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Abstract-Sterile cultures of Lemma minor grown in the presence of either nitrate, ammonium or amino acids 
failed to show significant changes in glutamate dehydrogenase (GDH) levels in response to nitrogen source. Crude 
and partUy purified GDH preparations exhibit NADH and NADPH dependent activities. The ratio of these 
activities remain cu 12: 1 during various treatments. Mixed substrate and product inhibition studies as well as 
electrophoretic behaviour suggest the existence of a single enzyme which is active in the presence of both coenzymes. 
GDH activity was found to be localized mainly in mitochondria. Kinetic studies revealed normal Michaelis kinetics 
with most substrates but showed deviations with NADPH and glutamate. A Hill-coefhcient of 1.9 determined 
with NADPH indicates positive cooperative interactions, whereas a Hill-coefhcient of 0.75 found with glutamate 
may be interpreted in terms of negative cooperative interactions. NADH dependent activity decreases rapidly during 
gel filtration whereas the NAD+ and NADPH activities remain unchanged, GDH preparations which have been 
pretreated with EDTA show almost complete loss of NADH and NAD+ activities. NADPH activity again remains 
unafiected. NAD+ activity is fully restored by adding Caz+ or Mg2 +, 
recovered by Caa+ but not at all by Mg 

whereas the NADH activity can only he 

are fully reversed by adding Caz + , 
2’ Moderate inhibition of GDH reactions observed with various adenylates . 

indicating that the adenylate inhibition is due solely to the chelating properties 
of these compounds. 

INTRODUCI’ION 

Glutamate dehydrogenase (GDH) occupies a central pos- 
ition in nitrogen metabolism of Nautotrophic organisms 
since it catalyzes the interconversion of amino nitrogen 
and ammonium, and serves as a link between nitrogen 
and carbohydrate metabolism Some microorganisms 
have been shown to contain distinct NAD+ and NADP+ 
spe&c GDHs. The NADP+ specific enzyme is con- 
sidered to have a biosynthetic function whereas the 
NAD+ specific enzyme may have a catabolic func- 
tion [l-3]. In various Ascomycetes the individual levels 
of both enzymes are controlled by induction and repres- 
sion. Phycomycetes possess only one NAD+ specific 
GDH which has complex regulatory properties permit- 
ting it to serve both anabolic and catabolic func- 
tions [4-8-j. 

Since glutamate synthase has recently been demon- 
strated in some higher plants Ip-131 it seems likely that 
ammonium assimilation via the glutamine synthetase/ 
glutamate synthase pathway, which has been well estab- 
lished in bacteria [14] may also operate in plants. But 
it still remains obscure whether this pathway accounts 
for all the glutamate produced during N-assimilation. 
Our knowledge about function and control of GDH in 
plants is still too limited to decide whether it is con- 
cerned in glutamate formation or merely acting cataboli- 
cally. A NADP+ specific GDH has been reported in 
chloroplasts and this enzyme presumably plays a role 
in relation to photosynthetic electron transport [15,16]. 
Outside chloroplasts plants possess a GDH which is 
active with NAD+ and NADP+. Some authors suggest 

the existence of distinct NAD’ and NADP+ specific 
enzymes [3,17,18] whilst others [B-21] propose a single 
GDH using unspecifically both coenzymes. 

GDH has been purified and characterized to various 
degrees Erom several plant sources. These studies clearly 
show that the plant enzyme has complex kinetic and 
regulatory properties [20,22,23]. In addition there are 
some reports on ammonium dependent induction of total 
GDH activity or individual isoenzymes [17,2426]. 

The present work describes the influence of various 
nitrogen sources upon GDH activity in Lemma minor, 
its cellular local&&on, coenzyme specificity and some 
kinetic properties. 

