Phytochemistry, Vol. 46, No. S, pp. 817 825, 1997
P 4% 1997 Elsevier Science Ltd. All rights reserved
ergamon Printed in Great Britain

PIIL: S0031—9422(97)00395—6 0031--9422,97  §17.00+0.00

REGULATION OF PEANUT GLUTAMATE DEHYDROGENASE BY
METHIONINE SULPHOXIMINE

GopsoN O. Osuir* and WENCESLAUS C. MADU

CARGC, Prairie View A&M University, P.O. Box 4079, Prairie View, Texas 77446, USA
(Received in revised form 4 March 1997)

Key Word Index—Arachis hypogaea; Leguminosae; peanut; metabolism, glutamate dehydro-
genase; subunits, methionine sulphoximine-regulated.

Abstract—Peanut glutamate dehydrogenase (GDH) was electrophoretically purified to homogeneity. Rotofor
IEF fractionated the peanut GDH to 7 isoelectric (charge) isomers, which focused in the pH 5-8 range. Western
blot analysis of the charge isomers using anti-GDH serum showed that methionine sulphoximine (MSX)
treatment suppressed the b-subunit (69 KDa), but enhanced the a-subunit (45 KDa), and «-subunit (46 KDa)
of the enzyme. The MSX-mediated suppression of the b-subunit increased the NH; K, value of the acidic
charge isomers from 7.7 mM in the control to 50 mM in the MSX-treated peanut, and also increased the 2-
ketoglutarate K,, value of the basic charge isomers from 0.4 mM in the control to 7.0 mM in the MSX
treatment. Therefore, the control peanut could salvage NH{ with its GDH activity. But by increasing the
NH; K, value, the MSX rendered the enzyme ineffective in NHJ salvage. In the deamination direction, despite
the enhancement of the a-, and «-subunits by MSX, the basic charge isomers of GDH had very high K, value
for L-giu (50 mM), similar to that (25 mM) of the control. Thus, the GDHs of the control, and MSX treatment
could not function in the deamination reaction in vivo. These results show that the treatment of peanut with
MSX impaired the amination function of GDH. © 1997 Elsevier Science Ltd

INTRODUCTION been deciphered by genetic and immunochemical

. analyses . ionation of its
Glutamate dehydrogenase (GDH, EC 1.4.1.2] is abun- anatyses 29, 30]. Fractio the cnzyme to it
. . . charge isomers [20], followed by assay of their redox
dant in the storage organs of many crop species [1-9]. LS LT .
. ; . . activities, showed that the amination reaction, as well
Many studies on its catalytic properties had concluded . . .
; . - P . as the isomerization of the isoenzymes, were coupled
that it was performing a deamination function [6, 10—

. L . spontaneous reactions [31]. The inhibition of the
12] despite the thermodynamic evidence in support of . o . .
L . L. GDH isomerization by MSX is therefore a potentially
an amination function [13-15]. Studies in support of

the deamination function routinely applied the herbi- useful reaction for probing the physiological function
. . . : of the enzyme. It has already been demonstrated that
cide, methionine sulphoximine (MSX) in order to L e .
S . L. GDH is 25% more efficient than glutamate synthase
inhibit glutamine synthetase (GS) activity [16-19]. But . . ]
B . L . (GOGAT) in the synthesis of L-glu; and that GDH
MSX inhibited the isomerization of maize GDH [20], o N .
o . ) . salvaged 51% of the NHJ released during phy-
while it altered the GDH isoenzyme ratios of Chla- . . ) _
. . . tochemical defence response, while GS salvaged the
mydomonas reinhardtii [21]. Whereas the mechanism remaining NHJ [31]
of inhibition of GS by MSX is understood [17-19, 22, g ¢ X

e . Hereunder. our results show that MSX treatment
23, thaF for the 1qh|b1t10n of GDH is not yet known. of germinating peanut selectivity suppressed the b-
The isomerization of GDH has been repeatedly

observed [7, 8, 20]. Despite intensive experimentation fl?e]zfl: pni;’ dzl;;;nhf}z Ce:r::en?; iilzadrr?':r?t]y?:pg:i’
involving "N NMR spectroscopy [10, 11], genetic Y & y 4

analysis [6, 22], and enzyme kinetics [24-28], there is salvage.

still the need for an explanation of the physiological

function of the enzyme in terms of the observed iso-

merization of its subunits, and isoenzymes. The subu- RESULTS AND DISCUSSION

nit composition of the GDH multiple isoenzymes have ‘
NH; Accumulation in MSX-treated peanut

NH] accumulates in MSX-treated plant tissues due
* Author to whom correspondence should be addressed. to the inhibition of GS/GOGAT cycle {19, 22, 23].
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Fig. 1. [somerization of Peanut GDH by NH,Cl and MSX Solutions. The GDH extracted from peanut seeds germinated in

the presence of distilled water, MSX, and 5, 50, 100, and 150 mM NH,ClI solutions were fractionated by Rotofor IEF, and

then by 7.5% native PAGE. GDH activity was detected by staining the electrophoresed gel with tetrazolium bromide reagent.
The inserted binomial distribution is for comparison with the GDH isoenzyme population patterns.

