have confirmed the activating influence
of ammomnium ions on GDH demonstrated previously by numerous authors

e

isoenzymatic
pottern

S
s
2
%%ﬁimmmwmmm&mm
Sac. | | Sac. Sac.
§ RahOs| [MityCL | [Hatof INtyct
E ‘Mp Gy | [f
A 5 C D E F G #t I J

Fig. 3. Schematic presentation of NAD+-dependent GDH isoenzymes and specific

activity of NADH + Ht dependent GDH in Lupinus albus embroys in individual

culture variants after 72 hours of culture. Over the letter symbols of variants, at

the bottom of the figure, the presence of factors added to medium is noted. Abbre-

viations: Asp = asparatate, Asp-NH, = asparagine, Glu = glutamate, Glu-NH, =
= glutamine, Sac. = saccharose

in several plants eg. Kanamori et al. (1972) in rice roots, Kreto-
wicz et al (1972) in roots of pea seedlings, Shepard and Thurman
(1973) in Lemna gibba, Postius and Jacobi (1975) in Cucurbita maxi-
ma. The papers have demonstrated that ammonium ions increase GDH
activity and induce the appearance of new isoenzymes. GDH stimulation
bya mmonium ions results probably from de novo synthesis of the enzyme
as shown by Barash et al. (1975) in oat leaves. An increased GDH
activity and appearance of a new isoenzyme has been described by Kr e+
towicz etal (1974) in Lupinus luteus. In this work we demonstrate the
presence of 6 GDH isoenzymes in Lupinus albus. New isoenzymes most
inducible with ammonium ions and by the absence of sugars were the
slowest to migrate anodally (1 and 2 in Fig. 3). Lee (1973) and Har t-
mann (1973) have postulated that GDH as an enzyme of both anabolic
and catabolic potential contains isoenzymes catalyzing binding of nitrogen
to a carbon chain eg. for glutamate synthesis and different from them
iscenzymes capable of desaminative oxidation of glutamate. Since gluta-
mate synthesis with subsequent transaminations is the main pathway of
formation of all amino acids, the Hartmann-Lee hypothesis is most inte-
resting as it suggests the occurence of a mechanism of metabolic regula-
tion in this point. This mechanism would direct the amino acid and protein
metabolism in the direction of synthesis or a catabolism. Studying Ricinus
communis seedlings, L e e ascribes anabolic activity to the rapidly migra-
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ting GDH isoenzymes and catabolic activity to isoenzymes slowly migra-
ting toward anode. Har tma nn has determined that the reverse is true
for lucerne and pea: anabolic isoenzymes migrate slowly (Hartmamnn
1973, Hartmann et al. 1973). Thus, the migratory properties may vary
between plants. However, Hartmann and L ee are in accord ascribing
anabolic function to the ammonium-induced isoenzymes. Hartmann
(1973) has quoted experimental results indicating that induction of new
isoenzymes by ammonium ions is associated with a change in amination/
/desamination ratio in favour of the anabolic reaction. Our results seem
to confirm those obtained by Hartmanmn for two other Leguminosae
plants and indicate that, also in Lupinus albus the slowly migrating GDH
isoenzymes exert an anabolic activity.

The facts that new isoenzymes are best induced by asparagine and
glutamine (Figs. 2 and 3) and that their production is inhibited by saccha-
roce are seemingly incomsistent with their anabolic activity. In recent
years it has been found, however, that in plants apart from amination of
2-oxoglutarate by GDH, incorporation of ammonium to the organic forms
may be stimulated by other enzymes in the two following stages: 1. incor-
poration of NHj to the amid group of glutamine, catalyzed by glutamine
synthetase (GS; EC 6. 3. 1. 2), 2. reductive transfer of the glutamine
amid group to 2-oxoglutarate with formation of 2 glutamate molecules.
The latter reaction is catalysed by glutamate synthase (GOGAT; EC. 2. 6.
1.53) (Miflin and L ea 1976). Interaction of the two separate pathways
of ammonium assimilation to an organic form creates several possibilities
of regulating the process. Miflin and Lee (1976) are of the opinion
that ammonium assimilation by GS and GOGAT represents the main
pathway while incorporation mediated by GDH takes place at high am-
monium levels in tissues. Lee and Miflin (1975) as well as Miflin and
L ee (1975) suggest that in pea roots ammonium assimilation is mediated
by glutamine (catalysed by GS). At high supply in 2-oxoglutarate and
a reducing agent (NAD/P/H + H* or ferredoxine) glutamate synthesis
takes place, catalysed by GOGAT. When supply of either factor is limit-
ed glutamine amid group is transferred to an aspartate with formation of
asparagine. Asparagine biosynthesis in germinating lupin most probably
follows the above pathways. Lever and Butler (1971a) demonstrated
that the carbon core of asparagine in germinating lupins originates mainly
from aspartate. No enzymes could be detected which would be capable of
linking directly ammonium to aspartates (analogous to asparagine synthe-
tase in bacteria and animals; EC. 6. 3. 1. 1.). Interaction of ammonium in-
corporation pathways was studied in Lemna minor by Rhodes et al
(1976). They demonstrated that in conditions of low ammonium availa-
bility GS and GOGAT activities were increasing which indicated that
in these conditions the enzymes were responsible for ammonium assi-
milation. Increase in the ammonium supply was followed by a decrease
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in activities of the enzymes and by an increase in GDH activity. The
authors drew a conclusion that glutamine synthetase (GS) and glutamate
dehydrogenase (GDH) were controlled by a simultaneously acting regula-
tory mechanisms, glutamine rather than ammonium providing the nega-
tive control over glutamine synthetase and the positive control over glu-
tamate dehydrogenase. A mechanism similar to that described by Rh o-
des et al. (1976) for Lemna minor may also be operative in lupin. It
might explain our results, both the increase in GDH activity induced by
amino acids and the intense induction of new anabolic isoenzymes by
amino acids (glutamine and asparagine in particular). Positive feedback
is rarely suggested in the literature as a mechanism of metabolic regula-
tion but in the case of germinating Lupinus such a mechanism would
well explain the enormous accumulation of asparagine which, as well
known, in etiolated lupin seedlings may amount to 30% of the dry mass
(Lever and Butler, 1971h).

