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ABSTRACT

Nitrogen assimilation is a vital process controlling plant growth and develop-
ment. Inorganic nitrogen is assimilated into the amino acids glutamine, gluta-
mate, aspaagine and aspatate, which seve as important nitrogen carriers in
plants. The enzymes glutamine synhease (GS), glutamate synhase (GOGAT),
glutamate dehydrogease (GDH), aspatate aminotransfaase (AspAT), and
aspaagine synhease (AS) are responsble for the biosynhesis of these nitro-
gen-carrying amino acids. Biochemical studies have revealed the existence of
multiple isoezymes for each of these enzymes. Recent molecular andyses
demonstate tha each enzyme is encoded by a gene family wherein individud
members encode distinct isoenzymes tha are differentially regulated by envi-
ronmental simuli, metabolic control, developmental control, andtissuécell-type
speificity. Wereview therecent progressin using molecular-gendtic approaches
to ddineate the regulatory mechanisns controlling nitrogen assimilation into
amino acids and to define the physblogical role of each isoenzyme involved in
this metabolic pahway.
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INTRODUCTION

The asimilation of inorgaric nitrogen onto cabon skeletms has marked
effectson plant productivity, biomass, and crop yield (45, 64). Nitrogen defi-
ciercy in plants hasbeenshown to calse a decrea in the levelsof photosyn-
thetic structural componerts such as chiorophyll and ribulose bisphosphate
caboxylase (rubisco), with reaulting reductionsin photosynthetic capacity ard
caboxylation efficiency (26). Becawse erzymesinvolved in the asimilation
of nitrogen into orgaric form in plants are crucial to plant growth, they are
alo effective targetsfor herbicide developmert (19).

A tremendous amount of biochemical and physiological studies have been
performed on nitrogen assimilatory ereymesfrom a variety of plant species
Summariesof thes biochenical studiescanbe found in several comprehersive
reviews (40, 69, 70, 84, 91). The biochemical reactios of nitrogenassimilatory
erzymes discussed herein are summarized in Talde 1. Although thes bio-
chemical studies have provided a solid groundwork for the understanding of
nitrogen assimilation in plants, a complete picture of the factas controlling
ard the erzymesinvolvedin this proces in asingle plant is till lacking. The
existerce of multiple isoerzymes for eachstep in nitrogen metakolism has
complicatedbiochenical purification schemes(95). Becawse the mecharisms
controlling intra- and intercellular transport of inorgaric and orgaric nitrogen
in plants are presertly unknown, it is impossible to predct the in vivo function
of nitrogen assimilatory erzymes localized in distinct cells or subcellular
compartmerts based on in vitro biochemistry.

Receitly, molecuar tectmiquesand the aralysis of plant mutarts deficient
in a particular isoerzyme have beenenployedto study nitrogen asimilation
ard metalblism. Thes studies have shown thatthe geresinvolvedin nitrogen
assimilation are not congtitutively expressed “housekeepng” geres but are
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Table 1 Biochemicalreactions and mutarts of plant nitrogen asimilation erzymes

Enzyme Reactin Mutart idertification
GS1GS2 glutamate+ NH4" + ATP = barley (GS2 (143)
glutamire + ADP + Pi
Fd-GOGAT glutamire + 2-oxoglutarate+ 2 Fd (red) = Arabidopsis (116),
2 glutamate+ 2 Fd (ox) barley (11), pea(8)
NADH-GOGAT glutamire + 2-oxoglutarate+ NADH = none
2 glutamate+ NAD
GDH glutamate+ H20 + NAD/NADP = Arabidopsis (62;

NH4" + 2-oxoglutarate+ NADH/NADPH R Melo-Oliveira,
| Oliveira& G Coruzzi,
unpublished data)

AspAT glutamate+ oxaloacetate= Arabidopsis (62, 107)
agartate+ 2-oxoglutarate
AS glutamire + agartate+ ATP = none

agaragne + glutamate+ AMP +PPi

Abbreviations: GS1, cytoplasmic glutamine synthetase; G2, chloroplastic glutamine synthetase; Fd-
GOGAT, ferredoxin-dependent glutamate synthase; NADH-GOGAT, NADH-dependent glutamate synthase;
GDH, glutamate dehydrogenase; AspAT, aspartate aminotransferase; AS, asparagine synthetase; Fd, ferredoxin;
Pi, inorganic phosphate; PPi, pyrophosphate; NHz, ammonia

carfully requlated by factas such aslight, metatlites, and cell type. This
review highlights exanpleswhere molecuar, genetic, ard biochenical analy-
seshawve begun to define the in vivo roles of individual isoerzymesin plant
nitrogen assimilation ard to uncover the mecharisms regulating this proces.
Special attertion is paid to the geretically tractalte system Arakidopsis, be-
calse it erabes studies of biochemistry, molecuar biology, and geretics of
nitrogen asimilation in a single species We alo focus on the metalwlism of
glutamine, glutamate,agartate,and agparagne, which are the dominart com-
ponertsin the total freeamno acid pool in most legumesard crop plants (69,
88). While most studies of nitrogen metalolism have previously beenper-
formedin legumesand crop species HPLC aralysesof Aralidopsis have also
denonstratedthat these four amino acids canaccaunt for 60-64% of the total
freeamno acids presert in leavesard are transported in the vascular tissues
(62, 107). Thus, Aralidopsis appeass to be a suitable model plant for the study
of nitrogen assimilation; the reallts should have animpact on understanding
less geretically tractalbe plants.

