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Abstract

Bonzon, M., Greppin, H., and Wagner, E. (1989). Modulation of the glyceraldehyde-3-
phosphate dehydrogenase isozyme activities in spinach leaves. Bot. Helv. 99: 171-178.

NAD- and NADP-dependent glyceraldehyde-3-phosphate dehydrogenase isozymes
(EC1.2.1.12 and EC 1.2.1.13, respectively) from spinach leaves were separated by inverse
ammonium sulphate gradient solubilization. Manipulation of the isozyme activities by
addition of NAD" or NADP* at the moment of extraction was compared to in vivo
treatments (DCMU, etiolated cotyledons). The DCMU effect showed that only one
chloroplast isozyme is activated by photosynthesis-derived changes in nucleotide levels.
Addition of NAD™" during extraction of plants sampled in the light phase resulted in
chloroplast isozyme activity ratios similar to those observed with extracts from dark
control plants, whereas addition of NADP* to extracts from plants sampled in darkness
resulted in activity ratios lower than those from the light control extracts. Modulation
of the NAD *-specific cytosolic isozyme by NAD* was confirmed by the isozyme activ-
ities obtained from etiolated cotyledons. Manipulation of the NAD*/NADP" ratio at
the moment of extraction thus reflected differences correlated with potential in vivo
modulation of the isozymes by nucleotide ratios.

Key words: Spinacia oleracea L., glyceraldehyde-3-phosphate dehydrogenase isozymes.
NAD*, NADP*, DCMU.

Introduction

The higher plant glyceraldehyde-3-phosphate dehydrogenase (GPD) isozyme set is
composed of a NAD *-specific cytosolic (glycolysis-linked) enzyme (EC 1.2.1.12) and
two chloroplast isozymes (EC 1.2.1.13), each one accepting both NAD(H) and
NADP(H) as cofactors (Cerff and Chambers 1978; Cerff 1979; de Looze and Wagner
1983 a, b; Bonzon et al. 1987). Using the inverse ammonium sulphate gradient solubiliza-
tion technique, Wagner (1976) and de Looze and Wagner (1983 b) demonstrated that the
isozyme activities from crude extracts of Chenopodium rubum leaves showed diurnal
variations which could be chemically modulated at the moment of extraction. Changes
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in the isozyme activities were also observed during the course of photoperiodic floral
induction and the acclimation processes in spinach leaves (Bonzon et al. 1987).

It was suggested that the observed changes in GPD isozyme activities were correlated
with either diurnal rhythms in the redox state (Wagner and Frosh 1974; Bonzon et al.
1983; Simon et al. 1982, 1984; de Looze and Wagner 1983 b) or in energy charge (Wagner
et al. 1974; Bonzon et al. 1981; Hampp et al. 1982; Lavergne and Champigny 1985) or
a modification of the chloroplast ATP/NADPH ratio (Bonzon et al. 1987; see Melis et
al. 1985). These interpretations assumed that the isozyme activities obtained from crude
homogenates, in which microenvironments, compartments and effector concentrations
had been radically altered, reflected the actual state of activation of each isozyme in its
in vivo situation. However, the modulation of the GPD isozyme activities is dependent
on a complex regulator feedback loop. While participating in the dynamic equilibrium
determining the pyridine nucleotide ratios in the various cellular compartments, the
isozymes themselves are in turn regulated by pyridine nucleotide ratios (Cerff and
Chambers 1978). In the chloroplast compartment, an additional control depends on the
ferredoxin-thioredoxin light enzyme activating system (Wolosiuk and Buchanan 1977,
see also Buchanan 1980 and Jacquot 1984).

In this context, it was considered to be of interest to examine to what extent the GPD
isozyme activities are influenced by a manipulation of the NAD*/NADP™ ratio at the
moment of extraction and to compare these effects not only to the control extracts, but
also to those of in vivo treatments having similar effects, such as inhibition of photosyn-
thesis by DCMU or etiolation.

Material and methods

Plant material, growth conditions and treatments

Spinacia oleracea L. cv. Nobel (spinach) plants were cultivated on soil, four plants to a pot, in
growth chambers under standard conditions of illumination (20 Wm ™2 provided by Sylvania fluo-
rescent lamps “daylight”, 40 W), temperature (21 °C), and humidity (70% relative humidity during
the day and 50% during the night). Four-week old vegetative plants kept in a 8 h light: 16 h dark
cycle were used. Etiolated seedlings were harvested 10 days after germination on vermiculite in the
dark at 21°C. Modulation of the isozyme activities was studied in extracts made with extraction
buffer containing 0.2 mM of either NAD™* or NADP" in addition to the other components (de
Looze and Wagner 1983 b). The effect of DCMU was tested by spraying each plant once with 2 ml
of 2 0.1 mM DCMU solution at 8.00 h, 16.00 h (end of the night and light period, respectively) and
again at 8.00 h the next day. Extraction was carried out at 16.00 h, i.e. 8 h after the last treatment.

