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SUMMARY 

Scenedesmus obliquus contains two glyceraldehyde-3-phosphate dehydroge- 
nases (EC 1.2.1.-) one of which uses NADH as its preferred coenzyme (D-enzyme) 
and the other NADPH (T-enzyme). On incubation of the D-enzyme with cysteine 
and a 1,3-diphosphoglycerate-generating system the specific activity with NADH as 
coenzyme decreased whilst that with NADPH increased by a factor of 10. The compo- 
nents of the generating system had no effect on the D-enzyme individually and it is 
concluded that 1,3-diphosphoglycerate was probably responsible for the change in 
nucleotide specificity. The coenzyme specificity of the T-enzyme was not affected by 
such treatment. A similar type of activation occurred to a lesser extent on incubation 
of  the D-enzyme with 2,3-diphosphoglycerate. The NADPH-dependent activity of the 
D-enzyme could also be promoted by incubation with NADPH. However, in this case 
the activation was less than that seen with either 1,3- or 2,3-diphosphoglycerate. 

The change in coenzyme specificity of the D-enzyme occurred in parallel with. 
changes in sedimentation behaviour. Initially, a single boundary of S2o,w : 14.5 S 
was present, but on conversion to NADPH-dependent activity by incubation with. the 
1,3-diphosphoglycerate-generating system, new boundaries of 7.5 S and 5.5 S ap- 
peared. The first of these corresponds in sedimentation coefficient to the native T- 
enzyme. On removal of 1,3-diphosphoglycerate the 7.5 S boundary disappeared 
accompanied by an increase in that of 14.5 S, whilst the 5.5 S boundary persisted. 
These changes are consistent with the reversible conversion of the D-enzyme into a 
form similar to the native T-enzyme in response to cysteine and 1,3-diphosphoglyce- 
rate. These effects may be explained if acylation of the active site of  the D-enzyme by 
1,3-diphosphoglycerate results in displacement of the bound nucleotide, thus pro- 
moting nucleotide exchange. These findings are consistent with the kinetic mechanism 
established for other glyceraldehyde-3-phosphate dehydrogenases. 

Similar activation was seen in extracts of other species of the Chlorophyta but 
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not in other photosynthetic organisms. The significance of this type of activation of 
enzyme activity to the metabolism of these species of algae is discussed. 

INTRODUCTION 

In higher plants, two major forms of glyceraldehyde-3-phosphate dehydrogen- 
ase (EC 1.2.1.-) are present, which differ in their coenzyme specificity. NADP +-linked 
activity is found only in the chlorophyll-containing tissues whereas NAD+-linked 
activity is ubiquitous [1 ]. Since the chloroplast enzyme (EC 1.2.1.13) shows mutual 
competition of its NAD+-linked and NADP+-linked activities, the two coenzymes 
are thought to occupy the same site on the enzyme [2]. In contrast the cytoplasmic 
enzyme (EC 1.2.1.12~ is active only with NAD + or NADH as coenzyme. 

A slow increase in NADP+-linked glyceraldehyde-3-phosphate dehydrogenase 
activity is seen in etiolated seedlings on prolonged illumination with far red light. 
This process is mediated by phytochrome and is independent of photosynthesis. It is 
inhibited by inhibitors of protein synthesis and hence involves de novo synthesis of 
enzyme [3]. In contrast, Ziegler's group [4, 5] have reported a very rapid, reversible 
light-dependent activation of the NADP+-linked glyceraldehyde-3-phosphate de- 
hydrogenase of leaves, which is independent of protein synthesis. This stimulation of 
the NADP+-linked enzyme activity was later shown to be accompanied by a decrease 
in the NAD+-linked glyceraldehyde-3-phosphate dehydrogenase activity [6]. Illumi- 
nation of broken chloroplasts [7] was also found to result in an increase in the 
NADP+-linked enzyme activity at the expense of that linked to NAD +. Interestingly, 
with these broken chloroplast preparations the same effect could be achieved in the 
dark by the addition of NADPH [8] or ATP [9]. These findings suggest that in vivo 
activation occurred as a result of the photosynthetic production of these two meta- 
bolites. 

In algae, Hudock and Fuller [10] have reported light-dependent reciprocal 
activity changes of the NAD +- and NADP+-linked glyceraldehyde-3-phosphate 
dehydrogenase during the greening of the y-2 mutant strain of Chlamydomonas 
rheinhardii. They suggest that in this organism the NAD+-linked enzyme might be 
converted into an NADP+-linked enzyme during illumination. In contrast, their 
work with greening cultures of Euglena 9racilis indicated no conversion of an 
NAD+-linked enzyme into an NADP+-linked form. 