ASSIMILATION OF INORGANIC NITROGENINTO
GLUTAMINE AND GLUTAMATE

In plants, all inorgaric nitrogenis first reducedto ammonia before it is incor-
poratedinto orgaric form (21, 50). Ammonia is thenassimilatedinto glutanine



572 LAM ET AL

ard glutamate, which serve to trandocate organc nitrogen from sourcesto
sinks in legumes and nonlegumes including Arakidopsis (62, 69, 88, 107).
The major erzymesinvolved are glutamine syntheta® (GS), glutamate syn-
thae (GOGAT, glutamine-2-oxoglutarate amnotrarsferae), ard glutamate
dehydrogernase (GDH). Eachof thes ereymesoccus in multiple isoerzymic
forms encoded by distinct genes (see below). The individual isoerzymes of
GS, GOGAT, or GDH hawe beenproposed to play rolesin three major am
monia assimilation proceses primary nitrogenassimilation, reasimilation of
photorespiratary anmonia, and reasimilation of recycled nitrogen

Primary Nitrogen Assimilation

In legumes anmonia can be formed by the direct fixation of atmospheric
dinitrogenatams within root nodules (13, 135, 136). In nonlegumes ammonia
is gereratedby the concelttedreactios of nitratereductase ard nitrite reductase
(21, 50). In most tropical ard subtropical species nitratetakenup by the roots
is largely tramsportedto leaveswhere it is reducedto anmmonia in plagids (3).
Becawse cHoroplagic GS2 and ferredoxin-GOGAT (Fd-GOGAT) are the pre-
dominant GSYGOGAT isoerzymesin leaveslocatedn plagids, they have been
proposedto function in the asimilation of this primary nitrogeninto glutamne
ard glutamate (84). Because the predominart forms of GS and GOGAT in
roots are cytosolic GS1 and NADH-GOGAT, thes isoerzymes have been
proposed to be involvedin primary nitrogen assimilation in roots (84). GDH
is less likely to be involvedin primary nitrogenassimilation becauge of its K,
for anmonia (119).

The tradtional assignments of GSGOGAT isoerzyme function based on
organspecific distribution have beenchallerged by the pherotype of plant
mutants defective in these erzymes For exanple, although chloroplagic GS2
ard Fd-GOGAT are proposedto beimportart for primary nitrogenassimilation
in leawes plant GS2 or Fd-GOGAT-deficient mutarts appearto be competen
in primary asimilation and specifically defective in the reasimilation of
photoresiratary anmonia (9, 117; seesectinson GS and GOGAT). No plant
mutants yetexist in cytosolic GS1 or NADH-GOGAT to address whetherthey
in factare the major isoerzymesinvolvedin primary nitrogenassimilation in
leavesard/or roots.

Reassimilation of Phobrespiratory Ammona

Photoregiration is thought to be a wadeful proces occuring predominartly
in C3 plants that is initiated by rubisco oxygenas activity (41, 61). Thus, in
plants grown in air, the oxygenation by rubisco reallts in the diversion of a
portion of ribulose bisphosphate from the Calvin cycle ard its conversion to
two molecues of phosphoglycolate. The photoregiratay erzymesin plants
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catalyze a series of metalolic conversions of phosphoglycolate that occur
sequertially in chloroplags, peroxisomes and mitochondria. Thes reactions
leadto the releag of cabon dioxide and photoregiratay anmmonia. In C3
plants, the ammonia releagd through photorespiration may exceedprimary
nitrogen assimilation by 10-fold (61). Therefore, to survive, a plant must be
albleto reasimilate this photoresiratary anmmoniainto glutamne or glutamate.
Plant mutants defective in erzymesof the photoregiratay pathway have been
idertified by a conditional lethal phernotype screen(9, 117; also see below).
The existernce of photoresiratary mutarts specifically defective in chloroplas
tic GS2 or Fd-GOGAT countered the suggegion that GDH, locatedin mito-
chondria, played a major role in reasimilation of photorespiratay ammonia
(148). Thus, although the biochemical dataand subcellular localizatian studies
suggeged that GDH played a major role in the reasimilation of photorespi-
ratay ammonia, geretic datasuggeged othemwise.

Assimilation of Recycled Nitrogen

Ammoniais releagdduring biochemical procesessuch asprotein catalmlism,
amino aciddeanination, and some specific biosyntheticreactions suchasthose
involving methonine, isoleucine, pherylpropamoid, and lignin biosyntheds
(66, 84). For plarnts to efficiently utilize nitrogen asimilated from the soil,
they must be alle to recycle nitrogen releagd during various catalwlic reac
tions. While anmonia recycling occus at all timesin a plart, there are two
major timeswhenmassive amounts of recycledammonia must be reasimilated
into glutamine or glutamatefor transport. Thefirst is during gemination, when
seedstorage proteins are brokendown ard nitrogenis trarsportedasglutamne
to the growing seeding (69). Later, proteinsin serescing leavesare degaded
ard the nitrogenis reasimilated asglutamine for transport to the developing
seed(83). Increa®d activities for cytosolic GS1, NADH-GOGAT, ard GDH
during thee proceses have suggeged the involvement of these patticular
isoerzymes (70, 119).

GLUTAMINE SYNTHETASE

Biochemistry Badkground of Glutamine Synthetase

Two classes of glutamine synthetag (GS: E.C.6.3.1.2) isoerzymes that are
locatedin the cytosol (GS1) or chloroplag (GS2) have beenidertified by
ion-excharge chromatography. Although there ae multiple forms of cytosolic
GS, we refer to all cytosolic forms of GS asGS1 for simplicity. The distinct
physiological roles of GS2 and GS1 have beenimplicatedby their organ-spe-
cific distributions. For instarce, becaise GS2 is the predominart isoerzyme
in leawes it hasbeenproposedto function in primary asimilation of anmonia
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reducedfrom nitrate inchoroplags ard/or in the reasimilation of photorespi-
ratay anmonia (84). Becaige cytosolic GS1 is precominart in roots, it has
beenproposed to function in root nitrogen assimilation, although root plagid
GS2 hasalso beenimplicatedin this proces (82). The finding that cytosolic
GSl is the predominart GS isoerzyme expressed during serescercein differ-
ert plant speciessuggeds that this GS isoerzyme plays a role in the mobili -
zation of nitrogen for trandocation and/or storage (56-58). The localizatian
of GS1 in vaguar bundles further supports the notion that cytosolic GS
functions to gererate glutamine for intercelluar nitrogen trarsport (16, 55).

Degite the numerous studieson GSisoerzymesperformedatthe biochem-
cal level, the exactin vivo role of eachGS isoerzyme in plant metalolism is
equivocal. The GSisoerzymesare encodedby agerefamily in all plant species
examnedto date.A thorough characteization of the menbers of the GS gere
famly found in pea (127, 141), rice (106), Arahkidopsis (90), Phasedus (22,
37, 73), maize {72, 104, 115), ard soybean(49, 102) showedthat eachspecies
appeass to possess a single nuclear gere for chloroplagic GS2 ard multiple
geresfor cytosolic GS1. Thes studies have denonstratedthat several mem
bers of the GS gere fanilies are requlateddifferertly by cell type, light, and
metalwlites asoutlined below.

