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Abstract--Rice mot glutamate synthase activity was assayed with various reducing syslems. Ferredoxin-dependent 
glutamate synthase (EC 1.4.7.1) and pyridine nucleotide-dependent glutamate synthase (NADH, EC 1.4.1.14; or 
NAID PH. EC 1.4.1.13\ exhibitedastrict $necifici\v forthe etectr~andanar .-The fer~~oxin-d~~e~den~[utamate svnthase 
from rice roots could accept electrons from photoreduced ferredoxin in an illuminated reconstituted spinach 
chloroplast system. Thioredoxin, a potent electron carrier, was not able to provide either Ferredoxin-dependent or 
pyridine nucleotide-dependent glutamate synthase with electrons as no glutamate formation was detected in the 
presence of reduced thioredoxin for m. 

INTRODUCTION 

Glutamate synthase in higheT piants was first identified in 
cultured cells [l] in which pyridine nucleotides: NADH 
(EC 1.4.1.14) or NADPH (EC 1.4.1.13) were found to be 
the physiological reductants. Ferredoxin-dependent 
glutamate syntkase <EC 1.4.7 .I> was detected in g~c%n 
leavcesI2}, and enzyme actj,jty bepenbent on rebuceb 
ferrc&+, ‘fi* bm +%~xvZ +z, ~r~fl~&~~~~<+f~?~ cflm~ 
pea plants[3] and pea roots[4]. Both ferredoxin- 
depcy&ti& SY~ +#Z~~Z@Z&X% &&&,~z& S~&QXP,S 
wert charac\eflzeb in ei>tia\eh pea shoolsj5>,. pea COZY- 

ledons [6] and algae, such as Chlamydomonas [7]. In 
Contras& Ieduced feTredoxin was the specific e&rTon 
carrier for glutamate synthase in halophyte shoots [8] and 
rice roots [9], and in these tissues the enzyme was inactive 
with NAD(P)H. 

The electron donor specificity of glutamate synthase 
shows, therefore, a diversity according to the origin of 
plant1 ‘ilssues. ‘m ke ro&s, lie~ebok~-~~Pxii~ti~ $lu- 
tamate synthase is a protein distinct from NAD(P)H- 
dependent glutamate synthase [lo], and the physiological 
role of ferredoxin-dependent glutamate synthase in non- 
photosynthetic roots is in doubt since ferredoxin has not 
been identZte& in these tissues. Xezxn’l siuzks !nave szlown 
that ferredoxin-reduced thioredoxin plays one of the 
prim@& rdles’m?ne &e&ron?r~~ ‘m t%.m.+r5in: 
enzyme reactions [I 1, 121. Tl?ioredoxins were also foun~3 
in non-photosynthetic plant tissues [12-141 in which 
NADPH is the immediate reductant for these proteins 
which subsequently transfer electrons in enzyme catalysed 
reac&fdFS$ 

In this study, the system of electron transport to 
ferredoxin-dependent and NAD(P)H-dependent glu- 
tamate synthases in rice roots was examined. 

RESULTS 

Electron donor specificity 

In Table 1, glutamate synthase activities were compared 

by assaying with various reducing systems as electron 
donor. Ferredoxin. reduced either with sodium dithionite 
(DIT) or with chloroplast reconstituted photosystems was 
the most efficient electron donor. DIT-reduced methyl 
vlologen gave only 177; of the glutamate formation 
compared to the ferredoxin assay. A similar value of 20 y0 
was obtained with IY4DKor IVADPHat a concenrra<ion 
of0.22 mM. In contrast. NADPHwas a sfight(vpreferred 
electron donor compared to NADH at an increased 
concentration of 2.2 mM. Glutamate synthase activity 
assayed with NADPH generated by G6PDH gave ca 35 7; 
of gfutamaie formatlbn, 6elhg compara6fe co <he vafue 
obtained with externally supplied NADPH at 2.2 mM. 
This indicates the same effectiveness of enzymatically 
generated NADPH as exogeneously added NADPH for 
the enzyme reaction. When the NADP glucose-6- 
phosphate dehydrogenase (G6PDH) system was added to 

electron donors 

Ferredoxin + illuminated chloroplast reconstituted 

system 

Fwe&u-n’rll t DYI 

Ferredoxin + DIT - glutamine 

‘l+rel~+l-Jti~l twi? 