Extraction procedure, inverse ammonium sulphate gradient solubilization, and enzyme assay

These procedures were carried out according to de Looze and Wagner (1983 a, b), as modified
by Bonzon et al. (1987). The crude extracts were obtained from about 3—4 g fresh weight of primary
leaves or 2 g of etiolated cotyledons (excised under green safe light). Total activities in the fractions
after inverse ammonium sulphate gradient solubilization were expressed as pmol NAD(P)H oxi-

dized min~!.

Peak area measurement

Total NAD *- and NADP*-dependent GPD I activities (see Fig. 1) were estimated as the area
under their respective elution profiles up to the last fraction at 60% ammonium sulphate saturation
(de Looze and Wagner 1983 b). Remaining activities are NAD *-and NADP*-GPD II, respectively.
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The contribution of the NAD *-specific cytosolic enzyme (NAD *-GPD cyt.) to the total NAD™-
GPD I activity was calculated according to Bonzon et al. (1987). Peak area measurements were
made either by planimetry or using a computer-aided method.

Statistics

Each experiment was repeated at least three times with different batches of plants. Recoveries
after ammonium sulphate gradient solubilization ranged between 85 and 105% of the activity in the
crude extract for both NAD - and NADP *-dependent GPD activities. The pattern of the isozyme
activities was very stable from experiment to experiment. Data shown are those from one represen-
tative set of experiments. Standard errors for the area under the activity peaks (see Results) were
calculated from a minimum of four independent experiments.

Results

The isozyme activities for three different crude extracts from 4-week old primary
leaves sampled at the 7th h of darkness (‘“‘dark extracts™) are shown in Fig. 1. In each
case, the NADP"-GPD I and the two GPDII isozymes are of chloroplast origin,
whereas the NAD *-GPD I activity peak is a mixture of the NAD " -specific (glycolysis-
linked) enzyme and the NAD"-GPD I chloroplast isozyme (Bonzon et al. 1987). As
compared to the control extract (Fig. 1A), the NAD™ extract (Fig. 1 B) showed an
increased NAD "-GPD II activity, whereas the NADP" extract (Fig. 1C) resulted in
increased activities of all isozymes. A similar experiment with plants sampled at the 6th
h of light (“light extracts™) resulted, as compared to the corresponding control extract,
in increased activities of the NAD*- and NADP*-GPD I isozymes for the NAD " ex-

Table 1. Effect of NAD™, NADP* and DCMU on the % NADP*-GPD I/NADP*-GPD I1
chloroplast activity ratio and on the % NAD*-GPD cyt./NAD*-GPD I+1I cytosolic activity
ratio from spinach primary leaves and comparison with etiolated cotyledons. Ratios calculated from
the total activities measured as the area under the respective elution profile as described in Material
and methods.

Conditions NADP*-GPD1 NAD "-GPD cyt.
NADP*-GPD II NAD"-GPD I+II

(%) (%)
7th h darkness control 43.3 394
+NAD™ 451 26.7
+NADP* 57.4 36.0
6th h light control 61.1 34.0
+NAD™* 42.9 39.1
+NADP* 51.0 18.2
DCMU control 60.7 36.8
+DCMU 443 26.8

Etiolated cotyledons 31.7 79.3
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tract and in slightly increased NAD*-GPD I activity for the NADP* extract (result not
shown).

The chloroplast (NADP*-GPD I/NADP*-GPD II) and the “cytosolic” (NAD*-
GPD I cyt./NAD*-GPD I+ 1I) activity ratios were computed from the calculated area
under each isozyme peak. The chloroplast activity ratio (Tab. 1) was characterized by
high values for the light plant control and all extracts using NADP* with a mean value
(+SE) of 58.942.4. Low values (43.2 +2.1) were obtained for the dark control plants
and all extracts using NAD™. The “cytosolic” activity ratio was found to be almost
constant (37.1+3.2) in all cases, except when NAD™ was added to the dark extracts or
NADP" added to the light extracts (Tab. 1).

The extracts from DCMU-treated leaves sampled at the end of the light period
(Fig. 2) showed decreased GPD I isozyme activities as compared to non treated leaves
(control extracts). This resulted in a chloroplast activity ratio (Tab. 1) similar to that
observed in non treated leaves sampled during darkness. The cytosolic activity ratio was
similar to that obtained with the NAD™" extracts from dark plants.

Compared to those from light-grown material, the isozyme activities from etiolated
cotyledons (Fig. 3) showed a very high NAD*-GPD I peak height, some NADP"-
GPD I activity but no defined peak and reduced GPD II activities. The resulting chloro-
plast activity ratios (Tab. 1) were 25% lower than those obtained from green leaves

sampled in darkness. The cytosolic activity ratio was twice greater than that observed
from primary leaves.

