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Abstract-NAD(H)-glutamate dehydrogenase (GDH) was isolated from turmp (Brassica rapa) and its properties 
examined. The enzyme was found to be associated with mitochondria and located entirely wlthin the mitochondrial 
matnx compartment. The enzyme dlsplayed both NAD(H)- and NADP(Hwependent activity with NAD(H) bemg 
the preferred substrate, i.e. NAD(H)/NADP(Hwependent activities were the order of 11 1. The pH optima for the 
amination and deammatlon reactions were 8 0 and 9.5 respectively The apparent K, values for glutamate, 2- 
oxoglutarate, ammonia (as ammonium sulphate at pH 8.0), NAD and NADH were 28 6,2.0,22.2,0.25, and 0 09 mM 
respectively under optimum pH conditions. The K, values for the substrates varied dependmg upon the assay pH, 
however, the K, for NAD(H) was not changed sigmficantly. NAD(HtGDH activity was activated by the bivalent 
cations Ca’ +, Mn’ + and 5%’ + Ca’+ was the most effective cation for actlvatlon. The deaminatlon reaction was fully 
activated by 7-8 ,uM Ca*+, however, 60 PM Ca*+ was reqmred to fully activate the enzyme when catalysing the 
ammation reaction The enzyme was completely inactivated by the addltlon of EGTA, but activity was fully restored 
by the addltlon of Ca *+ The enzyme was purified 346-fold and the M, of the enzyme sub-unit was estimated to be 
43 000 by SDS-PAGE 

INTRODUCTION 

It is well accepted that the glutamme synthetase 
(GS)/glutamate synthase (GOGAT) system 1s the major 
pathway for ammonium fixation m higher plants and that 
glutamate dehydrogenase (GDH) does not play a maJor 
role in mtrogen assimilation unless ammomum IS m 
excess [l]. This conclusion IS based on the apparent poor 
affinity of GDH for ammonium (K, S-70 mM) [2], and 
would suggest the principle function of this enzyme may 
be the deammation of glutamate 

It has been reported that NAD(HkGDH activity 1s 
regulated by blvalent cations [3-73. Furthermore, Yam- 
aya et al. [S] have recently reported that the levels of 
Ca2+ in corn shoot mltochondrla are sufficient to fully 
activate mitochondrlal GDH leading to significant rates 
of ammomum fixation. 

There are a number of reports on the properties of 
NAD(P)-GDH from various plant tissues mcludmg 
leaves [9], eplcotyls [lo], roots [ 111, seeds [12], cotyle- 
dons [13], and nodules [14]. However, little is known 
about the enzymes involved m nitrogen metabolism m 
storage tissue In this paper we report on the general 
characteristics of NAD(H)-GDH isolated and purified 
from turnip storage root (Brassrca rapa L.). 

RESULTS 

Enzyme locabzation 

The intracellular locahzatlon of NAD(H)-GDH m 
turnip was determmed by differential centrifugatlon 
Fumarase, catalase and phosphoenolpyruvate (PEP)- 
carboxylase were used as marker enzymes for mltochon- 
dna, peroxisomes and cytoplasm, respectively. The re- 

sults given m Table 1 show that NADH-GDH activity 
closely followed the dlstrlbution of the mitochondrial 
enzyme, fumarase. The NADH-GDH activity in the 
15000 g supernatant could not be pelleted at 105000 g 
Indicating that this activity was not associated with any 
other cellular membrane fraction (data not shown). The 
small amount of activity) in the supernatant approximated 
that of fumarase and so could have been released from 
broken mltochondrla 

A comparison of NADH-GDH activities measured 
using mtact turnip mltochondria versus detergent treated 
mltochondrla IS given m Table 2. NADH can permeate 
the outer membrane of plant mltochondrla but cannot 
cross the inner mitochondrlal membrane. Thus, the very 
low level of GDH activity observed with intact mltochon- 
drla compared to that obtained with a detergent treated 
fraction demonstrates that the enzyme IS located almost 
entirely wlthm the mltochondrial matrix compartment. 

