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Abstract--Isolated spinach chloroplasts exhibited a light dependent NADP-malate dehydrogenase activity. In a 
reconstituted chloroplastic system, it was demonstrated that the activation process requires light, chloroplastic 
membranes, ferredoxin, protein factors and a component which is probably a reductase. Moreover, it was shown that 
activation of malate dehydrogenase by dithiothreitol or by light resulted in sulfhydryl groups formation on protein 
factors andenzyme. Using this system, activation ofthe bean leafenzyme in the presence ofits own protein factors was also 
obtained. The influence of the different components of the system on the activation process was investigated. 

INTRODUCTION RESULTS 

NADPmalatedehydrogenase (L-malate: NADP+-oxido- Spinach leaf NADP-MDH activation by light in 
reductase, EC 1.1.1.82) is a chloroplastic enzyme whose chloroplasts 
activity is light dependent [I 1. Wolosiuk ef ~1. [2] 
established that the activation process performed in an When a suspension of chloroplasts from spinach leaves 

illuminated reconstituted chloroplastic system requires was kept in darkness, avery low NADP-MDH activity was 

the presence of thylakoids, ferredoxin-thioredoxin detected (Fig. 1). Upon illumination it rose very quickly 

reductase, thioredoxin and the enzyme. Thioredoxin and and was maximal 5SlOmin after the beginning of light 

ferredoxin-thioredoxin reductase were found to be exposure. When returned to darkness, the activity in the 

analogous, at least in function, with the corresponding 
bacterial proteins, but as yet nothing is known of the 
chemical nature ofthe higher plant compounds [3-51. On 
the other hand, Anderson et al. [6, 71 stated that NADP 
malate dehydrogenase activation was due to “light- 
effecting mediators” which are firmly bound to the 
photosynthetic membranes. This hypothesis rules out the 
possibility ofthe intervention ofthioredoxin in the process. 
Previously we showed that the bean, spinach and sorghum 
leaf enzyme can be activated in uitro by dithiothreitol 
(DTT) and protein factors [8-lo]. These factors are small 
MW proteins which are endogenous to the chloroplasts 
[ll 1. In this work, in order to confirm the relationship of 
these protein factors to the thioredoxin described by 
Wolosiuk et al. [2], we studied their efficiency in enzyme 
activation in a reconstituted chloroplastic system. Using 
this system we have been able to show that the protein 
factors are necessary for the photomodulation of spinach 
and bean leafenzymes. We also studied the influence of the 
concentration of the different compounds, membranes, 
ferredoxin, protein factors upon the activation process and 
report that another substance is necessary for completion 
of this process. This substance, which is probably the 
reductase cited above, was separated from the enzyme 
through Sephadex G 100 gel filtration and obtained as two 
main peaks ofactivity. Moreover, a study ofthe inhibitory 
effect of N-ethylmaleimide (NEM) indicates that the 
activation process is dependent on reduction of disulfide 
bonds in the protein factors and the dehydrogenase. 
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Fig. 1. Evolution of NADP-MDH activity in a suspension of 
chloroplasts during light-dark transitions. Chloroplasts 
(50-60x intact as judged by spectrophotometric control 1171) 
were prepared from 40g spinach leaves as described in the 
Experimental. Final suspension ofthe organellesin 3004 isotonic 
medium contained 0.18 mg chlorophyll. Illumination was 
performed in a small stoppered flask using the experimental device 
described in the Experimental. At the indicated intervals of time, 
aliquots (20 ul) were pipetted into 3ml reaction medium to 
determine rhe activity of NADP-MDH released following the 

osmotic shock. 
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chloroplasts declined quite sharply but recovered 
following a new light exposure. This result is in agreement 
with the data reported by Hatch and coworkers on intact 
leaves ofmaize [ 11. Moreover, it shows that the mechanism 
responsible for activation lies entirely in the chloroplast. 