RESULTS 

Growth ccvuiitirrs with difjkrent nitrogen sources 

Sterile cultures of Lemna mim are known to utilize 
nitrates, ammonium salts, or amino acids as sole sources 
of nitrogen [27]. However, preliminary studies showed 
that growth with ammonium is somewhat critical. 
Ammonium sulfate or chloride at various concentrations 
caused slow growth rates, small leaflets and marked 
chlorosis, even when CaCQ was added to the medium 
to prevent pH drifts. Satisfactory growth was achieved 
when the inorganic ammonium sources were replaced 
by organic ammonium salts. In agreement with results 
obtained with plant tissue cultures[28], ammonium 
citrate or succinate proved to be excellent ammonium 
sources. As shown in Table 1 these ammonium salts sup- 
port plant growth even better than KNO,. In order to 
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Table 1. Growth of temna minor on different nitrogen sources Table 2. Influence of nitrogen source upon GDH activity in 
Lemna minor 

Concn of N 
N-Source @W 

K-nitrate 5 
10 

Ammonium citrate 5 
10 

Ammonium sue&ate 5 
10 

Hydrolyzed cati 5 
10 

Results are means of two experiments 

Fr wt after 
25 d growth 

(g) 

4.5 
6.3 
6.0 
7.9 
6.6 
9.6 
5.8 
8.8 

Specific activity 
(mU/mg protein) 

Ratio 
Concn NADH NAD’ NADPH NADH 

N-Source of N reaction reaction reaction NADPH 

K-nitrate 5mM 82 7.1 6.5 13 
Ammonium 

succinate 5 mM 
Hydrolyzed 

151 12.7 9.3 16 

casein 5mM 155 13.3 10.0 16 

Growth period 25 days. Acetone powder extracts dialyzed 

exclude any toxic eikct of the nitrogen source the con- 
centrations chosen as standard for further experiments 
were 5 mM in the case of NOJ and NH:, respectively, 
and 0.05% with hydrolyzed casein. 

against tap water were used for enzyme assays. Results are 
means of two experiments. 

@%ence af nitrqen source upon GDH activity 

Examination of various extraction procedures revealed 
that crude enzyme preparations as used by Joy [17] in 
his experiments were disadvantageous since only poorly 
reproducible results were obtained. The acetone powder 
method was found to be the best for enzyme level deter- 
minations in L,emnu. Using this method nearly equal 
levels of GDH were detected in plants grown on 
ammonium nitrogen and amino acids. The GDH level 
in nitrate cultures was somewhat lower (Table 2). It 
should be noted that the activity measured with the three 
coenzymes (NADH, NAD+, NADPH) remained un- 
changed by the nitrogen source. The ratio of NADH:- 
NADPH dependent GDH activity is approximately con- 
stant (Table 2), although variations between ratios of 11 
and 16 were found in different experiments. 

in coenzyme dependency and eleetrophoretic behaviour. 
Therefore in agreement with other authors[21,31] it 
seems likely that so&e if not all GDH activity present 
in the soluble fraction may be leached from the mito- 
chondria during extraction. 

Electruphoretic behviour of GDH 

Crude GDH preparations of tina noinor were separ- 
ated by disc polyacrylamide gel electrophoresis. Only 
one band with GDH activity could be detected using 
the tetrazolium technique. The band position was identi- 
cal with enzyme material derived from plants grown on 
different nitrogen sources. In addition analysis of the 
coenzyme dependency revealed that NAD+ and NADP+ 
stained exactly the same band. 

Partial purijkution and gerwral properties 

Intracellular locatiun of GDH 

About 6045% of total GDH activity are found in the 
particulate fraction. Particulate and soluble fractions 
showed the same ratio of NADH:NADPH dependent 
activity. This ratio does not change when mitochondria 
are separated from chloroplasts by differential centrimga- 
tion. Only traces of GDH activity could be detected in 
the chloroplast fraction. In addition heterotrophically 
grown Lema having no mature chloroplasts shows the 
same activity ratio as autotrophic cultures. This ratio 
does not change when heterotrophic cultures are trans- 
ferred from the dark into light and become green. These 
results suggest that NADH and NADPH dependent ac- 
tivities have the same distribution within the cell and 
may he located in the mitochondria as it is in many 
other plant tissues [20-22,29,30]. GDH from both par- 
ticulate and soluble fractions were found to be identical 

