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Abstract —L-Glutamate dehydrogenase catalyses the reversible conversion of 2-oxoglutarate and L-glutamate for the
entry of ammoaium into the organic cycle and for its release as well. Vanious isozymes of GDH are present ubiquitously
10 hugher plant tissues. The enzyme, with a molecular weight of 208 000 1o 270000, 1s composed of four to six subunits,
contains a free -SH group at the active centre, and 1s assoctated with metal 1ons. Some 1s0zymes of GDH are inducible
and vary according 1o the nutritional and environmental status of the tissues. The level and activity of enzyme 1s either
direction 13 regulated by age, ight/dark regime, inorganic and organxc nitrogen, carbon and energy status, growth
regulators and some other factors. The enzyme seems 10 be important 1n assimulation of ammona under stress
conditions such as dark starvation, high temperature, salinity, water stress, environmental pollution, senescence and

other abnormalities.

INTRODUCTION

The inorganc nitrogen acquired by plants 1s ulumately
converted to ammonium before being incorporated into
organk molecules. Although several biochemical reac-
tions involving ammonium as a reactant are knowa (1],
the reductive amination of 2-oxoglutarate to glutamic
aad has long been considered as a major route of
ammoma assimulation. This reversible reaction 1s cata-
lysed by the enzyme L-glutamate dehydrogenase [L-
glutamate NAD " /NAD(P)* or NADP* oxidoreductase
(deaminaung) GDH, EC 1.4.1.2-4]. In the seventies,
however, the discovery of a new enzyme, glutamate
synthase, from bactena [2] and leaves of higher plants (3]
changed this concept and 1t 1s now recognized that
ammonium s first incorporated into glutamine by the
action of glutamine syothetase (L-glutamate ammonis
hgase, GS, EC 6.3.1.2)and subsequently into glutamx acid
by glutamate synthase (L-glutamate,
NAD(P)" /ferredoxin  oxidoreductase, GOGAT, EC
141.13-14 and 14.71] [4).

The path of ammonua assimulation, including studies on
GDH, has been reviewed [1.4-10) However, the
physiological role of large amounts of GDH present in the
tissues of higher plants 1s still obscure. Although the GS-
GOGAT pathway 1s considered to be the major route for
ammonia asumilation in plants under normal growth
conditions. the role of GDH under some environmental
and nutntional conditions cannot be excluded and, there-
fore, the possible factors under which GDH may play a
signuficant anunaung or deaminating role 10 cell metabo-
lism are yet to be discussed. Moreover, numerous new
observations have appeared following the review on plant
GDH by Stewart er al. [9] Our aim in this artxcle 1s to

review the literature on higher plant GDH and to evaluate
the possible physiological role of the enzyme in the
nitrogen metabolism of higher plants, under different
environmental and nutntional conditions.

DISTRIBUTION AAND LOCALIZATION

L-Glutamate dehydrogenase has been found to be
present umversally in almost all types of organisms from
microbes to higher plants and ammals In higher plants,
the enzyme activity has been detected 1n almost all species
tested.

Organ specific spectra

Although the enzyme 1s frequently distributed i1n va-
nous plant parts, its level and behaviour appear to be
organ specific The aminaung (NADH-dependent)
enzyme activity 1s ligher in roots than in leaves of Zea
(11.12), Secale (13) and Hordeum [14]) In Pisum and
Pastinaca, high GDH 1s found in the area of rapid growth
and high phytochrome content {15] and in Arachis
seedlings, the enzyme activity 1s higher in the cotyledons
than in root or shoot portions [16]. Further. the develop-
ing pods and seeds of Phaseolus and Cajanus possess
higher GDH activity than the leaves [17]. It may be noted
that the concentration of ammomum 1n the seeds of
Cajanus s also greater than that in the leaves The enzyme
acuwity also vanes according to the age and tssue
compomtion of the organ. For example, in Zea roots the
enzyme is much more active 1n mature regions 18, 19]
and 1n menstems than in apical repons (18]. In develop-
ing Hordeum grains, GDH acuwity s largely confined to
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the endosperm 1n contrast to GS which 1s mostly in the
testa percarp (20).

The enzyme present in different tissues may be different
in 1ts 1sozymic pattern and consequently in the regulatory
nature In Triticum, the predominant form of the enzyme
n senescent leaves 1s a different 1sozyme than the one
present in young leaves (21]. In Rucinus, the leaf chloro-
plast and root enzymes segregate from the endosperm
enzyme on polyacrylamide gel electrophoresis [22].
Organ specific 1sozymes are also reported in Medicago,
although they show similar general and kinetic properties
[23). In Glycine roots and nodules, the enzyme 1s re-
gulated differentially by urea (24]. Further, the patterns of
GDH 1sozymes are different in nodules and roots of
Lupinus [25) Loyola-Vargas and de Jimenez [26] have
reported the presence of different 1sozymes,conformers of
GDH 1n root. callus and leaves of Zea which may vary
depending on the nutnitional requirement and state of
differentiation It has been suggested that the character-
1stic spectra of GDH 1sozymes in the endosperm, embryo
and pericarp of Zea may be due to differential activity of
genes controlhing the enzyme syntheses in each tissue (27].

Cellular distribution

In Zea, Gomphrena and Sorghum, NADH-GDH s
found to be localized 10 bundle sheath cells [28]. Further,
1in vanous C,-species 69-87 %, of NADH-GDH 1s equally
distnibuted between mesophyll and bundle sheath cells
(29] This finding is further confirmed by Harel et al. [ 30]
in greening Zea leaves and by Moore and Black [31]1n
Digitaria leaves. In nodulated plants the relative distn-
bution of GDH shows three possible types of patterns: (i)
the enzyme 1s distnibuted equally i1n cytosol and bactenod
fractions in Lupinus (32], (1) 1t1s primanly located 1o the
cytosol fraction in Glycine [33] and in Medicago [34] and
(m) 1t 1s higher 1n bacteriods than in cytosol in Phaseolus
(35) A histological study shows that a higher level of
GDH 1s present in the cells surrounding the nodules in
Lupinus roots [36)

Intracellular localization

Vanous studies, using differential ceninfugation and
density gradeent techniques, have demonstrated a mito-
chondnal location of the enzyme (22, 36-47). Since the
enzyme s casily dissolved, 1t 1s thought to be localized 10
the dissolved matnix of the mitochoodna [48-50].
However, the method of distrupting mitochondna in-
volved a freeze;thaw treatment followed by sonxaton in
most cases, which could casily dissolve the membranes.
Yamaya et ol [46]) using a gentle disruption method
(osmotic shock) demonstrated that the enzyme 13 loosely
bound with the mitochondnal membrane. On the basis of
Arthenius plots of GDH activity from S-day-old Glycine
axes and its analogy to that of Vigna succinate oxdase
(both consist of three phases), Duke et al. [51] deduced
that GDH 1s associated with membrane ipids. A separate
GDH species differing 1n certain properues from the
mitochondnal enzyme has been characternzed from the
chloroplasts of many plants [22, 29, 39, 42, 52-54). This
enzyme 1s shown to be ightly bouad to the chloroplast
lamellae, and cannot be released by osmotic shock. It can,
however, be dissolved by a detergent treatment [52].
There 15 some evidence for assocaation of GDH acuwity
with the plastuids of roots as well {55, 56]). Many workers
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have reported the occurrence of GDH activity 1n the
supernatant fraction in addition to mitochondnal fraction
(18, 54, 57, 58). It has been found that enzymes from both
fractions possess samilar physical and kinetic properties,
and hence 1t is suggested that the cytoplasmk: enzyme 1s
due to leakage from mutochondna [$7] However, evi-
dence for a scparate cytoplasmic enzyme differing in
certain kinetic properties and 1sozyme pattern has been
demonstrated by some workers (18, 41, 58]

