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Abstract-The three enzymes phosphoenolpyruvate carboxylase, malate dehydrogenase and NAD malic enzyme- 
decarboxylating (ME) regulate the synthesis and oxidation of malate, which functions as a source of carbon for the 
anaplerotic operation of the citric acid cycle. Oxidation of malate is regulated by NADH, oxaloacetate and adenylate 
energy state of the cells. Coordinated reduction of nitrate by nitrate reductase (NR) and further assimilation of nitrite 
into amino acids is also controlled by these parameters and hence mitochondrial metabolism of malate regulates the 
nitrate assimilation pathway. The problems associated with the availability of NADH generated by mitochondria via 
ME for cytosolic NR are discussed. A unified concept for the regulation of light and dark assimilation of nitrate in the 
context of malate metabolism is presented. 

INTRODIJcTION 

A close relationship between malate metabolism and 
nitrate assimilation in higher plants has long been recog- 
nised. Thus in whole plants Ben-Zeoni et al. [l] proposed 
that alkalization in leaves resulting from the assimilation 
of nitrate to produce ammonia and amino acids, stimu- 
lates the synthesis of malate, which is translocated into the 
roots via the phloem. Decarboxylation of malate gen- 
erates HCO; which is excreted into the medium, when 
NO; is absorbed by the roots. This role of malate 
metabolism in the maintenance of ionic balance and pH 
has been reviewed by Davies [2] and Smith and Raven 
[3]. In this article, therefore, we wish to concentrate only 
on the recent advances in our understanding of the 
synthesis of malate in plant cells including the diverse 
pathways of its oxidation in mitochondria, in relation to 
the provision of reducing equivalents for the reduction 
and assimilation of nitrate. Recent work on the effects of 
the energy status of the cells on malate metabolism and its 
relation to the assimilation of nitrate in light and dark, 
both in leaves and roots will be briefly reviewed with a 
view to presenting a unified concept for the regulation of 
nitrate assimilation. 

SYNTHESIS OF MALATE IN PLANTS 

The central role of malate in plant metabolism has 
recently been reviewed by Lance and Rustin[4]. It has 
been emphasised that malate, a mobile storage form of 
CO2 and reducing equivalents, can be oxidised by plant 
mitochondria without control by the cell energy charge. 
Malate, an intermediate in the citric acid cycle is syn- 
thesised by the action of fumarase, but a major source of 

malate in plant cells appears to be via what is now known 
as malate fermentation. In these reactions phosphoenol- 
pyruvate (PEP), an intermediate in glycolysis is carboxy- 
lated by PEP carboxylase (PEPC) to produce 
oxaloacetate (OA), which in turn is reduced by NADH 
to malate in the presence of cytosolic malate dehydro- 
genase (MDH). The first major control point in glycolysis, 
namely phosphofructokinase is probably bypassed in 
photosynthetic cells on account of the export of triose 
phosphates (dihydroxy acetone phosphate; DHAP) or 3- 
phosphoglyceric acid (3-PGA) from chloroplasts via the 
phosphate translocator to the cytosol in counter exchange 
for inorganic phosphate. However, this control point 
cannot be bypassed in non-photosynthetic tissues such as 
roots. The second control point at the pyruvate kinase 
step can be bypassed in both roots and leaves by 
(phosphoenolpyruvate carboxylase, PEPC), to produce 
OA. NADH produced in this triose phosphate de- 
hydrogenase step would then be recycled by MDH, 
producing malate. This pathway is self sufficient since 
both NAD+ and ADP are recycled and there is no net 
change in these cofactors. The many faceted functions of 
PEPC in C, plants has recently been reviewed by Latzko 
and Kelly [S]. This enzyme is located in the cytosol of C, 
and CAM plants, but in C, plants, it is probably present 
both in the cytosol and chloroplast [6]. Although PEPC 
from CAM plants is reported to be inhibited by malate, 
the enzyme from CJ plants is much less sensitive to malate. 
Hence large quantities of malate can be synthesised and 
subsequently stored in the vacuoles. Uptake of malate 
into vacuoles of mesophyll protoplasts of barley was 
shown to be energy dependent and stimulated by MgATP 
[7]. Influx of malate into vacuoles occurs in light only [7]. 
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PATHWAYS OF MALATE OXIDATION 

