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Abstract—The effect of aluminum on NAD kinase in vivo and in vitro was studied, The concentration of alu-
minum znd exposure time are the main factors determining aluminum toxicity. Al can accumulate in the
chloroplast of rice seedlings and affect calmoduiin - dependent NAD kinase activity, however, calmodulin - in-
dependent NAD kinase was insensitive to Al application. Calmodulin can reverse the inhibition of Al at low Al
concentrations (0. 001mmol/L -0. 5mmol/L) s but the relaxing ability decreases at higher Al(2mmol/L). Ttis
suggested that, aside from impairing calmodulin, Al may also affect calmodulin - dependent NAD kinase ectiv-
ity by changing the enzyme structure,
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1 Introduction

Aluminum leached from acid soil has come to threaten the structure and function of the
ecosystem (Foy, 1974; Ulrich, 1983). Aluminum toxicity is one of the major Emiting factors of
rice production. Excess Al in plants interferes with cell division and damages certain enzyme ac-
tivities involved in some physiological processes. NAD kinase catalyses the only known biochemi-
cal reaction of NADP synthesis in plants (McGuinness, 1985). This enzyme plays an important
role in many physiological processes of plants, e. g. photosynthesis. It is therefore necessary to
study the effect of environmental streesses on NAD kinase. Maciejewska(Maciéjewska, 1990)
studied the relationship between NAD kinase and cold tolerance of plants. The response of NAD
kinase in the root tips of some cereal crops to the application of Al was studied (Slaski, 1989;
1990). Neverthelesss Al effect on the NAD kinase of rice and its possible mechanism are still un-
known.

The present work is to study the relationship between the activity of NAD kinase in the
chloroplast fraction of rice seedlings and aluminum injury. It is evident that Al markedly decreas-

es both the gross photosynthesis and photosynthetic rate of many plants. The aim of this research
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is to provide some available data for better understanding one of the possible of pathway of Al

toxicity on photosynthesis and some other catabolic processes in rice.

2 Materials and methods

2.1 Plan material

Seeds of rice (Oryza sativa 1..) , an aluminum tolerant species, were sterilized with 0. 1%
HgCl, for 10 min, rinsed thoroughly with running water and germinated at 25+4°C in vermi-
culite for a week. The seedlings were transferred to nutrient solution after the first week.
2.2 Treatment of Al to rice seedlings

When the first leaves of rice seedling appeared, the seedlings transferred to the same nutri-
ent solution with Al added in the form of AICI,. 6H,0(¢0, 0. 001, 0.01, 0.1, 0.5, 1.0, 2.0, 5.
0 mmol/L) for 96h. Immediately after Al treatment NAD kinase activity in the chloroplast was
assayed.
2.3 Aluminum treatment to NAD kinase i vitro

Aluminum was added as AICL. 6H,O to the incubation mixture of NAD kinase with concen-
tration of 0, 0.001, 0. 01, 0.1, 0.5, 1.0, 2.0 mmel/L, respectively. An incubation mixture
without aluminum was used as the control.
7.4 Analysis aluminum content in chloroplast fraction

After Al treatment for one week, with all concentration:0, 0.001, 0.0k, 0.1, 0.5, 1.0,
2. 0 mmol/L, chloroplast of rice seedlings was isolated according to the modified method of Hin-
cha (Hincha, 1986). Al content was assayed by a flameless atomic absorption spectropho-
tometer,
2.5 Preparation of the NAD kinase extract

NAD kinase was extracted according to the modified method of Anderson (Anderson,
1878). The leaves of rice seedlings were chilled, homogenized, filtered and centrifuged orderly.
The supernatant was used as the enzyme preparation. All the procedures were performed at 0—
4.
2.6 NAD kinase assay

The NAD kinase activity was estimated by the modified method of Muto (Muto, 1977).
The incubation medium contained ; 3mmol/I. ATP, 10mmol/L MgCl;, 1. 0 mmoi/L CaCl,, 100
mmol/I. Tris -HCl (pH 7. &), 3. 0 mmol/L. NAD and 0. 1 mi NDA Kinase preparation in a final
volume of 0. 5 ml. The reaction was run for 30 min at 37 C. At the end of incubation, the mix-
ture was chilled in ice and 100 pl of 1. 0 mol/L. HCl was added. The acidified sample was neutral-
ized with 100pt 1. 0 mol/L NaOH and finally clarified by centrifugation. The clear supernatant
cbtained was used for the determination of NADP. Simultaneously another 0.1 ml NAD kinase
preparation was inactivated before it was added to the incubation medium, using as the control.

The assay system of NADP contained; 0. 2mmol/L glucose -6- p. 20 pl/ml of phenazine
methosulfate, 30 pl/ml of 2, 6- dichlorophenol indophencl. 0. 25 mol/L Tris - HCI and 0. 1ml of
the supernatant (NADP), in a final volume of 1. 5ml. After 3 min of preincubation, the reaction

was started by adding 0. 1 unit of G -5- F dehydrogenase. The rate of decreases in absorbance at
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600 nm was recorded by use of SHIMADZU UV -265 spectrophotometer. The enzyme activity
was expressed as nmol NADP™ formed (mg protein} . h™".

