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Transport of malate and chloride into barley mesophyll vacuoles 

Different carriers are involved 
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Transport of malate and chloride across the tonoplast of barley mesophyll vacuoles has been compared. Whereas malate inhibited chloride uptake, 
1,2,3benzenetricarboxylic acid, a potent inhibitor of malate uptake which is assumed not to cross the tonoplast, was ineffective. In contrast to 
chloride uptake, malate uptake was inactivated by pyridoxal phosphate and phenylglyoxal. The malate transport system could be protected against 
pyridoxal phosphate when a substrate such as 1,2,3-~n~net~car~xylic acid was present in the preincubation medium. It is concluded that the 

transfer of malate and chloride across the tonoplast is mediated by ditIerent systems. 
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1. INTRODUCTION 2. MATERIALS AND METHODS 

Fluxes of ions across the tonoplast (vacuolar mem- 
brane) of the plant cell are involved in the regulation of 
cell turgor and c~opl~mic homeostasis [l-3]. Malic 
acid accumulates in CAM plants during the night, and 
this process is reversed during the daytime [4], In con- 
trast, in leaves of C3 plants, levels of malate are high at 
the end of the day and low in the morning f5]. Both ex- 
amples reflect the dynamics of vacuolar compartmenta- 
tion. Uptake and storage of inorganic ions enable the 
plant to maintain the required difference in water 
potential between soil and leaves without expending 
energy for the production of organic osmotica. 

Both the vacuolar carriers for malic acid [6,7] and 
chloride [&lo] have recently been characterized to 
some extent. Malate uptake was inhibited by chloride 
[6,7], whereas data on chloride uptake in the presence 
of malate have not been published. Studies using the 
patch clamp technique [ 1 1] have demonstrated that at 
least two channels are present in the tonoplast [12]. On- 
ly the channel opening at high Ca2+ concentrations (SV- 
channel) has been characterized in detail [13-151 and 
shown to be permeable for potassium and sodium, but 
also for anions such as malate and chloride [14]. These 
observations raised the question whether or not the 
transfer of malic acid and chloride across the tonoplast 
is mediated by the same transport system. 
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Barley (Hordeurn vulgare L.cv Gerbel) was grown in a growth 
cabinet with 12 h fluorescent light (45 hmol x m-*s-l) at 22°C and 
12 h dark at 18’C; relative humidity was 75%. 

Primary leaves of S-day-old plants were harvested at the beginning 
of the light period. Mesophyll protoplasts were prepared as described 
1161. Mesophyll vacuoles were isolated and purified by a slight 
modification of the method described by Martinoia et al. [17]. Proto- 
plasts were suspended in a solution containing 500 mM sucrose, 3% 
(w/v) Ficoll, 1 mM CaCL and 10 mM 4-morpho~noethanesulfonic 
acid (Mes) pH 6.0. This suspension was overlayered with medium A 
(400 mM sucrose, 3% (w/v) Ficoll, 2 mM EDTA, 1 mM Mg- 
gluconate and 30 mM hydroxyethylpiperazine-N’-2-ethanesulfonic 
acid (Hepes-KOH, pH 7.6)) and medium B (400 mM sorbitol, 30 mM 
K-gluconate, 2 mM EDTA, 1 mM Mg-gluconate and 20 mM Hepes- 
KOH, pH 7.6). After centrifugation for 3 min at 200 x g and 4 min 
at 1200 x g the protoplasts were recovered from the upper interphase, 
forced through a needle (100 mm x 0.8 mm) and the liberated 
vacuoles purified by flotation. For this the lysate was overlayered with 
medium B and medium C (as medium B but 400 mM glycinebetaine 
instead of 400 mM sorbitol). The vacuoles were collected from the up- 
per interphase. The vacuoles recovered from several density gradients 
were mixed with Percoll (final concentration 10% w/v) containing 
,500 mM sorbitol and 15 mM Hepes-KOH, pH 7.6, and a gradient as 
described for the purification of the vacuoles was formed. The 
purified and concentrated vacuoles were again recovered from the up- 
per interphase. 

Uptake of ‘%-malate and “%X was measured as described previ- 
ously [6,8]. In experiments involving phenyiglyox~ the vacuoles were 
preincubated with phenylglyoxal for 30 min at room temperature. 
Prior to the uptake experiment, intact vacuoles were separated from 
broken ones by the density gradient centrifugation as described 
above. 

3. RESULTS AND DISCUSSION 

Inorganic anions affect malate transport [6,7]. This 
inhibition may indicate that organic and inorganic 
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Fig. 1. Dixon plots for the inhibition of malate uptake by benzenetricarboxylic acid (A) and by phenylsuccinic acid (B). Km for malate was l,l mM. 