zSADi-3 0.22 mM 
NADH 2.2 mM 

NADPH 0.22 mM 

NADPH 2.2 mM 
www 22 mM+ &J%S2&w 2,&mM I, I_ 
NADP-G6PDH system 

NADH 2.2 mM + NADP-G6PDH system 

NADPH 2.2 mM + NADP-G6PDH system 

Ferredoxin + NADP-G6PDH system 

The activities are given as values relative to the photochemi- 
tally reduced ferredoxin-dependent activity which corresponds 

to 6.57 nmol glutamate formed/min. mg protein. 
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NADH or NADPH at a concentration of 2.2 mM, no 
additional glutamate formation was observed, and glu- 
tamate synthesis had about the same values as with 
NADPH alone, supplied either exogenously or generated 
enzymatically. In contrast, ferredoxin, reduced with the 
NADP-G6PDH system gave ca 80”,, of the activity 
compared to DIT or photoreduced ferredoxin assay, 
which could suggest the transfer of electrons from 
NADPH to ferredoxin. 

Glutamate synthuse acticity with thioredo.uin us electron 
donor 

Thioredoxin, recently found in roots [12, 141 as well as 
in leaves [ 151, could be involved in glutamate formation in 
rice root tissue since thioredoxin can be reduced en- 
zymatically either with ferredoxin or with NADPH 
followed by the electron transfer in enzyme catalysed 
reactions derived from the oxidation of thiol. In Table 2, 
glutamate synthase activities were shown when enzyme 
was assayed with thioredoxin as an electron donor. 
Compared to the ferredoxin assay, ca 0.8 y,, of the glu- 
tamate was formed with chemically (DTT) reduced 
thioredoxins, showing that neither ferredoxin-dependent 
nor NAD(P)H-dependent glutamate synthases in rice 
root tissue accepted electrons directly from reduced 
thioredoxin. The enzyme activity, with respect to 
NADPH at a concentration of 2.2 mM, gave ca 34 “;, of 
the glutamate formation, and when NADPH and thiored- 
oxin fraction were added together glutamate formation 
was decreased to ca 50 7,. In contrast, when NADPH and 
the thioredoxin fraction were incubated with the standard 
enzyme preparation, which was previously subjected to 
gel filtration through a Sephadex G-50 column, a similar 
glutamate formation was detected with NADPH alone. 
These results indicate that NADPH was oxidized and 
electrons were transferred to thioredoxin in the presence 
of NADP-thioredoxin reductase which was eliminated by 
gel filtration. 

Table 2. Glutamate synthase activities assayed with thioredoxin 

system 
~.._.~--_._ --.---.- __~_. ___ 

Ferredoxin + DIT 100 (II, 

Ferredoxin + DIT - glutamine 0 (I<> 
Thioredoxin 0.3 (‘<, 
D-I-T 0 “#, 
Thioredoxin + DTT 0.8 ‘),, 
NADPH 2.2 mM 33.5 I)(/ 
Thioredoxin + NADPH 2.2 mM 15.7 I’/, 

NADPH 2.2 mM* 33.1 I’() 

Thioredoxin + NADPH 2.2 mM* 29.8 “<, 
__-____ _____ 

Thioredoxins used for the glutamate synthase assay gave the 
following enzymatic activities when assayed under the standard 

conditions as in refs. [ 12. 261; 2 /<g fructose-l.6-bisphosphatase 

(EC 3.1.3.11) with 10 pg thioredoxin P: 0.02 pmol fructose-1.6- 

bisphosphate hydrolysed per min, and 1 pg NADP-malate 

dehydrogenase (EC 1.1.1.82) with 10 pg thioredoxin m: 

0.03 pmol NADPH oxidized per min. Glutamate synthase was 
assayed with 10 {ig of thioredoxins f and m added together. The 

activities are given as relative values to the dithionite reduced 

ferredoxin-dependent activity which corresponds to 6.34 nmol 

glutamate formed!min mg protein, 

* Enzyme assay with the standard enzyme preparation which 

was subjected previously to Sephadex G-50 gel filtration. 