STRUCTURE AND KINETIC PROPERTIES

Structure and 1sozyme pattern

The structure of GDH from animal and fungal systems
has been extensively studied and the hiterature has been
adequately reviewed (5. 10]. A general account of the
plant enzyme was also presented by Stewart er al. 1n 1980
(9]). The present discussion, therefore, will be hmited to
more recent developmeats in the area. The plant enzyme s
thought to be a metalloprotein having an M, in the range
208 000-270000 [4]. The enzyme i1s composed of identical
subunits having M, 1n the range of 46 000- 58 S00. There 1s
some discrepancy in the literature regarding the number
of subunits. As six electrophoretic bands appear after
cross-linking of the enzyme with dumidates from Pisum
seeds, the enzyme 1s suggested to be a hexamer [59)
However, Scheid et al. (60] using sodium dodecyl sul-
phate gel and by EM observations have demonstrated
that GDH from Lemna and Pisum seeds 1s a tetramer (M,
230000) with four identical subunits (M, 58 S00).
Although the hexameric and tetrameric configurations of
the enzyme have been reported from various organisms
(9. further 10vesugations using modern techmques are
required to elucidate whether enzymes of two different
configurations exist in various plant ussues. Scheid et al
(60] have reported that the amino acid composition of the
tetramernc enzyme from Lemna and Piswnm 1s similar to
those of vanous hexameric GDHs obuained from other
organisms and the N-termunal amino acid of the Pisum
enzyme 1s alarune. Further, the enzyme 1s considered to
contain free -SH groups at active centres [61] which are
apparently more abundant in the enzyme from lght
grown Phaseolus leaves than in those from dark grown
leaves [62]. The prescoce of Zn®* as an associated metal
1on 18 reported for Zea root (63) and Lycopersicum
chloroplast [64) enzymes. Other divalent cations such as
Ca’*, Mn?*, Co’*, Fe!' also activate the enzyme
activity (9]

Isozymic number of the enzyme vanes with plant
specics as well as other nutntional and environmental
conditions. Seven 1sozymic forms have been reported 1n
Pisum (60, 65, 66), Phaseolus [38). Vicia [67) and Ricinus
(68]). The number of 1s0zymes, however, 15 increased by
the addition of ammonium (25, $8,69-71] and amino
acds (25, 72). and decreased by the addition of sucrose
[25). Fourteen isozymes have been reported in Pisum
(73). Medicago [74] and Lupinus [25]) and the number
increases to 17 10 young Pisum shoots preincubated with
tap water [49]). The number and banding pattern of
1sozymes are also influenced by growth stages [ 25, 65, 74].
plant organs (23, 53], oitrogen nutnition 25, 58, 70-72]
hght-dark regime (70, 75-77], carbohydrate status
(25.66,78) and effective symbiosis with Rhizobium
(25.79).
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In legumes, 1t has been suggested that the GDH
1s0zyme pattern is the result of an adaptation of the cell to
nitrogen metabolism [25, 72]). Individual plant organs
may develop a typical GDH 1sozyme pattern for each
organ dunng the growth stages which may be correlated
with the known metabolic acuivities of those organs as
well as with external nutntional and environmental
conditions available to the plant. This reveals a physiolog-
ical role of GDH i1sozymes in the regulation of nitrogen
metabolism A hypothesis has been proposed for the
anabolic and catabolc role of GDH i1sozymes in plants
(25.68.73.74] and Masurowa e! al (25) have dem-
onstrated in Lupinus that anabolic and catabolic forms of
GDH 1sozymes may be present in two types of mitochon-
dria. heavy mitochondna sedimenting at 3000¢g with
bacteniod fraction of the nodules contain anabolic 1so-
zymes. and hght mitochondna sedimenting at 20000 y
contain both anabolic and catabolic 1sozymes  Differences
in enzymatic content between heavy and hight mitochon-
dna [80) and the presence of respiratory and synthesizing
mitochondria [81] from higher plant tissues have also
been shown. Further, evidence for glutamate synthesis in
isolated mitochondrnia has also been presented
(46, 49, 82]) However,in Medicago ssmilar kinetic proper-
ties of the two forms of GDH isozymes. previously
proposed as forms reflecting different physiological func-
tuons (23, 74] suggest that this hypothesis may not hold
universally, or even 1n legumes. Hence the proposal of
Masurowa et al [25] should be tested carefully in other
plants also Pisum GDH 1sozymes are reported to be the
same molecule with different types of subunits [83] On
the basis of genc analysis, 1t has also been suggested that
two non-allelic genes are responsible for the synthesis of
two types of subunits which could arbitrarnily associate ina
hexamerx complex giving rise to several 1sozymes (84)
However, the existence of defimite 1sozymes 1n Ricinus
which do not change after reprecipitation and reclectro-
phoress of the enzyme [68] and the presence of identrcal
subunits 1n the Lemna and Pisum enzymes [60] do not
support this i1dea

Coenzyme specificity, reaction mechanism and kinetic
behaviour

Muluiple forms of steady state and inducable GDH
enzyme from various organs of higher plants can use
NADH and NADPH in aminating and NAD * as well as
NADP" 1n deaminating, as coenzymes. Most of the
studies reveal that the enzyme utilizes NADH and NAD *
preferentially over NADPH and NADP" to varying
degrees (8, 22, 68, 85-89). In developing seeds of Glycine
three forms of GDH having different nucleotide speci-
ficity have been 1dentified [$3]). GDH-1. a seed enzyme, 1s
active with both NADH and NADPH in aminauing
reaction and readily uses NAD* and NADP * in deam:-
nation, GDH-2, a chloroplastic enzyme prefers NADPH
in amination but NAD * in deamination while GDH-J. a
mitochondnal enzyme, is specific for NAD °.

The reaction mechamism of plant GDH s proposed as
the compulsory ordered binding of NADH, 2-oxo-
glutarate and ammonia followed by the ordered release of
glutamate and NAD * and vice versa for either direction
(90 92). However, a partially random [23,93]) and even a
fully random [94]) mechanism for the GDH catalysed
reaction have also been suggested. The kinetics of GDH
catalysed reactions have been examined 1n several plants
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(9]. It has been indicated that the aminating enzyme has
an unusually high K_ for ammonium (ranges from
$.2-70.0 mM), the fact often used to question the aminat-
10g robe of the enzyme in plant ussues (1, 6). However,
more recent studies reveal that the K, values for NH and
even for other substrates may be influenced by vanous
external and internal factors and the values estimated may
not be a true reflection of what might be happening in situ
It has been shown that the catalytic efficaency of GDH
increases at low ammonuum and low NADH coocentra-
uons, 1¢. Ky decreases by many fold (22. 46, 49]. The
apparent K, .ou values are also reduced at low NADH
[23. 46). and considerably at low ammonium concentra-
tions [22]. 1t may be noted therefore that vanous levels of
substrates for aminating activity reveal a complex kinetic
behaviour of the enzyme which 18 highly adaptive for the
substrate level. The kinetics of the amination reaction of
Lupinus nodule enzyme are also influenced by accom-
panying amons of NH; salts, as normal
Michachis Menton kinetics were obtained  with
(NH,),SO, while NH,Cl and ammoaium acetate showed
substrate inhibition (95, 96]. 1t has been suggested that
anions bind to an allostenc site on the enzyme and causc a
change in some of the rate constants of the reaction, ¢
decrease the rates of assocation of NADH and 2-
oxoglutarate with the enzyme and increase the rate of
dissociation of NAD®