We have recently isolated two glyceraldehyde-3-phosphate dehydrogenases 
from the photosynthetic alga Seenedesmus obliquus [11 ], one of which had predomi- 
nantly NADPH-linked activity (T-enzyme) whereas the other showed high. NADH- 
linked activity (D-enzyme)i Apart from their molecular weights and coenzyme 
specificities, these enzymes were very similar. It was found that whilst both enzymes 
could normally be isolated from extracts of S. obliquus, occasionally preparations 
were obtained which yielded only a single enzyme. In some cases, only the T-enzyme 
was obtained whereas in others only the D-enzyme was present. This suggested the 
possibility that the two enzymes might be interconvertible. 

We now wish to report the conversion of the NADH-linked glyceraldehyde-3- 
phosphate dehydrogenase of S. obliquus into a NADPH-linked enzyme. A preliminary 
report of some of these findings has been published [12]. 
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MATERIALS AND METHODS 

Culture of oroanisms. Rhodopseudomonas capsulata (ATCC. 23782) was cul- 
tured as described by Sistrom [13], Anacystis nidulans (Bloomington 625) as described 
by Kratz and Myers [14], S. obliquus (Cambridge 276/6a) and Chlorella pyrenoidosa 
(Cambridge 211/8h) as described by Kessler et al. [15], E. 9racilis (Cambridge 
1224/5z) as described by Hutner et al. [16], C. rheinhardii (Cambridge 11/32a) as 
described by Sueoka [ 17 ], Porphyridium cruentum (Cambridge 1380/1 a) as described 
by Jones et al. [18]. 

Preparation of crude enzyme extracts. Algal or bacterial cells were broken by 
shaking at 4000 rev./min with glass beads in a Braun cell homogenizer, 20 ml glass 
beads : 20 ml of cell suspension in 0.11 Tris. HC1 buffer (0.12 M), pH 7.5, 5 mM mercap- 
toethanol. The total breaking time was 5 rain, in 30 s bursts separated by 10 s cooling by 
means of liquid CO2. After removal of the glass beads by filtration, the extract was 
centrifuged at 200 000 x9 for 30 min and the supernatant used for enzyme assay. 

50 g of spinach leaf was macerated for 3 min in a Waring blender, using the 
same buffer as used for the algal extracts. The large debris was removed by filtration 
through muslin; after which the 200 000 × 9 supernatant was used for enzyme assay. 

Enzyme purification and assay. Glyceraldehyde-3-phosphate dehydrogenases 
of S. obliquus were purified and assayed as previously described [11 ]. 

Enzyme activation for kinetic measurements. 0.3 units of the puttied D-enzyme 
in 20 ml of 85 mM Tris • HC1, pH 7.5, was incubated at 30 °C with the compounds 
specified. At various times, 0.5-ml aliquots were removed and any remaining compo- 
nents necessary for assaying the enzyme were added. The enzyme activity was mea- 
sured after starting the reaction with reduced pyridine nucleotide. The final concen- 
trations in the assay mixture (1 ml) were ATP (1.6 mM), cysteine • HC1 (3.3 mM), 
MgCI z (1.6 mM), phosphoglycerate kinase (10 units/ml), 3-phosphoglycerate (3.5 
mM) and reduced pyridine nucleotide (0.25 mM). 

Sedimentation velocity measurements in the presence of 1,3-diphosphoglycerate- 
9eneratin9 system. The sedimentation velocity of the purified D-enzyme (4 mg/ml in 
0.1 I (0.12 M) Tris, pH 7.5, 5 mM mercaptoethanol) was determined using a Beckman 
model E analytical ultracentrifuge at 60 000 rev./min and a rotor temperature of 10 °C. 
Double sector cells with Epon-aluminium centrepieces were used in an AN-D rotor. 

The enzyme was incubated with a 1,3-diphosphoglycerate-generating system in 
the centrifuge cell. The final concentrations in the incubation mixture were D-enzyme 
(3.3 mg/ml), ATP (1.6 raM), cysteine • HCI (5.2 mM), MgCl2 (2.5 mM), 3-phospho- 
glycerate (5.5 mM), phosphoglycerate kinase (16 units/ml), Tris • HC1, pH 7.5 (0.1 I) 
and mercaptoethanol (4 mM). After 30 min incubation at 30 °C, the determination of 
the sedimentation velocities of the components of the incubation mixture was com- 
menced. The ultracentrifuge cell containing the incubation mixture was then allowed 
to stand overnight at 4 °C after which the sedimentation velocity of its components 
was redetermined. The NADH- and NADPH-linked glyceraldehyde-3-phosphate 
dehydrogenase was also measured at specified times in a parallel incubation. 

