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Abstract-Malic enzyme (E.C. 1.1.1.40) was purified 125-fold from the leaves of Br~ophgllum daigrrmontianum, 
and shown to be activated allosterically by its substrate. 

INTRODUCTION 

MALIC enzyme (L-malate : NADP oxidoreductase decarboxylating E.C. 1.1.1.40) is 
thought to play an important role in Crassulacean acid metabolism and in C,-photosyn- 
thesis. The presence of the enzyme has been reported in mitochondria of Bryophyllum tubi- 
J%XWW leaves,’ in chloroplasts of B. daigremontianztm’ and in bundle-sheath chloroplasts 
of Zea M~ys.~ In Opuntia, malic enzyme activity was shown in chloroplasts of the phylloc- 
lades4 and three isoenzymes, identified as mitochondrial, chloroplastic and cytoplasmic 
forms, were isolated from the stem.’ To our knowledge, no allosteric effects have been 
reported on plant malic enzyme; studies with Pennisrtum purpureum have shown non- 
allosteric properties for the enzyme.(’ On the contrary, allosteric control of malic enzyme 
was reported in Escherichia coli.‘,* 

This paper reports allosteric activation of malic enzyme from the leaves of Bryophyllum 
daiyrernontianum. The regulatory role of malate on the activity of the enzyme in Crassula- 

cean acid metabolism is discussed. 

RESULTS 

Malic enzyme has been separated from malate dehydrogenases and 6-phosphate glu- 
conate dehydrogenase (see experimental). Specific activities after elution from the Biogel 
column were about 2 pmol NADP reduced/min/mg protein for malic enzyme, 3.5 pmol 
NADH oxidized/min/mg protein for NAD-malic dehydrogenase, and 2 pmol NADPH 
oxidized/min/mg protein for NADP-malic dehydrogenase. 6P-gluconate dehydrogenase 
was almost completely eliminated by precipitation with ammonium sulfate. 
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The highest activity observed for purified malic enzyme was S pmol NADP reduced/ 
minimg protein. and the enzyme was purified about 125 times. Activity was free of malate 
dehydrogenase activity and no reaction occurred if MgClz was omitted. NADP reduction 
was followed for at least 20 min: there was a linear relationship between increase in absor- 

bance at 340 mn and time. No oxidation was found and there was no evidence that reac- 
tion products have any effect on the enzyme. 

Figure I(a) shows the effect of different pH values on the activity of the enzyme mea- 
sured at 26 in presence of 0.33 mM NADP and different concentrations of malatc. For 
malate concentrations between 0.33 and 3.33 mM, pH optimum was between 6.85 and 

7.15; for higher values. maximum activity is attained at pH 7.25 and broadens up to pH 
8.25. The activity was not modified by the composition of the buffer. Changes in V,,,;,, and 
in apparent l/K, for malate are shown in Fig. l(b). Aftinity increases with pH up to 6.45, 
then stays constant for a range of pH between 6.45 and 7.25 (K,, = 0.59 mM) and decreases 
over 7.25 (K,, = 2.1 mM at pH 7.9 and 6.66 mM at pH 8.65). V,;,, increases with the pH 
up to 6.85 and then stabilizes. Optimum pH for the enzyme ranges from 6.85 to 7.35 for 
all the malate concentrations. 
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Variations expressed as log I:K,, log V,,,,,, log V,,,i,X1.:K,,, and log 1’ (activity at low sub- 
strate concentration) as a function of pH afford an evaluation of pK values for the enLyme- 

substrate complex and for free enzyme (Fig. lb). It is suggested that the imidazole group 
could play a role in the enzyme-substrate complex (pK for the imidazolc group: 5% 7 at 
36.) and that the optimum pH is around 6.9 (mean value hctween 6.3 and 7.35). The fact 
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that a single pK value is found for the free enzyme would suggest that there is no formation 
of intermediary complexes. 

. Triclne 

Malate, mt.4 

Frc;.2. EFFECTOF pH ONTHEACTIVITYOF MALIC ENZYMI% 

Rate, measured as change in absorption, vs malate concentration. pH ranges from 6.85 to 8.65; NADP 
0.33 mM; MgCl, 6.66 mM. 

At pH values higher than 8 (Fig. 2) sigmoidal kinetics in enzyme activity are apparent 
for malate concentrations ranging from 0.33 to 6.66 mM with a corresponding Hill number 
of about 2 (Fig. 3). At lower pH, this was not observed (IT from 0.94 to 1.1). But a more 
detailed study at lower malate concentrations, below 3.3 mM (Fig. 4), shows that under 
these conditions kinetics are also sigmoid at optimum pH (pH 6.9). These results suggest 
the presence of two binding sites for malate and also that eventual cooperativity effects 
could be masked at optimum pH, when concentration in malate is too high. A clear S- 
shape appears at pH 6.9 for low malate and coenzyme concentrations (Fig. 4). 