This accumulation was evaluated on the basis of the
NH; -induced isomerization of peanut GDH. Peanut
seeds were germinated in the presence of | mM MSX,
and different concentrations of NH,Cl. The
(NH,),SO,-purified GDH from each seed treatment
was fractionated using Rotofor IEF technique. The
resulting 20 fractions were dialysed and then aliquots
were fractionated by native PAGE, followed by GDH
activity staining of the electrophoresed gel. The iso-
merization is shown in Fig. 1. The GDH focused in
Rotofor chambers 7-15. This is the unique 7-9 charge
isomer pattern of plant GDHs [2, 29].

The GDH charge isomers in Rotofor chambers 7--
14 had pl values of 5.2, 5.5, 5.9, 6.3, 6.6, 7.1, 7.4,
and 7.8, respectively in the control, NH,Cl, and MSX
treatments. Figure | shows that whereas Rotofor IEF
fractionated the GDH to 7-9 charge isomers, the
native PAGE fractionated each charge isomer to its
constituent isoenzymes. Native PAGE fractionates
isomeric proteins to their component isomers accord-
ing to their charge and size [32]. Figure 1 shows that
only the isoenzyme distribution of the control GDH
resembled closely the binomial statistical distribution
expected. Also, except the control GDH which dis-
played five rows of isoenzymes, the GDHs from the
NH,CI treatments displayed progressively fewer rows
of isoenzymes until at 150 mM NH,C] treatment only
three rows were detectable. The gels for the 100, and
150 mM NH,CI treatments were incubated in the
tetrazolium bromide reagent for 15, and 24 hr, respec-
tively, before the GDH bands became visible, thus
indicating the decreased activity of the enzyme with
increasing NH,Cl treatment of the peanut. The acidic

charge isomers (Rotofor fractions 7-9) also suffered
progressive depression with increasing concentration
of the NH,Cl treatment. A similar effect was reported
for maize GDH [20]. Also in the control, and NH,CI
treatments, the most cathodal GDH isomers consisted
of two isoenzymes that were partially separated by the
native PAGE.

In the MSX treatment, the GDH had only three
rows of isoenzymes. On that basis, the 1 mM MSX
was as toxic as the 150 mM NH,CI treatment. A
similar suppression of the GDH isoenzymes of maize
by MSX has been reported [20]. Therefore, from the
severe depression of GDH by MSX (Fig. 1), the
amount of NH; accumulation in the peanut seedlings
was similar to that due to the 150 mM NH,CI treat-
ment. The population distribution of the detectable
GDH isoenzymes in the MSX treatment is the pattern
theoretically expected if the b-subunit of the enzyme
were partially suppressed (Fig. 1). It therefore became
necessary to study the MSX-dependent regulation of
GDH at the subunit level of the isoenzymes. This was
done by immunochemical procedures.

The GDH isoenzyme population distributions pre-
sented in Fig. 1 were obtained when the IEF was
performed with the pH 3-10 Bio-Lyte ampholyte.
When the focused isoenzymes were pooled, dialysed
and then re-focused in a narrow pH gradient (pH 5-
7) ampholyte, the GDH isoenzymes focused in over
14 chambers instead of in 7-9 chambers of the Rotofor
cell, suggesting that some charge isomers focused in
two chambers instead of one. Therefore, focusing in
the narrow pH ampholyte distorted the seven charge
isomer system which is the unique statistical feature
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in the hexameric structure of the enzyme. Because the
wider pH ampholyte concentrated the GDH to give its
characteristic seven charge isomers, IEF was routinely
performed in the pH 3-10 range. Also, Fig. 1 shows
that the charge resolutions achieved by Rotofor with
the pH 3-10 ampholyte were excellent because the
isoenzyme patterns were unique and differed from one
charge isomer to the other within the same treatment,
as well as from one treatment to the other.

Purification of peanut GDH

Ammonium sulphate precipitation of GDH. GDH
was purified from the cotyledons of the control
peanut. The crude extract of the peanut cotyledons
contained 13.8 mg protein per ml, with a specific
activity of 11.5 pmol min~' mg~' protein. After
(NH,).SO, precipitation, dialysis, and centrifugation
to remove insoluble proteins, the partially purified
GDH contained 1.7 mg protein per ml, and had a
specific activity of 240 gmol min~"' mg~' protein. The
(NH,),SO, precipitation step was therefore effective
in the purification of the enzyme.