Light-dependent 9reenin9 of S. obliquus PG1. The PG1 strain of S. obliquus 
(derived from the wild type by treatment with N-methyl-N'-nitroso-N-nitroguanidine 
[19] and selected for its reduced pigment content) was grown heterotrophically in the 
medium described above. Under these conditions, the strain is only able to synthesise 
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very small amounts of chloroplast pigment and consequently has a much reduced rate 
of photosynthesis compared with that of the wild type. After 3 days heterotrophic 
growth the alga was harvested, resuspended in autotrophic medium (heterotrophic 
medium without glucose and yeast extract) and shaken overnight in the dark. The 
following day the starved cells were diluted to a concentration of 4 • 107 cells/ml 
and illuminated in glass tubes with white light whilst being constantly gassed with a 
CO2/air (5 : 95, v/v) mixture. On illumination, this strain is then able to synthesise 
chlorophylls and other chloroplast pigments; this is accompanied by an increase in the 
photosynthetic rate. At specified times before and during the illumination 500-ml 
aliquots were removed, the algal cells harvested, broken and the coenzyme dependence 
of the glyceraldehyde-3-phosphate dehydrogenase activity of the extracts was deter- 
mined. 

RESULTS 

Ligand-indueed changes of eoenzyme specificity 
The D-enzyme of S. obliquus had a very low level of NADPH-linked glyceral- 

dehyde-3-phosphate dehydrogenase activity as well as its major NADH-linked 
activity. This NADPH-dependent activity, in contrast to the NADH-dependent 
activity, was not constant during the assay and increased with time. The possibility 
that the NADPH-dependent activity of the enzyme was being stimulated by a com- 
ponent of the assay was tested by incubation of the enzyme with the various com- 
ponents of the mixture prior to the measurement of the enzyme activities. 

The activity of glyceraldehyde-3-phosphate dehydrogenase from other sources 
has been shown to be stimulated by sulphydryl-containing reagents [8]; incubating 
the D-enzyme of S. obliquus with cysteine did cause a slight stimulation of the 
NADPH-dependent activity although the NADH-dependent activity was unaffected 
(Fig. 1A). This activation with cysteine was complete after 40 min but did not 
account for the total activation observed when the enzyme was incubated with 
the assay mixture. If the enzyme was incubated with the 1,3-diphosphoglycerate- 
generating system of the assay after preincubation with cysteine, further activity 
changes were seen to have occurred when the reaction was started by the 
addition of reduced nucleotide (Fig. 1A). A large increase in the NADPH- 
dependent enzyme activity was seen, accompanied by a considerable reduction 
in the NADH-dependent activity. In general a 10-fold increase in the NADPH- 
dependent rate (relative to that after preincubation with cysteine)was observed; 
whilst the NADH-linked activity fell to half its original value (Fig. 1A). This 
degree of stimulation of the NADPH-dependent activity could only be achieved 
after preincubation with both cysteine and the 1,3-diphosphoglycerate-generating 
system. When cysteine was left out of the preincubation system, the activated NADPH- 
dependent enzyme activity was less than half that seen previously. However, this 
rate could be stimulated by incubation with cysteine (Fig. 1B). Thus, for complete 
activation of the NADPH-dependent enzyme activity, both cysteine and some 
component of the 1,3-diphosphoglycerate-generating system were required. 

The NADPH-dependent activity of spinach [9] and bean [20] glyceraldehyde- 
3-phosphate dehydrogenases is stimulated by ATP; however, this was not the case 
for the enzyme from S. obliquus which was not stimulated by either ATP or phospho- 
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Fig. 1. Variation in the coenzyme specificity of glyceraldehyde-3-phosphate dehydrogenase (S. 
obliquus D-enzyme). The enzyme was preincubated with either (A) cysteine • HC1 (3.3 raM) or (B) 
a 1,3-diphosphoglyceric acid synthetic mixture (1.6raM ATP, 3.5 mM 3-phosphoglyceric acid, 
1.6 mM MgCI2, and 10 units/ml of phosphoglycerate kinase), until no further increase in NADPI-[- 
dependent glyceraldehyde-3-phosphate dehydrogenase activity occurred; at this time either (A) a 1,3- 
diphosphoglyceric acid synthetic mixture or (B) cysteine • HC1 were added for a further period of  
incubation. [ ] - - [ ] ,  NADPI-I-dependent glyceraldehyde-3-phosphate dehydrogenase activity; • - - • ,  
NADI-I-dependent glyceraldehyde-3-phosphate dehydrogenase activity. 
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glycerate kinase. Indeed the only component  of  the 1,3-diphosphoglycerate-generating 
system which had any effect on the NADPH-dependent  activity of  the enzyme was 
3-phosphoglycerate. This compound promoted a slight increase in the NADPH-  
dependent activity of the enzyme, accompanied by a very slight decrease in the 
NADH-linked activity. 