It has also been suggested that SO} added as
(NH,),SO, acts as an acuvator of the enzyme (97]
Further, K, 1s decreased about seven-fold when the pH
15 increased from 7.310 9.0 in green Nicotiana callus [98]
In Phaseolus leaves GDH has lower Ky, value for the
enzyme from dark grown leaves than that from hight
grown and 1t has been suggested that a more acuve GDH
species 1s generated in the dark [99] Nesselhut and
Harnischfeger [100] and Furuhashi and Takahash: [98]
have indicated that the actual substrate for GDH may be
NH, rather than NH/ and replotting of the data for NH,
concentrations reduces the Kny, value. However, 1t is
difficult to conclude that a real substrate for plant GDH s
NH, The speed with which ammonia reacts with water
makes 1t difficult to examine this hypothesis. However. the
association of GDH with mitochondna may proviie a
hpid-rich ‘mucrochmate’ 1in whaich NH, 1s more readily
available to the dehydrogenase (82]

Saturation curves for three substrates to NADH-GDH
showed normal Michaehs Menton kinetics in the pre-
sence of | mM Ca?* andintheabsence of Ca’ * a marked
substrate inhibiion was observed [46, 98] Since, plant
mitochondria contain sufficent Ca?* for this acuvation
[46] 1t 1s evsdent that plant GDH 15 already activated with
regard to Ca’®. Moore and Akerman [101] have sug-
gested that Ca’* 1s a modulstor of the mitochondrial
NADH dehydrogenases in vivo. as Ca’" increases
NADH-oxidation in Helianthus These observations,
however. reveal a complex kinetxc behaviour of the
enzyme in plant mitochondriu and its integrated tunction
necds further clarification

REGULATION

Plant age and rhythmicuty

Levels o plant GDH vary according to plant age
A general increase in enzyme acuvily has been observed
by several workers in roots 25,102, 103], hypocotyl
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28], cotyledons [67). shoots [103] and leaves
99.102, 104-106]). dunng their 1ntial growth phase
However, the penod taken for enzyme induction appears
to vary with plant species and 1s possibly affected by other
factors as well. On the other hand. in plant celicultures
behaviour of the enzyme seems to be different For
example, it remains unchanged during the iniual growth
period 1n Nicotana [107] and Chenopodium [108] cell
cultures and increases during later phases, 1.c. after 33
days Further,in Zea [26] and in Saccharum [109] callus,
GDH acuvity decreases conssderably dunng the imtial
penod of growth and differeniaion on MS medium, but
for non-shoot-formung callus of Saccharum. GDH activity
increases considerably between 4-9 days of 1ocubation
and replaces the GS-GOGAT route for ammouoia assuimu-
lauon [109] In Lupinus seedlings, individual organs
develop a GDH 1sozyme pattern typical for the metabolic
requirement of each organ during growth [25]

The enzyme s least studied in mature plants; in Curus
trees. GDH levels increase at the me of lowenng and
fruiting when the plants are supplied with nitrate as an N-
source [110] Further, 1n Vigna genotypes associated with
difierent rhizobial strains the enzyme activity increases
considerably at carly flowering and early pod filling stages
This increase 15 most pronounced 1n genotype Ky,
associated with strain S, [111] However.in Arabidopsts
roots and leaves both NADH- and NAD*-GDH ac-
tivitics remained relatively constant until the development
of flower buds and then increased. accompanied by a
gradual decrease in GS acuwity [106]

GDH acuivity also changes during seed development In
Triticum. enzyme activity starts increasing 15 days after
anthesis and reaches maxumum at 40 days with three
conspicuous peaks at 25, 40 and 55 days (20] During
development of Puum embryos. the enzyme activity
reaches 1ts hughest point in the seed coat at 27 days and 1n
the cotyledons at 40 days [112] A higher enzyme
concentration in the sced coat is possibly assocuated witha
higher ammonium content. as has been reported 1n
Phaseolus [113]. Lupinus [114] and Pisum [115,116] In
difterent mutants of Zea, GDH activity increased during
kernel development between 1S and 35 days after polh-
nauon, the period of intensive synthesis of storage protein
[117). The increase 1s. however. more pronounced in an
opaque-2 mutant than 1n normal maize. it has been
suggested that the opaque-2 gene increases GDH activity
along with GOT and GPT and decreases lysine catabo-
lism 1n the developing endosperm (117)]

An increase 1n GDH acuwity during leaf senescence
appears 1o be a general feature (77,106, 118-122] The
increase 1s reported to be due to de novo synthesis of the
enzyme in Hordeum during the first hour ot senescence
(121] 1t has been suggested that ammonia produced by
proteolysis during senescence could be responsible for de
novo synthesis of the enzyme [71.76,118,123] It has
been demonstrated recently that an increase 1in GDH
activity follows a similar control mechamsm which gov-
crns the course ot senescence. and kinetin, which retards
senescence, also retards the increase in GDH activity
(122] Since GS-GOGAT enzymes decrease rapidly
durning senescence [122). the activity of GDH may
possibly serve as an adaptation of leaves to detoxity the
ammonium generated during senescence The consider-
able increase 10 NAD *-GDH (deaminating) during leat
senescence [106] demonstrates that the enzyme also
operates in the direction of energy generation Since the
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proline content also increases greatly in detached Oryza
leaves duning seoescence [124], a part of the increase in
GDH acuwity in aither direction, 1.c amunating or de-
aminating. may be caused by proline accumulation, as it
has been shown in excised Zea leaves that total NADH-
and NAD " -GDH actuivity increases considerably when
proline is added to the medium [ 125] Seasonal vanations
have also been recorded for GDH activity In Pyrus, the
highest enzyme actiwity 1s found 1n leaves and wood in
October, and in stem bark in May [126]. lo Deschampsia
and Zerna species growing on acxdic or calcareous soils.
maxmum levels of GDH acuwvity are observed in
February/March followed by a declne to a lower level
which remains fairly constant throughout the year [127].
In Light grown Puisum cell cultures a 48 hr rhythm s
observed for GDH activity which 1s, however, irregular in
the dark grown cells (128] A circadian rhythm. in Pisum
roots [129] and in Triicum leaves (104) and ultradian
rhythms 1n Chenopodium seedlings [130] have also been
reported In Glycine and Zea seedlings Duke e al [51]
demonstrated some correlation of peaks in GDH acuwity
with soluble protein content of the seedling, reflecting that
the penodicity 1n enzyme acuivity 1s of physiological
significance They also believe that dark stimulated ac-
uwity ot GDH may be part of a circadian periodicity (51
Further. it has been suggested that phytochrome level
oscillations modulate circadian rhythm by coupling with
the high frequency oscillation of varsous biochemical and
physiologcal funcuons [131.132] and the rhythm s
presumably due to alternations in the anabolx and
catabolic balance of organic compounds [133]