Rotofor purification of GDH. (NH,),S0,-purified
GDH was further purified by Rotofor IEF (Fig. 1).
The 20 fractions from the Rotofor purification were
dialysed and fractions 7-13 were combined (22 ml
total volume) as the Rotofor-purified GDH (2.4 mg
protein per ml), with a specific activity of 375 umol
min~! mg~' protein. Therefore, the Rotofor puri-
fication step concentrated the enzyme.

Prep cell purification of GDH. Rotofor-purified
GDH (24 mg protein) was further purified by Prep
Cell SDS-PAGE. A total of 84 fractions was collected.
After dialysing the Prep Cell fractions to remove SDS,
aliquots (200 ul) were analysed by photometry for
GDH activity. Prep Cell fractions 1-30 had no GDH
activity, 32-76 contained GDH activity, with fractions
44-56 containing the peak activity.

SDS-PAGE of aliquots (100 ul) of Prep Cell frac-
tions, followed by silver staining of the elec-
trophoresed gels showed that fractions 1-10 contained
polypeptides lower than 21 k in M,; fractions 12-30
contained polypeptides between 2440 k M,; fractions
32-40 contained the 45 k polypeptides in conjunction
with some 2440 k polypeptides; fractions 42-64 con-
tained only the 45 k polypeptides (Fig. 2); while frac-
tions 66-84 contained polypeptides higher than 45 k
M,.

Also, aliquots (200 ul) of the Prep Cell fractions
were analysed by native PAGE. The electrophoresed
gels were stained for GDH activity with tetrazolium
bromide reagent. Prep Cell fractions 1-30 gave no
GDH isoenzyme bands, but fractions 32-72 gave
GDH isoenzyme bands that migrated with the most
cathodal GDH size isomers. These results were thus
in agreement with those from the photometric assays.
In the results (Fig. 3), the GDH contents of fractions
42-64 gave a system of single isoenzyme bands that
moved diagonally from the base to the top of the
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Fig. 2. Protein Profiles of the Prep Cell-Purified Peanut
GDH. Equal vols (100 pl) of the Prep Cell fractions con-
taining the GDH activity were electrophoresed (SDS-10%
PAG), then the gel was stained with silver. Bands a and «
are the acidic polypeptides of peanut GDH. Lane P.P. was
Rotofor-purified peanut GDH. The M, markers were: myo-
sin (200 k), phosphorylase b (97 k), BSA (69 k), ovalbumin
(45 k), carbonic anhydrase (30 k), trypsin inhibitor (21 k),
and lysozyme (14 k).
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Fig. 3. Native PAGE of Prep Cell-Purified Peanut GDH.
Equal volumes (200 ul) of the Prep Cell fractions were
dialysed, and then electrophoresed (7.5% native PAG). The
electrophoresed gel was stained overnight with tetrazolium
bromide reagent before the GDH bands became visible.

most cathodal GDH charge isomer. Thus, the most
cathodal charge isomer band of the control GDH
(Fig. 1) consists of 2 isoenzymes (rows 6 and 7). The
results in Fig. 3 showed that the Prep Cell-purified
GDH polypeptides re-associated to produce the hex-
americ isoenzymes after dialysis to remove the SDS.
For each pair of GDH polypeptides per Prep Cell
fraction in Fig. 2, there was a corresponding GDH
activity band in Fig. 3. Therefore the Prep Cell puri-
fication step did not completely denature the poly-
peptides of the enzyme. The re-assembly of the pair
of polypeptides in Prep Cell fractions 4264 to pro-
duce two charge isomers of GDH provided the initial
test of identity for the 45 k polypeptides. For Prep
Cell fractions 42-64, the native gel was incubated
overnight in the tetrazolium bromide reagent before
the GDH bands became visible. This was due to the
low GDH protein contents of most of the fractions as
depicted in Fig. 2.

Based on the results from the SDS-PAGE (Fig. 2),
and the native PAGE (Fig. 3), Prep Cell fractions
42-64 contained the purest preparation of the two
polypeptides of GDH. The 45, and 46 k M, poly-
peptides in fractions 42-58 would correspond to the
a-, and a-polypeptides, respectively, of GDH. They
were present in progressively changing ratios
especially from fractions 42-64, so that when they re-
associated to produce hexamers, two kinds of charge
isomers were obtained. If only one of the polypeptides
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was a GDH polypeptide, only one charge isomer (a
homohexamer) would have been produced.

Prep Cell fractions 46—53 which contained the GDH
peak amination activity were combined as the pure
GDH preparation, and the protein content was salted
out with solid (NH,),SO,. The pure GDH (125 ug
protein) had a specific activity of 3571 ymol min~'
mg~', and so, was purified 310-fold as compared with
the crude extract. The purified GDH was used for
antibody preparation. Although the most effective
step in the purification process was the Prep Cell elec-
trophoresis, the spread of GDH activity in over 40 of
the Prep Cell fractions suggested possible degradation
of the enzyme by the 40° treatment prior to Prep Cell
electrophoresis. This may explain the low purification
(310-fold) achieved.