DCMU-TREATED LEAVES
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Fig. 2. Inverse ammonium sulphate gradient solubilization of the glyceraldehyde-3-phosphate de-
hydrogenase isozymes from 4-week old DCMU-treated primary spinach leaves.

4l

Fig. 1. Effect of added NAD* and NADP™ at the moment of extraction on the glyceraldehyde-3-

phosphate dehydrogenase isozyme activities from 4-week old primary spinach leaves sampled after

7 h of darkness in a 8 h light:16 h dark cycle. Patterns obtained by inverse ammonium sulphate

gradient solubilization of leaf extracts. A) control extract, B) and C) extracts with 0.2 mM NAD"
and NADP*, respectively.
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Fig. 3. Inverse ammonium sulphate gradient solubilization of the glyceraldehyde-3-phosphate de-
hydrogenase isozymes from 10-day old etiolated spinach cotyledons.

Discussion

In vitro modulation of the GPD isozyme activities by NAD* or NADP™ at the
moment of extraction (Fig. 1) was dependent on the physiological state of the leaves, i.e.
on the sampling time in the light: dark cycle. The NAD" and NADP™ extracts showed,
if compared to the appropriate control extracts, that the GPD I activities could be
modulated by NAD™ in the light and by NADP* in darkness. This was indicating that
the added pyridine nucleotides only modulate these activities when their respective
endogenous concentrations are low (Bonzon et al. 1983). In contrast to this, the GPD II
activities were only sensitive to added pyridine nucleotides in the dark: the NAD™*-
GPD II and NADP " -GPD II activities being increased by NAD* and NADP*, respec-
tively.

These effects were reflected in the NADP*-GPD I/NADP*-GPD II chloroplast
activity ratio (Tab. 1). The dark control values could be mimicked by NAD™* added to
light extracts, whereas low values were obtained with NADP* added to the dark ex-
tracts. The influence of the NAD* /NADP" ratio at the moment of extraction was also
reflected in the cytosolic activity ratio. The low value for the NAD ™ dark extract was due
to the high NAD*-GPD II (chloroplastic) activity, whereas the low value for the
NADP* light extract seemed to be due to a decreased NAD " -specific cytosolic activity.

The activities obtained from DCMU-treated leaves (Fig. 2) showed decreased GPD I
activities. The low cytosolic activity ratio, which might be due to a decreased NAD*-
specific cytosolic activity, suggests that only the chloroplast GPD I isozymes are acti-
vated by the photosynthesis-derived changes in the redox state (Miiller et al. 1969;
Wolosiuk and Buchanan 1977; Lendzian and Ziegler 1978).
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In etiolated cotyledons (Fig. 3), the very high NAD*-GPD I activity was character-
istic of plants having high glycolytic activities such as light-grown Chenopodium rubrum
seedlings in the presence of glucose, or the photosynthesis inhibitor SAN 9789 (de Looze
1980). This was a strong indication that this activity is mainly due to the NAD " -specific
cytosolic enzyme. The low NADP*-GPD I activity indicates that there might be some
NAD™-GPD I “chloroplastic” activity in the corresponding peak and, together with the
GPD II activities, it might allow one to infer that the two bifunctional chloroplast
isozymes are present in the etioplast.

In relation to the different experimental conditions tested in this study, the observed
GPD activity changes reflected the sensitivity of the GPD isozymes to in vitro modula-
tion by physiologically or near in vivo situations of redox state and by environmental and
chemical factors. The NAD* and NADP" effects, when compared to the situation in
etiolated cotyledons and in DCMU-treated leaves, showed differences in correlation with
potential in vivo modulation of nucleotide ratios (Hampp et al. 1982). This modulation
of the isozyme activities in response to a change in the cellular NAD* /NADP™ ratio was
also an indication supporting the interpretations mentioned in the introduction.

The authors wish to acknowledge the skillful technical assistance of Mrs. M. Stucker and the
critical reading of the manuscript by Dr. Ch. Beggs. This work was supported by the Swiss National
Foundation for Scientific Research (grant no 3.140.081).

References

Bonzon M., Hug M., Wagner E. and Greppin H. 1981. Adenine nucleotides and energy charge
evolution during the induction of flowering in spinach leaves. Planta 152: 189-194.

Bonzon M., Simon, P., Greppin H. and Wagner E. 1983. Pyridine nucleotides and redox charge
evolution during the induction of flowering in spinach leaves. Planta 159: 254-260.

Bonzon M., Simon P., Degli Agosti R., Greppin H. and Wagner E. 1987. Activity of glyceraldehyde-
3-phosphate dehydrogenase isozymes during photoperiodic floral induction in spinach leaves.
Physiol. Plantarum 70: 577-582.