Spin& 1qJ’ NADP-MDH ~/ctioation hy Light itz tt 
reconstituted chloroplnstic spletn 

Ten-minute illumination of a reconstituted chloro- 
plastic system containing 10~1 of membrane suspension 
(12pg chlorophyll), 10~1 of ferredoxin solution (11 !Lg 
protein), 30 ;tl ofprotein factor solution (11 Lig protein) and 
30/11 of an enzymatic extract (94LLg protein) purified by 
using Sephadex G 50, resulted in NADP-MDH activation. 
If one of these components was omitted, the degree of 
activation was greatly reduced or abolished. This result 
ruled out the possibility ofa direct photoactivation ofthc 
dehydrogenase or an effect of the membranes alone on the 
enzyme; this more likely suggested a modulation through 
the reducing power generated by light in the photosystems 
and transmitted via ferredoxin and protein factors to the 
enzyme. It could also be concluded that the protein factors 
characterized here were identical, at least on the basis of 
their biological function. to the thioredoxins described by 
Wolosiuk ct ~1. [2]. 

It$luence qf N-eth~hnuleinzide on the activity of’ spinach 
leqf protein ./actors und NADP-MDH 

The activation ofNADP-MDH by dithiothreitol (DTT) 
in the presence of protein factors suggested a disulfide 
bridge reduction. In order to demonstrate the formation of 
sulfhydryl groups during this process, we used a specific 
reagent. N-ethylmaleimide (NEM), known to bind them 
covalently. 

Protein factors were incubated in the presence or 
absence of DTT. Then, SH-groups were blocked by NEM 
and this reagent was added in excess to remove the 
remaining DTT. Excess NEM was in turn eliminated by 
addition of mercaptoethanol (ME) to the medium. The 
experiment was based on the fact that if SH-groups were 
effectively formed during the DTT treatment, the reaction 
with NEM would result in the loss ofbiological activity. To 
verify this assumption, treated protein factors were 
incubated with untreated inactive NADP-MDH in the 
presence of DTT. The results are shown in Tables 1 and 2, 
and Fig. 2. In ordertoexplain the results obtained, it should 
be pointed out that the activation of the enzyme by DTT 
without any added protein factors produced about one- 
third of the maximal activity, as described under 
experimental conditions (assay II, Table 1). When the 
protein factors (preincubated in the presence ofDTT) were 
treated by NEM, they completely lost their specific 
activating power on the inactive enzyme (assay III, Table 
1). However, if preincubation by DTT is omitted, the 
treatment by NEM was ineffective (assay IV, Table 1). 

When NADP-MDH was treated with NEM the main 
difference compared to the previous results was the partial 
loss of activity without any preliminary reduction by DTT 
(assay III, Table 2). This result indicated that SH-groups 
were present in the inactive enzyme. However. when the 
enzyme was incubated in the presence of DTT without any 
added protein factors, activation was not observed after the 
NEM treatment (assay IV, Table 2). This was an 
unexpected result since the enzyme cannot be totally 
activated by DTT alone. We must conclude that DT7 
alone. as well as DTT plus protein factors. is able to 

Table I. InfluenceofNEM onspinachleafproteln factoractivity 
_ 

Assay No. Nature of the assa> Rcl. act. 

1 Inactive NADP-MDH t protein factors + 
DTT (20mM. 2Omm) 100 

II Inactive NADP-MDH c DTT (2OmM. 
20 min 1 1’ 

111 Protein factors + DTT (5 mM, 30 min) f- 
NEM (20mM. IOmin) + ME (IOOmM) 
+ inactncN.4DFMDH 4 DTl’(iO mM. 
?O min 1 34 

IV Protein factors + NEM 120mM. IOminl 
- ME (ICGmM). + Inactive NADP- 
MDH 1- DTT 110miLl. 20mini ‘13 

_______ ______ 

ZOO/t1 of protein factor wlutlon (?O/cp of protclnq) \\erc 
incubated at 30” in the presence of DTT. 5 mM (assay III) or its 
absence (assay IV) for 30min. Then 200 /II of a NEM solution in 
phosphate buffer SOmM, pH 8 were added to give a linal 
concentration of 20 mM. After IO min of reaction. excess NEM 
was eliminated b) the addition of ?/rl of pure ME (final 
concentration 100 m11 1. To mcarurc the cilicac~ 01‘ protclr 
factors. 2001_~I of inactkc NADP-MDH solution (8OO~cg of 
proteins) and DTT (20 mM ) uwe added to the medium. The 
activity of the dehydrogenase was determined in I 1111 reaction 
medium by the spectrophotomctric method after 30min of 
activation. Other assays uere run simultaneously using the same 
experimental conditions hut controllmg the extent of ewyme 
activation by the non-treated protw factors (assays I and 111. 

liberate free SH-groups in NADP-MDH: in both cases the 
enzyme was activated, but on14 in the second case was the 
enzyme fully active. 