A comparison of the protein contents (Fig. 2) of the
Prep Cell fractions and of the Rotofor-purified GDH
shows that the Prep Cell electrophoresis was very
effective in the removal of the arachin, and con-ara-
chin storage proteins. Since peanut storage proteins
have a wide range of M,s, and charge distribution [33--
35], they will be particularly difficult to remove when
peanut enzymes are purified by electrophoresis. This
problem was minimized by using the Florunner cv of
peanut since it does not possess the 43-47 k arachins
[34]. Therefore, the Florunner peanut storage protein
polypeptides did not interfere with the purity of the
GDH polypeptides.

At least three steps of chromatography were
employed in the purification of grapevine [36], maize
[37], and pea [28] GDHs. Electrophoretic purification
is therefore less complex than the chromatographic
purification of GDH.

Regulation of the subunit polypeptides of peanut GDH
by MSX

This was investigated by immunochemical
methods. The GDH antibody was prepared in rabbit.
ELISA monitoring of the GDH antisera detected anti-
bodies up to dilutions of 1000, 10000, and 50 000 in
bleeds collected on the 9th, 11th, and 14th weeks,
respectively. The 14th week anti-GDH serum was
used for all the immunochemical experiments.

Aliquots (5 ul, containing 5-12 pg protein) of the
dialysed Rotofor fractions were prepared and sub-
jected to native PAGE, followed by Western blotting,
and probing with the anti-GDH serum. The results
(not shown) gave the expected resolution of each
GDH charge isomer to its constituent isoenzymes as
was observed with the activity staining of the elec-
trophoresed gel (Fig. 1). This immunochemical
characterization established the authenticity of the
Prep Cell-purified GDH polypeptides.

Aliquots of the Rotoforated GDH were also ana-
lysed by SDS-PAGE followed by Western blotting,
and probing with the anti-GDH serum. Fig. 4 shows
that as expected, the GDH isoenzyme system has three
polypeptides: a, z, and b; but their relative distribution
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Fig. 4. Immunochemical Characterization of GDH Subunit
Polypeptides of (A) the Control and (B) the MSX-Treated
Peanuts. Equal vols (50 ul) of the fractions from the Rotofor-
purified GDH were electrophoresed (SDS-10% PAG), elec-
tro-blotted onto nitrocellulose filter, and then probed with
anti-GDH serum, the second antibody being alkaline phos-
phatase-conjugated. Antibody-antigen complexes were
detected by staining the nitrocellulose filter with alkaline
phosphatase substrates. The a, « and b protein bands are the
GDH subunit polypeptides.

in the charge isomers of the MSX-treated peanut (Fig.
4(b)] dramatically differed from the control [Fig. 4(a)].
The b-polypeptide (69 k M,) which is more basic than
the a-, and x-polypeptides was as theoretically
expected, more abundant in the basic than in the acidic
charge isomers of the control GDH. But in the MSX
treatment, the b-polypeptide was suppressed, being
just detectable in some of the charge isomers. The
predicted suppression of the b-subunit polypeptide by
MSX was thereby confirmed. Furthermore, the acidic
charge isomers of the GDH of MSX treatment had
more of the acidic polypeptides as compared with the
control peanut. Therefore, the treatment of peanut
with MSX suppressed the b-subunit, and enhanced
the a-, and a-polypeptides. This inverse regulation of
the expression of the basic and acidic polypeptides of
GDH has not been reported before. The difference
between the GDH polypeptide distribution of the con-
trol peanut and that of the MSX treatment was there-
fore great (Fig. 1). If this regulation is controlled by
the promoter regions of the twin genes [3§] of the
enzyme, then DNA sequencing of the genes [37] will
illuminate the physiological functions of the enzyme.

The native, and SDS-FAGE results for peanut
GDH are in agreement with those of the 2-dimen-
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sional fractionation of avocado, and grapevine GDHs
[7, 30] because native PAGE fractionated the GDHs
to their respective isoenzymes; but whereas Rotofor
IEF fractionated the GDH isoenzyme population to
the different charge isomers, the IEF gels [7, 30] frac-
tionated the isoenzymes straight to their subunit poly-
peptides.

Maize GDH, like peanut GDH has more than seven
isoenzymes. The isomerization of maize GDH was
explained on the assumption of the existence of three
different polypeptides of the enzyme [20]. The exper-
imental demonstration of these polypeptides (Fig. 4)
gives further strength to the binomial isoenzyme
population distribution of the enzyme.