Molecular and Genetic Studies of Chloroplagic GS2

The in vivo function of chloroplagic GS2 has beenelucidatedby both mo-
lecuar studies on the geres ard geretic studies of plant GS2 mutarts. The
GS2 gereis primaiily expresedin greentissuesin all speciesexamined (20,
30, 72, 104). Indeed the developmental onset of GS2 gere expression coin-
cideswith the maturation of chloroplagsin pea(30, 141) ard the developmert
of photosynthetic catyledonsin Phasedus (20). Studies performedin pea(30),
maize(104), Phasedus (29), and Arakidopsis (90) denonstratedthat GS2 gere
expression is tightly requlated by light, and in several cases this has been
shown to be medated at leag in part by phytochrome activation (30). GS2
gere expression can also be requlated by metatolic control in regonse to
cabohydrateard anino acid supplemenrtation in tobaccoand Arakidopsis (33;
| Oliveira& G Coruzzi, unpublished data) In addition, GS2 mRNA accunu-
lation hasbeenreported to increa® in leavesof plants cultivatedunder pho-
toregpiratay conditions (20, 30), a finding in line with one of the proposed
functions of GS2, the reasimilation of photorespiratay anmmonia (82).
Although screers for plant mutarts unalde to survive in photoregiratay
conditions were canductedin Arabidopsis ard laterin badey, mutarts specifi-
cally defective in GS2 were idertified only in the badey screen(116, 143).
The barley GS2 mutarts lack the ahility to reasimilate anmonia lost during
photorespiration. These mutarts die not becawse of atoxic buildup of anmonia
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but becawse of the drain on the orgaric nitrogen pool (8), asthe decrea® of
photosynthetic rate in GS2 mutarts can be resued by supplemertation of
alarine, agaragne, and glutamine (67). A dramatic result of this mutart study
is the finding that a GS isoerzyme locatedin the chioroplag is essertial for
the reasimilation of photorespiratary ammonia releagdin mitochondria. Be-
calee the parametess regulating the intra- and intercellular transport of inor-
ganc ard orgaric nitrogenare presertly unknown, this is a dramatic exanple
of how a mutart deficiert in a patticular subcellular isoerzyme canbe used
to define the true in vivo role of anisoerzyme.

Paradoxically, the barley mutarts deficient in chloroplag GS2 were unalde
to reasimilate photoresuiratay anmonia releagd in the mitochondria even
though they containednormal levelsof GSL1 in the cytosol (143). This apparert
paracox hasbeenreslved by studies on the cell-specific expression pattens
of geresfor chloroplagic GS2 and cytosolic GS1. Studies of GS-promoter-
GUS fusions revealedthat chloroplagic GS2 is expressed predominartly in
leaf mesophyll cells where photorespiration occurs, whereascytosolic GS1 is
expressed exclusively in the phloem (31, 34). Although this obsevation con-
tradcts previous biochemical datathat suggeged that a large portion of cy-
tosolic GS1 activity waslocatedin mesophyll protoplads of pea(142), thee
promoter-GUS fusion reallts were later confirmed by in situ immunolocaliza
tion studies of the native cytosolic GS1 proteins in rice ard tobacco(16, 55).
This vagular-specific expression patten may explain why cytosolic GS1
camot compersatefor the loss of chloroplagic GS2 in mesophyll cellsof the
barey GS2 mutarts.

One piece of the GS isoerzyme puzzle that is outstanding is the fact that
the screers for photoreguiratay mutants in Arakidopsis failedto uncover ary
mutarts defective in GS, either chloroplagic GS2 or cytosolic GS1. There are
several possible explanations for this finding. 1. The Aralidopsis photoresi-
ratay screenwasnot saturating. This is unlikely becawse multiple allelesfor
mary erzymesin the photoregiratay pathway were isolatedin that screen
including 58 mutarts affecting Fd-GOGAT (4). 2. Both chloroplagic GS2 ard
cytosolic GS1 are expressedin meophyll cells so thata mutation in one gere
is masked Again, this is unlikely, becawse cytosolic GS1 is not expressedin
meophyll cells at leag in tobaccoard rice (16, 55). 3. There is more than
one gere for chloropladic GS2 in Arakidopsis. 4. A mutation in chloroplagic
or cytosolic GSis lethal in Arakidopsis ard preverts the isolation of mutarts.

Molecular Sudies of Cytosolic GS1

Because cytosolic GS is an erzyme involvedin the asimilation of anmonia
fixed by Rhizobium, the eaty studies on geresfor cytosolic GS1 were con-
ductedin legumessuch asPhasedus, soybean pea,ard alfalfa (126). In each
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ca®, multiple genesfor cytosolic GS1 existed ceitain menbers of which were
expresedat highed levelsin nodules On the bass of the idertification of the
“nodule-specific” or “nodule-erhanced expression of cettain GS geres it was
proposed that the multiplicity of geres for cytosolic GS1 has ewlved in
legumes for this purpose (20, 102, 126, 141). The finding that Arakidopsis
also contains at leag threegenesfor cytosolic GS1 (90) suggeds that the GS
gere famly has ewolved indeperdertly of its role in the nitrogenfixation
proces in legumes Geresfor all three cytosolic GS1 isoereymes of Arahi-
dopsis are expressed at high levels in roots (90). The use of gere-specific
probeshasrevealedthat the threegenesfor cytosolic GS1 of Arakidopsis have
subtle differercesin their expression pattens. Two genesfor cytosolic GS1
are both expressed at high levels in geminated seed, which suggeds that
thes geres may play a role in the syntheds of glutamine for transport of
nitrogenout of catyledons (90). This is consistert with previous datashowing
that individual genesfor cytosolic GS1 of pea anl beanare likely to serve this
function in legumes (22, 128). Promoter-GUS fusion studies (31, 34) ard
subsequert immunolocalization aralyses (16, 55) also denonstratedthat cy-
tosolic GS1 is expressed in phloemin several species This further supports
the role of GS1 in gererating glutamine for intercellular trarsport.
Expression of geresencoding cytosolic GS1 is under differert modes of
regulation. For instance,anmonia supplemertation hasbeenreportedto induce
mMRNA accunulation of a soybean GS1 gere (49). Treatnernt with either
ammonia or nitratehasalso beenshown to elicit anincrea® in the stead/ state
levelsof one of the maizeGS1 isoforms (GS1-1) in roots ard arother isoform
in shoots (GS1-2). In contrad, arother isoform of cytosolic GS in maize
(GS1-3) wasnot affectedby the same treatnent (121). Studies of transgeric
plants trarsformed with a soybean GS1 promoter-GUS fusion construct re-
vealedthat anmmonia could induce the accumulation of p-glucuronidase in
Lotus but not in tobaccoplants, although the tissue specificity wasconserved
in both species(81). In addition, studies of soybeanGS1 promoter deletion
constructsin trarmsgeric Lotus plants dermonstratedthat the elenerts regonsi-
ble for tissue specificity and the induction by ammonia are locatedin two
distinct regons of the GS1 promoter (78, 79). Togetter, the dataaccunulated
on the expression of the differert forms of GS erzymesfurther illu strate the
complexity of the biological function of the GS geres as reflected by the
diversity and the differertial patten of expression of eachisoerzyme.