Kmetic properties 

The general kinetic properties of NAD(HwDH were 
determined usmg enzyme extracted from tsolated mlto- 
chondrla. The pH optima were 8.0 and 9.5 for the 
ammatlon and deammatlon reactlons respectively (Fig. 
1) The apparent K, values for glutamate, 2-oxoglutarate, 
ammonia (as ammomum suiphate at pH 8.0), NAD, and 
NADH under various pH conditions are shown m Table 
3. It can be seen that whilst the K, values for glutamate, 
2-oxoglutarate or ammomum sulphate varied dependmg 
upon the assay pH condltlons (Table 3), the K, values for 
NAD(H) did not The mitochondrial GDH enzyme also 
dlsplayed some actlvlty with NADP(H), however, actl- 
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Table 1 Dtstrtbutton of NADHCIDH, fumarase, catalase and PEP-carboxylase m vartous subcellular fracttons Isolated 

from turnip root tissue using dtfferenttal centrtfugatton 

Acttvny (%) 

NADHGDH Fumarase Catalase PEP-carboxylase 

Homogenate 
15000 9 sup 

15 000 pellet 9 

100 100 100 100 

19 13 75 93 

63 67 9 03 

Table 2 Compartson of NADHGDH acttvrttes measured us- vtties were of the order of 11 ttmes lower than those 
mg intact mttochondrta versus detergent treated mttochondrta observed wtth NAD(H). 

NADH-GDH acttvtty 

(nmol NADH ox /mm/mg protein) 

-Trrton X-100 002 
+Trtton X-100 171 

The NADH-GDH actrvtty was measured m 04 M sucrose 
using standard reaction medmm with or wnhout 0 04% (w/v) 
Trtton X-100 
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Fig. 1. pH optima of NAD(HkGDH from isolated turnip 

mitochondrta Assays were carrted out as descrtbed m Expert- 
mental and adjusted to vartous pHs using KOH or HCI 

Effect of btvalent catzons 

NAD(H)GDH was activated by the addition of 
CaCI,, MnCI, and ZnSO, m both the aminatton and the 
deammatton dnectton (Table 4), however, there was no 
effect of MgCI,, KCI or NaCl The most effecttve 
canon was Ca” wtth lower concentrattons required to 
fully activate the enzyme than that wtth Mn2’ or Zn*’ 
The relattonshrp between Ca2’ concentratton and 
NAD(H)-GDH acttvtty IS shown m Ftgs 2 and 3 The 
deammatron actrvtty of GDH was fully actrvated in the 
presence of 4 PM of added Ca’ f whereas 60 PM of added 
Ca2 + was requtred to give maxtmal enzyme acttvatton m 
the ammatron dtrectton It should be noted that the 
dtsttlled water used m these expertments dtd contam a 
small amount of Ca” + (ca 3 FM) and thus may explam the 
stgmficant amount of deammatton activtty observed in 
the absence of added Ca2+ solutton (note complete 
mhtbrtton of deammatton acttvtty by EGTA, Table 5). 
Therefore, maxtmum actrvrty of the deammatton reaction 
IS observed wtth 7-8 PM Ca’ + 

NAD(H)-GDH acttvtty was strongly mhtbrted by the 
chelatmg agent, ethylene glycol brs-@‘-ammoethyl ether) 
N,N,N’,N’-tetraacettc actd (EGTA), and this inacttvatton 
could be recovered completely by the addttion of Ca2 + or 
Mn2+ (Table 5) 

Propertzes ofpurrfied NAD(H)--GDH 

Mitochondrtal GDH was purrfied 346-fold using the 
steps outhned m Table 6 lmttal treatment of the mtto- 
chondrlal extract Included mcubatton with the protease, 
trypsm GDH actlvtty was found to be msensmve to 
trypsm treatment m contrast to other mttochondrial 
enzymes such as NADH-malate dehydrogenase (MDH) 
(Fig 4) It can be seen that trypsm treatment markedly 
reduced the protem concentratton (Ftg. 5 A), but there 
was no change m the GDH rsozyme pattern (Ftg. 5 B) It 