We also tested the efficiency of NEM on the enzyme 
activation process in a reconstituted chloroplastic system 
usinglightasthenatural donorofredtlcingponer. Itcan be 

Table?. 1nHuenceofNF.M onsp~nach leaf NADP-MDH actnIt> 

Assay No. Rel. act. 

I 

II 

III 

IV 

Inactive NADP-MDH + protein factors t 
DTT (70 mM. 20 mm t I 00 

Inactive NADP-MDH + DTT (7OmM. 
20 mm) 31 

Inactive NADP-MDH f NEM (30mM. 
IOmin) t ME (lO0mM1 1~ protem 
factors t DTT (2OmM. 70min I ‘7 

Inactive NADP-MDH -- DTT (5 mM. 
40mm) + NEM (10mM. IOmin) + ME 
(1OOmM) -t protein factors $ DTT 
(20mM. 20mln1 30 

Treatment hq NEM wai ctlected on NADP-MDH (200/1l. 
8OObcg of protein1 previous11 Incubated (assal III) or not (assay 
IV) in the presence of DTT according to the procedure used for 
protein factors (Table I J. Catalytic acttvitk was then measured 
after addition of DTT (20 mM) in the presence of protein factors 
(200.~1. 7O/~g of proteins). .4ssays 1 and II wre carried out to 
control the extent of activation wnp the specific cxpermental 
conditions. 
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seen in Fig. 2 that the activity of NADP-MDH promoted 
by light was completely abolished by NEM treatment and 
that further addition of DTT did not allow recovery of the 
activity. In contrast, in the sample kept in darkness, NEM 
did not affect the activity which was revealed by DTT after 
elimination of NEM by ME. All these data establish that 
the formation of SH-groups in the protein factors and in 
the enzyme is crucial to the in uiuo-activation process. 

Evidence for the intervention of a reductase in the light 
activation of spinach leqf NADP-MDH 

When the activating experiments in a reconstituted 
chloroplastic system were performed using an enzyme 
extract purified on Sephadex G 100 instead of G 50, the 
light activation was not observed. Activation was 
recovered if aliquots of fractions held back on the gel were 
added to the system (fraction 9 of Fig. 3). Thus another 
compound, distinct from ferredoxin and protein factors, 
appeared to be necessary for the completion of the 
activation process. If we accept that highly purified 
NADP-MDH is activated by protein factors in the 
presence of DTT (unpublished results) then, the only step 
where the novel substance can act is the reaction between 
ferredoxin and protein factors. As we showed above, the 
effect of the dithiol being a disulfide reduction, the 
substance could be a reductase. It is probably the enzyme 
recently discovered by Wolosiuk et al. [2] which catalyses 
the reduction of thioredoxin by ferredoxin. In order to 
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Fig. 2. Influence of NEM on light activation of spinach leaf 
NADP-MDH in a reconstituted chloroplastic system. 
Chloroplasts were prepared as described in the Experimental. The 
pellet of intact organelles (0.9 mg chlorophyll, 2.4 mg proteins) 
was resuspended in 300 ~1 ofTris (Cl -) buffer 50 mM, pH 7.6. Two 
assays (1OO~lofthesuspensioneach)wererun atroom temp. (20”) 
in stoppered flasks; one was illuminated (20 klx), the other kept in 
darkness. The nature of different treatments is indicated on the 
figure. Final concentrations of NEM, ME and DTT in the assays 