Light. radiation and photoperiod

Light has shown variable effects on GDH activity in
different plant species In Pusum roots [134]), Cucumus
cotyledons [135] and the leaves of Triticum {77, 104].
Cucurbuta {76]. Syzygium [136]. Arabidopsis [106] and
Phaseolus [62. 137], enzyme activity is increased 1n dark-
ness The inhibitory effect of hight on GDH 1s often
cxplained 1n terms of increased carbohydrate level in the
ussue, as exogenously supphied sucrose and some other
sugars inhibit enzyme acuwity [49. 106, 134, 138-142)
Postius and Jacob: [76] observed a paralicl increase in
GDH acuvity and endogenous ammonium concentration
dunng dark stress in Cucurbita leaves and concluded that
ammonum 1s the induang factor dunng darkness. It has
also been shown that dark alters the 1sozyme pattern of
GDH [75.143] and induces de novo synthesis of one
1s0zyme, responsible for this alteration [77]. which 1s
identified as the same 1s0zyme which 1s synthesized when
cxogenously suppled ammonum [71]. However, in
Phaseolus leaves the increase in enzyme activity in dark-
ness 1s observed in both the absence and presence of NH,-
salt, and the dark induced enzyme is apparently different
1n 1ts kinetic constants for various substrates, in elution
profile through Sephadex G-200 [99] and ints reaction to
thiol modulating compounds such as DTT and DTNB
(62] 1t has been proposed that darkness induces the
synthesss of a more active GDH species which has lower
Knu,; than the enzyme synthesized in Light (62, 99]

On the other hand. in Avena leaves, NH . -dependent
induction of a new 1sozyme of GDH s reported 10 be
proportional to the light intensity and the inducuon 1s
mnhibited by DCMU (85] Kar and Feierabend [122] have
also shown that the senescence-induced increase in leaf
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GDH activity 1n Triticum 15 hugher in hight than in the
dark. A light dependent NAD°-GDH 15 also dem-
onstrated in Arabidopsis [106] Further. in Pusum and
Pastinaca roots. GDH acuwity increases after illumisation
with far-red [15]. The duration of the photoperiod also
seems to affect the enzyme activity. In Urtica leaves (133 ]
and in Linum roots [102]. longer pbotoperiods increase
the enzyme activity but in Linum leaves the activity 13 not
affected by the change in photoperiod [102]. Although the
mechanism of thuis increase has not been followed 1t
appears that the regulation of GDH by light/dark 1s a
complex process and different isozymes of GDH may be
synthesized in either condition depending on the meta-
bolx status of the cell If ammonia accumulates in higher
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amounts 1t induces detoxification by the GDH 1sozyme in
both dark and in light

Inorganic mtrogenous salts

The supply of ammonium, nitrale and urea as nitrogen
sources influences GDH acuvity in plants Ammonium
generally increases enzyme activity, although in a tew
cases it has either no effect or even inhubits the enzyme
acuvity (Table 1) Apparently the vanable effects of
ammonium are determined by several other factors such
as duration of ammonium supply. tissue studied, age of
seedlings as well as presence of other salts and metabolites

Table | Effect of mitrogen salts oo glutamate dehydrogenase activity

Nitogen Duration of Function of
source incubation the enzyme
(mM) (d/hr) Plaat tissue actinty Effect References
Ammonium,
up to 143 24 Oryza roots [58)
150 3d Lemna plantiets (148}
150 3d Avena leaves (149]
up to 218 )d Rosa callus (145)
100 Sd Lemna plantiets 150
70 3d Lupinus embryonx: azes Anuoating lncrease Em%
100 4d Zea roots and shoots [12)
90 14d Cutrus roots and leaves (110)
150 3d Truicum leaves M
100 9d Zea leaves (12)
60 15d Zea roots and shoots Amunsting and [103)
200 3d Zea roots deamunating (26)
150 )d Arabidopsis leaves [106)
150 3d Arabidopss 1oots Amunsting ) (106)
100 44 Zea roots and shoots (12)
100 9d Zea leaves } Deaminsung (2)
150 3d Arabidopsis roots Decrease (106)
200 3d Zea leaves } Amunaung and (26)
200 ld Zea callus deaminating (26)
100 4d Glycine cel) cultures [146)
200 18 hr Pisum shoots (49)
100 She Zea roots No effect (19)
100 3he Zea roots and shoots (12)
80 204d Hordeum 100ts 14
200 3d Zea roots Amunating J %26}
90 14424 Curus roots and leaves (110)
Nitrate, 30 16d Plantago roots and leaves (s
60 15d Zea roots and leaves | Jocrease (110)
100 9d Zea leaves (2)
100 3ht Zea roots and leaves 12
100 )d Zea leaves } Deasunaung EZb}
100 Sbhe Zea 10013 N9
400 3d Zea ro0ts and leaves Amunating (26)
200 sd Phaseolus leaves } ]D""““ (152)
100 3hr Zea roots and leaves Deanunaung (12)
4«0 3d Zea callus Aminating and [26)
100 44 Zea roots deaminating (120)
100 3d Arabudopsis toots and leaves No effect (106)
100 Ihr Zea shoots and leaves Aminaung (12)
up to 143 44 Oryza toots (58)
up to 80 20d Hordeum roots (14)
Ures 100 20d Glycine roots 1 (24)
80 3d Zea roots and leaves Deaminating } nerease (26)
80 3d Zea 100ts and leaves Ammating No effect [26)
80 3d Zea callus Amuna and 26
100 204 Glycine nodules d-m::fu } Decrease Eu%
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ctic In Lupinus embryonsc axes. NH, caused no effect
during a 24 hr incubation but increased enzyme activity
during 72hr treatment [141]) Further, in Zea roots,
shoots and leaves a continuous prolonged supply of
ammonium caused increase supply than a 3 hr treatment
(12] However. in the roots of mature Cirus plants,
ammonium increased the enzyme level only dunng the
tirst 2 weeks treatment, and thereafiter, up to 6 weeks, there
was no sigmficant effect [110] Differenual effects of
ammonium on different tissues such as callus, nodules,
roots, shoots and leaves have also been demonstrated by
various workers (12, 24, 26, 106]. For example. in Glycine.
ammonium, nitrate or urea increased root enzyme while
the same sources decreased nodule GDH acuvity [24]
turther vanous forms of GDH acuwity, 1¢. NADH-,
NADPH- and NAD * dependent activities respond dif-
terently cvenin primary and secondary leaves of the same
age (12)

The etlects of ammonium vary 1n magnitude with
different concentrations ol ammonium 1IN MOst Cases
(58.89.145]) Howeser.in Glycine cell culture [ 146] and in
some grassland species [147] the concentration response
15 not so marked and 1t appears. therefore, that some
plants issues are not adapted to changes in available
ammomnia It 1s also evident from the above-mentioned
studies that not only the nature but also the magnitude of
the cflect of ammonium 1ons on GDH 1s affected by many
other lactors as well The effect of ammonium upon the
specific tunctions of GDH acuivity also vanes, as 1t
increases NADH-GDH acuvity in Zea roots. while de-
creasing NAD *-GDH acuvity [12] Loyola-Vargas and
de Jimenez (26] have also shown different responses of
two activitics, 1n various Zea tissues, to a supply of NH
and suggested that the NAD :NADH ratio tends to
decrease with the supply ol ammonium and urea This
cnzyme bechaviour reflects a complex mechamism tor
ammonmum regulation

Ammonium may Increasc enzyme acuvily by increasing
the amount of enzymic protein orjand by modulating the
activity of existing enzyme molecules. De novo synthesis of
GDH in responsc 1o ammonium has been demonstrated
10 Lemna [148] and in Arabidopsis plantlets (106]. Oryza
roots (58], Avena [70] and Triticum leaves [71]. Evidence
tor de noio synthesis ol the enzyme protein has been
denived trom time course studies, the supply of protein
synthesss nhibitors, density and radioactive labelling
techniques. gel clectrophoresis [ 58, 70, 106, 148] and
more recently using immunochemical approaches (71]
The synthesis of new 1sozyme 1s believed 1o take place at
K0S ribosomes and an increase in enzyme is observed only
in the soluble fraction and not in the mitochondral
tracuon [S&] Further, the inhibitors of 70S rbosomes.
such as o-threochloramphenicol, hncomyain and ery-
thromyain, do not prevent the nse in GDH of Lemna (148)
whereas puromycin [ 148 ] and cyclohexumide [12]). inhibs-
tors of protein synthesis at 80S ribosomes. inhibit am-
monium induced increases in Lemna and  Zeu.
respectively

