
Abstract. Chloroplasts isolated from spinach (Spinacia
oleracea L.) leaves and green sweet-pepper (Capsicum
annuum L. var. grossum (L.) SENDT.) fruits contain
NADP-dependent malate dehydrogenase (MDH; EC
1.1.1.82) and the bispeci®c NAD(P)-glyceraldehyde 3-
phosphate dehydrogenase (GAPDH; EC 1.2.1.13). The
NADP-dependent MDH and GAPDH are activated in
the light, and inactive in the dark. We found that
chloroplasts possess additional NAD-dependent MDH
activity which is, like the NAD-dependent GAPDH
activity, not in¯uenced by light. In heterotrophic chro-
moplasts from red sweet-pepper fruits, the NADP-
dependent MDH and the NAD(P)-GAPDH isoenzymes
disappear during the developmental transition and only
NAD-speci®c isoforms are found. Spinach chloroplasts
contain both NAD/H and NADP/H at signi®cant
concentrations. Measurements of the pyridine dinucle-
otide redox states, performed under dark and various
light conditions, indicate that NAD(H) is not involved in
electron ¯ow in the light. To analyze the contribution of
NAD(H)-dependent reactions during dark metabolism,
plastids from spinach leaves or green and red sweet-
pepper fruits were incubated with dihydroxyacetone
phosphate (DHAP). Exogenously added DHAP was
oxidized into 3-phosphoglycerate by all types of plastids
only in the presence of oxaloacetate, but not with nitrite
or in the absence of added electron acceptors. We
conclude that the NAD-dependent activity of GAPDH
is essential in the dark to produce the ATP required for
starch metabolism; excess electrons produced during
triose-phosphate oxidation can selectively be used by
NAD-MDH to form malate. Thus NADPH produced

independently in the oxidative pentose-phosphate path-
way will remain available for reductive processes inside
the plastids.
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Introduction

During the photosynthetic light reactions, reducing
equivalents are generated to drive the reductive steps
in the chloroplast stroma. Ferredoxin transmits elec-
trons either directly to the membrane-bound chloroplast
enzymes (Kna� and Hirasawa 1991) or via ferrodoxin-
NADP reductase (FNR) towards NADP. The generated
NADPH is used by NADP-dependent glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) for the reductive
step in the Calvin cycle (Leegood 1996), and by NADP-
dependent malate dehydrogenase (MDH) which is a part
of the malate valve (Scheibe 1987; Backhausen et al.
1994). However, chloroplasts contain NAD(H) as well,
and there are several reports that both pyridine dinu-
cleotides occur at comparable concentrations (Krause
and Heber 1976; Takahama et al. 1981), but there is little
knowledge about NAD-dependent chloroplast metabo-
lism. In higher-plant chloroplasts, FNR is speci®c for
NADP as a substrate. In vitro, its a�nity for, and its
Vmax with, NAD are very low (Arnon 1969; Fredricks
and Gehl 1971), and as both coenzymes compete for the
active site of FNR it is unlikely that light-dependent
electron ¯ow directly towards NAD occurs in vivo.

From the slow shift between the NAD(H) and the
NADP(H) pools that is often observed upon dark and
light transitions it was concluded that NAD in chloro-
plasts acts as a reservoir for the NADP(H) pool. Indeed,
chloroplasts contain NAD-kinase activity (Jalouzot
et al. 1994) that is higher in the light than in the dark
(Matsumura-Kadota et al. 1982). However, this is
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probably not the only physiological function of the
chloroplast NAD(H) pool, because some NAD-depen-
dent chloroplast oxidoreductase enzymes are known. In
addition to the NAD-dependent pyruvate dehydroge-
nase complex (Williams and Randall 1979), stromal
NAD-MDH and NAD-GAPDH activities have been
reported.