are also displayed. 
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Fig. 3. Sephadex G 100 gel tiltration of a chloroplastic extract from spinach leaves. A chloroplastic extract (10 ml) 
obtained from 40 g ofspinach leaves was concentrated by Ultrafiltration (Amicon cell-membrane PM 10) to 300~1. 
It was filtered on Sephadex G 100 (V, = 5.4ml) equilibrated in Tris (Cl-) buffer, 50mM, pH 7.6; ME 14mM. 
Fractions (500 ~1) of the effluent were collected. NADP-MDH activity was determined on aliquots using the DTT 
assay in I ml ofreaction medium(75 minactivationat 30 in thepresenceof DTT50mM). Activityofthereductasewas 
estimated in the reconstituted chloroplastic system. The complete medium contained 20~1 of fraction 4 (NADP- 
MDH. 100)lg of proteins) IO/d chloroplastic membrane suspension (12kcg chlorophyll). 10~1 of ferredoxin 
solution (30 pg protein), 20 ~1 of protein factor solution (25 pg protein) and aliquots of20 ~1 ofthe fractions. Activation 
was carried out for 20 min as described in Table 1. Activity in the assay placed in light is compared to a same assay kept 
in darkness. l ~~~ 0, Dextran blue: 0 -- --0, NADP-MDH activity; O- 0 , reductase activity. 
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better characterize this component, we have determined its 
chromatographic behavior in the fractions coming off the 
Sephadex G 100, using the reconstituted chloroplastic 
system. It can be seen in Fig. 3 that inactive NADP-MDH. 
which eluted slightly after the void volume, preceded two 
main peaks of the reductase. This result is in agreement 
with the data of Wolosiuk et al. [ 121 which indicated two 
fractions of ferredoxin thioredoxin reductase when 
chromatographed on hydroxylapatite. 

Spinach leuf’ NADP-MDH ucticution: injuence qf’ the 
concentration of the components in the reconstituted system 

In order to determine the optimal conditions for the 
NADP-MDH activation process, we studied the effect of 
different concentrations of all the components included in 
the reconstituted system (Fig. 4). Using the described 
experimental conditions, maximal activity was reached 
after 5 min of light exposure: this time of activation was 
maintained for further determinations. Ferredoxin and 
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Fig. 4. Influence of ferredoxm, protein factors and chloroplastic 
membranes concentration on the light activation process of 
spinach leaf NADP-MDH. The standard activation medium 
contained 301~1 of NADP-MDH extract (2OOpg protein), 30~1 of 
protein factor solution (9!~g protein), 10~1 ferredoxin solution 
(12pg protein) and 10~1 chloroplastic membrane suspension 
(12gg chlorophyll). When the quantity of one component varied, 
the volume was completed by Tris (Cl -). 50mM, pH 7.6; ME. 
14 mM. Activation by light was carried out for 5 min as described 
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in the text, and activity was measured in 1 ml reaction medium. 
A- Evolution with time of NADP-MDH activity: By- influence 
of different concentrations of ferredoxin solution on NADP- 
MDH activation: C -~influence of ditferent concentrations of 
protein factor solution on NADP-MDH activation: D 
influence of different concentrations of chloroplastic membrane 

suspension on NADP-MDH activation. 

protein factor solutions were respectively saturating in 
regard to the activation process at cu 10 and 8 pg protein. A 
lag phase was seen in both cases which can be accounted by 
the fact that traces of ferredoxin and protein factors were 
probably still present. Thus the initial values, without 
exogenous ferredoxin or protein factors. are higher than 
the control in the absence of light or membranes. 
Membranes also gave a saturation curve for the activation 
of NADP-MDH. becoming most efficient at UI lO{cg 
chlorophyll in the medium. 

Beun 1eafNA DP-MDH uctiuukm 17~. lighr in a rec.on.stiruted 
chloropltrstic sj3tem 

Since it has been reported that in pea leaves protein 
factors were not necessary to promote NADP-MDH 
activation [7], we tested the enzyme and protein factors 
from another legume. French bean. in the reconstituted 
chloroplastic system containing spinach chloroplastic 
membranes and ferredoxin. ?is with the spinach system. all 
the components were required to obtain a photomodula- 
tion of the bean enzyme. Moreover we have established 
that protein factors from different origins (spinach. 
sorghum leaves) were also effective in this process 
(unpublished results). 

Spinach leaf NADP-MDH is indirectly activated by 
light in a chloroplastic reconstituted system. The light 
effect is mediated by chloroplastic membranes, ferredoxin. 
protein factors and an unknown substance separated from 
the enzyme on Sephadex G 100. which is probably a 
disulfide reductasc. This particular mode of regulation has 
also been found in the case ofseveral enzymes from spinach 
leaf chloroplasts, but has never been reported in other 
plants [18-211. We have now found that this type of 
regulation occurs also for the activation of NADP-MDH 
from bean leaf, suggesting its general occurrence among 
higher plants. 

