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Purified NAD-dependent glutamate dehydrogenase (EC 1.4.1.2) from pea seeds shows a pattern 
of seven catalytically active molecular forms. The individual forms display different heat 
stabilities. During incubation at 70 to 75 °C in the presence o f  protective agents (N A D H , Ca2+, 
DTE) the more heat labile forms are converted into the most stable form. This result presents 
direct evidence that the multiple forms o f  pea glutam ate dehydrogenase represent conforma­
tional variants of a single protein species.

Introduction

The existence o f electrophoretically distinct 
m ultiple forms of glu tam ate dehydrogenase 
(L-glutamate: N A D + oxidoreductase, deam inating; 
EC 1.4.1.2) is well established for a num ber of 
higher plants [1 -5 ]. In pea seeds and seedlings 
{Pisum sativum var. Presto) G D H  constitutes a 
pattern of seven catalytically active bands which 
remain stable during purification  [6 ] and w hich are 
located within the m itochondria [7]. It has been 
repeatedly suggested that the m olecular form s could 
represent conformational variants o f a single 
protein:

-  D enaturation of partially purified  enzym e with 
urea and subsequent renaturation  revealed one 
activity band [4].

-  The seven m ultiple forms o f hom ogeneously pure 
G D H  have identical oligom ere and subunit 
molecular weights as determ ined by sed im en ta­
tion equilibrium  m easurem ents and SDS gel 
electrophoresis, respectively [6 ].

-  The m ultiple forms are im m unoidentical [8 ].

Here we present direct evidence in favour o f this 
suggestion; we report on the hea t-dependent in te r­
conversion o f the m ultiple forms.

Abbreviations: GDH, glutamate dehydrogenase; DTE, 
dithioerythritol; PMSF, phenylmethylsulfonylfluoride; 
BSA bovine serum albumin.
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Materials and Methods

Enzyme preparation and assay
Seeds of Pisum sativum L. var. Presto (van 

W averen Pflanzenzucht, Rosdorf) were used as 
enzyme source. The purification procedure for 
G D H  was the sam e as described in ref. [6 ]. This 
method include the following purification  steps: 
(1) Acid precipitation, (2) Blue-Sepharose chro­
matography, (3) Sepharose 6 B chrom atography, 
(4) DEAE-Cellulose chrom atography. Experim ents 
were peform ed with partially  purified  enzym e 
(Blue-Sepharose eluate; spec, activity abou t 
800 nkat/m g protein) and hom ogeneously pure 
enzyme (DEAE-cellulose eluate, spec, activity abou t 
7000 nkat/m g protein). N A D H -dependent G D H  
activity was assayed photom etrically at 366 nm and
25 °C  according to ref. [6 ],

Heat treatment
Test tubes (10 ml) containing 1 ml enzyme solu­

tion in 0.05 m Tris-HCl, pH  7.5 (initial activity 
3 5 -1 7 0 n k a t)  and additives as indicated, were 
incubated in a w aterbath at 70° or 75 °C  (±  1 °C ). 
Aliquots (100 pi) were rem oved at the tim e intervals 
indicated, cooled down in an icebath and used 
im m ediately for activity assay or gel electrophoresis. 
Heat treatm ents were perform ed with partially  pure 
and homogeneously pure enzyme (see above). A part 
from a som ewhat higher heat lability o f the pure 
enzyme, both preparations behave identical.

Electrophoresis

Polyacrylamide gel electrophoresis was perform ed 
according to M aurer [9] using the separation system
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l a  with 6.0 or 6.5% acrylam ide. Activity staining 
was performed as described in [5] and protein 
staining with Coomassie brillant blue as in [10]. For 
separation o f bands 7 and 1 -6 , gels were cut in 
slices. G D H  was eluted with 0.05 M Tris-HCl buffer, 
pH 7.5, and concentrated in an Amicon u ltra filtra ­
tion cell.

Chemicals

Purine and pyridine nucleotides (grade I) were 
from Boehringer (M annheim ). All other chem icals 
were of analytical grade. B lue-sepharose was o b ­
tained from Pharm acia F ine Chem icals (F reiburg).

Results and Discussion

Gelelectrophoresis o f purified pea G D H  shows 
seven catalytically active bands. According to the 
recommendations by IUPAC [11] these bands are 
marked 1 through 7, num ber 7 exhibiting the least 
mobility toward the anode. The intensity o f the 
seven bands gradually decreased from band 7 to 1 
when stained for protein or G D H  activity (see 
Fig. 2). The isoelectric points of the individual 
bands were shown to be in the range o f pH  5.4 
(band 1) to pH 6.4 (band 7). U nder norm al cond i­
tions the m ultiple pattern rem ains stable th roughou t 
the G D H  purification procedure.

The m ultiple pattern is not altered by the enzym e 
extraction m ethod applied, or prolonged incubation  
of crude extracts with or w ithout proteinase in ­
hibitor (PMSF). Essentially identical m ultip le  
patterns were obtained from isolated m itochondria  
(pea seedlings) and crude cell hom ogenates [7], 
Thus any kind of artificial covalent m odification  
(action of proteinase, deam idation  etc.) during the 
course of enzyme preparation  appears unlikely. 
Furtherm ore incubation o f G D H  preparations w ith 
glucosidase and acid phosphatase revealed no 
indication for posttranslational m odification  by 
glycosidation or phosphorylation.