Table 3. Influence of pH on the apparent K, values of turnip NADHGDH m the 

presence of 0 1 mM CaCl, for substrates of the ammatton and deammatton reaction 

K, values (mM) 

PH Glutamate 2-Oxoglutarate (NH,)W, NAD NADH 

7.2 17 66 7 008 
80 122 20 22 2 0 17 009 
95 28 6 100 196 025 0 07 
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Table 4. Activation of NADH-GDH by divalent catrons 

Addttton 

Fmal cone 

(mM) 

None 

Ca’+ 01 809 182 
10 752 167 

Mnz+ 01 114 103 
10 786 114 

Zn2+ 01 
10 

Mg2+ 01 94 92 
10 90 92 

Relative acttvmes (%) 

Ammatron Deammatron 
reaction reaction 

100 100 

94 102 
197 135 

0 I 3 IO 30 100 300 1000 

Ca2+added (PM) 

Fig 2. Activation of the aminatron reactron of NAD(H)-GDH 

from turmp mrtochondrra by Ca* ‘. Assays were carried out as 

described m Experrmental except for Ca2+ whtch was present at 
the concentratrons shown above 

should also be noted that at least 4 tsozyme bands were 
observed (Frg. 5 B) as was the case for lupin nodules [14]. 

Non-denaturmg PAGE of the purrfied enzyme re- 
vealed only one protem band whrch corresponded exactly 
wrth a GDH actrvtty band as resolved by activtty staining 
(Frg 6) Only one band was apparent using acttvrty 
stalmng m contrast to the four rsozyme bands of the 

30 t 
I I I I 1 , 

0 I 2 3 4 5 6 

Ca’+added (PM) 

Fig 3. Actlvatron of the deammatton reactron of 

NAD(H)-GDH from turnip mrtochondrta by Ca2+ Assays were 

carrted out as described m Fig. 2 

mitochondrral extract (Fig. 5B). SDS-PAGE of the 
purified enzyme revealed the protein to constst of subunit 
wtth a M, of 43 000 (Fig. 7). The apparent M, of the native 
enzyme was estimated to be of the order of 
300 00&3 10 000 using either Sephacryl S-300 or Superose 
6 columns. Inclusron of 0 05% Triton X-100 detergent in 
the elutron buffer (50 mM Tris-HCl, pH 8.0) for Sep- 
hacryl S-300 had no effect on the estimation of M,. This 
does not allow us to clearly resolve the exact nature of the 
protein structure, i.e. hexameric, octomeric etc. and may 
indicate that the enzyme possess certain characteristics of 
shape or presence of non-protein components etc. which 
complicate determination of M, by gel exclusron. 

DlSCUSSION 

The results indicate that the NAD(H)-GDH enzyme of 
turnip storage root is located within the mitochondrion 
as with other plant tissues [l, 21. Nauen and Hartmann 
[15] reported that NADHGDH is located in the matrix. 
However, recently, Yamaya et al. [S] claimed that 
NAD(H)-GDH ts loosely associated with the inner mito- 
chondrial membrane. Our results show it to be located 
entirely within the mitochondrial matrix compartment, 
but do not permit any distinction to be made between the 
membrane and the matrix. 

The enzyme displayed both NAD(H)- and NADP(H)- 
dependent acttvitres with NAD(H) bemg the preferred 
substrate NAD(H)/NADP(H) dependent activity ratios 
were of the order of 11.1 This 1s stmrlar to values for 
mttochondrral GDH isolated from lettuce leaf [9] and 
Lemna manor [3] 

Table 5 Acttvtty recovery experiment 

Relattve activity (X) 

Addmon Ammatron reaction Deammatton reactton 

EGTA cone Metal cone 

(mM) (mM) Ca2+ Mn’+ Zn2+ Ca2+ MnZ+ ZnZ+ 

0 0 loo 100 100 100 100 100 

10 0 2s 3 15 0 0 1.6 

10 02 15 0 0 

10 05 21 3 13 15 0 16 

10 10 171 13 26 145 14 16 

10 50 864 807 400 153 217 4.5 
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Frg. 6 Non-denaturmg PAGE of put-died NADf,HH)CDH. 