The protein factors that we have characterized seem to 
be identical, at least in function, to the thioredoxin reported 
by Wolosiuk rt LI/. [2]. Like these authors, we have 
demonstrated previously the large distribution, the 
chloroplastic location and polymorphism of these small 
MW proteins (range 10000~ 30000) [8, 10, II. 27_]. 
Moreover, we have recently established that the activation 
of NADP-MDH and FDPase required specifc protein 
factors: in addition. a lion-chloroplastic form was detected 
in root extracts [13]. 

Protein factors are necessary to promote the NADP- 
MDH activation by light or dithiothreitol. N- 
Ethylmaleimide. a sulfhydryl reagent. mainly affected the 
reduced state ofthe factors and that oftheen-ryme showing 
that the activation resulted in the formation of sulkydryl 
groups essential for biological activity. This result is In 
agreement with the data of Holmpren ct trl. 1747 on 
bacterial thioredoxin, a compound implicated in DNA 
synthesis, which has one disulfide bridge in the inactive 
form and two sulfhydryl groups in the active one. However, 
the entire process leading to full activation of the enzyme is 
probably more complex than a simple disulfidc bridge 
reduction, as shown by the necessary presence of the 
protein factors. 

An enzyme which catalyses the reduction of thioredoxin 
in the presence of ferredoxin was recently discovered by 
Wolosiuk and Buchanan r4] and named hy these authors 



NADP malate dehydrogenase activation 1923 

ferredoxin-thioredoxin reductase by analogy with the 
bacterial NADPH-thioredoxin reductase. In the case of 
spinach leaves we have obtained strong evidence that the 
compound responsible for the transfer of reducing power 
of ferredoxin to protein factors is a reductase. We detected 
two main peaks of this activity using Sephadex G 100 gel 
filtration. This result can be correlated with the fact that 
protein factors appear to be specific to enzyme activation 
and may be of physiological significance; however, at this 
time, nothing is known about their catalytic properties or 
structures. 

Elsewhere, Anderson’s hypothesis suggested that 
enzyme activation was effected by compounds bounded to 
thylakoids, namely ‘light-effecting mediators’; this author 
also suggested that the reduction process was catalysed by 
a reshuflase rather than a reductase [6]. In this case, no net 
increase in sulfhydryl groups in protein factors and 
dehydrogenase would be detected. In contrast, our results 
indicated the formation of sullhydryl groups during 
NADP-MDH activation which suggest the mediation of a 
reductase. This working hypothesis was reinforced by the 
fact that the protein factors probably contained only one 
disulfide bridge [24] : ifcorrect, this excludes the possibility 
of a disulfide bridge rearrangement. 

EXPERIMENTAL 

Preparation of intact spinach chloroplasts. Isolation of the 
componentsnecessaryforthereconstitutedchloroplasticsystem.All 
steps were carried out at 3”; chloroplasts were isolated from 
spinach leaves according to the method of ref. [13]. Leaves (40g) 
were gently homogenized using a Waring blendorin 80 ml isotonic 
medium. The brei was filtered through gauze and centrifuged at 
4000 g for 10sec. For the prepn of intact organelles, the pellet was 
washed x 3 with 3 ml isotonic medium and finally resuspended in 
0.3 ml of the same medium. Alternatively, organelles were lysed 
osmotically by suspension in 10 ml hypotonic medium containing 
Tris (Cl-), 50 mM, pH 7.6 (pH value at 20”), mercaptoethanol 
(ME), 14mM. The chloroplast membrane fragments were 
obtained by centrifugation (10 min, 47 000 g); they were washed 
once and resuspended in 2.5 ml Tris (Cl-), lOmM, pH 7.6. To the 
supernatant was added (NH&SO, to SOo/, saturation. The 
protein pellet collected by centrifugation (10 min, 15 000 g) was 
dissolved in 0.6ml Tris (Cl-), lOmM, pH 7.6; ME, 14mM. 
Filtration on Sephadex G 50 (V, = 7 ml) equilibrated with Tris 
(Cl-), lOmM, pH 7.6; ME, 14mM, resulted in the separation of 
NADP-MDH fraction (1 ml) collected immediately after the void 
vol. from protein factors which eluted between 20 and 50% of the 
int. vol. 