Figure 4 shows that the three polypeptides of pea-
nut GDH possess similar antigenic properties. The
two polypeptides of grapevine GDH also displayed
similar antigenic properties [30]. There is considerable
variation in the M, of GDH polypeptides. The two
polypeptides of grapevine GDH have M, of 43.0, and
42.5 k [30]; the single polypeptide for the GDH of
Phycomyces has a M, of 54 k [39]; while the poly-
peptides of pea GDH, and Lemna GDH have a M, of
58.5 k [40].

In Fig. 4, the charge isomers in Rotofor tubes 9 and
10 contained additional, but trace amounts of low M,
bands that displayed antigenic similarity to the GDH
polypeptides. These could be degradation products of
the GDH-polypeptides as suggested above, or other
polypeptides that are distantly related to GDH. Simi-
lar trace amounts of low M, GDH polypeptides were
detected by Western blot analysis of grapevine GDH
[30].

Redox activity of peanut GDH

The inverse regulation of the polypeptides of GDH
by the MSX treatment of peanut provided an oppor-
tunity for probing the physiological functions of the
enzyme. Since the subunit compositions (Fig. 4) of
the acidic charge isomers (Rotofor fractions 7-10)
differed from those of the basic charge isomers (Roto-
for fractions 12-14), the redox activities of the two
pools of GDH were determined.

In order to deduce the true kinetic constants, the
initial velocities fc~ each pool of GDH charge isomers
were used for the construction of Lineweaver-Burk
double-reciprocal plots, the 1/V-axis intercepts of
which were then used for the construction of the
replots [41]. The substrate concentrations used in the
GDH assays were those deduced previously for the
normal kinetics of the enzyme [1, 26, 27]. The results
of the analysis are shown in Table 1.

Figure 5 shows that the acidic charge isomers of
the GDH of MSX-treated peanut had a very large
Michaelis constant (K,,) for NH; (50 mM) as com-
pared with the acidic charge isomers of the control
peanut (7.7 mM). The enhanced levels of the acidic
polypeptides of GDH in the MSX treatment relative
to the control, was therefore responsible for the

increased K,, value for NHF. Since plant mito-
chondria contain up to 10 mM NH] [13], the acidic
charge isomers of the control GDH were capable of
catalysing amination reaction in vivo. On the other
hand, the K, value of 50 mM NH7, being above the
normal NH} concentration of the mitochondria,
means that the acidic charge isomers of the MSX-
treated peanut would only participate in amination
reaction in the presence of an equally high (50 mM)
NH; concentration in the mitochondria. MSX treat-
ment of peanut therefore rendered the acidic charge
isomers of GDH ineffective in NH; salvage.

The basic charge isomers of the GDHs of MSX.-
treated, and control peanuts (Fig. 5) had the same
very large K, value (40.0 mM) for NH; (Table 1).
Therefore, the suppression of the b-polypeptide in the
MSX-treated peanut did not change the K, value of
the basic charge isomers for NHj;. But the
accompanying enrichment of the acidic polypeptides
in the basic charge isomers of the MSX treatment,
increased the V,,, value about 10 times as was the
case in the acidic charge isomers. These results suggest
that the acidic polypeptides control the velocity of the
GDH amination reaction.

The function of the basic charge isomers was
deduced from the assay for their K, values for 2-
ketoglutarate (2-KG). Table 1 shows that whereas the
basic charge isomers of both the control and MSX
treatment had the same V,,,. value (33.3 pmol min™'
mg ') when 2-KG was the varied substrate, the con-
trol peanut had a lower K,, value (0.4 mM 2-K.G) than
the MSX treatment (7.0 mM 2-K.G). The suppression
of the b-polypeptide in the MSX treatment relative to
the control, could be responsible for the diminished
activity of the basic charge isomers for 2-KG. Since
their X, value for 2-KG is much lower than the con-
centration of 2-KG in plant mitochondria [42], the
basic charge isomers of the control GDH were capable
of catalysing amination reaction in vivo. 2-KG 1is
important in the amination reaction mechanism of
crop species because it regulates the catalytic activity
of their GDHs [1, 26].

The above results thus far have not explained the
possible function of the GDH of MSX-treated pearnut.
Since deamination by GDH is optimal at pH 9 [43],
we considered that it was likely that the basic charge
isomers of the MSX treatment might be active in the
deamination direction. Table 1 shows that the K,
values of the basic charge isomers of the control, and
MSX treatment for L-glu were very high, being 25
mM, and 50 mM, respectively, compared with the
GDHs of many plant species [5, 43, 44]. On the other
hand, the V,,. values (10~20 pymol min~' mg~") for
the deamination reaction were low (Table 1). The
combination of very high K|, values for r-glu, and
low ¥, values indicates that deamination was not a
significant reaction of the GDHs of the control, or
the MSX-treated peanuts. Furthermore, since the K,
values of the GDHs for L-glu were much larger than
the L-glu concentration of plant mitochondria [42],
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Table 1. Effects of MSX treatment of peanut seedlings on the redox activities of GDH