Strictly NAD-speci®c GAPDH occurs in the cytosol,
while in chloroplasts the NAD- and NADP-dependent
GAPDH activities are located on the same protein
(Pawlizki and Latzko 1974). In contrast, the chloroplast
NADP-MDH is highly speci®c for NADPH. With
NADH as a cofactor, the puri®ed enzyme shows only
0.2% of its NADPH-dependent activity (Scheibe and
Stitt 1988). In plant cells, the presence of NAD-MDH
isoforms in peroxisomes, mitochondria and in the
cytosol is undoubted. Plastid preparations from various
plant sources have been reported to possess an NAD-
dependent MDH activity (Nainawatee et al. 1974;
Amino 1992; Neuhaus et al. 1993), although one can
not exclude that contaminations with other cell com-
partments could account for these activities.

Two dehydrogenases with overlapping coenzyme
speci®cities that occur in the same compartment should
act as a transhydrogenase and equilibrate the redox
states of the NAD(H) and NADP(H) pools (Krause and
Heber 1976), but in vivo this is apparently not the case.
According to Takahama et al. (1981), the chloroplast
NAD(H) pool remains largely oxidized in the light, and
therefore probably does not function to stabilize the
NADP(H) system.

The situation is di�erent where dark metabolism is
concerned. Production of NADPH in the dark occurs at
the steps of glucose 6-phosphate dehydrogenase
(G6PDH) and 6-phosphogluconate dehydrogenase
(6PGluDH), and NADPH is required to drive nitrite
reduction (Wright et al. 1997). Thus, any NADPH
consumption by MDH or GAPDH would lead to futile
cycling of NADPH and to carbon loss (Siebke et al.
1991). In fact, both NADP-dependent enzymes are
inactivated in the dark, when the activity of G6PDH,
which controls NADPH production in the oxidative
pentose-phosphate pathway (OPP), is high (Scheibe and
Anderson 1981). Furthermore, the ATP demand for
starch degradation can be met by NAD(H)-dependent
oxidation of triose-phosphate through phosphoglycerate
kinase (PGK)/GAPDH, since the concomitant removal
of excess NADH can be achieved by NAD-MDH and
export of malate into the cytosol.

Materials and methods

Plastid preparation and characterization. Spinach (Spinacia oleracea
L. cv. US hybrid 424; Ferri Morse Seed Company, Modesto, Calif.,
USA) was grown hydroponically according to Walker (1988).
Isolation of chloroplasts was as described previously (Mourioux
and Douce 1981). Red and green pepper [Capsicum annuum L. var.
grossum (L.) SENDT.] fruits were obtained from the local market.
The plastids were isolated according to Camara (1993). The
intactness of all plastid types was determined by using the latency
of NADP-GAPDH. The intactness of the spinach chloroplasts was

around 90%, and 78±86% for red and green pepper plastids.
Contamination by other compartments was determined by marker-
enzyme measurements (Quail 1979), using citrate synthase
(mitochondria), UDP-glucose pyrophosphorylase (cytosol) and
hydroxypyruvate reductase or catalase (peroxisomes). Chlorophyll
(Chl) was determined according to MacKinney (1941). Protein was
determined according to Bradford (1976), with BSA as a standard.

Experimental conditions. The plastids were kept in complete
darkness before the incubation experiments were done. Isolated
intact spinach chloroplasts (100 lg Chl á ml)1), green pepper chlo-
roplasts (100 lg Chl á ml)1) or red pepper chromoplasts (1 mg
protein á ml)1) were incubated at room temperature (22 °C) in a
mixture of 330 mM betaine, 50 mM Hepes-KOH (pH 7.6), 2 mM
EDTA, 1 mMMgCl2, 1 mM MnCl2, 0.2 mM KH2PO4 and further
components as indicated.

Gel-®ltration experiments. Plastid samples were diluted fourfold in a
medium consisting of 4 mM EDTA, Triton X-100 (0.05%, v/v)
adjusted to pH 8.0 with KOH. The samples were mixed and
centrifuged for 5 min at 10 000 g. The supernatant (2 ml) was
passed through a 0.2-lm ®lter and immediately subjected to gel
®ltration, using a fast protein liquid chromatography (FPLC)
system (Pharmacia, Freiburg, Germany) and a Superdex-200
column (Pharmacia) with a ¯ow rate of 1.5 ml á min)1 at 8 °C.
Elution was achieved with a bu�er consisting of 50 mM Tris-HCl
(pH 8.0), 5 mM EDTA, and 150 mM KCl. The fractions were
collected and assayed immediately.