Pwijificatin. The enzyme was partially purified in 
order to obtain GDH preparations of sufhcieat purity 
for kinetic studies. Table 3 shows the main steps of the 
purification procedure when GDH was purified starting 
with acetone dry powder extracts grown on ammonium 
succinate as nitrogen source. The relatively poor degree 
of purity to some extent depends on the fact that acetone 
powders were used as starting material for enzyme 
extraction instead of fresh plants [32]. As shown in Table 
3 the ratio of NADH:NADPH dependent activity 
remains approximately constant during purification, 
Both activities were eluted in exactly the same fractions 
during gel filtration on Sephadex GzoO and Sepharose 
6B. 

#i and temperature. Under standard assay conditions 
the pH optima for the amirul ing reactions were found 
to be 8.15 with NADH and 7 I uirh NADPH, respect- 
ively, The pH optimum for the deaminating reaction 
with NAD+ was found to be 8.8. The enzyme was stable 

Table 3. Partial purification of GDH from Lemma minor (ammonium culture) 

Total activity Specific activity 
(U) (Wmg) Purification Ratio 

Volume NADH 
Fraction (ml) NADH NADPH NADH NADPH NADH NADPH NADPH 

Acetone powder extract 230 67.5 6.15 0.25 0.023 - 11 
(NH&SO4 precipitation (40-70%) 16 53.5 7.40 0.6 0.084 2.4 3.6 7.2 
Sepbadex G 200 37.5 7.75 1.2 0.156 4.6 6.8 7.4 
Sepharose 6 B 34.4 3.50 3.5 0.360 14.0 15.6 9.7 
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Table 4. Michaelis constants for Lemma GDH 

Substrate 
NAD+ 
reaction 

NADH 
reaction 

NADPH 
reaction 

NADH - 1.1 x 1o-4 - 
NADPH* - 

x 
1.3 x 1o-4 

NAD+ 4.6 x 1O-4 - 
Glutamate* 1.2 x 10IZ - - 
NH: - 2.7 x 1o-2 1.5 x 1o-2 
2-oxoglutarate - 3.3 x 1o-3 2.1 x 1o-3 

* K, was calculated from Hill plots. All other K,,, values 
were obtained from double reciprocal Lineweaver4urk plots. 

for short periods at 55”, but the activity rapidly de- 
creased above this temperature. 

Substrate kinetics. Apparent K, values for the various 
substrates and coenzymes are listed in Table 4. With 
the exception of NADPH and glutamate the enzyme 
showed normal Michaelis-Menten kinetics for all sub- 
strates. However high concentrations of NADH in excess 
of 0.1 mM and NH&l in excess of 0.1 M produced pro- 
nounced inhibition. This inhibitory effect is not altered 
when NH&l is replaced by (NH&SO4 as substrate. On 
the other hand the aminating reaction with NADH is 
inhibited by NaCl and Na,SO, which indicates that the 
inhibition by high concentrations of ammonium salts is 
a non-specific effect, presumably brought about by com- 
petitive inhibition of the anion with respect to 2-oxoglu- 
tarate. With f&shly prepared enzyme sometimes slightly 
biphasic double reciprocal plots were recorded for 
NAD’ (see Fig. 4). This biphasic feature is absent in 
older preparations. 

Saturation kinetics with NADPH always produced 
sigmoidal curves with both crude and purified GDH 
preparations. From Hill plots (Fig. 1) with NADPH a 
slope of 1.9 was calculated. 

Glutamate also showed non-Michaelis-Menten kin- 
etics. The Hill plot is given in Fig. 2. The complex nature 
of the saturation kinetics with glutamate may change 
during enzyme storage to give normal Michaelis kinetics. 