Treatments of peanut

Kinetic Varied fixed

GDH isoenzymes constants* substratest Control MSX-treated

Acidic charge isomers Ve NH7, 2-KG 25.0+2.0 229417
K, NHy 7.7+£0.5 50.0+6.0

Basic charge isomers Vax NH;, 2-KG 9.6+0.8 108+ 12
K, NHy; 40.04+2.0 40.04+3.0
Vs 2-KG, NH; 33.3+3.8 3331438
K, 2-KG 0.4+0.03 7.0+0.5
Vs L-glu, NAD* 10.4+0.9 20.8+2.0
K, L-glu 250+1.8 50.0+3.2

* The paired V,,, and K,, values are the results of the same experiment. V,,,, is umol min~' mg "' protein; K,, is mM.

m

+ Under the V,,,, values, the first substrate is the fixed varied, while the second substrate is the varied substrate.
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Fig. 5. Amination Activities of the GDH Charge Isomers of
Control and MSX-Treated Peanuts. Replots of data from
double-reciprocal plots in which the activities of the Rotofor-
purified acidic, and basic charge isomers of GDH were
assayed at varied 2-KG concs in the presence of constant
NADH conc with NH,CI held at varied fixed concs, in a
total vol of 3 ml per assay. Replots A, and D are for the
acidic charge isomers of control, and MSX-treated peanuts,
respectively. Replots B, and C are for the basic charge iso-
mers of control, and MSX-treated peanuts respectively. Pro-
tein contents of the acidic, and basic charge isomers were
2.6, and 2.3 mg ml~', respectively.

the GDHs of the control, and MSX-treated peanuts
could not catalyse deamination reaction in vivo. With
the K,, value for 2-KG (0.4 mM) being much lower
than that for L-glu (25.0 mM), peanut GDH will bind
preferentially to 2-K G and spontaneously catalyse the
amination reaction. However, under abnormal con-
ditions (such as when plant tissues are first depleted
of carbohydrates, followed by an external supply of
L-glu in excess of the high K, value for the amino
acid) then the GDH may participate in the conversion
of the L-glu to 2-KG [6, 10-12], provided that the
toxic levels of the amino acid do not inhibit the iso-
merization of the enzyme.

There is increasing experimental evidence [13, 14,

20, 31, 45] which question the proposed deamination
function of GDH. Since the presence of malate in
undialysed crude extracts of plant tissues leads to false
high deamination activities of GDH [14, 45], all the
peanut GDH extracts were exhausively dialysed after
each step of purification to ensure complete removal
of interfering metabolites. Therefore, the low deam-
ination activity of peanut GDH (Table 1) is in agree-
ment with the low GDH deamination activities of
wheat cells [14], grapevine callus [45], and maize seeds
[20, 31].

The above results show that the GDH isoenzymes
of the control peanut were capable of catalysing the
amination reaction fully in vive because of their very
low K,, values for NH;, and 2-KG. However, in the
MSX-treated peanut, the GDH isoenzymes were
probably dormant in the redox reaction because of
their very large K, values for L-glu, NHJ, and 2-KG.
The suppression of the b-polypeptide, and enhance-
ment of the a-, and a-polypeptides in the MSX treat-
ment relative to the control peanut, with consequent
inhibition of the isomerization of the enzyme in the
MSX treatment, could have caused the dormancy of
the enzyme. These effects of MSX on GDH show that
it is no longer acceptable to assume that MSX has no
effect on the enzyme, especially when the herbicide is
utilized for the inhibition of GS during NH; assimi-
lation experimentation.

Great caution is requested when comparing the
activities of different enzymes based on their X,, values
[24], especially when the enzymes are also localized in
different cellular compartments. However, in the case
of the acidic and basic charge isomers of GDH, the
comparison is valid because they are merely different
isoforms of the same enzyme.

The GDHs of many plant tissues are known to
possess very high K, values for NH; [2]. The sup-
pressible and inducible nature of plant GDHs explain
the observed variable and high K,, values for NHy;
because plant tissues are normally propagated in
media rich in metabolites including NOj, NO;,
NH;, amino acids, carbohydrates, and growth regu-
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lators, some of which suppress while others enhance
the expression of one or more of the subunit poly-
peptides. There is therefore the need to fractionate the
enzyme to its population of hexameric isoenzymes in
studies pertaining to its physiological function. The
effects of many different metabolites and xenobiotics
on the isoenzyme population distribution suggest that
the enzyme also performs a redox monitoring function
in plant cells, tissues, and organs. In this function, it
utilizes its amination activity to monitor the oxidative
stress status of the tissue.