The large stimulation of the NADPH-dependent  activity resulting from the in- 
cubation of the cysteine-preincubated enzyme with the 1,3-diphosphoglycerate system 
does not occur when the enzyme is incubated with each of the components of  the 
generating system separately. Hence it would appear that the compound promoting 
this effect is likely to be one of the products of the phosphoglycerate kinase reaction. 
Since ADP did not stimulate the enzyme, 1,3-diphosphoglycerate is most likely to be 
responsible for the effect observed. 

It has been difficult to test the effect of  1,3-diphosphoglycerate directly because 
of its very high lability. The related compound, 2,3-diphosphoglycerate, which is not a 
substrate for the enzyme, was incubated with the D-enzyme. This treatment also 
resulted in a large increase in the NADPH-dependent  activity accompanied by a 
corresponding decrease in the NADH-dependent  activity (Fig. 2). However, only on 
further incubation with the 1,3-diphosphoglycerate-generating system was the full 
activation seen. 

The relationship between the extent of activation of the NADPH-dependent  
glyceraldehyde-3-phosphate dehydrogenase activity and the concentration of the 
various ligands was investigated and is shown in Fig. 3. The effects of  3-phospho- 
glycerate and 2,3-diphosphoglycerate were exhibited in the millimolar concentration 
region. When the concentration of 1,3-diphosphoglycerate present in the generating 
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Fig. 2. The effect of 2,3-diphosphoglycerate on the nucleotide specificity of the D-enzyme. D-enzyme 
was pre-incubated for 40 rain with cysteine • HC1 (3.3 mM) and the activity with NADI-I ( O -  O) 
and NADPI-I (F1 --[]) as cofactors was measured. 2,3-Diphosphoglycerate (7.5 m M) was then added 
and after a further period of incubation of 40 rain, the 1,3-diphosphoglycerate-generating system was 
also included. Stimulation of the NADPI-I-dependent enzyme activity was seen on addition of 2,3- 
diphosphoglycerate but complete activation of the enzyme was only observed in the presence of the 
1,3-diphosphoglycerate-generating system. 
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Fig. 4. Relationship between the NADPH-dependent glyceraldehyde-3-phosphate dehydrogenase 
activity of the D-enzyme and the 1,3-diphosphoglycerate concentration. D-enzyme was incubated 
with the 1,3-diphosphoglycerate-generating system, as described in Materials and Methods, until 
maximum activity with NADPH as coenzyme was attained (in practice incubation for 40 rain 
sufficed). The initial concentration of 3-phosphoglycerate in the generating system was adjusted to 
give the required 1,3-diphosphoglycerate concentration which was calculated from the equilibrium 
constant of the phosphoglycerate kinase reaction [21 ]. The final NADPH-dependent rate (V) was 
corrected for the initial activity of the D-enzyme with this cofactor (1Io). The linearity of the reciprocal 
plot demonstrates the hyperbolic nature of the binding curve for 1,3-diphosphoglycerate and linear 
regression analysis of the data gives a value of 25 #M for the dissociation constant of the enzyme-l,3- 
diphosphoglycerate complex. 
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Fig. 5. Sedimentation characteristics of the D-enzyme. Top: Native D-enzyme. Centre: After in- 
cubation with cysteine. I-1C1 and 1,3-diphosphoglyceric acid-generating system (as described in 
Materials and Methods). Bottom: as centre but after storage overnight. Buffer used was 0.1 I (0.12 M) 
Tris. HCI, pI-[ 7.5. Photographs were taken 37 min after reaching speed of 60 000 rev./min at 
10 °C, using a Schlieren plate angle of 60 °. 

system was calculated from the equilibrium constant of the phosphoglycerate kinase 
reaction [21], it was found to be effective in stimulating the NADPH-dependent 
activity at much lower concentrations than those of the other activators. The dissocia- 
tion constant of the enzyme 1,3-diphosphoglycerate complex was determined from a 
reciprocal plot (Fig. 4) and found to be 25/~M. 