Buchanan B. B. 1980. Role of light in the regulation of chloroplast enzymes. Annu. Rev. Plant
Physiol. 31: 341-374.

Cerff R. 1979. Quaternary structure of higher plant glyceraldehyde-3-phosphate dehydrogenase.
Eur. J. Biochem. 94: 243-247.

Cerff R. and Chambers S. E. 1978. Glyceraldehyde-3-phosphate dehydrogenase (NADP*) from
Sinapis alba L. Isolation and electrophoretic characterization of isozymes. Hoppe-Seyler’s Z.
Physiol. Chem. 359: 769772

Hampp R., Goller M. and Ziegler H. 1982. Adenylate levels, energy charge and phosphorylation
potential during dark-light and light-dark transition in chloroplasts, mitochondria and cytosol
of mesophyll protoplasts from Avena sativa L. Plant Physiol. 69: 448—4535.

Jacquot J.-P. 1984. Post-translational modifications of proteins in higher plant chloroplasts: enzyme
regulation by thiol-disulfide interchange. Physiol. Vég. 22: 487-507.

Lavergne D. et Champigny M.-L. 1985. Effects de la charge énergétique sur quatre enzymes du
métabolisme carboné des chloroplastes du mésophylle du Mil. Physiol. Vég. 24: 63-72.

Lendzian K. J. and Ziegler H. 1978. Activation of NADP-linked glyceraldehyde-3-phosphate
dehydrogenase in a reconstituted spinach chloroplast system without functioning photophos-
phorylation. Biochem. Physiol. Pflanzen 173: 500—504.

deLooze S. 1980. In vitro and in vivo regulation of glyceraldehyde-3-phosphate dehydrogenase
isozymes from Chenopodium rubrum L. PhD-Thesis. University of Freiburg, FRG.



178 M. Bonzon et al.

deLooze S. and Wagner E. 1983 a. In vitro and in vivo regulation of chloroplast glyceraldehyde-3-
phosphate dehydrogenase isozymes from Chenopodium rubum L. 1. Purification and properties
of isozymes. Physiol. Plantarum 57: 231-237.

de Looze S. and Wagner E. 1983 b. In vitro and in vivo regulation of chloroplast glyceraldehyde-3-
phosphate dehydrogenase isozymes from Chenopodium rubum L. 1. In vitro modulation of the
isozyme pattern. Physiol. Plantarum 57: 238 —242.

Melis A. A., Mandori R. E., Glick M. L., Ghirardi S. W., McCauley P. J. and Neale G. 1985. The
mechanism of photosynthetic membrane adaptation: a hypothesis on the role of electron-trans-
port capacity and of ATP/NADPH pool in the regulation of thylakoid membrane organization
and function. Physiol. Vég. 23: 757-765.

Miiller B., Ziegler 1. and Ziegler H. 1969. Licht-induzierte, reversible Aktivititssteigerung der
NADP-abhingigen Glycerinaldehyd-3-phosphat Dehydrogenase. Zum Mechanismus der Reak-
tion. Eur. J. Biochem. 9: 101-106.

Simon P., Dieter P., Bonzon M., Greppin H. and Marmé D. 1982. Calmodulin-dependent and
independent NAD kinase activities from cytoplasmic and chloroplastic fractions of spinach.
Plant Cell Reports 1: 119-122.

Simon P., Bonzon M., Greppin H. and Marmé¢ D. 1984. Subchloroplast localization of NAD kinase
activity: evidence for a Ca?*, calmodulin-dependent activity at the envelope and for a Ca2™,
calmodulin-independent activity in the stroma of pea chloroplasts. FEBS-Lett. 167: 332-338.

Wagner E. 1976. Molecular basis of physiological rhythms. In: Integration of Activity in Higher
Plant (D. H. Jennings, ed.), Symp. Soc. Exp. Biol., Vol XXXI, pp. 33—72. Cambridge University
Press, Cambridge.

Wagner E., Stroebele L. and Frosch S. 1974. Endogenous rhythmicity and energy transduction. V.
Rhythmicity in adenine nucleotides and energy charge in seedlings of Chenopodium rubrum L.
J. Interdiscipl. Cycle Res. 3: 77-88.

Wagner E. and Frosch S. 1974, Endogenous rhythmicity and energy transduction. VI. Rhythmicity
in reduced and oxidized pyridine nucleotide levels in seedlings of Chenopodium rubum L. J.
Interdiscipl. Cycle Research 5: 231-239

Wolosiuk R. A. and Buchanan B. B. 1978. Activation of chloroplast NADP-linked glyceraldehyde-
3-phosphate dehydrogenase by the ferredoxin/thioredoxin system. Plant Physiol. 61: 669-671



	Modulation of the glyceraldehyde-3-phosphate dehydrogenase isozyme activities in spinach leaves