It1s believed that a new 1sozyme appears to detoxify the
excess ammonium absorbed by the tissue because its
accumulation 1s harmiul to cell metabolism [123]
Morcover. the positive etfect of ammonium on enzyme
activity may not involve only de novo synthesis of the
enzyme, as the increase 1n activity 1s also observed during
n viro incubation of the enzyme with ammonium [12]
Further. the inhibitors of protein synthesis are able to
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block increases 1o enzyme activity only to a imited extent,
atter a prolonged treatment of 2 days [148). The aminat-
ing and deaminating activities of the enzyme also respond
in differeot maooers 1n Zea [12.26]. However. 1n
Arabidopsis, cycloheximide completely suppresses the
ammomium-induced increase 1n the enzyme [106]
Although the exact mechanism of enzyme activiation by
ammonium i1s not known, the possubility of an allosterx
regulation cannot be ruled out [12]. At least Newrospora
NADP*-GDH shows a complex interacuon with NH,;
and 1t 1s suggested that ammonium 1s acting both as a
substrate and as an acuvator of the enzyme [153] A
sigular action of ammonium on lugher plant enzyme may
also be proposed because it has been shown that Ky, for
the enzyme 1s modafied by the concentration of NH/ itscif
(see kinctic behaviour) However, further experiments
using modern techniques are required to elucidate the
proposed mechanism.

The effect of nitrate on GDH acuvity also varnies with
species, tissue, ime of incubation and some other factors
(Table 1) Generally nitrate s ether  inhibitory
[12.19.154] or has no effect [14.43, 58] on enzyme
activity dunng short term supply to excised tssues
However, prolonged treatment of intact scedlings with
nrate Increases enzyme activity in vanous plants
(12.103. 151, 155]. It 1s Likely that the sumulatory eflect
of nitrate during prolonged treatment 1s indirect, possibly
through ammonium produced from the reduction ot
mtrate. It 1s also evident from various studies that the
effect of nitrate 15 not as pronounced as that of ammonium
(12,103,156, 157] However.in one study. the presence ol
flowers and fruits caused the GDH level in mature Citrus
plants receiving NO, to rise to a level similar to those
receiving ammonmum [110]). In Plantago lanceolata. a
species from a relatively nutnient-poor habitat, NADH-
GDH increased dunng 4 days after a switch trom 27, to
100”7, NO;-N nutnition [151]. whereas 1n Plantago
major. a grassland species from relatively nutnient rch
habitat. it remamned relatively constant [158] Urea.
another nitrogenous nutrient, 15 less studied. probably
because 1t 1s easily hydrolysed to produce ammonium and
thus 1ts effects are expected 1o be the same as thosc ot
ammonium. This expectation, has, in tact. been realized in
Glycine and Zea [24. 26)

Amuno acids, amides and amino acid analogues

Amuno acxds have been reported to varably aflect both
aminating and deamunating activities of GDH 1n varnious
ussues of plants. Glutamate increases the aminating
enzyme actvity in Lemna [150] and the deaminating
enzyme activity in Zea roots [125] and beaves [125. 159
However, 1t hardly aflects aminating activity of the
enzyme in Lemna [148) and Pisum shoot [49] or even
inhibits the same 1n Lemna plantlets [160, 161]). Pisum
roots [162], Camellina rootlets lef. Zearoots [26]. Leu
leaves [125]). Lemna plantlets EISO . Lupinus embryonic
axes (141] and deaminating enzyme activity in Zea roots
[26.125] and leaves [1257 It has been suggested that
glutamine would exert a posiuve control on GDH but a
negative one on GS, and therefore 1t may determince the
entry of ammorua via either pathway (141, 150, 156] On
the other hand, glutamine inhibits NADH-GDH in Zeu
roots [125]). and both activities (INADH and NAD ") n
Zea leaves and callus tissue [26] possibly because ot some
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other interactions Among other aruso acxds. threonine
and alanine increase amuosung enryroe acuwity in
Camelling rootlets [163] Aspariate also increnses amioat:
Ing enzryme acuwity 10 Lemna plastiets [150] and de-
sminating enzyme acuvity 16 Zes 1008 and leaves [ 125]
However. 1t has no cffect 0o sounaung enryoe acunty of
Zea leaf tissuc and 1shubited 1t o roots [123) Asparspne
increases amunating GDH activity 10 Lupeaus embeyonx
2163 (141]) 800 1n Lemng plantiets [ 150] sad deamunating
activity 10 Zeo leaves (125] However. asparsgiae inhubits
the NADH-GODH of root and leaf and NAD * -GDH of
100t 1n Zea Ussues (123] Alsnine. glyane aod senne do
not etfect GDH activity 10 Lemna (161] o excised Zea
roots. NADH-GDH 13 inhubeted by ezogenously supplied
argmne lysine. proune. cystaine. leuape. pheoyalanine
and tyrosine but as far as NAD * dependent activity 13
concerned only proline. leuane and ar0mMUC AMUNO SCKIs
v¢ phenylalanine and tytosnc. iohubit the earyme activity
wgniticantly. whereas cysteine has no cffect and arpnine
and lysine increase enzyme acuvity [125] In Zea leaves.
on the other hand. these amino acids increase deaminating
enzyme activity but tor cysteine and tyrosune While lytine
INCreases aminating activity ot the heaf, cysteine 10Ribets it
and the other amino acids menuoned above have no
signihcant effect |t has also been shown that the presence
of ammonium n the medium gencrally increases the
ensyme Jevel and presents the inhibitory effect of amino
auds 10 some estent 129

These direpancaes 1n the hiterature reveal that the
response of amino acids in different Utsues 18 posssbly due
to differences in the regulatory nature of the enzyme It
also appears from vanous studies that the responses of the
amino acds are also dependent on the concentration.
period and procedure of appixation For example. the
eflect of glutamate 13 concentration-dependent in Zea
roots and leaves [123) and glutamate or glutamine
supplhied 10 erv1sed tissues for 24 hr showed different
responwes from those when they were supplied con-
ustently for longer periods (26,125 141.150) Although
the literature regarding the mechanism of the action of
amino «cids on GDH 13 scanty and in spite of the fact that
most workers have studied the effect of non physiologxcal
concentrations of the acid. 1t has boen suggested that
glutamate acts es a competitive inhiditor with respect 1o 2
oroglutarate and also as an sllosteric modulator of the
enzyme molevule either directly or via some metadolic
produciis) Beudes the general effect of various amino
acids. Lysteine or some metabolx productis) of cysteine
posv bly acts as a spexific regulator of the GOH molecule
(12%)