Enzyme measurements. For the determination of the activation
states of the redox-modulated enzymes, the extraction method
described for NADP-MDH in Backhausen et al. (1994) was used.
Full activation and activity assay of NADP-MDH (Backhausen et
al. 1994) and GAPDH (Baalmann et al. 1994) were done as
described. The NAD- and NADP-dependent GAPDH activities
were determined in the same assay medium, with either NADH or
NADPH as coenzyme. The NAD-MDH was measured as in
Scheibe and Stitt (1988).

Measurements of metabolites. Samples for the measurements of
malate and 3-phosphoglycerate (3PGA) were obtained at the
indicated time by adding 400 ll of the incubation medium into
40 ll of 65% (v/v) perchloric acid, 0.1% (v/v) Triton X-100,
containing 4 mM EDTA. After 20 min at room temperature, the
samples were frozen in liquid nitrogen. Prior to metabolite
measurements the samples were adjusted to pH 7.8 with a mixture
of 0.2 M triethanolamine, 2 M KHCO3, and 2 M K2CO3 (pH 9.0).
3-phosphoglycerate (3PGA; Stitt et al. 1989) and malate (Back-
hausen et al. 1994) were determined enzymatically. The samples for
the determination of pyridine dinucleotides were obtained as
described in Backhausen et al. (1994), using silicone-oil centrifu-
gation in order to concentrate the samples. Six samples were pooled
for each determination. The determinations of NAD and NADP,
and of NADH and NADPH were performed by a cyclic assay
according to Slater and Sawyer (1962). From the measured
concentrations of NAD(H) and NADP(H), the anabolic reduction
charge (ARC) and the catabolic reduction charge (CRC) were
calculated according to Andersen and Von Meyenburg (1977):
ARC � NADPH/(NADP+NADPH) and CRC � NADH/
(NAD+NADH).

Results

Light-dependent changes in enzyme-activation states and
in the pool sizes of NAD(H) and NADP(H) in isolated
spinach chloroplasts. Isolated intact spinach chloroplasts
were used to estimate the dark and light activities of
MDH and GAPDH, and the changes in the redox states
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of the pyridine-dinucleotide pools. The NADP-MDH
was essentially inactive in the dark, while the NAD-
MDH activity was not in¯uenced by dark-light transi-
tions (Table 1). For both NAD- and NADP-GAPDH,
when assayed under standard conditions, signi®cant
activities were found in darkened chloroplasts. The
NAD-GAPDH activity remained unchanged upon tran-
sition from dark to light, and only the NADP-dependent
activity was increased threefold in the light (Table 1).

Both NAD(H) and NADP(H) were present in signi-
®cant amounts in the chloroplast stroma. The concentra-
tion of NAD+NADHwas 3.7 � 0.7 nmol á (mg Chl))1,
NADP+NADPH was 7.2 � 1.5 nmol á (mg Chl))1,
and their total concentrations were not signi®cantly (less
than 10%) altered during the time of the experiments. In
the dark, 34% of the NADP(H) pool was reduced
(ARC � 0.34). Its redox state increased signi®cantly up
to 0.45 upon illumination (Table 1). The CRC was more
oxidized, and did not change upon illumination (Table 1).
The coupling between the two pools was analyzed by
either applying extreme electron drainage (2 mM nitrite)
or massive overreduction (antimycin A) to the plastids
(Backhausen et al. 1994; Holtgrefe et al. 1997). For the
ARC, signi®cant deviations from the steady-state values
were observed, as was also re¯ected by the activation state
of NADP-MDH, while, in contrast, the CRC was rather
stable (Table 1).