Effect of substrate, coenzyme and cofactor on the activity ofmalic enzyme 

Effect of MgCl, and NADP on the activity of malic enzyme as a function of malate con- 
centration. This study was carried out at pH optimum (pH 6.9) and at 21”. Activity as a 
function of malate concentration follows sigmoid kinetics (Fig. 4). The threshold con- 
centration for measurable enzyme activity depends on the concentration of NADP and 
is lower than 66 and 166 PM for 330 and 8 PM NADP respectively. These curves show 
a higher cooperativity for malate at lower NADP and malate concentrations. 

Double reciprocal plots show clear non-linearity, suggesting cooperativity for malate. 
Variation in NADP or in MgCl,, in the ranges utilized, did not modify the K, for malate: 
K, = 0.82 mM at pH 6.9, 21”. At 26”, the K, is 0.59 mM at pH 6.9 and 2.1 mM at pH 

7.9. 



For MgC12 concentration of 6.6 mM. II changes slightly according to the concentration 
in NADP: u is 1.2 for 0.33 mM NADP and 14 for 0033 mM. With 0.33 mM NADP and 
1.66mM MgCl,, JI is 1. At the same NADP concentration (0.33 mM). the effect of two 
concentrations of MgCl, suggests that cooperativity for malatc increases Faith cofactor 
concentration 

0 



EfSect of MgCl, and malate on the activity of malic enzyme as a function of NADP con- 
centration. Kinetics show no sigmoidicity in the range of concentrations considered in Fig. 
5. Changes in malate concentration do not affect the affinity for NADP (Fig. 6): K, is 6 PM 
either in presence of 0.66 or 3.33 mM malate (6.66 mM MgCl,, pH 6.9, 21”); at pH 7.9 
and at 26” (666 mM MgClJ, K, is 20 PM. From reciprocal plots, it appears that the bind- 
ing of NADP and of malate on the enzyme are independent. On the contrary. the binding 
of MgCl, and NADP would be ordered. II is about 1 for 6.66 mM MgClz and 3.33 mM 
malate, and it reaches about 1.4 when the concentration in one of them is lowered. It there- 

fore appears that in Bryophyllum the enzyme has two binding sites for NADP, and that 
binding of NADP and of malate are independent. 
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EFFECTOF MALATEAND MgCI, ON THE ACTIVITY OF MALIC ENZYME AS A FUNCTION OF NADP 
CONCENTRATION. 

Rate vs concentration in malate. Malnte concentration ranges from 0.66 to 3.33 mM; MgClz is 1.66 mM 
(--~- -) CIT 6.66 mM (-- --); pH 6.9. temperature: 21 : I<, = 0406 mM. 

FIG. 6. EFFKT OF NADP (AT A NIXED MALAT~ CONCENTKATION)ON TM ACTIVITY OF MALIC ~NZYML AS 

A FUNCTION OF MgCI, CONCRNTRATION. 

(a) Activation, reciprocal of rate vs reciprocal of concentration in MgC12. (b) Inhibition, reciprocal of 
rate vs concentration in MgCl?. pH 7.9. temperature: 26”. 

Efect of NADP and malate on the activity qf malic enzyme as a function of MgCI, con- 
centration. Enzyme activity appears only when MgClz concentration exceeds 0.66 mM in 
the presence of 0.66 mM Na,-EDTA. The chelating agent would act as an inhibitor rela- 
tive to the Mg2+ ion which appears as a necessary cofactor for the operation -of the 
enzyme. Mg*+ would act as an activator at low concentrations and as an inhibitor at high 
concentrations; the range of optimum concentrations is more or less broad, depending on 
substrate and coenzyme concentrations (Figs. 6 and 7). Increase in malate concentration 
from 1.66 mM to 13.32 mM produces an increase in V,,,;,, (Fig. 7a) and delays the inhibitory 
effect of high MgCl, concentrations (Fig. 7b). 

Activation phase: plots of l/u in Fig. 6a, compared to the reciprocal plot of Fig. 5, sug- 
gest ordered binding of NADP and MgC12, with the cofactor binding on the enzyme- 
NADP complex. Concentration in malate would affect this binding (Fig. 7a). Inhibition 
phase: in the presence of high MgCl, concentrations, there would be competitive inhibi- 
tion between malate, and the cofactor (Fig. 7b) and also non-competitive inhibition of the 
binding of MgCl, on the enzyme-NADP complex (Fig. 6b). Results reported here suggest 
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that the enzyme-NADP complex is formed prior to MgCI, binding and that there would 
be a competitive inhibition between malate and the cofactor. 
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DISCUSSION 

Malic enzyme is classically a manganese enzyme rather than a magnesium enzyme. but 
Mg” can replace MnL+.“,10 Many authors used Mn” in their experiments.s,7.” but 

other authors showed that the malic enzyme of maize was ?o”, more active with Mg” 
than with Mn” ’ at their respective optimum concentrations.’ ’ B. trh~&unz malic enzyme 

showed with M$ T. an activity which was 86”,, of the activity with Mn” in equimolar 

amount.“‘lt must be noted that. for the two divalent cations. the optimum concentrations 
arc not necessarily the same. as suggested by .lohnson and Hatch. ‘I 

Malic cnzymo is associated with chloroplasts’ and products would be utilized in photo- 
synthesis. Hcncc. it sccmcd of importance whether this cn/yme is cfktivc with Mg”. 
which was shown to be a cokctor with different effects: cofactor of phosphorylation,‘3 
factor increasing CO, fixation. I$,’ ’ activator for ribulosc- 1.5diphosphate carboxy- 
lase.“‘.‘7 For these reasons. wr‘ used Mg’+ in our expcrimcnts. However, it should be 

<’ O( I,( ,A. s. (19.551 I,, \1~~//1,~d\ iii /:/I~ ,WdiJ~/, (C‘III o\\ l,,. s. I’ ‘II1J k \I’, \\ \. 0.. cd\.). \‘ol. I. p. 7?Y. ,4ca- 
demlc Press. New \‘ork. 