For a large scale prepn of protein factors the first supernatant, 
previously obtained by centrifugation at 4OOOg for lOsec, was 
made to 80% saturation with (NH,),SO,. Proteins sedimented by 
centrifugation (40000g for 10min) were solubilized in 6ml 
phosphate buffer, lOmM, pH 7.6. They were filtered through 
Sephadex G 50 gel (void vol. = 25 ml) equilibrated with the same 
buffer. Protein factors collected between 20 and 50% ofthe int. vol. 
of the gel were applied to a DEAE-cellulose column (1 x 3 cm) 
equilibrated with phosphate buffer, 10 mM, pH 7.6. They were 
eluted from the column by 20ml of buffer made up with 150mM 
NaCI. This step separated protein factors from ferredoxin. The 
fractions containing the protein factors were coned to 500~1 by 
Ultrafiltration (Amicon cell membrane PM 10) then filtered 
through Sephadex G 25 gel equilibrated with Tris (Cl-) buffer, 
50mM, pH 7.6, ME 14mM. Protein factor solution (1 ml) was 
finally obtained. 

Protein factors and enzymes were similarly prepared from 1 g 
lyophilized bean leaves. The culture conditions of plant material 
were described previously [9]. 

Ferredoxin was obtained according to the method ofref. [14]. 
After the first DEAE-cellulose step ferredoxin was filtered on 
Sephadex G 25 gel equilibrated with Tris (Cl-) buffer, 50mM, 
pH 7.6, then concentrated by Ultrafiltration. The ferroprotein was 
not completely purified but it was shown that it was not 
contaminated with NADP-MDH, the reductase or the protein 
factors. 

Activation of NADP-MDH and determination of its actioity. 
Unless otherwise indicated, the activation of NADP-MDH in a 
reconstituted chloroplastic system was carried out in a SMI 
micro-pipette (micro pettor) illuminated by an incandescent bulb 
(30 klx, OSRAM bulb, 150 W). Excess heat was removed by a 
stream ofcold H 2O through a transparent Plexiglass box allowing 
a constant temp. of 20” for activation. The enzyme can also be 
activated by DTT. In this case, if protein factors were omitted, 
slower but significant activation was carried out by the dithiol 
alone. This fact was accounted for in this work to activate the 
enzyme in Sephadex G 100 effluent (Fig. 3) and before NEM 
treatment (Table 2). NADP-MDH activity was measured at 
340 nm, 30” using a double beam spectrophotometer (Beckman 
Acta C (II) in 3 or 1 ml of medium containing phosphate buffer 
50mM, pH8; oxaloacetate, 1.5mM; EDTA, 0.5mM and 
NADPH, 0.2 mM. 

Determination of‘ proteins and chlorophyll. Proteins were 
determined according to the method of ref. [15] and chlorophyll 
by the method of ref. 1161. 

Injuence of N-ethylmaleimide on protein factors and enzyme 
activity. Spinach leaves (log) were homogenized in 25ml 
phosphate buffer, 100 mM, pH 7, containing sodium thioglycolate 
lOmM, EDTA, 1 mM and polyclar, 1 g. The brei was filtered 
through gauze, then centrifuged at 50 000 g, 20 min, (NH4)ZS04 
added to supernatant to 80% saturation. The protein pellet 
obtained by centrifugation 20 000 g, 10 min was redissolved in 4 ml 
phosphate buffer, 50 mM, pH 8. Half of the extract was filtered 
through Sephadex G 25, the other half through Sephadex G 50 
previously equilibrated in the same buffer. A 4ml aliquot of 
effluent from the G 25 column was immediately collected after the 
void vol. and was heated until protein precipitated (protein factor 
solution). This step, which resulted in the elimination of NADP- 
MDH, did not affect the activating power of the factors in the DTT 
assay. The G 50 effluent (4 ml) collected at the void vol. of the 
column contained theinactiveenzyme without any contaminating 
protein factors (NADP-MDH solution). The experimental 
conditions of the activation process in the presence of N- 
ethylmaleimide are described under the figures. 
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