Immunoprecipitiftion analysis 

The standard enzyme preparation was subjected to 
immunoprecipitation (Table 3). When the enzyme activity 
dependent on chemically reduced ferredoxin was found to 
be zero in the supernatant fraction, ELI 20”,, of the activity 
compared to the initial ferredoxin assay was observed 
with NADH or NADPH, the values being comparable to 
those in the non-immunoprecipitated standard enzyme 
extract. These results show that reduced ferredoxin and 
pyridine nucleotides did not serve as the alternative 
electron donor to pyridine nucleotide-dependent glu- 
tamate synthase and ferredoxin-dependent glutamate 
synthase, respectively. 

Table 3. Glutamate synthase activities in the presence or 
absence of IgG 

-- IgG + IgG 

Ferredoxin + DIT loo”,, 0 I10 
NADH 0.22 mM 20.0 [I<, 18.5 (‘() 

NADPH 0.22 mM 18.5 ‘I/, 17.5 ()() 

The activities are given as relative values to the dithionite 

reduced ferredoxin-dependent activity in the absence of IgG 

which corresponds to 6.30 nmol glutamate formed <min. mg 

protein. 

Glutamate synthase actiaity in chloroplust reconstituted 
system 

Figure 1 shows the time courses of glutamate synthase 
activities assayed with chloroplast reconstituted system in 
the light and in the dark. The glutamate formation was 
dependent on the presence of ferredoxin and thylakoid 
membrane fraction in the light, and a low activity was 
found in the dark. The enzyme activity when assayed with 
increasing concentration of ferredoxin (Fig. 2) and the 
thylakoid membrane fraction resulted in a concomitant 
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Fig. 1. Glutamate synthase activity in the rice root extract 

coupled to the reconstituted spinach chloroplasts in the light (0) 
and in the dark ( l ). 
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Fig. 2. Glutamate synthase activity with the extract from rice root tissue dependent on different concentrations of 
photochemically reduced ferredoxin, and corresponding Lineweaver-Burk plots. 

glutamate formation, showing that these components in 
the reccons’ljlmeb ch’lorop>as~ dec>ron transpor’~ chajns 
could be substituted as the reducing system to ferredoxin- 
dependent $marna\e synthase jn rjce TOOI ijssne. The X, 
value of ferredoxin-dependent glutamate synthase in rice 
root tisssR WJ f%idX~T~'%X &kila-itci fQ A& 79 pM *wing 

Lineweaver-%& pWs {Fig. 2). The&%&y uff.~&o~~r?- 
dependent glutamate synthase in rice root tissue to 
ferredoxin is, therefore, lower than those of the enzymes in 
green leaf 15.5,~M) anA e1jo1ated leaf 14.8,&I) ‘rjssues 
determined under similar assay conditions [16]. 

DISCUSSION 

The results presented here show that glutamate syn- 
thase in rice root tissue can utilize electrons from various 
reductants: reduced ferredoxin, pyridine nucleotides, and 
artificial dye. In rice root tissue, ferredoxin-dependent 
glutamate s~Y&w~, a &f&r& ~&&in m02~& &in 
N AD (F >%W+a&i& gWomii‘1~ s-qntkW&%~, dw\ list 
accept electrons from pyridine nucleotides. Reduced 
ferredoxin cannot be substituted as an electron carrier to 
NAD(Eq\K-deoendent JrIutamate gvnthase. Glutamate 
synthase dependent on ferredoxin (EC 1.4.7.1) and py- 
ridine nucleotides: NADH (EC 1.4.1.14) or NADPH (EC 
1.4.1.131, therefore, show a strict specillcity for the elec- 
tron dconor, I1 is 10 be no1eh ?nSt ‘lerreboxm-hpenben~ 
glutamate synthase operates five-fold faster than 
NAD(IPlH-dependent pIutamate svntbase in uitro. Tbs 
higher potential activity of ferredoxin-dependent glu- 
tamate synthase is found to be supported using the 
reconstituted chloroplasts in which exogenous ferredoxin 
is reduced with photosystems in the light. Photoreduced 
ferredoxin serves as an electron carrier, although the 
affinity of ferredoxin-dependent glutamate synthase in 
rice root tissue to ferredoxin is lower than those of 
ferredoxin-dependent glutamate synthase in rice green 
leaf and etiolated leaf tissues. In the presence of fer- 
redoxin, glutamate synthase gives a significant amount of 
glutamate formation which is superior to NADPH- 