Occurrence of NAD- and NADP-dependent enzyme
activities in the various plastid types. The method for
chloroplast isolation used here yields extremely pure
plastids. Contamination with cytosol, vacuoles or mito-
chondria was below the limits of detection, and con-
tamination with peroxisomes was less than 1% as
assayed with hydroxypyruvate reductase or catalase as
marker enzymes. In order to check the localization of the
NAD-MDH, its latency properties were compared with
those of NADP-GAPDH (as stromal marker enzyme;
Table 2). About 85% of the NADP-GAPDH activity
was latent, re¯ecting the intactness of the plastid
preparation used. With NAD-MDH, 60% of the activity
was latent, indicating its main localization in the stroma.
Of the non-latent activity 15% must be attributed to
non-intact chloroplasts (as compared to the NADP-
GAPDH distribution). The remaining activity (about
25% of the NAD-MDH) must be due to contaminating

peroxisomes, since peroxisomal enzymes are reported to
show no latency under these conditions (Heupel and
Heldt 1994).

To further characterize the NAD- and NADP-
dependent plastid enzymes in samples from di�erent
sources, gel-®ltration experiments were performed. Rup-
tured samples of dark-adapted chloroplasts from spin-
ach leaves, green and red pepper fruits were applied to a
Superdex-200 column, and the fractions were assayed
for NAD- and NADP-dependent MDH and GAPDH
activities (Fig. 1). Both GAPDH activities and that of
NAD-MDH were assayed directly in the fractions
without any preincubation. Since NADP-MDH is
essentially inactive under these conditions, its activity
was assayed after incubation with reduced DTT.

The elution pro®le obtained with spinach chloro-
plasts was characterized by a single peak of both, NAD-
and NADP-dependent GAPDH activities at 600 kDa,
and the same pattern was obtained with green pepper
fruit plastids (Fig. 1A,B). In red pepper fruit plastids
only the minor peak of GAPDH activity at 600 kDa
exhibited an NADP- to NAD-dependent activity ratio
similar to that found in plastids from green peppers and
spinach, while most of the NAD-GAPDH activity eluted
at 150 kDa (Fig. 1C). In contrast to the 150-kDa peak
of light-activated chloroplast GAPDH, this activity was
exclusively NAD-dependent, indicating that a new
isoenzyme appears during the developmental transition
from green to red pepper fruits.

The NADP-MDH activities were found to elute
exclusively around 80 kDa with all three plastid types,
but NAD-MDH activity often appeared as two peaks:
most of the activity co-eluted with the NADP-MDH and
some activity was also found in the exclusion volume,
corresponding to a molecular mass of more than

Table 1. Enzyme activities and redox states of the NAD(P)/H pool in isolated intact spinach chloroplasts. Enzyme activities are given as
lmol á (mg Chl))1 á h)1. The redox states of the pyridine-dinucleotide pools are given as ARC = NADPH/(NADPH+NADP) and
CRC = NADH/(NADH+NAD). All light samples were taken after 7 min of illumination as described in Materials and methods. The
values are means (�SD) from three to seven independent chloroplast preparations. n.d., not determined

Dark Light
(control)

Light
+5 lM antimycin A

Light
+2 mM nitrite

NADP-MDH 2 � 0.8 95 � 10 150 � 34 11 � 3
NAD-MDH 80 � 15 80 � 17 n.d. n.d.
NADP-GAPDHa 210 � 20 650 � 59 n.d. 625
NAD-GAPDHa 300 � 22 300 � 30 n.d. n.d.
ARC 0.34 � 0.06 0.45 � 0.05 0.54 � 0.01 0.38 � 0.03
CRC 0.28 � 0.04 0.30 � 0.04 0.31 � 0.06 0.31 � 0.04

aAt 55 lM 1,3bisPGA and 320 lM NAD(P)H

Table 2. Latency of NAD-MDH and NADP-GAPDH activities.
Isolated intact spinach chloroplasts were assayed either in their
standard assay medium (shocked) or in the same medium with
330 mM betaine (intact). The activities are given as lmol á (mg
Chl))1 á h)1

Intact Osmotically shocked

NADP-GAPDH 31 � 6 190 � 28
NAD-MDH 35 � 12 90 � 19
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1000 kDa. This latter peak was probably due to peroxi-
somal contamination, since peroxisomal proteins remain
associated even in the presence of low amounts of
detergent (Heupel et al. 1991), as used for rupturing the
plastid preparations. For spinach chloroplasts, the
portion of NAD-dependent activity in the exclusion
volume corresponds to the 25% of peroxisomal con-
tamination as estimated in the latency experiments
(Table 2).