GLUTAMATE SYNTHASE

Biochemistry Badground of Glutamat Synthase

In higher plarts, there are two artigerically distinct forms of glutamate syn-
thase (GOGAT) thatuse NADH (NADH-GOGAT: E.C.1.4.1.14) or ferredoxin
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(Fd-GOGAT: E.C.1.4.7.1) asthe electon carrier (70, 110, 119, 122). NADH-
GOGAT is locatedprimarily in plagids of nonphotosynthetic tissuessuch as
roots (80, 122). In root nodules of legumes NADH-GOGAT is involvedin
the assimilation of nitrogen fixed by Rhizobium (2, 17). It hasbeenhypothe-
sizedthat NADH-GOGAT catalyzesthe ratedimiting stepof anmonia asimi-
lation in these root nodules(43). In nonlegumes NADH-GOGAT mayfunction
in primary assimilation or reasimilation of ammonia releagd during amino
acid catalwlism (84).

In contrag with NADH-GOGAT, Fd-GOGAT is locatedprimaiily in the
leaf chloroplag where light leads to an increa® in Fd-GOGAT protein and
activity (70, 110). The< findings suggeged that the physiological role(s) of
Fd-GOGAT is relatedto light-inducible procesesin leavessuch asphotosyn-
thess and photoregiration. Fd-GOGAT may also play a smaller role in non-
photosynthetic tissues becawse some Fd-GOGAT activity is associatedwith
roots (123). The molecuar and genretic studies outlined below have helpedto
clarify the relative in vivo roles of NADH- vs Fd-GOGAT.

Molecular Sudies of NADH-Gutamage Synthase

cDNA clonesof NADH-GOGAT were succesfully isolatedfrom the legume
alfalfa (43) and the nonlegume Arabidopsis (H-M Lam& G Coruzzi, unpub-
lished data) Both the alfalfa and Arakidopsis NADH-GOGAT geresencode
putative functional domains within the mature protein that are highly homolo-
gousto the large and small subunits of Escherichia cai NADPH-GOGAT (43;
H-M Lam& G Coruzzi, unpublisheddata) A putative NADH-binding motif,
contained in the small subunit of E. cai NADPH-GOGAT, is alo found in
the coregonding C-temminal domain of both the alfalfa ard Arakidopsis
NADH-GOGAT erzymes(43; H-M Lam & G Coruzzi, unpublished data)
Measuremerts of MRNA levels and promoter-GUS fusions of the NADH-
GOGAT geresin alfalfa and Lotus have shown the tight relationship of the
regulatedexpression of NADH-GOGAT to the nodulation proces in legumes
(137). It wasfound that the NADH-GOGAT gere is expressed primaiily in
cells of effective nodules and is maintained at low or undetectabe levelsin
othertissues In the nonlegume Arakidopsis, MRNA levelsof NADH-GOGAT
are erharcedin roots asopposed to leaves(H-M Lam & G Coruzzi, unpub-
lished data) Preliminary studies also show that the expression of the Arahi-
dopsis NADH-GOGAT gere increa®s during the eaty stages of seedger-
mination (H-M Lam& G Coruzzi, unpublished data) Becaise the expression
pattens of the geresfor cytosolic GS1 anrd NADH-GOGAT appear coordi-
nated they may function togetherin procesessuch asthe primary asimilation
of nitrate-derived ammonia in root cells the reasimilation of anmmonia re-
lea®d during catalwlic reactias, and/or remobilization of anmonia releagd
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during gemination. Because plant mutantsin NADH-GOGAT have not been
idertified, its true in vivo role remains conjectural.

Molecular and Genetic Sudies of Ferredoxn—Glutamat
Synthase

Fd-GOGAT is uniquely found in photosynthetic orgarisms. Fd-GOGAT geres
have beencloned from six plant species maize (105), tobacco(149), bardey
(5), spinach(85), Scats pine (36), ard Arakbidopsis (K Caschigarmo & G Cor-
uzzi, unpublished data) A single gene wasidertified in every speciesexcep
Arahidopsis, which has beenshown to contain two expressed geres (GLU1
ard GLU2), eachercoding a distinct form of Fd-GOGAT.

Fd-GOGAT mRNA accunulatesprimaiily in leaftissuein regonseto light,
ashashbeenshown in maize,tobaccq and Arakidopsis (GLU1) (105, 149; K
Coschigam & G Coruzzi, unpublished data) Involvenmert of phytochrome in
the light induction of Fd-GOGAT hasbeendenonstratedat the mRNA level
in tomato(6) and observedatthe proteinlevel in mustard cotyledons and Scots
pine seedings (32, 48). In Arakidopsis, F&-GOGAT mRNA accumulation
(GLUL) canalso be inducedin the abserce of light by exogenous sucrose
amlications (K Coschigaro & G Coruzzi, unpublished data)

In addition to the highly expressed GLU1 gere for Fd-GOGAT in Arali-
dopsis de<ribed alove, a secad expresed gere ercoding Fd-GOGAT
(GLU2) wasisolatedin Arabidopsis. The dscovety of the secand gere encod-
ing a distinct form of Fd-GOGAT is consistert with the observarce of two
artigenically distinct Fd-GOGAT isoforms in rice (123). In contrag with
GLU1 mRNA, accunulation of GLU2 mRNA is low in leaves but high in
roots. GLU2 mMRNA expression doesnot appearto be significartly influenced
by light or sucrose but instead is observed at constitutive, low levels (K
Coschigaro & G Coruzzi, unpublished data) The expression patten of the
Arabdopsis GLU2 gere for Fd-GOGAT is very similar to that seenfor the
gere ercading NADH-GOGAT (seealove).