Part of the current interest in the mechanisms of
GDH centre on the finding that the abilities of crop
plants to assimilate NH and to synthesize storage
proteins depend on the amination activity of the
enzyme [1, 2, 20, 26, 46, 47]. Storage protein may be
a product of the defence response of plant species to
stressful accumulation of NH} because storage pro-
tein is deposited during plant senescence [48], and
phytochemical defence response [31].

From the foregoing results, the b-subunit poly-
peptide confers the reductive amination property on
GDH. Although its existence has long been predicted
[29, 49], it has not been hitherto identified. The storage
organs of protein deficient crops (potatoes, yam tuber,
cocoyam, and sweet potato) so far analysed have trace
amounts of the b-polypeptide of GDH [50], but the
storage organs of protein-rich crops possess high level
expression of the polypeptide. The b-polypeptide of
GDH is therefore a potentially important enzyme for
biotechnological manipulation. In support of the
direct relationship between protein content and GDH
animation is the finding that the GDHs of protein-
deficient crop species are inefficient in NHy salvage,
whereas the GDHs of protein-rich crops are efficient
in NH7 salvage [1]. Because of this, GDH has been
referred to as the storage protein-related enzyme [2].

EXPERIMENTAL

Germination of peanut seeds. Peanut seeds (Arachis
hypogaea, L. Florunner cv.) were soaked overnight in
H,0, 1 mM MSX soln, or in 5, 25, 50, 100, and 150
mM NH,CI solns. They were then germinated between
filter papers in 9 cm diam. Petri dishes (29°, 12 hr
light/night cycle). The filter papers were moistened
daily with H,O, MSX soln, or the appropriate NH,Cl
soln. At 108 hr, at least 85% of the seeds in each
treatment had germinated. Only the germinating seeds
were selected; their testas were removed, and ger-
mination stopped by freezing the seedlings on dry
ice. Cotyledons were dissected out, and immediately
stored at —70°.

Extraction of GDH. Frozen cotyledons were homo-
genized with x 3 their vol. of ice-cold extraction buffer
(0.2 M Tris-HCI (pH 8.5), 14 mM 2-mercaptoethanol
(2-ME), 40 mM CaCl,, 5% PVP, 0.5 mM PMSF).
The homogenate was centrifuged at 5000 g for 10 min
at 4°. The supernatant was frozen at —70°. After
thawing at 4°, it was re-centrifuged at 15000 g for 30

min. The supernatant was dialysed against 10 mM
Tris—HCI buffer (pH 8.2) x 3 at 4°, each change being
3.51 of the buffer. The dialysed extract was designated
as the crude GDH.

(NH,),S0, precipitation. The crude GDH was tre-
ated with solid (NH,),SO,, and the protein which pptd
between 20-65% satn was collected by centrifugation
(15000 g for 20 min, at 4°). The protein pellet was
dissolved in minimum vol. of extraction buffer, and
dialysed against 10 mM Tris—HCI buffer (pH 8.5} as
described above. Protein ppt. which appeared after
dialysis was removed by centrifugation (15000 g for
20 min, at 4°). The GDH prepn was further purified
by Rotofor IEF technique.

Rotofor IEF of GDH. (NH,),SO,-pptd GDH con-
taining 0.1-0.2 g total protein was made 4 M with
deionized urea, and 2% with Bio-Lyte ampholyte (pH
3-10, 40%). This soln (50 ml) was applied to the
Rotofor cell [51], and focused for 4 hr at 4°. The
20 Rotofor frs were then harvested; their pH values
determined; and their ampholyte contents were
removed by dialysis at 4°.

Native PAGE of GDH. Equal vol. (100 ul) of GDH
solns were electrophoresed at 4° through 7.5% acry-
lamide separating gel. Gels were stained for GDH
activity with phenazine methosulphate-L-glutamate-
NAD™-tetrazolium bromide reagent [49], or were
used for Western blot analysis.

SDS-PAGE. SDS-PAGE [52] was with 10% acry-
lamide separating gel. Gels were either stained with
Ag [53]. or were used for Western blot analysis.

Prep cell purification of GDH. The seven Rotofor
frs containing the GDH activities were pooled, and
then satd to 65% with solid (NH,),SO,. The protein
ppt was pelleted by centrifugation (15000 g for 20 min
at 4°), the pellet was redissolved in minimum vol. of
42 mM Tris—HCl buffer (pH 6.8), and dialysed against
3.5 1 of same buffer overnight at 4°. The dialysed
enzyme (6 ml, about 50 mg total protein) was divided
into two; and one part (3 ml) was made 0.1% with
SDS, 8% with glycerol, 3% with 2-ME. and 0.01%
with bromophenol blue. After incubation at 40° for
15 min, the sample (24 mg total protein) was loaded
on the PAG in the Bio-Rad model 491 Prep Cell [54].
The SDS-10% separating gel in the Prep Cell was 9
cm high, and was polymerized in the 37 mm diam.
tube of the apparatus. The stacking gel was 3 cm high.