Some amino auid analogues have been reported 1o be
important 1n determining the path of ammonws assimi.
laion n higher plants  L-Methionipe sulphoximine
tMSOL a potent inhibitor of GS catalysed reactions. and
the glutamine analogues. aibiznne and azaserine. spoofic
inhibitors of GOGAT activity. ate reponied 10 have no
effect on GDH activity supphied either 1a witro (1) of in
tao for 24he (R9) However. MSO inNibited the aroinat.
ingensymcactinity tosomeeatent dunng a 24 hr supply to
crned Leu tissues (3Y) In Arabudopsis roots and leaves
NAD ' GUDH increased considerably and NADH-GDH
10 a imited catent when 2 mM MSO was supplied 10 the
scedhings for 72hr with 195mM nitrate or ammonium
(106] ltappears therefore that the effect of MSO depends
on the feeding ume p-Fluoro-DL-phenylalanine
1084 mM) and azetidine-2-carborylic acxd (01 mM) de-
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creased the cnryme activity drasucally if included with
ammoaum dunog  iocubstion  (148) Dela
amioolevulnx aad. a precursor 1n chlorophyll dio-
synthesss. dud not affect enryme activity 1n Zeo leaves
although 1t increased nitrate reduclase activity con.
siderably (164) Inhietion of GDH activity by derivatives
of sophthalx acd. which asre structurally related to
glutamate. 1s reported for Puwm root enryme (165] S A
Substituted denvatives of aminoisophthalx aad com.
pletcly inhibet the enzyme activity at concentrastions eQqual
10 2-010glutarate and glutamate |t 13 suggeried that o
compound with 8 minimum of three carbon atoms
attached lincarly to the amino group. 13 required for
ngnificant enzyme inhibiion [163)

Casbohydrates. organic acuds and enery) level

The activity of GDH 15 inhibeted by crogenously
supplied sugars in most cases {42, 49 106, 138 142) The
effect of glucose. however. 13 variable While 1t inreases
enryme sctivity in chloroplast rich (ractions of Lemnaa
(134) and 1n excrsed Phaseoius keaves [ ). it represses it in
Puwm root {140) and shoots (49] and in cell cultures of
Asparagus (142] The repression of enzyme by glucose 13
not counteracted by the addition of glutamate. glutamine
orammonia (49) However 1t 1s overcome by the addition
of cyclx adenoune 3.5 -monophosphate 1o the culture
(142) In addition 10 glucose. fruciose (138 140) and
sucrose (49. 141 ) have also been reported to inhibit GDH
scuvity 1n Pisum shoot and Lupiaws embryonic aies.
respectively

It has been shown 1n Lemac that sucrose inhibits de
aovo synthesis of the enryme (134) Tassier o/ [142]) have
8130 shown that GDH 1s repressed by increasing glucose
concentration in the culture medium They have suggested
thatincells of higher plants s regulatory mechanism exists
with some similanties to the ‘catabolite repression’ mech.
anusm operating 1n several prokaryotes and lower cu-
karyotes A new 130ryme has been shown 10 appear in
Lupinus embryo when suctose 13 withdrawn from the
modium (72] Sehulka and Lisa (139) have suggested that
the effect of sugars on the enzyme 13 direct and not
through their metadolites. as metabolites of the glycolyss.
PPP and the TCA pathways do not effect the enzyme
acuwity nigmihcantly The studies reveal that the exact
mechanism of action of sugars and ity Interaction with
other metabohites on GDH 13 compler and it 13 difficult to
draw conclusions on the basis of inadequate data
However 1t seems logical to conclude that a supply of
SUgan increases the energy level and consequently the GS
activity in the tissue. which 1n turn represses the GDH
activity This cooclusion 13 supporied by the studies of
Osks e1 0l (19). Rataczak ¢ a! (141) and Cammaerts
and Jacobs (1008)

Addition of 10doacetic a0d. an Organx acid. InCreases
GDH activity 1n excvsed Puswm (001, presumably becsuse
of increased H ™ in the medium. a3 the increase 13 negated
by the addition of bases (42.166) A3 eapected. the
structural saalogues of 2-oxoglutarate. glutarate and
glyoral inhibited enzyme activity in excsed Zea roots and
leaves dunag 8 24 hr 1a 100 supply (39)

The ¢flect of nuclecotides on enzyme activity has been
extenssvely discussed by Stewart ¢r ol {9) and 1t Aas been
ptoposed that GDH may be controlled by the
NAD " ‘NADH 13110 1n the mitochondna as well (9. 46
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Adenosine tnphosphate st concentrations of | mM and
above 1s an inhibitor of GDH actinty 1n both direcions
(90) However. when 02 mM AMP, ADP and ATP were
supplied to Asparagus cell culture for 2 days, AMP
reduced the enzyme activity while the other two had no
effect (142]) 1t has been suggested that when biosynthetic
potential 1s low, the energy charge reduced and levels of
NH, high in the tissue, GDH may play a more important
role 1n the aspymilation of ammonwa than GS
(19.106, 161)

Environmental stresses

Temperature Lower temperature adversely affects
GDH acuvity 1n the roots of Trucum [167). Glycine
(168.169.170). Pisum (171])and Zea{172]) A decrease in
enzyme actimty in Glycine roots grown at lower tempera-
ture 1s possibly caused by a relative decrease 1n enzyme
protein content as well as by changes in the rauo between
NADH.NADPH forms (168. 173] It slso appears that
the aminating activity of GDH may not be significant at
lower temperature as the energy of activation (E,] and
K\ are higher at 12° than at 25° 1n Trtticum roots (173)
The enzyme activity 15, however, hardly affected when
plants are grown at high cultivation temperatures such as
1n Glycine [170) and Truucum (173]) roots and in Zea
lcaves (174] The enzyme from Agave leaves has been
reported to be heat stable at 50-70° (173]) and Triticum
root GDH has been found to be more thermostable than
GS (173) Because of very limited studies dealing with
charactenstics of the enzyme at different temperatures
and lack of informatuion regarding deaminating GDH
activity, it s difficult to draw any definite conclusions
regarding the physiological sigmificance of the thermo-
stabibty of the enzyme However. a possible role of this
enzyme at higher temperature may be proposed as an
adaptation of plant tissue for ammonia detoxification
when GS 15 1nactivated at higher temperature

Hater siress A consmistent decrease in GDH activity 1s
reported 1n the seedhings of Brassica juncea and
B campesiris (176].1n roots and nodules of Cajanus [177)
and in roots of Poterium [127] 1n response (0 increasing
water stress Water stress has also been reported to inhibit
the absorption of ammonium and nitrate (178) On the
other hand. 1n root nodules of Medicago both aminating
and deaminating GDH activities increase at higher levels
of water stress (1¢ leafl water potential - 1 to - 2 MPa)
invoked by withholding water (179]) This discrepancy in
the litcrature 15 possibly because the response 10 water
stress depends upon the stage at which the stressiscreated
and may vary with the plant species For example, no
significant change in GDH activity 13 reported in the
leases 01 B junceu when wilting 15 created at the sihqua
stage but wilting at the flowering stage decreases GDH
acuinity [180) In contrast 1o this. stress at the flowenng
stage in B campestruisincreases GOH activity while that at
the sihqua stage decreases activity (180] Further. in
shoots of Poterium (127) and in Medicago root nodules
[179]) water stress created by PEG has only a8 marpnal
effect on enzyme activity while stress caused by withhold-
ing water increases it The increase 1n enzyme activity 1s
belreved 10 be a measure of detonification of ammonie
released as a breakdown product of proteins and amino
acids during water stress (179] Inaddition to this, proline
accumulated durning water stress (181, 182) may also

icrease GDH activity as an increase in NAD® and
NADH-GDH activitses caused by proline has been re-
ported for excised Zea leaves (129)

Salimuty In the halopbyte Suaeda, the cazyme actimty s
activated by 25 mM NaCl and inhibited by higher (over
100 mM) concentrations of the salt [183] An increase in
enzyme activity with a low level of salinity has also been
observed 1n Ory:aembryo (184 and 1o Lemna[185] Thus
increase in enzyme activity under saline condiions may be
the consequence of increased ammonia and amide levels
which accumulate under these conditions [ 186) posubly
because of the inabality of the GS-GOGAT route of
aromonia assimilation to function uoder saline conditions
(185.187,188]) However, hugh sahiuty 1nhibits GDH
acuwity in the roots of halophytes (187} and Pusum
(189. 190]) possuibly by modifying the affioity of the
enzyme (or substrates and the catalytic potency of the
enzyme (183) It appears. therefore. that GDH may
detoufy NH, only under low salimity bevels