The stimulation of the NADPH-dependent glyceraldehyde-3-phosphate de- 
hydrogenase activity by 1,3-diphosphoglycerate was blocked by both NAD ÷ (1 mM) 
and inorganic phosphate (50 raM). 

The NADPH-dependent glyceraldehyde-3-phosphate dehydrogenase activity 
of  the spinach chloroplast enzyme is known to be stimulated by incubation with 
NADPH [8]. However, whilst incubation of the D-enzyme of S. obliquus with cysteine 
and NADPH did cause a stimulation of the NADPH-dependent enzyme activity, 
the extent of this stimulation was even less than that seen after incubation with 
2,3-diphosphoglycerate. 

The D-enzyme sedimented as a single, symmetrical boundary of S2o,w= 
14.5 S (Fig. 5, top) but on incubation with cysteine and the 1,3-diphosphoglycerate- 
generating system, the Schlieren pattern demonstrated the presence of three distinct 
sedimenting boundaries with S2o,w values of 14.5 S, 7.5 S and 5.5 S (Fig. 5, centre). 
The sedimentation coefficients of the faster two boundaries correspond to the native 
D- and T-enzymes, suggesting that the D-enzyme might have been converted to a form 
similar to the native T-enzyme. If this sample was allowed to stand overnight at 4 °C, 
subsequent centrifugation resulted in the distribution of components shown in the 
lower photograph of Fig. 5. The boundary corresponding to the sedimentation 
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TABLE I 

ACTIVATION OF THE NADPH-DEPENDENT GLYCERALDEHYDE-3-PHOSPHATE DE- 
HYDROGENASE ACTIVITY OF THE D-ENZYME OF S. OBLIQUUS ACCOMPANYING 
SEDIMENTATION VELOCITY CHANGES (Fig. 5) 

D-Enzyme (4 mg/ml) was incubated with the 1,3-diphosphoglycerate-generating system as described 
in Materials and Methods. Aliquots were removed at specified stages of the procedure and the co- 
enzyme dependence of the glyceraldehyde-3-phosphate dehydrogenase activity determined. 

Stage Glyceraldehyde-3-phosphate 
dehydrogenase activity 
(units/ml) 

NADH-linked NADPH-linked 

Ratio of 
N A D H  : NADPI-I- 
dependent 
activity 

Pre-incubation in the absence of 
the 1,3-diphosphoglycerate- 
generating system (Fig. 5, top) 112 

After 30 min incubation with the 
1,3-diphosphoglycerate- 
generating system (Fig. 5, centre) 50 

After overnight standing, following 
incubation with the 1,3-diphospho- 
glycerate-generating system (Fig. 5, 61 
bottom) 

10 11.2 

35 1.4 

6 10.2 

coefficient of the D-enzyme (14.5 S) was enlarged whilst tb_at corresponding to the 
T-enzyme (7.5 S) was no longer evident. Analysis of the sample at this stage demon- 
strated that neither ATP nor 1,3-diphosphoglycerate were present and this may be 
readily accounted for by the lability of the 1,3-diphosphoglycerate. The removal of the 
1,3-diphosphoglycerate by overnight standing was accompanied by reversal of the 
major sedimentation changes promoted by the 1,3-diphosphoglycerate-generating 
system. However, the slow sedimenting boundary of S2o,w ---- 5.5 S remained even 
after the removal of the 1,3-diphosphoglycerate, suggesting that the generation of this 
species is not readily reversible (Fig. 5, bottom). These observed changes in sedimenta- 
tion are consistent with a reversible D- to T'-enzyme (activated D-enzyme with activity 
similar to the T-enzyme) conversion in the presence of cysteine and the 1,3-diphospho- 
glycerate-generating system. However, tb.is conversion is not complete by the criterion 
of ultracentrifugation, a substantial proportion of the D-enzyme (14.5 S) remaining in 
the presence of 1,3-diphosphoglycerate (Fig. 5, centre). The conversion was also in- 
complete by the kinetic criteria already described (Table I). The data in Table I 
demonstrate that following overnight storage of the 1,3-diphosphoglycerate-treated 
D-enzyme, the coenzyme specificity had returned to that of the untreated enzyme. 
This is shown by the decline in NADPH-dependent activity and the increase in the 
ratio of activity with NADH and NADPH, respectively, as cofactors. The overall 
decrease in enzyme activity can probably be attributed to the irreversible generation 
of the 5.5-S species, if this species is enzymically inactive. 