K&.25 W4M 1 

NADPH concentration(M 1 

Fig. t. Hill plot (log v/v - v vs log S) for the data obtained 
from GDH saturation kinetics with NADPH. Assays were car- 

ried out under standard conditions. 

10” ’ I - ’ - ’ ’ 

10-3 
1 

10-Z 
GUamate concentration (MI 

Fig. 2. Hill plot (log v/V - v vs log S) for the data obtained 
from GDH saturation kinetics with glutamate (NAD+ depen- 
dent reactionk Assays were carried out under standard 

conditions. 

This chanp is stccompanied by a decrease in K, from 
1.2 x lo- M to 3.5 x 1O-3 M. 

Coenzyme spec$ ty 

The foregoing results support the assumption th& 
Lemna may possess a sin& GDH whkh mes either 
NADH or NADPH in the aminating reaction. To obtain 
more evidence on this further studies were carried out. 
Figure 3 shows the result of a mixed substrate exper- 
iment in which saturation kinetics for NADH in the 
presence and absence of two defined NADPH concen- 
trations were performed. No additive effects were 
obtained. The total rate of reaction is clearly less than 
the sum of the reaction rates measured separately. Fur- 
thermore product inhibition studies of NAD+ reduction 
inthepresence of NADPH were accomplished. Double 
reciprocal plots of velocity against NAD+ concentration 
at various but fixed levels of NADPH showed clear com- 
petitive inhibition (Fig. 4), indicating that NADPH and 
NAD’ bind to the same site. 

Eficb of bivalent metal ions (Me*+) 

When GDH was purified f?om crude acetone powder 
extracts it was noted that about 90% of NADH depen- 
dent activity was lost during gel filtration on Sephadex 
G a00 or simple desalting with Sephadex GSO, whereas 
the NAD+ and NADPH dependent activity remaind 
una&cted. However this inactivation could be fully 
reversed by adding Ca2 + (Table 5). As further shown 
in the Table, addition of EmA to the assay system 
caused complete inactivation of both NADH and NAD+ 
dependent activity, but left the NADPH activity nearly 
unchanged. In contrast to NADH activity which is not 
reactivated by Mg2+ the NAD+ activity could be fuly 
restored with either Ca2+ or Mg2+. 

The Me2+ dependency of timnu GDH is very stable 
and could be demonstrated at all stages of enzyme pur- 
ity. “Storage activationn as has been reported for Zn2+ 
on GDH of Pisum sutivm roots 1231 was not observed 
with the Lemm enzyme (Table 6). The slight increase 
of activity in Sepbadex GsO eBuents without added 
Ca2+ during storage over 10 days may be due to partial 
reactivation by means of unspecifically bound Me2+ ions 
which were not completely removed by gel filtration. 
Such effects were not observed with EDTA treated prep- 
arations. During storage, NADH’ depmdent activity in 
the presence of Ca2+ shows the same degree of decrease 
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NADHdO-‘M 

Fig. 3, Rate of the reductive amhatian of 2_oxq&uzuate catalyz4 by Lemrra GDH as a fmetion of NADH 
concentration in the absence (a) or presence (0) of (a) 0.08 mM NADPH and (b) 0.16 mM NADPH. (---) 
rate of NADPH oxidation in the absence of NASH. Assays were carried out under standard conditions 

at pH 7.5. 

in to&l activity as already fully activated NAD” depen- 
dent activity, demonstrating that this loss of activity is 
solely due to time dependent normal decay of enzyme 
activity. 

Table 7 shows that the three GDH activities respond 
quite differently to treatments with various metal binding 
agents. The inhibitory effects on NADW reaction were 
much greater than on NAD+ reaction whereas the 
NADPH reaction remained relatively unaffected in the 
presence of the chelators. 