Lane a, gel stamed by activity stamlng as descrtbed m Expert- 
mental and b, the gel was stamed with sliver as descrtbed m 

Experimental 

refixation [S]. However, stmrlar hrgh levels of ammonia 
are unlikely to be present m the mrtochondrra of storage 
tissue to support any significant aminatron activity. Fur- 
thermore, while the affinity of the enzyme for glutamate is 
far superior to ammonia m the pH range found m the 
matrix of energrsed mitochondrra, the maximal activity of 
this enzyme m the deammatron direction IS very much 
reduced at this pH Further mvestrgations are requrred to 
determine the role of this enzyme m nitrogen metabolism 
of storage root tissue 

EXPERIMENTAL 

Preparation of mttochondrm Fresh white turnip was pur- 

chased locally and mttochondrta isolated accordmg to Day and 

Wtsktch [17]. 

D@rentml centrlfugatlon For cell-fracttonatton studies the 

turtnp homogenate prepared for mttochondrtal tsolatlon was 

centrifuged at 15 000 g for 15 mm The pellet was resuspended m 

a small vol of 04 M sucrose The suspension and the ortgmal 

supernatant were incubated with 0 04% (w/v) Trtton X-100 for 5 

mm and passed through a Pharmacta PD-10 column equlbrated 

with 50 mM Trts(hydroxymethyl) ammomethane (Trts)-HCI 

(PH 8 0) 
Assay procedures. NAD(H)GDH was assayed essentially ac- 

cording to [11] The standard ammatton reaction medtum 

contained 0 133 M Tns-HC1 (pH 8 0), 13 mM 2-oxoglutarate, 

0 166 mM NADH, 0.213 M (NH,)$O,, 04 mM CaCI, and 

0 04% (w/v) Trtton X-100. The standard deammatron reaction 

medium contained 0.1 M Trts-HCl (pH 9 S), 100 mM glutamate, 

0 4 mM NAD, 0 1 mM CaCl, and 0 04% (w/v) Trtton X-100 All 

assays were performed at 28” The absorption change at 340 nm 

was measured usmg a Phthps UVjVIS 88000 spectrophot- 

ometer. 
Fumarase acttvttv was measured m a coupled assay system 

with NADP-mahc enzyme [18] The reaction mixture contained 

25 mM N-2-hydroxyethylptperazme-N’-2-ethanesulphomc actd 
(HEPESbKOH (pH 7 5), 004% (w/v) Trtton X-100, 5 mM 
KH,PO,, 4 mM MgCl,, 0 4 mM NADP and 0.2 unit of NADP- 

mahc enzyme m a total of1 mf The reaction was mrttated wtth IO 

mM fumarate and NADPH productton was followed at 340 nm 
Catalase was assayed usmg the method of Liick [19]. The 

reactron medium conststed of 0.1 M PI buffer (pH TO), 0.05% 

(w/v) H202 and 004% (w/v) Trtton X-100. The reactron was 

ma m 
92.5 - - 
66.2 - 

45 - -- GDH 

31 -mmmm 

21.5 - 

14.4 - @mmKm 

Ftg 7 SDS-PAGE electrophoresrs of purified NAD(H)CrDH 

The molecular mass standards were phosphorylase B (92 500), 

bovine serum albumin (66200), ovalbumm (45000), carbonic 

anhydrase (31000) soybean trypsm mhtbttor (21500) and lysoz- 
yme (14400) The gel was stained with silver as described m 