” Kr.\. I<. (1963) in ‘i/w Err-_1~wc IHO>I K. I-’ D.. LAKI)~.. H. and ,Mktu{kvlc, K., eds). Vol 7. p. 157 Academic 
Prsss. New York. 
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noted that we previously observed,’ that malic enzyme of Bryophyllum daigremontianum 

chloroplasts was effective with Mn”. 
For all malate concentrations, we observed an optimum pH ranging from 6.85 to 7.25. 

With Bryophyllum tub@orum enzyme also, maximum activity was obtained at pH 7% 
7.2.12 In contrast, pH optimum for Kalanchoe crenata enzyme has been shown to depend 
on the malate concentration.” Optima around pH 6.5 were reported for the three isoen- 
zymes of Opuntia stems.” Leaves of C4 photosynthetic plants exhibited a more basic pH 
optimum: 8.0 for Pennisetum purpureum and, for Zea Muys, between 7.4 and 8-O in pres- 
ence of 0.1 to 1 mM malate and 8.5 in presence of 10 mM malate ; ’ 1 so, for Zea mays, the 
optimum pH is depending on the malate concentration. Reaction rates appear to be of 
the same order in Bryophyllum daigremontianum and in maize (l-5 pmol NADP reduced/ 
min/mg protein). In Bryophyllum tub$orum, the specific activity is 10 times higher.12 

Affinity for NADP appears to be lOCk130 times higher than affinity for malate: at pH 
6.9 and 21”, K, for malate is 0.82 mM and for NADP 6 /LM; at pH 7.9 and 26”, values 
are 2-1 and 002 mM respectively. The K, for malate values found here resemble K, values 
of Bryophyllum tub$orum enzyme (370 PM atpH 7.5 and 30”)” and Kalunchoe crenata 
enzyme (550 PM at pH 7.4);18 but the affinity for NADP is only 25-fold higher than affinity 
for malate with Bryophyllum tubijlorum. l2 Reported values of K, for 0puntia5 are 1.5 mM 
for malate and 8 PM for NADP suggesting a 200-fold higher affinity for NADP. The ratio 
between affinity for NADP and for malate is about 90 in Pennisetum purpureum (K,,,IN,,,, = 

3.7 PM, K,mM*i = 340 PM)~ and about 6 for maize (K,,,NADp, = 25 PM, K,,l,S,eC, = 150 PM at 
pH 8).” This relatively strong affinity of the enzyme for NADP suggests that NADP 
would not be a control factor in vivo. Inhibition of malic enzyme by malate at pH 7.5 was 
shown in Zea mays, ‘I this would not be the case with the enzyme of Bryophyllum. 

Low NADP concentrations increase cooperativity between malate molecules, mainly at 
low substrate concentrations; such an effect is not observed with MgCI,. The same rela- 
tionships between malic enzyme and some ligands was reported for Escherichia coli and 
the same sequential association was observed: the enzyme-NADP complex is formed prior 
to MgCl, binding.8 

From the present in vitro results, complex effects of MgClz should be expected in viuo: 

changes in concentration could produce either increase or strong decrease in enzymic 
activity. 

It appears that malate production in vivo would be controlled by its own amount in 
the tissues.” This is confirmed by recent results with B. tubiJlorumzO and by earlier data 
on malate variations in Kalanchoe blossfeldiana. 21 Circadian variations in malate con- 
centration is basically the result of a two-step mechanism involving synthesis through a 
/&carboxylation reaction, occurring generally during the night and further depletion by 
decarboxylation during the day. The role of phospho-enolpyruvate carboxylase in the 
first step of this mechanism and its possible allosteric control by malate in a number of 
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plants has been discussed by different authors.” l7 The fact that malate depletion usually 

starts only in light even when maximum malatc content has been attained a few hours 
earlier, probably implies a role of light either directly on the activity of the enzyme or indir- 
ectly on the availability of malate.‘” The amount of malate depleted during the day consi- 
dered as a function of its total amount in the young leaves of K. hl~).s,~~~~lditr,lu’ ’ and the 
daily variation in malic enzyme activity in these IcavesZ4 Icad to the hypothesis that. 

besides the possible role of light. an activation of the enzyme by malate could control the 
mochanism.‘8.‘” The data reported in the present paper confirm this hypothesis. Hence 

in Crassulacean acid metabolism activation of malic cnrymc bh mnlatc could be one of 
the factors contributing to the overall circadian wriation in malate concentration. 