The roles of the various GOGAT isoerzymesare being elucidatedthrough
the isolation of plant mutarts. Photorespiratary mutarts specifically lacking
Fd-GOGAT erzyme activity have been isolated from three plant species
Arabidopsis (116), bardey (11), ard pea (8). In the three Arakidopsis gluS
mutarts initially characteized leaf Fd-GOGAT activity wasreducedto <5%
of wild-type levels whereasNADH-GOGAT (which contributesabout 5% of
the total GOGAT activities in normal conditions) remained uncharged (roots
were not aralyzed (116). In the photorespiratay badey mutarts, both leaf
ard root Fd-GOGAT activity wasreducedto <6% of wild type,which suggeds
that these activities are under the control of the sane gere (11). All of the
Fd-GOGAT-deficient mutarts isolatedfrom the three pant specieswere chlo-
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rotic and evertually died when grown in atmosphetic conditions promoting
photorespiration (air), which thus egalished anessertial role for Fd-GOGAT
in photoregiration. However, becawse the Fd-GOGAT-deficient mutarts re-
covered ard were viable when grown in conditions where photorepiration
wassuppressed (high CO, or low O,), Fd-GOGAT appeaedat first glanceto
be dispersabde for nonphotorespiratary roles such asin primary nitrogen
asimilation. This conclusion was paradoxical becaise most primary assimi-
lation probady occus in leaves where Fd-GOGAT activity predominates
(95% of total GOGAT activity) ard NADH-GOGAT is a minor componert
(5% of total GOGAT activity).

The preserce of two expressed Fd-GOGAT geresin Aralidopsis is curious
becawse asingle gere mutation affecting Fd-GOGAT activity hadbeenisolated
in the pherotypic screenfor photorespiratary mutarts (116). Thus, although
there were two geres for FA-GOGAT, a mutation in one gere produced a
photorespiratary-deficient pherotype. Howewer, it appears that a mutation in
the highly expressed GLU1 gere reallts in a photoregiratay defect asthe
GLU1 gere maps to the regon of the gluS photoresuiratay mutation (K
Coschigamo & G Coruzzi, unpublished data) The GLUZ2 gere, which is ex
pressedatconstitutively low levelsin leavesand athigherlevelsin roots, maps
to a differert chromosome ard thus may be involvedin the primary asimila-
tion proces. Interegingly, Fd-GOGAT wasals implicatedin playing a role
in primary assimilation in maize by observarce of a rapd, trarsent, and
cycloheximideindeperdert accunulation of Fd-GOGAT trarscripts in maize
roots after treatnent with nitrate (98). Arabdopsis mutarts null for GLU1
activity would be quite valuale to elucidatethe role of the GLU1 gere, ard
thus a comprehersive aralysis of all of the gluS allelesis being performed (K
Coschigamo & G Coruzzi, unpublished data) Theee GLU1 mutants could in
turn be used to isolate mutations in GLU2. The pherotype of a Fd-GOGAT
null mutart (GLU1, GLUZ2 double mutart) could be usedto distinguish between
Fd-GOGAT rolesand NADH-GOGAT roles

GLUTAMATE DEHYDROGENASE

Biochemistry Badground of Glutamae Dehydrogenase

Two major forms of glutamatedehydrogerase (GDH) have beenreported an
NADH-deperdert form (NADH-GDH: E.C.1.4.1.2) found in the mitochondria
(25, 74) and an NADPH-deperdert form (NADPH-GDH: E.C.1.4.1.4) local
ized to the chloroplag (71). The GDH ereyme is alundart in several plant
orgars (15, 70, 76). Moreover, the GDH isoerzymatic profile canbeinfluenced
by dark stress, natural serescerce,or fruit ripening (15, 75, 118). These studies
sugged that GDH may play a specific or unique role in assimilating ammonia
or catalwlizing glutamate during these proceses
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Although GDH erzyme activity exists in plant tissuesat high levels there
is an ongoing debate about its physiological role in higher plants. Originally,
GDH was proposed to be the primary route for the assimilation of anmonia
in plants. Howe\er, this biosynthetic role of GDH hasbeenchallerged by the
discovery of an altemative pathway for anmonia asimilation via the GSY
GOGAT cycle. Moreover, the fact that the GDH ereyme hasa high K, for
anmmonia arguesagainst arole in primary nitrogenassimilation (119). Studies
have shown that GDH erzyme activity canbe inducedin plants exposed to
high levels of anmonia (15), ard as such GDH has been proposed to be
importart specifically for ammonia-detaxification purposes Mitochondrial
GDH hasbeenproposed to be involved in the asimilation of high levels of
photorespiratay anmonia releagd in mitochondria (148). Howevwer, the iso-
lation of photoregpiratay mutarts defective in chloroplagic GS2 (in barey)
(143) or Fd-GOGAT (in barley ard in Arakidopsis) (8, 59, 116) suggeds that
GDH is not importart in photorespiration (143). Furthemore, treatnert of
plants with the GS inhibitor MSO preverts the incorporation of anmonia into
glutamateand glutamine, eventhough both GDH activity ard anmonia lewels
remain high (70). Together, these resllts may be used to argue against a
biosyntheticrole for GDH. Instead a catalwlic role for GDH hasbeeninvoked
which is supportedby the factthat GDH activity is inducedduring gemination
ard serecerce, two periods where amino acid catalwlism occus (70, 119).