Results presented in this paper are in agreement with estimations of
sugar content and of nitrogen fractions in decotyledonized lupin embryos
cultured in media containing various concentrations of amino acids and
saccharose (Ratajczak and Mazurowa 1971, Ratajczak, Wi-
lanowska and Mazurowa 1976). The estimations have shown that
a turn in metabolism toward protein synthesis is regulated by sugar level
but, at the same time, an important role of amino acids, particularly of
asparagine, has been demonstrated for nitrogen assimilation in lupins.
The main nitrogen transgort path in lupins also involves asparagine ( A t-
kins etal 1975).

Detailed analysis of nitrogen metabolism in germinating lupins requi-
res further studies, particularly on the GS and GOGAT system, but
already the presented results show that estimation of activities of GDH
and its isoenzymes may provide valuable informations on nitrogen me-
taktolism in lupins, its disturbances or on differences in the metabolism in
varicus species. In further studies on the effect of various factors on lupins
development and metabolism we will analyze the GDH isoenzyme pat-
tern and compare it with the patterns shown in Fig. 2 to obtain infor-
meticn on the metabolism status of a tissue from which the enzyme has
Leen isolated. We believe that activity determinations and electrophoretic
fracticnaticn of enzymes will provide a tool for agricultural diagnostics,
evaluation of varieties similarly as estimation of enzymes in humans has
Leen introduced into clinical diagnostics in medicine. Glutamate dehydro-
gerase would serve well such a purpose, providing indices of develop-
mental and differentiation stages as well as of metabolic status. This,
however, has to be preceded by accurate estimation of enzyme properties
for each of studied species and varieties.

This study was carried out under project MR II/7-1.2.2. coordinated by the
Department of Plant Physiology, Polish Academy of Sciences, Cracow.
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Wz6r izoenzyméw dehydrogenazy glutaminianowej jako odzwierciedlenie
stanu metabolizmu azotowego w tubinie bialym

Streszczenie

Przeprowadzono oznaczanie aktywnodci dehydrogenazy glutaminianowej (L-glu-
taminian: NAD dehydrogenaza, EC. 1.4.1.2; GDH), oraz jej elekiroforetyczne roz-
dziaty. Enzym ekstrahowano z zarodkOw lubinu bialego odmiany Kali, pozbawionych
liscieni i hodowanych przez 24, 48 i 72 godziny w pozywkach, zawierajacych réine
kombinacje sacharozy, soli amonowej, azotanu oraz aminokwaséw: glutaminianu,
asparaginianu, glutaminy i asparaginy. Brak cukru w poiywce wywolywal wzrost
aktywnoSci wlasnosciwej GDH jak i najwyrazniejsze ujawnienie sig nowych izoenzy-
méw w zarodkach nastepowalo woéwezas, gdy cukier w pozywee zastgpowano kt6-
rymkolwiek z wymienionych wyzej aminokwaséw. Indukcja nowych izoenzymow
nastepowala rowniez przy obecno$ci jonéw amonowych w pozywce. Przedstawiono
zbiorcza tabele wzoréw izoenzymo6éw GDH w zalezno$ci od warunkow troficznych.
Postuluje sie stosowanie wzoru izoenzyméw GDH jako kryterium stanu metaboliz-
mu azotowego tkanki, z ktérej enzym byt ekstrahowany.
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