Pollution The aminating activity of GDH 13 quite
senmtive 10 air pollutants and as such it has been
advocated to be the best enzymx indxcator of pollution
stress [191.192] The enzyme activity increases dunng
exposure to SO, [193-196). NO, and NH, (197,198}
and H,S (199] In Phaseolus lcaves low levels of NO, do
not affect NADH-GDH activity (152] Further, the
poliutant (NO, )15 assmulated via the GS-GOGAT route,
aithough assimilation at a higher level of the pollutant
may involve the GDH pathway [152] Although the exact
mechanism of increasing GDH by air pollutants 1s not
known, some postulates have been advanced Since the
effect of SO, cun be simulated by acid treatroent of
isolated GDH, 1t 15 beleved that SO, (and posubly NO,
as well) acts by creating acidity 1n the enzymx environ-
ment (200] The pollutaots may also increase enzyme
actinty through altered membrane permeability It has
also been shown that SO, changes the isozyme pattern
and clectrophoretx. mobility of GDH (83]) The effect of
other pollutants on the enzyme acuvity, however, ware.
ants further investigation to ascertain the possible role of
this enzyme duning pollution stress

Pathoyenic infection Pathogenx infections aiso affect
GDH activity In Linum cotyledons infected with flax rust
fungus. enzyme activity shows & biphasic increase. dunng
the first 24 hr of infecuion and again after 7 days (201]
The enzyme during each stage. however. differs o 1ts
properties and also possibly in its relative efficency in
deaminating and aminating reactions It 13 suggested,
however. that in one-day-infected cotyledons, GDH ap-
pears 1o be an enzyme of glutamate degradation while 10
7-day-infected cotyledons it plays a minor role 1n gluts-
mate synthens Bervilie er o/ (202) have demoostrated
that a toxin produced by Heimunthosporium 1nhibits
NAD " transport in Zea mitochondna. which may con-
sequently influence the dehydrogenases Mote detailed
studies may give some insight on GDH regulation in
plants during diseases However, in these studies care
should be taken to assure that the enzymes of host and
psthogen are measured independently

Growth regulators and others

A few studies have beco performed coocernung the
effect of growth regulators on GDH activity In Pusum
roots. 1AA and other auxins increase GDH level to some
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extent but kinetin has either no 1nfluence [ 145, 203, 204)
or inhibits 1t [122, 205). The enzyme 1s also sumulated
shghtly but consistently when 001 mM salicylic acid 15
included 1n the incubation medium although higher
concentrations of the acd inhibit the enzyme activity
(206]. Chiloroethylphosphonxc actd (CEPA), a well
known growth regulator, greatly stimulates enzyme ac-
uvity when supplied in a concentration range of
60480 ppm to Pennisetum seedlings [207]. 1t 1s proposed.
however, that CEPA decomposes in plant tissues lo
release cthylene which may retard growth and enhance
enzyme actvity The exact mechanism s yet to be
clucidated. Applications of 2.4-dichlorophenoxyacetic
acid (2,4-D) also increase GDH activity in Pisum and Zea
roots at low concentrations (2 x 10 *t02 x 10 * M) but
imnhibit the same at higher concentrations [208] The
shoot enzyme from Pisum is also sumulated strongly at
lower concentrations of the herbicide, although that from
Zea1s unaffected [208). It has been suggested that under
the influence of 2.4-D, ammonium accumulates in the root
and shoots of both plants, simulating enzyme activity
(208) Again foliar applications of 2<hloro-4.6-
bis(ethylamino)-s-triazine,  2-methylmercapto-4-cthyl-
amino-6-1sobutylamino-s-tnazine  and  2-methoxy-4-
isopropylamino-s-trianne and 2-methoxy-4-
1sopropylamino-6-butylamino-s-tniazine (2 mg1) increase
NADH-GDH levels along with nitrate reductase and
protein in Pisum and Zea leaves (209] They postulate
that sublethal concentrations of the s-triazines stimulate
general mitrogen assimilation and protein synthesis
DCMULU, an uncoupler of photophosphorylation, inhibits
NADH-GDH in excised Zea leaves, possibly by interfer-
ing with NADH production (89].

The enzyme activity s sumulated by §-
mercaptoethanol 1n the leaves of Uriica and Spinacea
{210]. 5.5-Dithiobis(2-nitrobenzoate) (DTNB) com-
pletely inhibits enzyme activity at | mM in Agave leaves
[211]). However, the activily s partally restored by
cysteine, dithiothreitol, reduced glutathione and §-
mercaptocthanol when supphed to either excised
Phaseolus leaves or 10 the enzyme preparation (62, 99].
Inhibition by DTNB 1s more pronounced for the enzyme
from hght grown ussues than that from dark grown
tissues [62]. 1t has been reported that the inhibition 1s due
to nteraction of DTNB with sylphydryl groups present at
the active centre of the enzyme [61]. which are apparently
more abundant in the enzyme from light grown leaves
than 1n that from dark grown [62]). Since the 1in wuro
inhibiion of enzyme by DTNB s dependent upon
NADH concentration in the incubation mixture, 1t has
been postulated that the enzyme first forms a complex
with NADH and then this complex 1s acted upon by
DTNB [62). The deaminating enzyme activity 1n Pisum
seedlings 15 1nhibited by p<chloromercuriphenylsulphonic
acild (PCMPSA) and phenylmercuric acetate (PMA)
although the activity 1s restored by the addition of
glutathione (212).

Metal binding agents, O-phepanthroline, LL-
dipyndyl, EDTA, ancon, ferron, miroso-R salts and 8-
hydroxyquinoline are also reported to inhibit both the
activities of GDH and these activities are restored by the
addition of divalent metal ions [212). Pyndoxal 5-
phosphate inhibits the enzyme activity in Lupinus nodules
[86] and Puum mitochondria (213] This behaviour
reflects the association of metal 1ons with the active form
of GDH
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Root nodules

Ammonia is the first stable product of dimitrogen
fixation in nodule bacteriods. A large poruion of it 1s
excreted from the bacteniod to the nodule cytosol where it
s assimiated into organx compounds (4,123,214}
Although the observed kinetic studies have revealed that
ammonia produced from symbiotically fixed dinitrogen 1s
asumilated pnimanly via the GS-GOGAT pathway, the
significance of a large amount of NADH-GDH present in
nodule cytosol (214, 215] 1s not understood.