Malate stored in the vacuoles, as well as that being 
continuously synthesized in plant cells, both in light and 
dark, is considered to be a major source of carbon for the 
operation of the citric acid cycle in plant mitochondria. 
Palmer [8] has reviewed the recent work on the mechan- 
ism and regulation of malate oxidation in isolated plant 
mitochondria. An important aspect in which plant mito- 
chondria differ from their animal counterparts, is the 
presence of a second enzyme of malate oxidation, namely 
the NAD-malic enzyme decarboxylating EC 1.1.1.39 
(ME) in addition to MDH. The activity of ME allows the 
production of pyruvate from malate, thus facilitating the 
operation of the citric acid cycle, even under conditions 
when a glycolytic source of pyruvate is not available, due 
to the inhibition of glycolysis at one or both control points 
mentioned above. Both the malate oxidizing enzymes ME 
and MDH are now known to be located in the mitochon- 
drial matrix space and the NADH generated in these 
reactions is oxidized via two pathways, namely a rotenone 
sensitive NADH dehydrogenase with a high affinity for 
NADH (K, 8 PM) and a rotenone resistant NADH 
dehydrogenase, which has a low affinity for NADH (K, 
80 PM) which bypasses the first site of phosphorylation in 
the respiratory chain. Plant mitochondria also possess 
two pathways for electron transport to OL, namely the 
cytochrome oxidase route, inhibited by antimycin A and 
cyanide, and the cyanide resistant alternative pathway, 
which is inhibited by salicyl hydroxamic acid (SHAM). 
Branching of the two pathways takes place at the level of 
ubiquinone, after complex I of the respiratory chain. 
Rustin et al. [9] suggested that NADH generated by ME 
could be oxidized via rotenone and cyanide resistant 
pathways by a completely non-phosphorylating mechan- 
ism. However, contributions of these different routes of 
malate oxidation in light and dark are not yet well under- 
stood. Recent work has demonstrated that concentrations 
of OA and NADH as well as the state of the adenylate 
charge, all control these reactions [ 1 O--l 23. As pointed out 
by Neuberger et al. [ 111, an increase in the level of OA 
would result in the depletion of NADH concentration due 
to its oxidation by MDH. Under these conditions, only 
the rotenone sensitive NADH dehydrogenase, with a low 
K, for NADH, would function. Thus the rate of rotenone 
resistant O2 uptake during malate oxidation is a function 
of the matrix NADH levels, which in turn depend on the 
amounts of OA present. According to them [11], there is 
no need to postulate intra-mitochondrial compart- 
mentation of these enzymes. When the cytochrome path is 
restricted by adenylates (state 4), as for example in light, 
the mitochondrial NADH level will rise, resulting in an 
inhibition of MDH and thus a low level of OA. Under 
these conditions, although pyruvate will be produced by 
ME, the citric acid cycle activity will be restricted because 
of the inhibition of OA supply. Although plant mito- 
chondria have a specific carrier with high affinity for OA, 
the origin of this acid for entry into mitochondria is in 
doubt. Any OA produced by PEPC in the cytosol, would 
be immediately reduced to malate by NADH, which 
would be generated in the cytosol by the triose phosphate 
dehydrogenase step, which is a precursor of PEP. Perhaps 
direct export of 3-PGA rather than DHAP from the 
chloroplasts via the phosphate translocator would over- 
come this difficulty, because PEP can be produced from 3- 
PGA without the production of NADH. Under these 

conditions GA formed by carboxylation of PEP would 
not be reduced to malate so that it would be available for 
input into mitochondria. However, it has been reported 
[ 131 that the export of 3-PGA from the chloroplasts is 
restricted m light, probably because it is required in the 
Calvin cycle. 