Electron ¯uxes during dihydroxyacetone phosphate
(DHAP) oxidation in the dark. In order to determine
the contributions of NAD-dependent MDH and GAP-
DH activities in the dark metabolism, the oxidation of
exogenously added DHAP was studied in plastids from
the various sources. As shown in Fig. 2, incubation of
spinach chloroplasts with DHAP alone did not lead to
any 3PGA formation, indicating the necessity to remove
the generated reducing equivalents. As electron acce-
ptors, oxaloacetate (OAA) and nitrite were used. Since
the NADP-dependent MDH is inactive in the dark,
OAA reduction should be catalyzed by the stromal

NAD-MDH. In contrast, for nitrite reduction reduced
ferredoxin is required which can exclusively be formed
from NADPH by reversed electron ¯ow via FNR
(Bowsher et al. 1993). Only when the electrons were

Fig. 1A±F.Gel ®ltration of isolated plastids from
red or green pepper fruits and spinach leaves.
Plastids were isolated from spinach leaves (A, D),
green pepper (B, E) and red pepper fruits (C, F),
respectively. Darkened samples from the plastid
preparations were applied to the Superdex-200
column. Eluted fractions were collected and
assayed immediately for NAD-GAPDH (d),
NADP-GAPDH (s) and NAD-MDH (j)
activities. In order to assay NADP-MDH (h)
activity, the samples were activated with DTTred,
as described in Materials and methods

Fig. 2. Rates of 3PGA production in isolated intact spinach
chloroplasts in the dark. The chloroplasts were incubated without
further additions, or with the indicated additions of 0.5 mM DHAP
alone or together with either 0.2 mM OAA or 0.2 mM nitrite
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removed by the addition of OAA, was 3PGA formed at
a rate of 2 lmol á (mg Chl))1 á h)1 (Fig. 2), while
incubating the plastids with DHAP plus nitrite did not
lead to 3PGA formation (Fig. 2). During the OAA-
dependent oxidation of DHAP malate was formed at
rates which were stable for at least 15 min. For OAA, a
concentration of 50 lM was saturating, for DHAP the
reaction was saturated at 100±200 lM (data not shown).
With osmotically shocked plastids 3PGA was not
formed under any of these conditions (data not shown).

The concentration dependence of malate and 3PGA
production was compared in the various types of
plastids. In spite of the di�erences in enzyme equipment,
all three types of plastid were able to catalyze DHAP-
and OAA-dependent electron ¯ow (Fig. 3). The expect-
ed 1:1 ratio of 3PGA and malate production, however,
was only obtained with red peppers (Fig. 3C). In
preparations of green plastids, especially in those from
pepper fruits, less 3PGA than malate was accumulated
(Fig. 3B), indicating that some further metabolism of
3PGA, probably for amino- or fatty-acid synthesis takes
place.

Discussion

In this work, we intended to obtain information about
NAD-dependent plastid metabolism, focussing on three
topics: (i) the stromal localization of NAD-dependent
enzyme activities, (ii) changes in the redox states of the
NAD/H or NADP/H pools and (iii) the physiological
conditions for NAD-dependent electron ¯uxes.

Capacities of the NAD- and NADP-dependent dehydro-
genases in isolated chloroplasts. As is known, the
chloroplast GAPDH can use both NAD(H) and
NADP(H) (Schulman and Gibbs 1968) with NAD being
the preferred coenzyme for the 600-kDa dark form. The
occurrence of NAD-MDH in chloroplasts has often
been questioned (Siebke et al. 1991), because in earlier
studies neither loss of stromal protein nor contamination
with NAD-MDH from other compartments (Nainawa-
tee et al. 1974; Amino 1992) could be completely ruled
out. The chloroplasts used for our experiments were
extremely pure. Latency experiments clearly demon-
strate that about two-thirds of the NAD-dependent
MDH is localized in the stroma and only 25% of the
NAD-MDH must be attributed to peroxisomal contam-
ination. In contrast to the soluble NAD- and the
NADP-MDH that eluted around 80 kDa, the peroxiso-
mal contamination eluted as a high-molecular-mass
complex (Fig. 1A). The total stromal NAD-dependent
MDH activity in the spinach chloroplast was around
100 lmol á (mg Chl))1 á h)1, which is slightly lower than
the NADP-MDH capacity. However, it accounts for
only a few percent of the total cellular NAD-MDH
activity which is usually about 4000 lmol á (mg
Chl))1 á h)1 (Scheibe and Stitt 1988).