The gel was electrophoresed at 4°, and at 100 V
(constant). After the bromophenol blue dye had
migrated out of the separating gel, the running buffer
(50 mM Tris, 384 mM gly, and 0.1% SDS) was
pumped through the elution chamber at 0.15 ml
min~'. Frs 84 x3 ml were collected. Frn number 2
was the test one that contained visible amounts of
bromophenol blue dye. All the 84 frs were dialysed
against 4 changes of 3.51 10 mM Tris-HCl buffer (pH
8.5) overnight, at 4° to remove the SDS.

In order to locate the frs containing GDH activity,
equal vols (100 ul) of even number frs were analysed
for amination activity by photometry at 340 nm as
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described below. Once the elution position of the
enzyme was located, equal vols (200 ul) of the even
number frs within the zone of activity were analysed
by 7.5% native PAGE. The electrophoresed gels were
stained for GDH activity with the phenazine metho-
sulphate—tetrazolium bromide reagent as described
above. Also, equal vols (100 ul) of the frs containing
GDH activity were analysed by SDS-10% PAGE; the
electrophoresed gel was then stained with Ag. The
best frs with respect to purity of the GDH poly-
peptides were pooled. Solid (NH,),S0, was added to
make 65% satn in order to ppt all the protein in the
pooled frs. Protein ppt was pelleted by centrifugation
(15000 g for 20 min at 4°); the protein redissolved in
minimum vol. of 10 mM Tris-HCI buffer (pH 8.5);
followed by dialysis in the same buffer at 4° to remove
(NH,).SO.. The dialysed GDH was used as antigen
for antibody production.

Antibody production. Primary antibody against the
purified GDH was prepd in rabbits (Alpha Diag-
nostic, San Antonio, Texas, USA). Pre-immune serum
was taken before the rabbits were immunized. Bleeds
were collected on the 9th, 11th and 14th weeks. Anti-
sera titre was monitored by ELISA.

Western blot analysis. Proteins fractionated by
PAGE (native or SDS) were electrophoretically trans-
ferred to nitrocellulose filters using Bio-Rad’s Trans-
Blot Transfer Cell. The transfer buffer for native gels
was 25 mM Tris, 192 mM gly (pH 8.3); but for SDS
gels, it was 25 mM Tris, 192 mM gly, and 20% MeOH
[55]. Electrophoretic transfer was done at 30 V (con-
stant) overnight.

Nitrocellulose blots of native gels were blocked with
2% soln of milk protein; incubated with GDH anti-
body at 30000 dilution for 1 hr at room temp; washed
x 3 with TBST buffer (10 mM Tris—HCI pH 8.0, 150
mM NaCl, 0.05% Tween 20), 5 min each wash; incu-
bated with peroxidase-labelled antibody conjugate for
1 hr at room temp.; and then washed x 5 with TBST
buffer, 5-10 min each wash. The filter was then incu-
bated in NuGlo chemiluminescent substrates accord-
ing to ref. [56]. Antibody-antigen complexes were vis-
ualized by exposure of the chemiluminescent nitro-
cellulose filter to X-ray films for 1-2 min, followed by
processing of the films.

Nitrocellulose blots of SDS gels were blocked with
1% BSA in TBST buffer; incubated with GDH anti-
body; washed with TBST buffer; incubated with alka-
line phosphatase-labelled antibody conjugate; and
then washed x 5 with TBST buffer. Antibody—antigen
complexes were visualized by incubating the nitro-
cellulose filter in alkaline phosphatase substrate soln
(16.5 mg nitro blue tetrazolium and 8.25 mg 5-bromo-
4-chloro-3-indolylphosphate in 50 ml of 100 mM Tris—
HCI pH 9.5 containing 100 mM NaCl, and 5 mM
MgCl,) according to ref. [S7].

Assay of GDH activity. GDH activities [25, 26] were
determined by photometry at 340 nm. In the amin-
ation direction, 0.3-35.0 mM 2-KG, 3.0-530.0 mM
NH,CI, 0.16 mM NADH, 1.3 mM CaCl,, and 0.2 ml

of GDH soln were used. In the deamination direction,
10-330 mM r-glu, 0.2-2.0 mM NAD™*, 0.6 mM CaCl,,
and 0.2 m! of GDH soln were used. Substrates for the
amination reaction were prepd in 0.1 M Tris-HCl
buffer (pH 8.0), while the substrates for the deam-
ination reaction were prepd in 0.1 M Tris—-HCI buffer
(pH 9). Final vol. of each reaction was 3 ml.

Protein concns were determined by the method of
ref. [S8]. Enzyme and protein assays were done in
triplicates, the values reported being the averages of
the triplicate assays.
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