anions compete for a common translocator. However, 
it may also be the result of a competition for the same 
energy source. The tonoplast contains two electrogenic 
pumps which generate a ApH (inside acidic) and a A!P 
(inside positive) [ 18,191. Both of these gradients are still 
present in isolated vacuoles [20]. Therefore, we looked 
for a competitive inhibitor of the malate uptake system 
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Fig.2. Concentration-dependent uptake of ‘%J- (A) and its inhibition 
by malate (0) and 1,2,3-benzenetricarboxylic acid (0) respectively 
(B). Chloride concentration in (B) was 1.5 mM. Control rates (100%) 
were 10.2 (0) and 9.8 (0) nmol x lo-’ vacuoles x min-‘, respective- 

ly. The values are expressed in means f SD. 
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which would bind to the translocator but not be taken 
up by the vacuole in an energy requiring step. Mito- 
chondria contain a dicarboxylate and a tricarboxylate 
carrier [21], for both of which competitive substrates 
have been described which are not transported [21]. 
Malate uptake into isolated vacuoles was also found to 
be affected by these compounds (fig.1). Interestingly, 
1,2,3-benzenetricarboxylic acid, which is a strong in- 
hibitor of the mitochondrial tricarboxylate carrier, is 
also a strong inhibitor of the malate carrier. The Dixon 
plot shown in fig.lA reveals a Ki of 0.6 mM, while the 
K, for malate found in this experiment was 1 .l mM. 
Phenylsuccinate, which is a strong inhibitor of the 
mitochondrial dicarboxylate carrier and which has also 
a slight effect on the tricarboxylate carrier, also effec- 
tively inhibits malate uptake in barley vacuoles (Ki 
0.7 mM, fig. 1B). Phenylmalonate, however, which is a 

Table 1 

Uptake of [‘4C]malate (1 mM) and 36C1- (1.5 mM) into isolated 
vacuoles in the presence of protein modifying agents 

Treatment Uptake (s70 of control) 

Malate Chloride 

Control lOO* 4 loo* 10 
50 CM DIDS 11&S 33+ 4 

200 ,uM DIDS 9*5 2r 2 
200 gM pyridoxal phosphate 28 + 5 108 + 12 
500 pM pyridoxal phosphate 24 + 2 106* 15 

1 mM phenylglyoxal 88 f 6 115 f 1s 
7 mM phenylglyoxal 20 * 4 97i 6 

Preincubation at room temperature with 4,4’-diisothiocyano-2,2’- 
stilbenedisulfonic acid (DIDS) or pyridoxal phosphate was for 5 min, 
with phenylglyoxal30 min (for details see section 2). The control rates 
were 7.1 f 0.3 nmol x lo-’ vacuoles x mini for malate and 
9.0 + 0.9 nmol X lo-’ vacuoles X min-’ for chloride uptake; means 

of six replicates + SD. 
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Table 2 

Protection of the malate carrier against inhibition by pyridoxal phosphate 

Pretreatment nmol malate x 
10e7 vacuoles x min-’ 

@IO of control 

None (control) 2.40 + ct.21 100 
0.2 mM pyridoxal phosphate 0.51 + 0.15 21 
0.2 mM pyridoxal phosphate 

+ 40 mM benzenetricarboxylic acid 1.88*0.11 78 

Vacuoles were preincubated for I.5 min and thereafter removed from the incubation 
medium by flotation. Uptake was measured in the presence of 0.5 mM [“%]malate; means 

of six replicates i SD; for experimental details see text. 

good inhibitor of the mitochondrial dicarboxylate car- 
rier, inhibits only slightly (data not shown). Uptake of 
36Cl- into barley mesophyll vacuoles showed both a 
saturable and a linear component (fig.2A) as described 
before [S]. The magnitude of the linear component 
varies from one experiment to another. Malic acid in- 
hibited the uptake of label from 1.5 mM 36C1- into 
isolated vacuoles. In contrast, 1,2,3_benzenetricar- 
boxylic acid inhibits 36Cl- uptake only negligibly 
(fig.2B). This result is a first indication that competi- 
tion between malate and chloride is not for the binding 
site of a common carrier, but rather for the same energy 
source for uptake. 

Using protein modifying reagents we have tried to 
further distinguish between the malate and the chloride 
carrier (table I). Both carriers are inhibited by 4,4’-di- 
isothiocyano-2,2’-stilbenedisulfonic acid @IDS), a 
well known inhibitor of anion transport systems 1221. 
Inhibition by DIDS has also been observed for the SV- 
channel. Pyridoxal phosphate as well as phenylglyoxal 
inhibited malate transport strongly whereas chloride 
transport was not affected by this reagent. Pyridoxal 
phosphate forms a Schiff base with the e-amino group 
of lysine residues. Phenylglyoxal preferentially binds to 
the gu~idinium group of arginine. However, it can 
also bind to amino and thiol groups 123,241. We can 
therefore presently not exclude the possibility that the 
inhibition of the malate carrier by phenylglyoxal occurs 
via modification of the same lysine residue(s) involved 
in the inhibition by pyridoxal phosphate. To investigate 
whether the lysine involved in the pyridoxal phosphate- 
dependent inactivation is possibly located at the binding 
site of the malate carrier, isolated vacuoles were prein- 
cubated with 0.2 mM pyridoxal phosphate in the pres- 
ence or absence of 40 mM benzenet~carboxylic acid. 
After 5 min at room temperature sodium borohydride 
(5 mM) was added for 10 min to reduce the Schiff base 
and to stabilize the reversible bond. Subsequently the 
vacuoles were purified by a density gradient centrifuga- 
tion. As can be seen in table 2, 1,2,3_benzenetricar- 
boxylic acid protects the malate carrier against inactiva- 
tion by pyridoxal phosphate, suggesting that a lysine 
residue may reside at the active site of the malate car- 
rier . 

4. CONCLUSIONS 

Malic acid and chloride cross the tonoplast by dif- 
ferent transport systems. The channel identified at the 
tonoplast and reported to be permeable for chloride 
and malate 1131 may play a minor role in the uptake of 
anions or ~tematively may be responsible for the re- 
lease of anions from the vacuole into the cytosol. 
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