Some evidence, based on pulse labelling. for the in-
volvement of GDH in the assimilation of ammonium has
been presented for nodule tissues of several legumes
(216--218) In Lupinus root nodules, 14 1so0zymes of GDH
are considered to be physiologxally significant and also
change with the nitrogen and sugar content of the tissue
(25) Theinvolvement of GDH 1n ammonia assimilation,
especially at the early flowering and active pod filling
stages. has also been shown in Vigna genotypes symbroti-
cally associated with various rhizobial strains (111] On
the basis of pulse labelling and inhibitor studies with
nodules of Alaus, a non-leguminous angiosperm, and In
Glycine, Schubert and Cooker [219]) suggested that GDH
may play a major role tn the assimilation of exogenously
supplied ammonium Further, NH; supply increased
GDH activity considerably between 4 and 24 days of
apphcation with a maximum at 13 days i1n an ineffective
Medicago clone, MnPL-480 [220)

Defolhiation and other types of stress induce nodule
senescence 1n a wide range of legumes [221-223] Root
nodules of Medicago have an adaptive capacity to un-
dergo temporary localized senescense in response (0
harvesting and applied N-fertilizer {223, 224]. 1t has been
suggested that, although nodule NADH-GDH s not
closely associated with N, fixation, it may be associated
with ammonia assimilation during induced nodule senes-
cence (224]) Further, when Medicago nodules are sub-
Jected to water stress, the GS/NADH-GOGAT cycle 1s
operational 1n normal or even mildly stressed plants.
When drought progresses NADH-GOGAT 15 inhibited.
and NAD “-and NADH-GDH increase (¢w = 1.7 M Pa),
in the absence of a8 N-supply. The activities are maintained
at higher level when plants are supplied with 20 mM
mitrate [179]. It has been reported that NAD°-GDH s
relatively higher in root nodules in comparnison with other
tissues, and the ratio of NADH.NAD" s lower
(179.220.224). It has been suggested. therefore, that
ammonmum released as result of protein hydrolysis, amino
acd oxidation or increased NR activity during nodule
senescence may be assimilated by the co-action of NADH-
GDH and GS and their relative contrnibutions may
possibly be dependent on the mitrogen, carbon and energy
status of the tissue (179, 225]. Further, when the coupling
of NADH-GOGAT with GS s interrupted duning higher
water stress, GDH 1s activated to provide glutamate for
GS activity (179)

It appears, therefore, that although GS-GOGAT 1s the
main route for the entry of symbiotically fixed NH/ into
the organk cycle. GDH, present in large amounts in the
nodule cytosol, may slso play some role under some
nutntional and environmental conditions, depending
upon plant species and type of symbiotxc assocuation
Moreover, there are a number of N,-fixing symbionts
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including non-legume angiosperms, where hittle 1s known
about the biochemustry of ammonia asssmilation and
nitrogen transfer. In Azolla, for example, a large amount
of GDH s present compared to GS. However, GS-
GOGAT activities increase when assocuation with
Anabaena occurs [226).

Roots and 1issue cultures

Ammonium in the root 1s generally dernived from
absorption or assimilation of inorganix salts available in
the s01l. It does not accumulate in the plant tissues because
of its toxic nature [123]. Roots have been demonstrated to
be the major site for ammonia assimilation in Hordeum,
where 93 °, of externally supplied ' *NH_ was transported
to the shoot in the form of organic mitrogen (227) In
Pisum troots both NR and GDH are higher in root tips
(15, 138, 228]). whereas in Zea roots GDH activity, as well
as the levels of NO ; and NH/, are higher in mature root
portions [19] Generally, the supply of NH; and to some
extent NO; increases aminating GDH acuwity con-
siderably, which potentiates further with treatment time
(see Table 1) A good correlation between aminating
GDH activity and soluble and protein nitrogen fractions
(12] and increased free amino aads [229]) dunng in-
organk mitrogen supply have also been shown.

One of the major objyections regarding the operation of
GDH 1n the aminating direction 1s a higher Ky,
However this needs reconsideration as vanous factors
have been reported to influence the Kyy; for GDH (see
kinetic behaviour). Pulse labelling and inhibitor studies
support the operation of the GS-GOGAT route in normal
growth conditions. However, in most studies glutamate 1s
labeiled along with glutamine and it 1s difficult to exclude
the contnbution of GDH 1n asumuiation of labelled
ammonium (19]). [t may be realized that when methionine
sulphoxide (MSO)1s supplied with nitrate/ammonium, a
very low level of ammomum accumulation occurs in the
toots of several C, and C, plants (230]. Further, MSO
increases GS and NADH/NAD ' -GDH when supplied
with 1SmM NO;, and NADH/NAD '-GDH activities
when supplied with 15mM NH/; [106] These studees
indicate that GDH is involved 1n ammonia assimilation at
higher levels of mtrogen and at the same time 1t generates
energy via the deamunation reaction, for the activity of GS
to assimilate physiological levels of nitrogen in the roots
(106]. Further, it also appears that GDH 1s a more stable
enzyme than GS in stress conditions (see above) and 1t
may play a sigmficant role in either direction to maintain
plant metabolism during these conditions. For example,
GDH has been shown 10 be more thermostable than GS
{173.175) and 1t increases dunng water stress (179]) and
salimty (183 185, 188). Further, GS and GOGAT e¢n-
rymes arc more labile and they are inactivated or ther
couphng  disturbed  durning  stress  conditions
[173.179.183, 185,187, 188). In cell cultures of
Saccharum, GDH has been shown to operate when
normal growth and differentiation do not occur and GS s
very low [109] It would be interesting to study the
primary amination feaction in xerophytes with this

perspective

Green shoots and leaves

The major source of ammonia in the shoots and leaves
15 the reduction of nmitrate in sitw [231] In addition a large

H S Seivastavaand R P SINGH

amount of ammonia can be generated in sitw during the
photorespiratory conversion of glycine to senne in mito-
chondria of green tissue (232, 233] and the breakdowp of
asparagine either via transaminase (234] or asparaginase
(235.236] Many studies show that ammonia or/and
nitrate supplied dunng seedling growth increase GDH
acuvity considerably in shoot and leaf tissues (sec
Table 1) Although several studies have demonstrated the
operation of the GS-GOGAT pathway for ammonis
assimilation 1n shoot and leaf tissues [ 1, 4, 9], they do not
exclude the role of GDH completely. It has been shown
that the equiibrium of mitochondnal GDH 1s in the
direction of glutamate formation, and isolated Pisum
shoot mitochondna are able to incorporate '*N from
either 2mM of '*’NH, or '’N glyane to glutamate
[46. 237, 238) Neeman et al [239] have shown in their
*N nuclear magnetic resonance studies that GS and
GDH are both active for reassimilation of ammona
released dunng photorespiration 1n Nicotiana proto-
plasts As mentioned ecarlier, GDH increases duning
various environmental stresses such as darkness, high
temperature, water stress and air pollution (see environ-
mental stresses) in leaves also. In Phaseolus leaves, the
enzyme from dark grown samples 1s more active than that
from light grown [62] It may be proposed that durning
stress conditions, when the GS-GOGAT pathway is
inefhicient, GDH 1s activated. possibly to detoxify ac-
cumulated ammona.

Seed development and germination

During the later stages of seed development, amino
acids from sencscing tissues are an important portion of
the total nutnent supply to the pods and developing seeds.
The Glycine seed GDH has been shown to be capable of
operating 1n both aminating and deaminating directions
and could possibly provide a suitable reversible lhink
between carbon and amino acid metabolism [ 53, 240).
The enzyme has also been shown to be important dunng
kernel development in Zea genotypes and 1s more abun-
dant 1n a high lysine vanety, 1.c opaque-2 [117,241] A
general increase in the enzyme acuvity dunng seed
germination (see plant age and rhythmicity section above)
also suggests some role of the enzyme in ammonia
metabolism duning this process A high concentration of
ammonua 1n seed coats [113-116) and anincrease in GDH
activity in seed coat and cotyledons [ 112] and endosperm
{20] may indicate a possible role of GDH in assimilating
seed ammonia dunng germination.

ADDENDLM

Mutants of Arabidopsis deficient in leaf GOGAT
actvity [242] and Hordeum lacking chloroplast GS (243)
have been shown to survive only under the conditions of
non-photorespiration and high atmosphere, respectively,
rather than the normal air/growth conditions. Further in
senescent  Triticum leaves ammona released dunng
photorespiration 1s assimilated through leaf GS rather
than GDH [244] These observations imply that GDH
has no sugnificant role 1n reassimilation of photorespt-
ratory ammonia even in mutanis lacking enzymes for
the GS/GOGAT route and during leaf senescence
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