On the other hand, during prolonged storage 
(several months) of the purified enzyme or repeated  
freezing and thawing we observed some altera tion  
o f the spectrum: Bands 1, 2 and 3 tended to vanish, 
whereas band 7 seemed to increase in p ro tein  
content and activity as judged from electrophoretic 
analysis. Similar effects were observed when 
enzyme preparations were incubated at elevated 
temperatures. Purified G D H  was stable at tem p er­

atures up to 50 °C  but was rapidly inactivated above 
70 °C. During tem perature inactivation the fast 
migrating bands (1 to 5) gradually d isappeared  
whereas band 7 rem ained stable. This phenom enon 
was studied in m ore detail.

Tem perature inactivation is reduced in the 
presence of protective agents such as pyrid ine 
nucleotides and DTE (Table I). The com bination of 
NADH with C a2+ or with D TE was found to be 
most efficient (Fig. 1). Purine nucleotides and the

Table I. Heat inactivation of GDH. Incubations were 
performed at 75 °C for 30 min in the presence o f potential 
protective agents as indicated.

Additive
(final concentration)

% of initial 
GDH activity

None 11
BSA (1 mg/ml) 14
DTE (2 mmol/1) 50
Glycerol (50 (il/ml) 16
NADH  (2 mmol/1) 55
N A D + (2 mmol/1) 50
ATP (2 mmol/1) 4
ADP (2 mmol/1) 6
Ca2+ (1 mmol/1) 18
2-Oxoglutarate (10 mmol/1) 10
L-Glutamate (10 mmol/1) 12
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T i m e  a t  7 5 ° C  ( m i n )

Fig. 1. Time course o f heat inactivation of G DH in the 
presence o f protective agents (final concentration 1 mmol/1 
each).
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Fig. 2. Polyacrylamide gel electrophoresis o f  purified 
GDH (6.5% gel). A: Control; B: After incubation at 75 °C  
for 30 min in the presence o f N A D H  and Ca2+ (1 mmol/1 
each).

substrates 2-oxoglutarate and L-glutam ate were 
ineffective. The loss of G D H  activity was ab o u t 20% 
of initial activity when incubated at 75 °C  for 
30 min in the presence o f N A D H -I-C a2+ (Fig. 1). 
This loss of activity was accom panied by a d is­
appearance of the bands 1 to 6  (Fig. 2). Since these 
bands account for about 50% of in itial G D H  
activity, the activity of band 7 m ust have been 
increased during the heat treatm ent.

This result indicates that the fast m igrating  
bands 1 to 6  could be converted into band  7. To 
prove this unequivocally the following experim ent 
was performed. A m ixture o f bands 1 to 6  and 
band 7 were isolated from gels and the two p rep a ra ­
tions were incubated at 70 °C. As shown in Fig. 3 
bands 1 to 6  were considerably m ore tem peratu re  
labile than band 7, at least during the in itial 
10 minutes. G elelectrophoretic analysis revealed 
that during this period bands 1 to 6  had  largely 
disappeared whereas band 7 concom itantly ap ­
peared (Fig. 4). The isolated band 7 rem ained 
qualitatively unaltered.

The existence of m ultiple m olecular form s is a 
common feature of a num ber o f enzymes. They m ay 
be caused by at least three d ifferent m echanism s;

1) Genetic m ultiplicity as in the case o f true  iso­
enzymes such as lactate dehydrogenase [ 1 2 ] and 
aldolase [13].

Time at 70°C (min)

Fig. 3. Time course o f heat inactivation o f isolated G DH  
bands 1 - 6  and band 7. Incubation was performed without 
addition o f protective agents.

0

- 7

A B C
Fig. 4. Polyacrylamide gel electrophoresis o f purified  
GDH (6.0% gel). A: Control (complete pattern); B: Isolated 
GDH bands 1 -6 ;  C: as B but after incubation at 70 °C  for 
20 min in the presence o f NA DH  and Ca2+ (1 m m ol/I 
each).
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2) Posttranslational m odification by proteolytic 
activities [14], or phosphory lation /dephosphory la­
tion [15 -  18] or deam idation [19].

3) Conform ational variants o f a single pro tein  
species assuming m ultiple, m etastable confo rm a­
tional states [2 0 ], as shown for the m itochondrial 
malate dehydrogenase [2 1 , 2 2 ] and ascarid enolase
[23].

The data reported here are consistent w ith the 
view that the m ultiple forms o f G D H  are m eta­
stable conformational variants which d iffer in the ir 
response to heat inactivation and can be partially  
converted into the most therm ostable variant. The

observed stability o f the different forms th roughout 
the purification can be explained by relative high 
activation energy barriers [20]. D uring incubation at 
tem peratures above 70 °C  this energy barrier is 
overcome. The protecting agents, especially N A D H  
com bined with C a2+, a known activator o f plant 
G D H  [6 , 24 -28 ], seem to stabilize the active site 
thus preventing denaturation.
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