ANAPLEROTIC CARBON FLOW 

In plant mitochondria, the citric acid cycle performs an 
anaplerotic function in order to supply carbon skeletons 
for amino acid synthesis and hence the problem of 
reoxidation of NADH generated in these reactions is very 
important. The non-phosphorylating electron transport 
via rotenone and cyanide resistant pathways would 
provide a mechanism for the turnover of the cycle in the 
presence of high levels of ATP. ME plays a crucial role in 
this anaplerotic function [ 141. This enzyme is activated by 
CoA, which accumulates when pyruvate of glycolytic 
origin is not available for the synthesis ofacetyl CoA. Day 
et al. [lS] showed that CoA is taken up by the isolated 
plant mitochondria and, at higher pH, shifts malate 
metabolism from MDH to ME. ME activity is also 
regulated by the NAD/NADH ratio which, would permit 
mitochondrial respiration to continue by the anaplerotic 
functioning of ME when glycolysis has ceased [14]. Tobin 
and Givan [16], have shown that ATP inhibits MDH 
competitively with NAD+ in mitochondria of mung bean 
hypocotyls and under these conditions OA levels are 
decreased. The cytosolic malatejaspartate ratio increases 
in light [17]. Due to the inhibition of MDH by ATP, it is 
likely that ME would become more involved in malatc 
oxidation. However, as discussed above, an inadequate 
supply of OA would restrict the continuous activity of the 
citric acid cycle. 

To summarize, the three enzymes, PEPC, MDH and 
ME, regulate the synthesis and oxidation of malate in 
plant cells. Oxidation of NADH generated by MDH and 
ME takes place via phosphorylating or non- 
phosphorylating pathways in the mitochondria. This 
process is regulated by the levels of NADH, OA and the 
energy charge of the system. 

ASSIMILATION OF NITRATE 

Nitrate reductase (NR, EC 1.6.6.1), the first enzyme in 
the assimilatory pathway is located in the cytoplasm of 
plant cells, although it may be loosely associated with the 
outer membrane of the chloroplasts [18]. Subsequent 
assimilation of nitrite is restricted to the plastids in roots 
and chloroplasts of leaves, where the enzymes nitrite 
reductase (NiR, EC 1.7.7.1) glutamine synthetase (GS, 
EC 6.3.1.2) and glutamate synthase (GOGAT, 
EC 2.6.1.5.3) are located [ 19, 201. NADPH generated in 
the oxidative pentose phosphate pathway (OPPP) is 
probably the source of reductant for NR and GOGAT in 
the dark [21]. It has been shown that a controlled flow of 
carbon through OPPP, is dependent on the availability of 
sufficient glucose-6-phosphate (G-6-p) so that the induc- 
tion of nitrite assimilation can occur [22]. In these 
reactions an essential role of ATP supply, which generates 
G-6-p via hexokinase has been established [23,24]. Since 
free nitrite, which is toxic to plants, rarely accumulates in 
tissue under normal aerobic conditions, the rates of 
nitrate reduction and of subsequent assimilation of nitrite 
into amino acids must be strictly regulated. In non- 
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photosynthetic or darkened photosynthetic tissues, the 
control over nitrite assimilation is exercised by the supply 
of G-6-p, which in turn is dependent on ATP concen- 
tration. In darkness, the chloroplastic NiR as well as 
GOGAT utilize reduced ferredoxin (Fd) generated via 
ferredoxin-NADP reductase. In root plastids, although 
the presence of Fd-specific GOGAT has been reported 
[25], existence of chloroplast-type Fd has not been 
proven. It is likely that another non-haem iron protein 
with similar properties is involved for nitrite assimilation 
in plastids. This dark pathway of nitrite assimilation in 
chloroplasts is however switched off in light because 
OPPP is inhibited and is replaced by the Calvin cycle, 
reductive pentose phosphate pathway [26]. The key 
enzyme of OPPP, namely G-6-p dehydrogenase is known 
to be inhibited in light by thioredoxin [27-301. 

Light dependent assimilation of nitrite in the chloro- 
plasts is extremely rapid as compared with these reactions 
in the dark, because reduced Fd (for NR and GOGAT) 
and ATP (for GS) are directly generated by photo- 
synthesis. Under both light and dark conditions, it is 
essential that cytosolic reduction of nitrate by NADH 
should be strictly regulated so that toxic nitrite does not 
accumulate in the tissues. Since nitrite assimilation is 
dependent on ATP supply in the dark and on photo- 
synthetic electron transport in the light, reduction of 
nitrate must be initiated only under these conditions. As 
pointed out by Duke and Duke [31], the fact that NR 
activity is strictly controlled by light is not surprising 
because this regulation is absolutely essential for prevent- 
ing damage to plants grown in light and supplied with 
nitrate. In roots, this control will be exercised by ATP 
supply (or ADP availability) via adenylate control of 
mitochondrial oxidation of NADH [32]. The possible 
mechanisms of these regulatory systems are discussed 
below. 