Experimental 

mmated by the addition of sample and the decrease m absor- 

bance at 240 nm was measured 

PEP-carboxylase was measured m a coupled assay wtth 
NADH-MDH The reactton mtxture contained 30 mM 

HEPES-KOH (pH 80), 6 mM MgCI,, 1 mM glucose-6- 

phosphate, 4 mM dtthtothrettol, 8 mM NaHCO,, 02 mM 
NADH and 1 6 umt of NADH-MDH. The reaction was mtt- 

tated with 1 6 mM PEP NAD productron was followed at 340 

nm 
NADH-MDH was measured at 340 nm by following NADH 

oxtdatton m 200 mM N-trts(hydroxymethyl)-methyl-2-aminmo- 

ethanesulphomc actd (TES)-KOH (pH 7 5) and 0 2 mM NADH 
The reaction was unttated wtth 6 mM oxaloacetate 

Purlficatron of GDH Mttochondrta were treated with 0.5% 

(w/v) Trtton X-100 and centrrfuged at 30000 g for 15 mm 

Trypsm (from bovine pancreas; Boehrmger Mannhetm Pty. Ltd) 

was added to the supernatant (protem.trypsm; 5) and incubated 

at 28” for 1 hr followed by a heat treatment of 60’ for 5 mm [ 163. 

Solid (NH&SO, was then added and the fractron between 30 
and 75% saturatton was collected as a partrally purified enzyme 

preparatton. This preparatton was dduted m a mmrmum amount 

of 50mM Trts-HCl (pH 80) and undissolved materials were 

removed by centrtfugatton at 96 000 g for 20 mm. 
The supernatant fraction was loaded onto a Sephacryl S-300 

column (2 6 x 70 cm) and eluted at a flow rate of 0 34 ml/mm 

usmg an elutlon medium containing 50 mM Trts-HCl (pH 8.0). 

The NADHGDH fractions were then loaded onto a hydrox- 

yapattte column (2 6 x 7 cm, 0 34 ml/mm) and eluted wrth a 
S&300 mM PI buffer gradtent (pH 7.2) at a flow ratio of 

0 34 ml/mm The NADH-GDH fractron was charged onto a 

DEAE-Sephacel column (2 6 x 8 cm) and eluted wtth a NaCl 

gradient (50-300 mM) at tfow rate of 0 34 ml/mm. Proteins of 

standard M, were purchased from Pharmacta Fine Chemrcals. 
Protern measurement The protein concentratton was deter- 

mined using the Bto-Bad reagent (Coomassre dye-bmdmg 

method) with bovine serumn albumm as standard. 
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PAGE Non-denaturmg PAGE was performed essentially 

accordmg to Laemmh [20] but m the absence of SDS usmg a 3% 

acrylarmde stacking gel, a 6% acrylarmde separation gel and 

buffer contammg 25 mM Tns and 192 mM glycme at 4” At the 

completion of electrophoresls, NAD-GDH actlvlty was detected 

m the gel with a modified tetrazohum assay [Zl] usmg 100 mM 

Trls-HCl (pH 9 5), 65 mM glutamate, 0 1 mM phenazme meth- 

osulphate, 0 1 mM mtro-blue tetrazohum, 04 mM NAD and 

0.4 mM CaCI, at 28” To detect peptIdes, the gel was stamed by 

0 1% Coomassle Brllhant Blue R-250 m 50% methanol and 7% 

HOAc for 15 mm The gel was then dcstamcd m S%MeOH and 

7% HOAc overmght 

SDS-PAGE was performed as above, but with 0 1% SDS m all 

gels and buffers and with a 12% acrylamlde separation gel 

Samples were Incubated m 3% SDS and 5% mercaptoethanol 

for 30 mm at room temp Followmg electrophoretlc mlgratlon, 
the gel was stamed with sliver [22] The molecular size of GDH 

sub-umt polypeptlde was determmed usmg a Blo-Rad low-M, 

protein standards kit for SDS-PAGE 
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