Joy [33] observed that the NADH dependent GDH 
activity from Le~~roa minor grown with amino acids or 
organic ammonium salts as sole sources of nitrogen is 

Slope 

/’ 

2 3 C 5 6 
l/ NAD+x~O-~M 

Fig. 4. Product inlribition of Lemma GDH by NADPH with 
NAD+ as the variable substrate. (e) no NADPH; (0) 0.1 mM 
NADPH; (A) 0.2 mM NADPH; (A) 0.4 mM NADPH, Inset: 

replot of slope against NADPH concentration. 

extremely sensitive to EDTA inhibition whereas the acti- 
vity from plants grown with inorganic ammonium salts 
or nitrate is not. Reinvestigating these experiments we 
never observed any difference between GDH prep- 
arations obtained from plants grown with the nitrogen 
sources used in our experiments. NADH dependent 
GDH activity is always completely inhibited in the pres- 
ence of 1 mM EDNA and can be fully restored by addi- 
tion of Ca’+. 

In preliminary studies a large number of potential 
effecters had been tested for their ability to influence 
the GDH catalyzed reactions. During these studies a 
moderate inhibition of L,emna GDH by purinc nucleo- 
tides had been found (Table 8). Further studies revealed 
that this inhibition is solely due to the metal chelating 
pro~rties of these compounds. In the presence of excess 
ca+ any inhibitory effect of purine nucleotides is 
absent. 

Our observations clearly demonstrate that the GDH 
level in L.~mna mirror grown in the presence of either 
nitrates, ammonium salts or ammo acids as sole nitrogen 
source, is not changed significantly in response to the 
nitrogen source. Furthermore the enzyme extracted from 
various nitrogen cultures appears to be identical in terms 
of disc electrophoresis and coerqme dependency. These 
findings, which are similar to those obtained from studies 
with aseptically grown Medicago satitla [34], seem to be 
in contrast to reports on stimulatory effects of 
ammonium upon GDH activity in various plant species. 
A 5-fold increase in GDH activity was detected when 
L. gibba was transferred from a medium containing glu- 
tamate to one in which’ammonium was the sole source 
of nitrogen [25]. The rise in activity was shown to he 
due to de pu)vo protein synthesis. Furthermore stimula- 
tory ammonium effkcts on GDH activity were claimed 
for roots of soy&an and sunflower [35-j, rice roots [24], 
oat leaves [26J, lupin seedlings [36j, and cucumber 
leaves [37]. 
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Table 5. Inactivation and Me” d ependent reactivation of the GDH reactions in various enzyme preparations 

Total GDH activity in % 

Enzyme preparation 

NADH reaction NAD+ reaction NADPH reaction 

+Ca’+ +Mg’+ - fCa2+ +Mg2’ - +Ca2” +Mg2’ 

Crude extract (acetone powder) 83 100 84 100 100 100 100 100 100 
Sephadex G 50 eluate 4.5 95 5.0 125 121 121 115 118 113 
Sephadex G 50 cluate + EDTA -z 1 93 <l Xl 117 119 112 115 118 

* EDTA was added to the assay system to give a final concentration of 0.1 mM. f Ca2+ and + Mg” mean addition 
of CaC12 or MgS04, respectively, to the assay system at a final concentration of 1 mM. 

In general these observations have been interpreted 
in two ways, (a) as evidence for enzyme induction as 
a regulatory mechanism in control of GDH function in 
ammonium assimilation [17,3&j, (b) in respect to 
ammonium detoxification within the cells [25,26,3fl. 
From our results the first possibility seems to be most 
unlikely since otherwise marked differences in enzyme 
level should have been observed at least between 
ammonium and amino acid cultures. On the other hand 
stimulatory effects of ammonium upon GDH activity 
may indeed offer a mechanism whereby the plant can 
increase the rate of removal of ammonium to avoid toxic 
effects [ZSJ. But it should be mentioned that, for instant, 
isolated young pea shoots show a 3- to IO-fold increase 
in GDH activity in combination with a total change in 
isoeqmatic patterns within 16-2Ohr, even in the 
absence of ammonium (Hartmann, unpublished). This 
result reflects the very sensitive response of GDH activity 
to any disturbance of the physiological conditions withii 
the plant, making precise interpretations extremely diEi- 
cult. 