SOURCES OF NADH FOR NITRATE REDUCTION 

Whatever the precise location of NR in the cytoplasm, 
with or without an association with the chloroplast outer 
membrane, it is certain that NADH generated in the 
cytoplasm or in mitochondria is the source of reductant 
for the enzyme. The source of this reductant is however 
controversial [20], since it could arise in the cytosol via 
triose phosphates exported from chloroplasts [33], or 
from either chloroplast [34] or mitochondria 1353 via 
dicarboxylate shuttles. However the capacity of these 
shuttles to export physiologically significant amounts of 
reducing equivalents from chloroplasts [36] or mitochon- 
dria [37] to the cytosol has been questioned. 

On the basis of observed stimulation of nitrate reduc- 
tion by citric acid cycle intermediates and inhibition by 
malonate, Sawhney et al. [38] suggested a mitochondrial 
origin of NADH for this reaction. Ramarao et al. [39] and 
Naik and Nicholas [40] also observed inhibition by 
malonate and D-malate and demonstrated a close relation 
between CO2 evolution and nitrate reduction in leaves. 
Naik and Nicholas [40] found a I : I stoichiometry 
between COz evolved and nitrite formed, and suggested 
that citric acid cycle dehydrogenases which generate CO2 
and NADH simultaneously are involved in providing 
reductant for nitrate reduction in leaves. An important 
role for mitcchondrial ME was suggested. Whatever the 
source of NADH, abolition of competition for these 
reducing equivalents between mitochondrial respiration 

and NR seems to play a regulatory role in the assimilation 
of nitrate [41]. It has been established that massive 
reduction of nitrate to nitrite occurs when whole plants or 
plant tissues are placed under strictly anaerobic con- 
ditions since the reaction is highly sensitive to traces of O2 
[41]. However, even in air nitrate is readily reduced 
provided the mitcchondrial electron transfer chain is 
inhibited at different sites by rotenone, amytal, antimycin 
A or CO [41,42]. It was recently suggested that in roots of 
wheat, mitochondrial dehydrogenases in general and ME 
in particular also supply NADH for nitrate reduction 
[43]. This mechanism ensures a reduction of nitrate only 
when sufficient ATP is available to sustain an adequate 
supply of G-6-p to the plastids, for the assimilation of 
nitrite to glutamate. 

It thus appears that both in roots and leaves, generation 
of NADH in the mitochondria and prevention or retar- 
dation of its oxidation by O1 via the mitochondrial 
electron transfer chain are important factors which regu- 
late nitrate reduction. However, the mitochondrial 
inner membrane is reported to be impermeable to the 
export of matrix generated NADH. Earlier suggestions of 
a mechanism of export of this NADH via a trans- 
membrane transhydrogenase [44], and the location of 
ME within the intermembrane space [45] are no longer 
considered valid [46]. Although the import of externally 
supplied NADH, NAD+, CoA and thiamin pyrophos- 
phate into mitochondrial matrix is firmly established 
[4], direct export of internal NADH is not considered 
possible. Hence the problem of availability of 
mitochondrially-generated NADH for the reduction of 
nitrate in the cytosol remains unresolved. In light, the 
cytosolic reductant is known to increase and this is 
reflected by an increase in the malate/aspartate ratio [47]. 
Peine et al. [48] have monitored the pyridine nucleotide 
pattern in wheat leaves under different photosynthetic 
treatments. They observed a significant decrease in 
NADH concentration by about 60”,/, after a 16 hr dark 
treatment and a subsequent increase in light. However the 
total NADH content of the leaves was less than 7 nmol/g, 
which is insufficient to account for in vivo nitrate reduc- 
tion rates, which could be as high as 20 nmol/g/hr. Thus 
the absolute content of NADH in leaf tissues is of little 
importance and a continuous NADH generating system is 
required to account for the observed high NR activity. 
Cytosolic MDH could serve as a source of NADH, 
provided OA generated in the reaction as well as that 
produced by PEPC in the cytosol is rapidly removed, 
either by transamination or citrate synthase in the mito- 
chondria in the presence of acetyl CoA generated by ME 
and pyruvate dehydrogenase. 