dependent activity when NADPH is generated continu- 
ons\y w#n GbYDM, one 0% Yne c’naracleils’lic enzymes 05 
the pentose phosphate pathway. The existence of an 
jntemerljale WY&n sevessjbly trans?ers declrons between 
NADPH and ferredoxin in rice root tissue could not, 
+.& r&i&iit, Ati iY& WJ+l. ML+W& WADPK *is =WjY?,zlQ~- 
ca21y produc& here in &?W, &Ye is WtiM2.Z tt7at the 
pentose phosphate pathway is a potent producer of 
NADPH required for glutamate formation in roots [I?‘], 
and the enzymes are in part locatet?i in IODf 

plastids [ 18,191. 
Although the immediate source of reductant for 

ferredoxin-dependent glutamate synthase in rice root 
tissue is not clear, a direct electron donor, other than 
NADH or NADPH, should exist to transfer electrons to 
ferredoxin-dependent glutamate synthase in this tissue. 
Thioredoxin, recently found in various plant tissues 
including photosynthetic [14,15] and non-photo- 
SjYi&T&~~ [22, 2S] p2&77t &WUes, can 2W r&S%%? with 
f~~~~~~~~~iaf-~~;~~~~~~~~~~~,a~~, Q> it%%Y, 
be reduced with NADPH by virtue of NADPH- 
thioredoxin reductase in non-photosynthetic tissue [13]. 
In Dur e~nerimeutaI canditions. no s@&cant amount of 

glutamate is formed in the presence of chemically reduced 
thioredoxin, or thioredoxin which is reduced enzymati- 
tally in the extract from rice root tissue, indicating that 
Tebuceb %iilorebo~m boes no1 serve as a tinec1 elet%un 
carrier to glutamate synthase in rice root tissue in our 
e%oecimentaI conditions. 

In spite of the glutamate formation by the ferredoxin- 
dependent glutamate synthase from rice root tissue either 
with photoreduced ferredoxin or with chemically reduced 
ferredoxin in vitro, the presence of ferredoxin itself or the 
compounds possibly involved in the transfer of electrons 
have not been identified in root tissues, nor the mechanism 
of electron movement in which redox potential is 
Eavaurabie for glutamate formation. In non- 
photosynthetic tissues, reduced ferredoxin serves for 
nitrite reduction as an immediate electron carrier [20, 211. 
For the nitrite reductase also, electron carrier in non- 
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photosynthetic tissues is not clarified. Further studies are raised against ferredoxin-dependent glutamate synthase from 

necessary to elucidate the physiological role of ferredoxin- rice green leaves, was incubated with the standard enzyme extract. 

dependent glutamate synthase in relation to the compara- Immunoprecipitated protein was centrifuged and enzyme ac- 

tive study on the components in the electron tivity was assayed in the supernatant fraction as described 

transport system. previously [IO]. 

EXPERINIENTAL 

Acknow[Pdyernmt~~~A. S. is a recipient of a scholarship from the 

French Foreign Ministry. 

Plant materials. Seeds of Oryza sat& L. cv Delta were 

incubated in the dark at 29 ‘and grown on Petri dishes containing 

0.9 ‘<, agar made up in log, Lockard soln [22] containing 10 mM 

(NH&SO, and 10 mM KNO, [23]. After 120 hr, the 3 cm root 

tips were excised as described previously 1241. Zeo ma);s 

caryopses (hybrid. W 64 x W 182 E) were germinated and 

grown for 14 days on 10 ‘Ij, Hoagland soln [25] as described [26]. 
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