For chloroplasts from green pepper fruits the elution
pattern is similar, only the ratio of NADP- to NAD-
MDH is higher (Fig. 1). Since the capacity of fruit
chloroplasts to ®x CO2 is lower than in leaf plastids
(Piechulla et al. 1987), the increased NADP-MDH
activity is consistent with the function of the malate
valve to remove excess electrons in a situation of
overreduction (Backhausen et al. 1994) as caused by
the limited electron usage for CO2 assimilation.

In contrast, chromoplasts are strictly heterotrophic
and both NADP-dependent enzyme activities have
largely disappeared. In the case of MDH, the expression
of the NADP-dependent isoenzyme has decreased and
the NAD-dependent activity becomes predominant. In
the case of GAPDH, most of the NADP- and NAD-
dependent activities at 600 kDa have disappeared, and a
new, exclusively NAD-dependent GAPDH appeared at
150 kDa (Fig. 1C). The gene for such an NAD-depen-
dent plastidic GAPDH isoform has been recently found
by sequencing gymnosperm cDNA (Meyer-Gauen et al.
1994).

Is NAD(H) preferentially required for dark or for light
metabolism? In the stroma of spinach chloroplasts, both
pyridine dinucleotides [NAD(H) and NADP(H)] are
found at signi®cant concentrations, but with large
di�erences in their redox states. The CRC is more

Fig. 3A±C. Rates of DHAP- and OAA-dependent formation of
3PGA and malate by the various plastid types. Isolated chloroplasts
from spinach leaves (A), green (B) or red (C) pepper fruits were
incubated with 50 lM OAA plus DHAP at the indicated concentra-
tions. Samples for the determinations of 3PGA (d) and malate (s)
were taken every 5 min. The rates were calculated from the linear part
of the curves
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oxidized both under dark and light conditions, and is
only slightly increased upon illumination. Furthermore,
when extreme redox situations are applied to the spinach
chloroplasts, only the ARC is a�ected, while the CRC
does not change. This di�erence between the CRC and
the ARC underlines the absence of coupling between the
two pools, and shows that the simultaneous presence of
NAD- and NADP-MDH and GAPDH activities does
not result in any signi®cant transhydrogenase activity in
the light. However, it must be considered that the rate of
electron ¯ow via the NADP(H) pool during photosyn-
thesis in the light lies in the range of 100 lmol á (mg
Chl))1 á h)1, while the rates of DHAP oxidation in the
dark reached their maximum at about 2 lmol á (mg
Chl))1 á h)1 (Fig. 3).

This raises the question of why there is no major ¯ux
through the NAD(H) pool during photosynthesis, al-
though the NAD-dependent enzymes are not inactivated
in the light (Table 1). The estimation of enzyme activities
in vitro is generally done under optimized conditions, in
order to obtain activities that are close to the Vmax of the
respective enzyme. It is very unlikely that in vivo the
enzymes encounter similar conditions, and this causes
large discrepancies between the in-vitro enzyme activity
and the substrate ¯ux in vivo. In particular, the reaction
of MDH is, apart from the redox-regulation of the
NADP-isoenzyme, strongly in¯uenced by the in-vivo
ratio between substrates and products, and the more-
oxidized CRC will restrict the formation of NAD in the
light. Further, the substrate concentrations have a large
impact, since they are normally not saturating. This
especially decreases the rate of glyceraldehyde 3-phos-
phate (GAP) formation as catalyzed by GAPDH. For
example, NADP-GAPDH when assayed under Vmax

conditions (Table 1) shows a signi®cant dark activity,
but due to the high Km value (Km[1,3bisPGA]
� 100 lM) of the oxidized 600-kDa form and the low
dark concentration of 1,3bisPGA (0.05 lM; Baalmann
et al. 1995) the carbon ¯ux involving NADPH consump-
tion in vivo must be close to zero.