However, since malate itself is synthesized in the cytosol 
via PEPC at the expense ofcytosolic NADH, it is doubtful 
whether MDH can serve as a source of net NADH 
synthesis. 

As shown earlier, ME plays a crucial role in the 
anaplerotic function of the citric acid cycle. Recently, 
Ruffner et al. [49] clearly demonstrated a precursor 
product relationship between photosynthetically derived 
3-PGA and malate, via PEPC in grape leaf discs. However 
for the synthesis of malate, cytosolic NADH is consumed 
as follows: 

1. 2 PEP + 2 CO1 = 20A. 

2. 2OA+2NADH+2H+%2malate+2NAD+ 
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After entering the mitochondrial matrix, malate is then exogenous NADH. Since NR would obviously use cyto- 
oxidized as follows: solic NADH, the competition between O2 and NO; 

______ 

3. Malate + NAD+ 5 OA + NADH + H+ 

4. Malate i- NAD+ z pyruvate + CO2 + NADH + H+ 

pyruvate 
dehydrogenase 

5. Pyruvate + NADH+ + CoA 5 acetyl CoA + CO, -I- NADH + H+ 

OA and acetyl CoA are used for citrate and isocitrate 
synthesis, and isocitrate is then oxidized to 2- 
oxoglutarate: 

isocitrate 
1 

dehydrogenase 
6. Isocitrate + NAD+ > 2-oxoglutarate + CO, + NADH + H+ 

Thus while two moles of cytosolic NADH are con- 
sumed for malate synthesis (reaction 2), during sub- 
sequent oxidation of malate to generate 2-oxoglutarate, 
4 NADH are produced (reactions 3,4,5 and 6). Thus there 
is a net gain of 2 NADH, which if exported to the cytosol 
could be available for NR. The 2-oxoglutarate can be used 
for glutamate synthesis in the chloroplasts. In non- 
photosynthetic tissues also a similar anaplerotic function 
of the citric acid cycle with malate generated via reactions 
1 and 2 as the source of carbon has been postulated [so]. 
Day and Lambert [Sl] have shown that in roots, ad- 
enylate respiratory control of cytochrome oxidase can be 
tighter than that of glycolysis. Glycolytic flexibility can be 
achieved on by-passing the pyruvate kinase step via PEPC 
and MDH. Malate generated in these reactions can then 
be decarboxylated by ME in the mitochondria. 

In photosynthetic tissues, DHAP exported from the 
chloroplasts is largely used for the synthesis of sucrose in 
the cytoplasm and it is not certain how much of it would 
be available for the synthesis of malate via 3-PGA and 
PEP. Moreover, the activity of cytosolic triose phosphate 
dehydrogenase itself would be restricted on account of a 
depletion of NAD’ and ADP. Under these conditions it 
has been suggested that photorespiratory substrates such 
as glyoxylate could function as a source of carbon for the 
citric acid cycle [52-551. Thus malate could be synthesized 
by the condensation of acetyl CoA with glyoxylate by 
malate synthetase and isocitrate could be formed from 
glyoxylate and succinate by the reversal of isocitrate lyase. 
Malate and isocitrate thus synthesized could be oxidized 
by the partial reactions of the citric acid cycle from malate 
to acetyl CoA and isocitrate to succinate respectively. 
Thus catalytic quantities of acetyl CoA and succinate 
would suffice to sustain a continuous oxidation of 
glyoxylate, which is generated in large quantities during 
photorespiration. In these reactions one mole of 
glyoxylate would give rise to two each of CO2 and 
NADH. If this NADH is exported out of the mitochon- 
dria it would be available for NR. Malipero et nl. [56] 
have also indicated that a precursor-product relationship 
exists between metabolites of photorespiration on the one 
hand and malate on the other. 