The dissociation of the enzyme when incubated with the 1,3-diphospho- 
glycerate-generating system was blocked by either NAD ÷ or inorganic phosphate, 
as was the kinetic activation of the NADPH-dependent enzyme activity. 
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Fig. 6. Effect of illumination on the NADPH-dependent glyceraldehyde-3-phosphate dehydrogenase 
activity of heterotrophically grown S. obBquus PGI. Heterotrophically grown S. obliquus PG1 was 
harvested; the cells were washed and starved by overnight shaking in autotrophic medium. The 
starved cells were illuminated with white light. At various times aliquots were taken and extracts made 
from the harvested cells. The extracts were assayed for their glyceraldehyde-3-phosphate dehydrogen- 
ase activity. The ratio of the NADPH : NADH-dependent enzyme activity of the extracts (V1 --E]) 
was compared with that following incubation of the extracts with the 1,3-diphosphoglycerate- 
generating system for 30 min (O - -O) .  

Effect of growth eonditiom on the eoenzyme dependence of S. obliquus 9lyeeraldehyde-3- 
phosphate dehydrogenase activity 

The ratio of NADPH : N A D H  glyceraldehyde-3-phosphate dehydrogenase 
activity in extracts of the heterotrophically grown alga was 0.3, whereas the extracts 
from autotrophically grown alga showed a ratio of 6.0. 

In heterotrophically grown PG1 strain of S. obliquus the glyceraldehyde-3- 
phosphate dehydrogenase activity was predominantly linked to NADH (Fig. 6). 
After overnight starvation, there was only a slight increase in the NADPH : NADH 
dependency of the enzyme activity. However, on illumination of the suspension of 
these starved cells in autotrophic medium a marked increase in this ratio occurred, 
the enzyme activity becoming predominantly linked to NADPH, Even after only 1 h 
of illumination the NADPH : NADH ratio of enzyme activity of the extracts had 
become the same as that when the extracts had been incubated with cysteine and the 
1,3-diphosphoglycerate-generating system for 30 min. 

Distribution of similarly activatable 9lyceraldehyde-3-phosphate dehydrogenases 
The activation of the NADPH-dependent glyeeraldehyde-3-phosphate de- 

hydrogenase activity of the D-enzyme of S. obliquus by cysteine and the 1,3-di- 
phosphoglycerate-generating system is so pronounced that it can easily be seen in 
crude extracts of this alga. The effect of such an incubation on the glyceraldehyde-3- 
phosphate dehydrogenase activity of crude extracts of other photosynthetic organisms 
is shown in Table II. A similarly activatable enzyme has been detected in Chlamy- 
domonas and Chlorella; however, it has not been detected in extracts of higher plants 
nor in extracts of algae from groups other than the Chlorophyta. 
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TABLE II 

GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE ACTIVITY OF EXTRACTS OF 
PHOTOSYNTHETIC ORGANISMS 

Results are expressed as/~mol coenzyme oxidized/rain per ml. 

Organism Initial Activated Initial Activated 
NADH- NADH- NADPH- NADPH- 
dependent dependent dependent dependent 
activity activity activity activity 

Athiorhodaceae 
Rhodopseudomonas capsulata 4.2 4. I 0 0 

Cyanophyta 
Anacystis nidulans 0.3 0.3 2.0 1.9 

Chlorophyta 
Scenedesmus obliquus 4.0 1.4 0.9 3.0 
Chlamydomonas rheinhardii 7.5 1.5 3.5 6.0 
Chlorella pyrenoidosa 3.3 1.9 O. 8 3.5 