Our observations on coenzyme spec&ty strongly sug- 
gest that NADH and NADPH dependent activity found 
in enzyme preparations are catalyzed by only one 
enzyme. The evidence may be summarized as follows, 
(a) both activities were shown to be identical in terms 
of disc electrophoretic behaviour, (b) the activity ratio 
remained approximately constant during enzyme puri& 
cation or particle fractionation. (c) Results obtained from 

Table 6. Efkct of storage at 4” upon inactivated NADH 
dependent GDH activity 

Total GDH activity (“/d 

EDTA 
Sephadex G 50 eluate treated preparation 

Age of NADH NAD+ NADH NAD+ 

PV- reaction reaction reaction RZlCtiOIl 

aratiOns 

(dwd -Ca2+ +Ca’+ -Ca2+ -CaZ+ +Ca’+ -z+ 

0 9.5 100 100 < 1 81 84 
1 11.6 97 <l 78 82 

: 
14.6 : < 1 74 76 
15.7 : 83 

10 14.5 78 76 

Sephadex G 50 eluate: on Sephadex desalted aceto& 
powder extract. EDTA treated preparation: Sephadex G50 
eluate treated with 1 mM EDTA and dialyzed for 24 h at 4” 
against 0.05 M Tris-HCl pH 8.0 in presence of 0.5 n&f 
MgSG4. +Ca2+ means addition of &Cl2 to the assay SYStCXD 

at a final concentration of 1 mM. 

product inhibition experiments as well as studies using 
the mixed substrate method indicate that both cuen- 
zymes bind* to the same site on the enzyme. 

In contrast to these findings Joy [17] suggested the 
existence of separate NADH and NADPH specific 
enzymes in LRmna minor as a result of detecting differ- 
ences in response to nitrate and ammonium of NADH 
and NADPH activities and their changing ratios in crude 
extracts. This result may be explained by the differential 
response of the two activities to activation by b&lent 
metal ions (discussion below). Separate NADH and 
NADPH specific enzymes were also claimed to exist in 
et&ted barley leaves [lS], and root nodules of Trlfo- 
2ium repens [38]. However NADH and NADPH depen- 
dent activity observed in peas [20], pumpkin cotyle- 
dons [39], and lettuce leaf mitochondria [21] was found 
to be due to only one enzyme. 

Further studies were focused on the kinetic and regula- 
tory properties of the Lemma enzyme. The apparent K, 
values were comparable to those from other plant’ 
sources [20,22, B]. Deviations from normal Michaelis- 
Menten kinetics were observed with glutamate and 
NADPH. The latter shows sigmoidal saturation curves 
indicating positive cooperative interactions between sub- 
strate and enzyme. In the case of glutamate, a Hill coeffi- 
cient of 0.75 was determined, which may be interpreted 
in_ terms of negative cooperativity with respect to sub- 
strate binding and positive cooperativity to cata- 
lysis [40,,41]. Similar characteristics have been reported 
for the mitochondrial GDH of soybean cotyledons [22]. 

The most striking property of Lemna GDH is its differ- 
ential activation by bivalent metal ions. The overall situ- 
ation is s ummarized in Fig. 5. Gel filtration causes 
nearly complete inactivation of only the NADH activity 
wherez~~ further treatment with EDTA inactivates both 
NADH and NAD+ reactions leaving the NADPH acti- 
vity essentially unaffected In contrast to the inhibition 
of NADH activity which is fully reversed by addition 

Table 7, Effect of metal binding agents on Lmrrna GDH 

Agents 
(fmal concn in 
assay= 1mM) 

Untreated enzyme 
EDTA 
EDTA (0.1 mM) 
Nitrilotriacetic acid 
o-Phenanthroline 
Sodium citrate 
Sodium oxalate 