Caltodulin - independent NAD kinase was assayed in the presence of 0. 1 mmol/L trifluo -
perazine. Calmondulin - dependent NAD kinase activity was obtained by subtracting the cal-
mondulin - independent NAD kinase from the total activity of the enzyme (Allan, 1985).

2.7 Extraction and purification of calmodulin

Cabbage (Bressica capitata 1.. ) was used to extract calmodulin according to the method of
Biro (Biro, 1984). 1000g of cabbage was homogenized in three volumes per weight of buffer (50
mmol/L Tris, 2mmol/L EGTA, 0. 15mmol/L NaCl, 0. 25 mmol/L PMSF, 20mmol/L NaH-
50,, 10mmol/L dithiothreitol, pH 8. 0). The homogenate was filtered, and then centrifuged at
5300g for 30 min. 30% TCA was added to the supernatant to final TCA concentration of 3%.
After stirring at 4°C for 30 min, the mixture was centrifuged again at 5500 g for 30 min. The
pellet was resuspended in 200ml of cooled buffer (20mmol/L Tris, 1mmol/L EDTA . 20mmol/L
NaHSQ;, 0. 15 mmol/I. PMSF,10mmol/L dithiothreitol, pH8). After being heated on a steam
bath to 90— 95C for 3min, the mixture was placed on ice and rapidly cooled to room tempera-
ture. The resulting thick mixture was centrifuged at 18000g for 1h. The supernatant was adjust-
ed to Ca* concentration of 5 mmal/L, and the homogenate was centrifuged at 18000 g for 20
min. The supernatant were combined and applied to a phenyl - sepharose 4B column equilibrated
with buffer A (50mmol/L Tris, 0.1 mmol/L. CaCl,, pH 7. 5) and buffer B (50mmol/L. Tris,
0. 1 mmol/L CaCl;, 0.5 mmol/L NaCl, pH 7. 5), the calmodulin was eluted with buffer C(50
mmol/L Tris, 0. 5mmol/I. NaCl, pH 7. 5), the calmodlin was eluted with buffer C{(50 mmol/I.
Tris, 5 mmol/I. EGTA, pH 8. 0). Fractions were collected and those containing calmodulin
were combined, the pooled calmodulin - containing fractions were dialyzed against water.
Calmodulin prepared by this procedure was free of polypeptide contamination as determined by
SDS polyacrylamide gel electrophoresis,

2.8 Reversal of aluminum inhibition on the activity of NAD kinase by calmodulin

Different concentration of calmodulin were added to the incubation mixture treated by alu-
minum and the restoration of the enzyme activity was estimated. The amount of calmodulin was
6,4, 2, 0.8, 0.4, 0.05 and 0. Olpug, respectively.

2.9 Protein determination

Protein content was determined according to Bradford (Bradford, 1976).

3 Results

Alumirum accumulation in the chloroplasts of rice seedlings is shown in Table 1. The quan-
tity of Al accumulation increased with the increase of Al concentration. When intact seedlings
were exposed to Al and their NAD kinase was assayed, the total NAD kinase activity was in-
creased with increasing aluminum concentration. At 1 mmol/L of Al concentration in the medi-
um, the total NAD kinase activity reached its maximum, However, this increase was only associ-
ated with increased calmodulin - independent NAD kinase activity, the calmodulin - dependent
NAD kinase activity was decreased from 75 to 23 percentage of the total enzyme activity (Fig. 1).
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Table 1 Al accumulation in the chloroplast
of rice seedlings after Al treatment
for one week *
Aluminum Aluminum
concentration, accumulation,
mmol/L pmol/mg. chl.
0 7.9
0.001 9.5
0. 01 10. 3
0.1 12.8
0.5 18.2
1.0 47.6
2.0 59.5

*  Values are averages of three replications

nmol NADP* (mg pmtein) ™', h™'
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Fig. 1 Effect of Al on NAD kinase activity =z vive Al treat-
ment time;96hl. total enzyme activity; 2. calmedulin -
- dependent NAD kinase activity serror bars represent
the SD.

The effect of increased concentration of aluminum ions on NAD kinase activity in vitro is

shown in Fig. 2.

Total NAD kinase activity gradually decreased at increasing concentration of

Al in the medium. However, the extent of aluminum effect on calmodulin - dependent and inde-

pendent NAD kinase activity was different. The decrease of total enzyme activity was associated

with the remarkably decreased calmodulin - dependent NAD kinase activity, whereas the activity

of calmodulin - independent NAD kinase activity remained almost unchanged. Furthermore,
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Fig. 2 Effect of Al on NAD kinase activity i vitro
1. Towal NAD kinase activity;
2. calmodulin - dependent NAD kinase activity;
3. calmodulin - independent NAD kinase activity.