Euglenaphyta 
Euglena #racilis 21.0 20.0 3.0 3.0 

Rhodophyta 
Porphyridium cruentum 4.0 4.0 1.5 1.5 

Euphyta 
Spinach leaf 3.0 3.0 5.7 5.1 

DISCUSSION 

Incubation of the D-enzyme with a 1,3-diphosphoglycerate-generating system 
results in an increase in the NADPH-dependent specific activity accompanied by a 
decrease in NADH-dependent specific activity. The data presented suggest that 1,3- 
diphosphoglycerate itself is responsible for the changes in nucleotide dependence and 
it thus acts as both substrate and activating ligand. The dissociation constant deter- 
mined for the enzyme-l,3-diphosphoglycerate complex in the activation process is the 
same as the K m for 1,3-diphosphoglycerate and implies that 1,3-diphosphoglycerate 
binding to the active centre is responsible for the changes in nucleotide dependence. 
It also implies that the observed changes could be elicited at physiological concentra- 
tions of the ligand. The changes in kinetic behaviour are accompanied by alteration in 
the sedimentation behaviour of the enzyme. Prior to activation, the D-enzyme exists 
as a discrete 14.5-S species. Following activation, boundaries of 7.5 S and 5.5 S are 
generated. The former corresponds in value to that of  the native T-enzyme. It is likely 
therefore that the changes in nucleotide specificity are accompanied by depolymeriza- 
tion of the D-enzyme (550 000 mol. wt.) to a species resembling the T-enzyme (140 000 
mol. wt.). However, under the conditions of  ultracentrifugation, the transition from 
the D to the T '  form of the enzyme is incomplete as determined both kinetically and by 
the ultracentrifugation. This is most probably due to the higher protein concentration 
employed in the ultracentrifuge and implies that dissociation of the enzyme is a pre- 
requisite for the change in nucleotide specificity. The long-term loss in activity of the 
enzyme is paralleled by an increase in the 5.5-S species which probably represents an 
inactive form of  the enzyme. 
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The mechanism of activation by 1,3-diphosphoglycerate can best be explained 
in terms of the compulsory order mechanism proposed for the reduction of this 
substrate by glyceraldehyde-3-phosphate dehydrogenase in a number of species 
[22, 23] (Fig. 7). According to this mechanism, acylation of the active centre sulphy- 
dryl group by 1,3-diphosphoglycerate is followed by the release of phosphate and 
NAD +. Hence inhibition of the D to T' transition by these ligands in the present 
investigation can be explained if the dissociation of the enzyme and the change in 
nucleotide specificity arises from a conformational change in the acyl-enzyme inter- 
mediate (DEscoR Fig. 7). The ability of 2,3-diphosphoglycerate to elicit a moderate 
stimulation of the NADPH-dependent activity could be achieved through the forma- 
tion of an abortive complex similar to the acyl-enzyme. The slight stimulation of 
activity by incubation with NADPH may result from a preference of this nucleotide 
for the T' configuration of the enzyme. It should be noted, however, that all ligand- 
mediated stimulation of the NADPH-dependent activity is dependent on the presence 
of cysteine or other mercaptans. It is likely that reduction of inter- or intrasubunit 
disulphide bonds is an integral factor in the activation mechanism. 

The rapid in vivo light-dependent stimulation of NADPH-dependent glyceral- 
dehyde-3-phosphate dehydrogenase activity has been observed in all plants and algae 
with the exception of E. gracilis [5]. Inhibition by 3(3,4-dichlorophenyl)-l,l-di- 
methylurea suggests that non-cyclic photosynthetic electron flow is responsible 
for this light-dependent stimulation of enzyme activity [5]. The activation occurs 
even in broken spinach chloroplast preparation [7], and in this preparation addition 
of ATP [9] or NADPH [8] in the dark results in activation of the NADPH-dependent 
enzyme activity. Dark activation is also found in partially purified spinach chloroplast 
glyceraldehyde-3-phosphate dehydrogenase [8]. In vivo illumination results in the 
production of NADPH and ATP, both of which are capable of stimulating the 
NADPH-dependent glyceraldehyde-3-phosphate dehydrogenase activity of the chloro- 
plast enzyme, so fitting the enzyme for its role in the Calvin cycle [8]. In the case of 
the D-enzyme of S. obliquus, ATP has no activating effect on the NADPH-dependent 
glyceraldehyde-3-phosphate dehydrogenase activity. Whilst NADPH itself does stim- 
ulate the NADPH-dependent activity of the enzyme 3-fold; this is much less than the 
10-fold stimulation produced by the 1,3-diphosphoglyceric acid-generating system. 

The properties of the D-enzyme of S. obliquus reported here are consistent with 
an in vivo light activation of the NADPH-dependent glyceraldehyde-3-phosphate 

RC%OP) ~ I e i  = 

DESCSR 
RCHO ""~h '{ ~NADH 

DL--SCH(OH)R D~SCOR 

Fig. 7. Scheme for the interconversion of the D- and T'-enzyme forms in the presence of 1,3-diphos- 
phoglycerate. The model is based on the kinetic mechanism demonstrated for the muscle and pea 
enzymes [22, 23 ] and accounts for the inhibition of I)- to T'-enzyme conversion by inorganic phos- 
phate and NAD +. 