Total GDH activity p/o) 

NADH NAD+ NADPH 
reaction reaction reaction 

100 100 100 
<l <l 65 
<l <I 100 

5 40 78 
65 82 97 
53 87 
82 100 
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Table 8. Effect of purine nucleotides on Lemm GDH 

Agents 
(final concn in 
assay = 1 mM) 

Total GDH activity (“A) 

NADH NAD’ NADPH 
reaction reaction reaction 

Untreated enzyme 100 loo 100 
AMP 92 105 109 
ADP 91 93 100 
ATP 35 62 100 
ATP+ 1mMCa”’ 100 92 
GTP 58 89 100 
GTP + 1 mM Ca2+ 98 101 

As enzyme source Sephadex G 50 eIuate Ca2 * saturated 
by addition of 0.1 mM CaC12 was used. 

of Ca2+, NAD+ activity is completely restored by both 
Ca”’ and Mg’+. 

In order to explain the Me’+ activations, we propose 
the existence of two mechanisms, (a) a Ca” specific 
mechanism which controls exclusively the NADH reac- 
tion and which is further characterized by relatively weak 
bonds between Caz+ and the enzyme. (b) a less specific 
mechanism dependent on either Ca2+ or Mg” control- 
ling the NAD’ reaction in which the Me2+ obviously 
binds more firmly to the enzyme. 

Inhibition of plant GDH by EDTA and other chelat- 
ing agents and its reversal by various Me’+ ions have 
been reported by several authors [20,23,42-J. Although 
not as differentiated as reported here, the inhibitory 
e&c& of chelating agents appeared always to be pro- 
nounced in the direction of reductive amination with 
NADH. 

Finally we must mention the fact that the observed 
inhibition of Lermu GDH by purine nucleotides which 
can be fully reversed by adding Ca”, is solely due to 
the chelating properties of these compounds. On the 
other hand King and Wu [22] presented kinetic data 
which suggest that ATP affects the activity of soybean 
GDH by binding to a non-active site. However since 
ATP inhibition is only observed at high concentrations 
(above 1 mh4) the authors presume, in contrast to results 
published most recently [32], that the An binding site 
may not be physiologically important. Thus it appears 
unlikely that purine nucleotides are concerned in control 
of plant GDH. 

Certainly the observed differential activation of the 
GDH catalyzed reactions by bivalent metal ions offers 
a mechanism for the control of the direction of the rever- 
sible reaction. Further information about the mechanism 
of Ca2+ dependent control of the NADH reaction 
obtained from kinetic studies will be provided in a later 

paper C431. 

Fig. 5. Scheme showing the gradual inactivation of Lemna 
GDH and its differential reactivation by Ca2 ’ and Mg’*. 

EXPERJM. 

Culture conditions. Lemnu minor was grown aseptically at 
22-24” in the continuous light (1200 lx), on 600 ml of a modi- 
fied medium according to Ref. [44]. containing OS% sucrose 
in 1.5 1. Fernbach-flasks. Nitrogen being supplied either as 
KNO,, 5 mM {nitrate medium), ammonium succinate, 5 mM 
in respect to ammonium (ammonium medium), or hydrolyzed 
casein (HycaseSF, Serva), 0.05% (amino acid medium). pH 
was adjusted to 4.6-4.8 (nitrate medium), 5.2-5.4 {ammonium 
medium) and 5.1-5.3 (amino acid medium). Heterotrophic cal- 
tures were grown in the dark at 23-25”. Culture medium was 
the same as above, but contained 2% sucrose and as nitrogen 
source 5 mM KN03, 0.08% Hycase-SF, and 4Omg/l. yeast 
extract. 

Preparation of Me&O powder. Mixotrophic cultures were 
harvested after 24-28 days, heterotrophic cultures after 4-6 
weeks growth. Plants were rinsed with H@, lightly pressed 
between pads of filter paper and 10-20 g of fr wt were homo- 
genized in 5 vol of Me&O (- lS0) for 1 min. Residue was 
collected by filtration and Me&O extraction was repeated 
twice in the same way. The resulting powder was lyophilized 
and kept dry and frozen at - 18” until used. 