OXIDATION OF EXTERNAL NADH IN MITOCHONDRIA 

Another way in which plant mitochondria differ from 
their animal counterparts is the capacity to oxidize 

would be at the level of exogenous NADH oxidation. Two 
membrane bound dehydrogenases are involved in these 
reactions, one in the outer membrane and the other in the 
outer surface of the inner membrane [57]. Oxidation of 
NADH via inner membrane NADH dehydrogenase by- 
passes the rotenone sensitive first site of phosphorylation 
but involves the cytochrome oxidase pathway, as does the 
succinate oxidase complex. There is little evidence to 
suggest that it is oxidized via the cyanide insensitive 
alternative oxidase [SS]. Thus oxidation of exogenous 
NADH in the mitochondria is under respiratory control 
at the second and third sites of phosphorylation. This 
mechanism ensures that NADH would not be oxidized 
when sufficient ADP is not available. NADH would then 
be available for NR. Since nitrite reduction in the dark is 
initiated only when sufficient ATP is available for the 
generation of G-6-p, under conditions of respiratory 
control, a supply of mitochondrial NADH would ensure 
that nitrate is reduced to nitrite only when sufficient 
energy is available for its further reduction. Thus reduc- 
tion of nitrate and nitrite could be co-ordinated by the 
state of the energy charge of the cell. 

Oxidation ofexogenous NADH by plant mitochondria 
has been reported to be dependent on Ca2+ ions [59,60]. 
Mdller et al. [61] found that chlortetracycline in the 
presence of CaZ+ ions inhibited this reaction. 
Involvement of calmodulin in the oxidation of exogenous 
NADH has been suggested [61], but recently 
Schwitzguebel et al. [62] found that calmodulin may not 
be directly involved in potato mitochondria. However, 
they have suggested that since Cazt is required in the 
reaction, calmodulin may indirectly affect Ca2+ concen- 
tration in the intermembrane space of mitochondria and 
hence the activity of NADH dehydrogenase located at the 
outer surface of the inner membrane. 

Sawhney et al. [39] found that in wheat leaves, when 
mitochondrial NADH oxidation was inhibited by CO in 
air or by anaerobic conditions under argon, almost an 
equal amount of nitrate was reduced to nitrite. Under CO 
treatment in air the cytochrome oxidase pathway is 
inhibited, but the alternative cyanide (or CO) insensitive 
reaction would be functioning, while under argon both 
pathways would be inhibited. The results therefore in- 
dicate that alternative oxidase is not involved in the 
regulation of NADH supply to the cytosolic NR and it is 
essential to inhibit or restrict the cytochrome pathway 
to 02. 
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REGULATION OF LIGHT AND DARK NITRATE 17. 
REDUCTION BY MALATE METABOLISM 18. 

When the glycolytic source of pyruvate is restricted on 
account of adenylate respiratory control in the dark or 
inhibition of dark mitochondrial respiration in the light 
[26, 531, malate is clearly a source of carbon for the 
anaplerotic function of the citric acid cycle to generate 2- 
oxoglutarate for amino acid synthesis. Under both con- 
ditions the assimilation of nitrite is also facilitated by an 
adequate supply of ATP in the dark, or in light by a direct 
utilization of photosynthetically generated reducing 
power in the chloroplasts. It is interesting to note that 
these are the very conditions under which ME is stimu- 
lated to perform its anaplerotic function and NADH is 
made available for NR. The observation that inhibition of 
ME in leaves [39,40] or in roots [43] by D-malate and 
malonate also restricts in uiuo nitrate reduction and the 
reversal of this inhibition by fumarate, clearly indicates 
the important role of ME in the regulation of NR. The 
dark pathway of nitrate assimilation is extremely slow, 
dependent as it is on adenylate control of mitochondrial 
respiration and on a supply of G-6-p for nitrite reduction. 
This pathway is inhibited in light because the key enzyme 
of OPPP, G-6-p dehydrogenase, is switched off by 
reduced thioredoxin [27-301. The light pathway de- 
pendent on photosynthesis is extremely rapid because of 
excess supply of NADH, abolition of competition for 
reducing equivalents between 02 and NO; and a very 
rapid assimilation of nitrite in the chloroplasts by direct 
utilization of reducing power and ATP generated in the 
light reaction. 
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