221 

dehydrogenase activity similar to that proposed for higher plants [8]. However, in the 
case of the alga we believe 1,3-diphosphoglycerate to be directly responsible for this 
activation. Although photosynthetically produced ATP will have no direct action on 
the enzyme, its availability will directly determine the level of 1,3-diphosphoglycerate in 
the chloroplast. This would account for the interconversion of nucleotide dependence 
of the glyceraldehyde-3-phosphate dehydrogenase activity observed during the light- 
dependent greening of the y-2 mutant of C. rheinhardii [10] and also in the illuminated 
cultures of dark grown S. obliquus PG1. 

The differences seen in the modes of activation of the NADPH-dependent 
glyceraldehyde-3-phosphate dehydrogenase activity of S. obliquus and spinach chloro- 
plasts [8, 9] probably reflect the differences in the metabolism of the two species. 
Whilst spinach is an obligate autotroph, the alga is capable of both autotrophic and 
heterotrophic growth. In the heterotrophic alga, the chloroplast glyceraldehyde-3- 
phosphate dehydrogenase would be expected to be in the D-configuration, since under 
these conditions the concentration of chloroplast 1,3-diphosphoglycerate would be 
insignificant and the D to T' transition driven by 1,3-diphosphoglycerate is reversible 
(Fig. 5, Table I). Extracts of heterotrophic alga do indeed exhibit a preponderance of 
NADH (NAD÷)-dependent enzyme activity whereas in those from the autotrophi- 
cally grown alga the activity is predominantly linked to NADPH (NADP+). The 
heterotrophically grown alga metabolizes glucose by glycolysis and the products are 
imported into the chloroplast, the site of the synthesis and storage of starch. The 
import of carbon compounds from the cytoplasm occurs at the level of triose phos- 
phates [24] and these are able to act both as precursors of starch and as sources of 
chloroplast ATP by oxidation to 3-phosphoglycerate. This ATP must be provided to 
drive the later stages of starch synthesis [25] and in the dark can no longer be produced 
by photosynthetic phosphorylation. This indirect import of ATP is necessary because 
the chloroplast membranes are virtually impermeable to ATP [26]. The oxidation of 
the imported triose phosphate is likely to be catalysed by glyceraldehyde-3-phosphate 
dehydrogenase in the D-configuration. The NADH generated in this oxidation could 
then be exported to the cytoplasm by operation of the oxaloacetate/malate shuttle 
[27]. This type of oxidative function of the chloroplast enzyme (summarised in Fig. 8) 
would clearly be required only in organisms capable of substantial heterotrophic nutri- 
tion. The inability of ATP to activate the NADPH-dependent enzyme activity of the 
D-enzyme of S. obliquus may merely be a consequence of the need to retain the enzyme 
in the D-configuration to generate chloroplast ATP in the dark. In contrast, the 
spinach chloroplast enzyme would not usually be required to function in this way 
since the autotrophic metabolism of the leaf results in export of carbon coumponds 
from the chloroplast rather than their import. 

In view of the activation properties of the D-enzyme of S. obliquus, it is likely 
that the alga only synthesises a single glyceraldehyde-3-phosphate dehydrogenase and 
this protein adopts a particular configuration dependent upon the ligands it encoun- 
ters. Thus in the autotrophic chloroplast, in the presence of 1,3-diphosphoglycerate 
a form of the enzyme with predominantly NADPH-dependent activity would be 
favoured; whereas in the chloroplast under heterotrophic conditions and also in the 
cytoplasm, the D-form of the enzyme would be adopted. Indeed the use of selective 
inhibitors of protein biosynthesis in C. rheinhardii has shown that the synthesis of 
the chloroplast NADPH-dependent glyceraldehyde-3-phosphate dehydrogenase does 
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Fig. 8. Possible role of chloroplast glyceraldehyde-3-phosphate dehydrogenase in the heterotrophic 
metabolism of S. obliquus. In this situation both the chloroplast and cytoplasmic glyceraldehyde-3- 
phosphate dehydrogenases would be expected to be in the D-configuration whereas in the autotrophic 
alga the chloroplast enzyme would be in the T'-form. 

not involve the 70-S chloroplast ribosomes [28] suggesting that the enzyme is trans- 
ported into the chloroplast from its cytoplasmic site of synthesis. This contrasts with 
the case in pea plants, where an immunological study indicated that the chloroplast 
enzyme differs appreciably from the cytoplasmic enzymes in respect to primary 
structure and is likely to be transcribed from a different structural gene [1 ]. 
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