Enzyme extraction and partial pur#catiun. All procedures 
were performed at 4”. 3OO-8OOmg Me&O powder was 
extracted with 10 ml 0.1 M Tris-HCl buffer, pH 8.1, for 
3Omin. The extract was centrifuged at 3OooOg for 15 min. 
Supernatant was made up to 40% sat with solid (NH&S04. 
The ppt was removed by centrifugation and the supematant 
was brought to 700/, (NH&S04. The 4O-70% (NH&SO, pro- 
tein fraction, collected by centrifugation was resuspended in 
0.1 M Tris-HCl buffer, pH 8.1 and dialyzed for 16-20 hr 
against running tap HzO. Protein was then fractionated on 
a column (2.5 x 1OOcm) of Sephadex Gaoa. Eluted fractions 
containing GDH activity were combined, concentrated by 
(NH&SO4 ppn, and further purified by gel filtration on 
Sepharose 6B. In some expts Me&O powder extracts were 
partiaIly pursed by gel filtration on Sephadex G5*. 

Enzyme assays. GDH activity was assayed by measuring 
the initial rate of oxidation of NADH, NADPH or reduction 
of NAD+ in 2 ml silica cuvettes at 340 nm at 30”. Standard 
reaction mixture (total vol 1.2 ml) contained the following 
components (final concn). NADH reaction: O.lSml enzyme; 
0.6ml 0.1 M Tris-HCl, pH 8.1; 0.1 ml {NH&SO4 (0.125M) 
or NH,Cl (0.25 M); 0.25 ml NADH (0.21 mM); 0.1 ml 2_oxo- 
glutarate (16.7 mM). NADPH reaction: 0.15 nil enzyme; 0.6 ml 
0.1 M Tris-HCl, pH 7.0; 0.1 ml (NH&SO4 (0.125 M); 0.25 ml 
NADPH (0.21 mM); 0.1 ml 2-oxoglutarate (16.7 mM). NAD+ 
reaction: 0.15 ml enzyme; 0.7 ml 0.1 M Tris-HCl, pH 8.8; 
0.25 ml NAD + (2.1 mM); 0.1 ml L-glutamate (16.7 mM). The 
reaction mixtures were allowed to warm up to 30” for 5 min, 
then the reactions were started by addition of 2-oxoglutarate 
and glutamate, respectively. NADH, NADPH and NAD+ 
were adjusted to pH 7 with Tris-HCI before use, all other 
solns were prepared in assay buffer, and if necessary the pH 
was adjusted with NaOH. Appropriate blank reaction rates 
were measured omitting individual substrates. Measurable 
blank activity was found only in crude enzyme preparations. 
GDH activity is expressed in AE,,dmin or in units. One unit 
catalyzes the oxidation or reduction of 1~01 coenzyme per 
min. 

Separation of particulate and soluble GDH. Lemma plants 
were ground in a chilled mortar in ice cold isolation medium 
(0.4 M sucrose, 84 mM K,HPO,, 8.4mM MgSO@, 4 mM 
EDTA, 7.2 mM ascorbic acid, 1 mM mercaptoethanol, 
0.04 HEPES, pH 7.8) [45,46] with small glass beads 
(4 0.12 mm). Homogenate was centrifuged at 200 g for 10 min, 
and the pellet discarded. Supernatant was then centrifuged 
at 33 000 g for 35 min. Resulting supematant was designated 
as “soluble fraction”, the pellet as “particulate fraction”. The 
“particulate fraction” was treated with Me,CO (- 18’) and 
the resulting Me,CO powder extracted with 0.1 M Tris-HCl 
buffer, pH 8.4. Both fractions were further purified by gel fil- 
tration on Sephadex GsO on small columns (1.8 x 15 cm). The 
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