Molecular and Genetic Studies of Glutamate Dehydrogenase

Studies of plant GDH geresard mutarts have begun to shed some light on
the role of GDH in plants. In both Arakidopsis and maizethere appearto be
two geres for GDH basd on Southem aralysis and mutart aralysis. The
predcted peptide sequerceserncoded by cDNAs for maize ard Arakidopsis
GDH1 reweal high idertity to the GDH erzymesof other orgarisms (103; R
Melo-Oliveira, | Oliveira & G Coruzzi, unpublished data) Furthemrmore, the
predcted protein sequercesof Arakidopsis ard maize GDH sugged that they
ercode NADH-dependert erzymesthat are likely to be asociatedwith the
mitochondria (103; R Melo-Oliveira, | Oliveira & G Coruzzi, unpublished
data)

Studies have also beenperformed on GDH gere regulation. The trarscripts
for maize GDH have beenshown to be predominart in roots and presert in
the bundle sheathcellsin leaftissues(103). This evidence ageeswith results
atthe level of NADH-GDH activity in maize.In contrag, the level of GDH1
mRNA in Arakdopsis, a C3 plart, is higher in leavesthanin roots (R Melo-
Oliveira, | Oliveira & G Coruzzi, unpublished data) GDH1 mRNA als ac-
cumulates to high levels in dark-adapted plants, and this accumulation is
repessed by light or sucrose (R Melo-Oliveira, | Oliveira & G Coruzzi,
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unpublished data) This observation is consistert with previous biochemical
datathat showedthat GDH activity increagdin regponse to cabon limitation
in maize(87). It appeassthatthe GDH1 and GLN2 (GS2) geresof Arakbidopsis
are reciprocally regulatedby light and sucrose (R Melo-Oliveira, | Oliveira &
G Coruzzi, unpublished data) as shown previously in lupine at the level of
erzyme activity (97). Thes gere expression datasugges that GDH1 ard GS2
play nonoverapping rolesin Arakidopsis nitrogen metatolism.

An Aralidopsis mutart deficient in GDH wasidertified in the M2 gerera-
tion of EMS-mutagenzed Arahidopsis using a GDH activity stain on crude
leaf protein extracts following electiophoress on native gels (62, 145; R
Melo-Oliveira, | Oliveira& G Coruzzi, unpublisheddata) The GDH ereymes
of Arahidopsis canbe reslvedinto sevenisoerzymesin this mamer (14, 62,
107). These sevenGDH activity bards are the reault of the random association
of two typesof subunits into a hexameric complex (15). It hasbeenproposed
that two nonallelic geresare regoonsible for the synthess of the GDH1 ard
GDH2 subunits (14, 15). A single Arabidopsis GDH mutart, gdhl-1, hasbeen
idertified that has an altered patten of GDH activity: It posseses a single
GDH2 holoerzyme ard is missing the GDH1 holoerzyme as well as the
heteohexamers (R Melo-Oliveira, | Oliveira& G Coruzzi, unpublished data)
The Arabidopsis gdh1-1 mutart displays animpaired growth pherotype com-
pared with wild type specifically when plants are grown in meda containing
exogemous inorganc nitrogen This conditional pherotype suggeds a nonre-
dundart role for GDH in the assimilation of ammonia under conditions of
inorganic nitrogen exces. A similar GDH-deficient mutart has been pre-
vioudly describedin Zeamays a C4 plant, which also appeass to be affected
in the GDH1 gere product (92, 93). Preliminary studies showedthatthe maize
GDH mutart displays a growth phernotype only under low night termperatures
(94). Moreover, it hasbeenreportedthat the maize GDH1 mutart shows a 10-
to 15-fold lowertotal GDH activity whencomparedwith wild-type maize(77).
Becaluse the photoregiratay rateis very low or nonexistert in a C4 plant, the
maize GDH1 mutart camot be usedto assess the role of GDH in photorespi-
ration. Therefore, the Aralidopsis GDH1 mutart will be valuabe to asess the
function of this ereyme in photoresiration in a C3 plant. It should be noted
that neither the maize nor the Aralidopsis GDH1 mutarts are null for GDH,
becawse they eachpossess a secand GDH2 gere. Isolation of GDH2 mutarts
ard creatian of GDH1/GDH2 double mutarts will be neecedto definetherole
of GDH unequivocally.

DOWNSTREAM METABOLISM OF GLUTAMINE AND
GLUTAMATE

Following the assimilation of ammonia into glutamne ard glutamate, these
two anmino acids actasimportart nitrogen donors in mary celluar reactians,
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including the biosyntheds of agarate and agparagne (40, 66). Aspartate
contributes an integal part of the malateagartate shuttle that allows the
trarsfer of reducing equivalerts from mitochondria and chloroplag into the
cytoplagm (52). In C4 plants, agartate shuttles caton between mesophyll
cells ard bundle sheathcells (47). Asparagne is thought to be an importart
compound for transport ard storage of nitrogenresourcesbecause of its relative
stahlity and high nitrogen to cabon ratio. Asparagne is a major nitrogen
trarsport compound in both legumes and nonleguminous plarnts. In seed of
Lupinus albus, 86.5% of the nitrogenfrom protein is remobilized into agara-
gine (69). Radoactive nitrogenfeedng experimerts in peanut indicate that yp
to 80% of the label of 1°N-[N,] was recovered as agparagne in the sap of
nodules (89). Asparagne also actsasthe major congtituert of nitrogen trars-
portedout of nodulesin leguminous plants (69, 109). In nonleguminous plants
suchasArahidopsis, agaragneis also amajor transportedamino aciddetected
in the phloemexudates(62, 107). In the following sections, we discuss ASpAT
ard AS, which are the two major ereymesinvolvedin the downstreammeta
bolism of asimilated nitrogen into agartateand agparagne.

ASPARTATE AMINOTRANSFERASE

Biochemistry Badground of Agpartate Aminotranderase

Biochemical studies show that agartate aminotrarsferae (AspAT: E.C.2.
6.1.1) canexist asdistinct isoerzymes(144). The activities of various AspAT
isoerzymes have been found in differert tissues ard differert subcellular
locations such as the cytosol, mitochondria, chloroplads, glyoxysomes or
peroxisomes(for exanples seel08, 125, 140, 144). The subcellular compart-
mertation of AspAT isoerzymes suggeds that the differert forms of AspAT
might serve distinct rolesin plant metatwlism. It is also importart to note that
individual AspAT isoerzymesregond differertly to ervironmertal conditions
ard metatlic status such as light treatnert or nitrogen stanvation, which
suggeds that they serwve distinct roles (101, 125).

Molecular and Genetic Sudies of Agartate Aminotranderase

Molecuar and geretic amalysesof AspAT gereshave begun to elucidatethe
in vivo function of eachAspAT isoerzyme. cDNA clonesercoding AspAT
have beenisolatedin both legumesard nonlegumessuch asalfalfa, Arakidop-
sis, Panicum, and soybean(108, 125, 132, 140, 147). Theregulation of ASpAT
in legumesis tightly coupled with the symbiotic proces. In alfalfa, the levels
of AspAT mRNA are inducedduring effective nodule developmernt (35, 132).