Physiological signi®cance of NAD-dependent metabolism
in the dark. Several lines of evidence indicate that dark
conditions clearly promote NAD-dependent MDH and

GAPDH reactions. In autotrophic plastids such as those
from spinach leaves, only the NADP-dependent MDH
and GAPDH are subjected to redox modulation. In the
classical sense, this means that they are activated by
light, but in vivo, the fact that they are inactivated in the
dark may be more important. Non-green plastids
possess negligible activities of NADP-MDH and
NADP-GAPDH (Neuhaus et al. 1993). For the red-
pepper fruit plastids used here we found that, in the case
of MDH, this appears to be the result of a shift in the
isoenzyme-expression ratio favouring the NAD-depen-
dent one, while in the case of GAPDH, a new isoenzyme
is expressed.

Apart from the large di�erences in their NADP-
dependent enzymes, intact plastids from all three sources
were able to oxidize DHAP into 3PGA at signi®cant
rates, but only when OAA, and not when nitrite was
added. Under dark conditions, these electron acceptors
should be very speci®c for either NADH or NADPH.
Since the NADP-MDH is inactive in the dark, OAA
reduction is only possible with NADH, while nitrite
reduction requires reduced ferredoxin which is exclu-
sively formed from NADPH supplied by G6PDH and
6PGluDH via FNR (Bowsher et al. 1993; Wright et al.
1997). Similar di�erences between the e�ects of nitrite
and OAA were observed by Singh et al. (1993) during
their analysis of dark CO2 production from exogenously
added glucose. In fact, only the use of NAD as
coenzyme for MDH and GAPDH during OAA-depen-
dent DHAP oxidation allows for uncoupled production
of NADH, NADPH (via glucose-6-phosphate dehydro-
genase) and ATP (Fig. 4) as required for several
anabolic reactions in dark metabolism such as nitrite
assimilation (Robinson 1988; Bowsher et al. 1993),
de-novo synthesis of fatty acids (Kleppinger-Sparace
et al. 1992), starch biosynthesis in heterotrophic plastids
(Neuhaus et al. 1993) or carbohydrate degradation via
phosphofructokinase in autotrophic plastids (Stitt and
Heldt 1981). Thus, NAD-MDH drives a dark form of
the malate valve, balancing the redox state of the
NAD(H) pool and linking this to electron transfer into
the cytosol (Fig. 4).

Further experimental evidence for the onset of these
reactions during starch degradation comes from the

Fig. 4. Scheme summarizing the suggested
roles of the NAD-dependent MDH and
GAPDH activities in darkened plastids. Dur-
ing starch degradation, NADPH is produced
by the oxidative pentose-phosphate pathway
(OPP). The NAD-GAPDH and phosphoglyc-
erate kinase oxidize exogenous DHAP or the
triose-P formed in the OPP, and produce
NADH and ATP in a coupled reaction. The
NADH that is not required for other chloro-
plast reactions is consumed by NAD-MDH,
the malate in turn can be exported from the
chloroplast. FBP, fructose-1,6-bisphosphate;
MAL, malate; NIR, nitrite reductase; 6PGlu,
6-phosphogluconate; R5P, ribulose 5-phos-
phate
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work of Neuhaus and Schulte (1996). In chloroplasts
from Mesembryanthemum crystallinum, starch degrada-
tion was promoted by the addition of OAA, which
caused a strong decrease in the DHAP/3PGA ratio. The
stimulatory e�ect of OAA on starch degradation was
comparable to that achieved by the addition of ATP. It
is true that import of ATP via an ATP/ADP transloca-
tor is possible (Neuhaus et al. 1997), but unlike the
situation in heterotrophic plastids where uniport of Pi
was found (Neuhaus and Maaû 1996), in chloroplasts
this will result in increased stromal Pi levels which would
cause serious delays in the onset of CO2 assimilation.
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