Al treatment time, 10 min, Error bars indicate SD

the activity of these two types of NAD kinase
changed with the increasing concentration of
aluminum. In control samples (not exposed to
aluminum ), the ratio of calmodulin - depen-
dent NAD kinase activity to the total enzyme
activity was 76%, however, with an en-

hancement of Al concentration up to 2 mmol/

" L, the share of calmodulin - dependent NAD

kinase activity in the total enzyme activity de-
creased to 21 %, while the ratio of calmodulin
- independent NAD kinase activity increased
remarkably.

The pattern of the time effect of alu-
minum on NAD kinase activity in vitro wag

. .k
observed. The prolongation of the treatment

time of aluminum was accompanied by the decrease of total enzyme activity, but the calmodulin -

independent NAD Linase activity remained unchanged (Fig. 3). The share of calmoedulin - inde-

pendent NAD kinase activity in total enzyme activity distinctly increased with the prolongation of

treatment time of aluminum. The total enzyme activity was almost constituted by the caltmodulin
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- independent NAD kinase activity at 20 min treatment of aluminum (Fig. 3). Both the structure
and function of calmodulin are affected by aluminum (Haug, 1984; 1985). In the present exper-
iment, the restoration ability of calmodulin to the inhibition of aluminum on NAD kinase activity
was investigated. Under low Al stress (0. 1 mmol/L), the restoration of enzyme activity was ob-
vicus with the increased of calmodulinconcentration, and the enzyme activity could reach to the
control level at a calmodulin concentration of 2 pg. Howevery when the aluminum concentration
was increased to 2 mmol/L, the concentration of 6 pg calmodtilin was seemingly 00 low for the

restoration of enzyme activity (Fig. 4).
4 Discussion

Some researchers have studied the transportation and aceumulation of Al in rice seedlings. It
is reported that most of aluminum exists in the roots, but there was still some in leaves (Foy,
1978; Hao, 1989), The present work firther detected Al content in the chleroplast of rice
seedling and showed Al accumulation in the chloroplast after application of Al. A study indicated
that upon application of Al to rice; the reaction between chloropyll a and b declined, accompanied
by a marked decrease in gross photosynthesis and photosynthetic rate (Sarkunan, 1984). Tt is
expected that accuinulation of Al in the chloroplasts of rice might be one of the causes for Al af-

fecting many physiological activities of the chloroplast, including some enzyme activities.
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Fig. 3 Time effect of Al on the activity of NAD kinase Fig. 4 Reversal of extrinsic calmodulin to the inhibition of
Al conceatration : 0, 5mmol/L Al on NAD kinase activity
1. total enzyme activity; Al concentration;
2, calmodulin - dependent NAD kinase activity, 1. eontrol (without Al); 2. 0. 1mmol/L;
3. calmodulin - independent NAD kinake activity, 3. 2. 0mmol/L, Al treatment time; 30thin.
Error bars represent the SO Calmodulin

treatment time; 30tih. Error bars indicate the SD.

Al and calmodulin ate added simultanecusly

In the present study, NAD kinase activity in vivo increased in certain range of Al concentra-
tions, accompanied by the enhancement of calmedulin - independent NAD kinase activity and the
gradual decrease of calmodulin - dependent NAD kinase activity. This might he ascribed to the
induction of calmodulin - independent NAD kinase synthesis in vive of rice seedlings under Al

stress. It is reasonable, however, that the induction of synthesis could not be detected in vitro
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experiments. But the study in vitra still showed the strong tolerance of calmodulin - independent
NAD kinase in response to Al stress, These results suggested that calmodulin - independent NAD
kinase may play a role in Al tolerance. Under some environmental stresses, plants can modify
glycolytic and pentose - phosphate pathways by rcgulation the pyridine nucleotide pool (Allan,
1985). This regulation can affect the production of organic acid or mucilage, which protects a-
gainst aluminum toxicity (Subayda, 1984; 1985). Catalyzing the only known biochemical reac-
tion of NADP synthesis, NAD kinase plays a regulating role to the pyridine nucleotide pool and
thereby may indirectly regulate the production of organic acid or mucilage, It is expected that,
under Al stress, the high activity of calmodulin - independent NAD kinase might be helpful to
ameliorate Al toxicity.

The mechanism of Al toxicity to plants is still very far from being understood, but it has
been suggested that calmodulin is a main target of aluminum action (Haug. 1984; Lia, 1990).

Calmodulin is a multifunctional, Ca®** dependent, regulatory protein. Aluminum can bind
stoichiometrically to calmodulin and induce changes in the functioning of this protein due to the
increase of its hydrophobic surface, the loss of calmodulin - helix content and changes of its asso-
ciation with the activation of target enzymes (Haug, 1984; 1985). It has been found that in our
experiment that in a certain range of aluminum concentrations, extrinsic calmodulin can reverse
or even completely resist the inhibition of aluminum on calmodulin - dependent NAD kinase activ-
ity , supporting that aluminum can affect calmodulin - dependent NAD kinase activity via modifi-
cation of calmodulin structure. Tt has also been noticed, however, that the reversal of calmodulin
to aluminum toxicity remarkably decreased at higher concentrations of Al (2 mmol/L), suggest-
ing that at higher concentrations, Al affect the structure of the enzyme in addition to impairing
calmodulin.
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