In the C3 plant Arakidopsis, the ertire gere family of AspAT isoereymes
hasrecertly beencharacteized(108, 147). Fivedifferent AspAT cDNA clones
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[ASP1-4 ard ASP5 (formally AAT1)] were obtained, including those encoding
the mitochrondrial, plagidic, peroxisomal, and cytosolic forms of ASpAT.
Although two of the five ASP geneserncode cytosolic forms of AspAT (ASP2
ard ASP4), only ASP2 is expressed at high levels especially in roots (108).
The ASP1 and ASP3 geres which encode a mitochondrial and a peroxisomal
form of AspAT regectively, are eachexpressedatrelatively high levelsin all
orgars examned (108). In the C4 plant Panicum miliaceun, AspAT geres
ercading the cytosolic, mitochrondrial, and plagidic ASpAT isoerzymes are
all expressedat higher levelsin greenleavesthanin mesocotyls and root tissue
(125). It hasalso beenreportedthat nitrogenavailahlity showsapositive effect
on the levelsof mMRNAsfor cytosolic AspAT ard mitochondrial AspAT geres
but not for plagidic ASpAT geresin Panicum miliaceum (125).

To help detemine the in vivo function(s) of eachAspAT isoerzyme, a
screen for mutarts defective in the predominart forms of AspAT in leaf
extractswasperformedin Arakidopsis. Crude leaf extractscontain two major
ASPAT isoerzymes AAT2 (cytosolic) ard AAT3 (chloropladic), asdetected
by activity staining of native gels (62, 107). M2 seedings were screered for
alterations in AAT profiles using the native gel screenon crude leaf extracts
(107). Four clasesof AspAT mutarts were obtained from a screenof 8000
EMS-mutagenized Arakidopsis seeds. (a) loss of cytosolic AAT2 activity, (b)
loss of chloroplagic AAT3 activity, (c) altemation of cytosolic AAT2 gel
mobility, ard (d) alteration of chloroplagic AAT3 gel mobility (107). By
amalyzing the effectsof thee mutations on the growth pherotypes ard the
balarce of freeamino acid pools in differert clasesof mutart plarts, the in
vivo importarce of eachisoerzyme canbe detemined Preliminary aralyses
of these AAT mutarts show that a nutation in the cytosolic ASP2 gere reallts
in a retaded growth pherotype and a decrea® in the pools of free agartate
(C schultz & G Coruzzi, unpublished data) Thus, despite the presernce of two
geresfor cytosolic AspAT (ASP2 and ASP4), a mutation in the highly ex
pressed ASP2 gere calsesa growth defectand agpartatedeficient pherotype.

ASPARAGINE SYNTHETASE

Biochemistry Badground of Agparagine Synthetase

Asparagne wasthe first amino acid discovered and wasisolatedin agparagus
190 yeas ago (138). Degite this historical placerert, the mecharism of
agaragne biosyntheds in plants hasbeenelucidatedonly recerly. The glu-
tamne-deperdent agaragne synthetag ereyme (AS. E.C.6.3.5.4) is now
gererally accepedasthe major route for agparagne biosyntheds in plants (70,
100). However, ammonia is also a possible AS substrate, particularly in the
ca® of maizeroots (86). In some caes aparagne is believed to actasan
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anmmonia detaxification product producedwhenplants encounter high concen
trations of ammonia (39, 113).

The hypotheds that agaragne serves to trarsport nitrogen in plants is
supportedby high levelsof ASactivity detectedn nitrogen-fixing root nodules
(10, 51, 109) and in catyledons of geminating seedings (28, 60, 68). Bio-
chemical studies on pattially purified plant AS erzymes have beenseriously
hanpered by the copurification of a heatstalle, dialyzale inhibitor (54, 60),
the instahlity of AS erzymein vitro (113), ard the preerce d contaminating
agaragnas activty in plant extracts(51). These problemsin detectian of AS
activities have mace it difficult to monitor low-level AS activities in cettain
orgars or dight but importart changes of AS activity levels reailting from
chargesin growth conditions.

Molecular Sudies of Agparagine Synthetase

The first two cDNA clonesercoding plant AS (ASL ard AS?) were obtained
from a pealibrary using a human AS cDNA clone asa hetewologous probe
(230, 131). Both the peaASL ard A2 geresare expressed in leavesaswell
asin roots. Subsequertly, studies of AS cDNA clonesisolated from Araki-
dopsis ard agparagus have shown that AS geresin these plants are expressed
primarily in the leavesor the harveded speass, regectively (24, 63). The AS
polypeptides encoded by these cDNA clones eachcontain a PurF-type glu-
tamine-binding domain (100). This supports the notion that glutamine is the
preferred substrate of plant AS. Moreover, studies of theee AS cDNA clones
together with the previous biocherrical data, have suggeged that agparagne
metalolism is regulated by the cabon/nitrogen status of a plant (63). The
levels of agaragne ard AS activities are also controlled by environmertal
ard metatolic signals Both the agaragne contert in phloem exudatesand
AS activities are inducedwhenlight-grown plants are dark adapged(133, 134).
Conversely, light and/or sucrose have beenshown to reallt in a decreag in
AS activity, asobserved in sycanore cell cultures(38) and root tips of corn
(12, 120).

Thefirst striking observation of AS gere expression in peaand Arabidopsis
wasthe high level of AS mRNA in dark-grown or dark-adaped plants (63,
130, 131). The light reression of gene expression of ASL in peaand ASN1in
Arabdopsisis atleag in part medatedthrough the action of phytochrome (63,
130). In addition to the direct phytochrome-medatedeffects light appeass to
exert indirecteffectson AS gere expression via asociatedchargesin cabon
metalwlites. In agaragus spears, it wasshown that AS mRNA levelsincreag
in harveged speass, in parallel with the decline of cellular sugar contert and
independert of light (24). In Arakidopsis, ASN1mRNA is high in dark-acapted
plants, ard treatnert with exogenous sucrose repressesthe stead statelevel
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of ASN1 trarscripts (63). These molecuar data are consistert with the bio-
chemical datadiscussed above. Further information conceming the metalwolic
control of AS gere expression wasobtainedby denmonstrating thatthe addition
of exogenous amno acids (glutamate, glutamne, agparagne) to the growth
medum wasalke to pattially relieve the sucrose repression of the ASN1 gere
of Arahidopsis (63). This finding suggeds that the ratio of orgaric nitrogento
catbon in aplant may be the ultimatefacta controlling ASN1 gere expression.
Under conditions where levels of caibon skeletans are low relative to orgaric
nitrogen agparagne synthess storesthe exces nitrogen asaninetrt nitrogen
reeve. Interegingly, in high-protein maize lines and high-protein rye eco
types there seensto be a shift in the composition of trarsportednitrogenfrom
metalwlically active glutanmine to inertly stored agparagne (27).

Two new cDNA clonesfor Arabidopsis AS (ASN2, ASNJ) were recertly
obtained by functional complemertation of a yeas mutart lacking all AS
activity (H-M Lam & G Coruzzi, unpublished data) The expression of the
ASN2 ard ASN3 geres seens to be at relatively lower levels compared with
the Aralidopsis ASN1 gere (H-M Lam & G Coruzzi, unpublished data) The
MRNA levelsof ASN2 gere are regulatedin anopposite mamerthanthe ASN1
gere. The AS erzymes ercoded by thee new AS geres may function to
provide the required agaragne for other physiological proceses such as
photoregiration (124).

LIGHT AND METABOLIC CONTROL OF NITROGEN
ASSIMILATION

Eviderce shows that the proces of nitrogen assimilation into amno acids is
subject to light ard metalolic control at the molecuar level. Light exerts a
positive effect on the expression of genesinvolved in ammonia asimilation
into glutamine/dutamate such ason GS2 ard Fd-GOGAT (30, 90, 105, 127,
149; K Coschigarmo & G Coruzzi, unpublished data) Conversely, light has
beenshown to repress gereserncoding AS and GDH (42, 63, 131; R Melo-
Oliveira, | Oliveira & G Coruzzi, unpublished data) The involvemert of
phytochrome in the<e light effectshasbeenreportedin some experimerts (30,
63, 127, 130, 131). Further geretic experimerts using the availalde phyto-
chrome-deficient mutarts availade in Arakdopsis (99, 146) should provide
more clues about which phytochrome regulates nitrogen assimilation. Al-
though phytochrome is known to be the primary light receptor (96), the down-
streamsignal trarsduction cagack is not understood. Thus, a direct linkage
betweenthe expression of geresinvolvedin nitrogenassimilation and the light
signal pathway is still lacking. The idertification of light-regoonsive elenents
in plant promoters of geneserncoding erzymes such as GS2 and AS in pea
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(129; N Ngai & G Coruzzi, unpublished data)may be importart in finding the
missing link for light regulation of these nitrogen asimilatory geres

In Arahidopsis, the reciprocal control of GLN2 vs ASN1 by light at the
mMRNA level has beenshown to reflect similar light-induced chargesin the
levelsof glutamine and agparagne. Glutamne levelsare higherin light-grown
plants, whereasagaragne levelsare higheg in dark-adapedplants (62, 107).
This was also found previously in pea (133, 134). Under light conditions,
nitrogenis asimilated into metatwlically active glutamine ard glutamateand
trarsported assuch for use in amatolic reactimsin plants. Under dark-growth
conditions (low carton concertration relative to organc nitrogen), the plants
directthe assimilated nitrogeninto inert agparagne for long-distance transport
or long-tem storage.

Recetly, there has been some discussion alout the possible cross-talk
betweenlight control of gere expression and metatwlic regulation by sugars
(53). It is intereding to note that sucrose canmimic the effectsof light on the
expression of geresrelatedto nitrogen metalolism such asnitratereductas,
nitrite reductae, GS2, Fd-GOGAT, GDH, ard AS (18, 63; R Melo-Oliveira,
| Oliveira & G Coruzzi, unpublished data; K Coschigaro & G Coruzzi, un-
published data) Regulation of nitrogen asimilatory geres by the cellular
catbon status reflectsthe interrelationship betweencatbon and nitrogen meta
bolism in plarts.

Seweral linesof studieshave focused on the metatwlic control by sugars on
geresrelatedto photosyntheds ard cabon metatolism (53, 111, 112). Hexose
kinase is proposed to be the switching ereyme that can serse caton avail-
ahlity inside the cell (53). On the bads of studiesin microorgansms, a plant
homologue of the yeas catatlic repression trans-acting facta SNF1 hasbeen
idertified in rye (1). Subsequertly, SNF1-relatedgeres were isolated from
Arabdopsis ard barley (46, 71a). In barey, two SNF1-relatedprotein kinases
show differertial expression pattens in differernt tissues (46). It will be im-
portart to seewhether a SNF1 mutart might alter the balarce of cabon ard
nitrogen metatolism.

In addition to the control by carbon status in the cell, it has been
proposed that the relative abundance of nitrogen pools also plays a
significant role in regulating nitrogen assimilation. In fact, some reports
claim that the ratio of cellular carbon to nitrogen is a major player in
the metabolic control of nitrogen assimilation. A homologue of a yeast
general nitrogen regulatory protein NIT2 was obtained in tobacco (23).
Cross-talk between the regulation of two amino acid pathways has also
been reported in plants in which a blockage of histidine biosynthesis
leads to a decrease in the mRNA levels of most amino acid biosynthetic
enzymes, which suggests that general control of amino acid biosynthe-
sis occurs in plants (44).
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CONCLUSION

Molecdar and geretic aralyses have provided importart tools to exterd our
knowledge d nitrogenassimilation basedon biochemical studies The mecte-
nisms by which light and/or metalwlic status regulate nitrogenassimilation are
bednning to be dissectedusing cloned geres For exanple, some potertial
regulatory gereshave alead/ beenidentified. In addition, specific screers for
mutartsin this proces canbe conductedin a geretically tractalle systemsuch
as Arahidopsis. A combined molecuar ard geretic study on the regulatory
network by which a gere regonds to the metatwlic status will leadto a better
understarding of the interaction of geres controlling differert caton and
nitrogenmetalwlic pathways. Badc resach studiesin these areasof nitrogen
metalwlism may also make significart contributions to the improvement of
nitrogen usage efficiency ard crop yield.
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