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The conditions of malre trnsport wore deancd in tonaplast vesicles pusitied o a microseni! homs genate of Cotlaranthus roxeuy cells by pre-

parative free-flow electraphoresis, [solated vesivles exhibited makite transport when the membrines w e prepared by grinding the cells in ahomaos

penimtion medivm only bullered in the aeidiv p11 nge. By using vesicles energized antiieially by wi inpased pt geadient (aeid interion, it was

shown that malite s actively accumubisted in response o the geneeation af 1 proton-motive foree, Several lines of evidence (satuntion Kinetivs,

swction of makite anadogs and protein modifiers) support the concept that malate trnsport is medinted by a protem carvier which could be impheated

in tlu uptake pruuw as s protonated form. The malite trunsported in the vesicles wis released by fowering the external midate voncentration,
[hz release was prevented by the anion transport inhibitor DINS indicating the reversibility of the vactier.

Tonoplast vesicle; Catharanths roseus, Malate transport; Reversible carrier

1. INTRODUCTION

Malate is an abundant and a mobile storage form of
carbon which is involved in a variety of physiological
processes including carbohydrate breakdown, CAM
and C, photosynthiesis, maintenance of pH and clee-
trical balance of the cytosol and stomatal movements
(1], To perform these different functious, malate is ac-
cumulated transiently in the vacuolar space of plant
cells. The possible mechanisms implicated in malate
transport have been considered in CAM plants by Liit-
tge and coworkers [2] who concluded that movement of
malate is coupled to active H * transport, This concept
was confirmed with vacuoles isolated from various
species: (i) by the demonstration of an energy-
dependent transport of malate, suggesting that
tonoplast ATPase [3-5] and PPiase 4] are involved; (ii)
by the characterization of a i1o~1nt . carrier with very
similar properties in CAM [S5] and Ca plants [3,4].

Partial purification of the tonoplast-bound malate
carrier was performed recently by Martinoia and Vogt
[6], after its reconstitution in lipid vesicles, but this
work was limited by the low vield of the tonoplast mem-
brane available using isolated vacuoles as starting
material. To overcome this problem, and because
isolated vesicles have proven 1o be a useful tool for the
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uptake studies of a large variety of compounds [7], we
used Cuatharenthus roseus cells to abtain tonoplast
vesicles by preparative free-flow ¢lectrophoresis {8],
This technigue allowed the isolation of highly sealed
vesicles of known sidedness (cytoplasmic side out for a
large part of the vesicle population) with a purity higher
than 95%. The present study demonstrates that the
isolated vesicles exhibited malate transport across the
two faces of the tonoplast membrane (nflux, cffux)
and that these transport processes are mediatecd by a
protein carrier which could be aetivated by a protona-
tion step,

2. MATERIAL AND METHODS

2.1, Plant material

Cell suspension cultures of (‘umarunrhus roseis (L) G. Don, cel]
ling Can were obtained as in [Y], 4-day-old cells (exponential phase of
arowih) being used in all experiments,

2.2. Preparation of ionoplast vesicles

Tonoplast membrane vesicles were prepared by free-flow elec-
trophoresis according to (8], Briefly, cells (28 g) were homogeneized
in 25 ml of a medium containing 0.25 M sucrose, 25 mM Mes/KOH
(pH 5.5, 6.5 or 8.3 according to the experiment), using a Moulinex
blender (type 534). After discarding the cell walls and unbroken cells
by differential centrifugation {8}, the membranes were collected by
centrifugation for 30 min at 45 000 x g. The final pellet, resuspensed
in electrophoresis chamber buffer (0.25 M sucruse, 11 M K1, 1 mM
MgClz, 10 mM Tris/boric acid, pH 7.5) was submitted to free-flow
clectrophoresis.

The distribution of membranes in each separation was monitored
by the absorbance at 280 nm. The fractions collected nearest the
ancde were emiched in tonoplast; their purity determined using
marker enzyme was shown to be greater than 95% [8], Tonoplast
vesicles were pelleted for 30 min at 45 000 x g and resuspended in a
small volume (about 3 mg proteir /0.5 ml) of 0.25 M sucrose contain-
ing 25 mM Mes/KOH adjusted to the pH of the grinding medium.
They were incubétied for at least 1 hin Lhe resuspension medium to en-
sure pH equilibration inside and outside the vesicle,
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Malate uplaky and release swere determited ™Y tieasuting nfafate
teapped Uside vesicles, Transport enperitionts were vothbivtad v g
saate Bath al 2700 A fposesd pEsradivnt G nd titeriot) wis el
b cater A the sesivles, Veseles wete folated as previousty desyribsd
By grieding the valls ina solution bartered at pit 305 and thee dilaeed
i the transportsebgrion at she devred pHsalae, The transpoet witves
ten (00 1h vonsided of 30 mM . i Mo dpusted to the dered
pth and Ma KB (VO malate ml 159 Glg mol Y CEA Praaweel
diluted £0 200 00 with vatlabelled talate, The veaction swas statled by
the addition of 10 4l tonoplast sesicles (0.6 my grotein - mb o the
desiredt titnes, Rl adivgiiots €60 g proteind were rep ad atd vols
teeted on Millipote HAWD Jilters (008 a0 by siwninn Nlteation
Millipore 1223 sample wollevtory, The fifters were washaed 10 tines
with 2 ol of e sne butter and vountes tor ridivactivies fna i
seintilation voner (Paekard Fri-Carb doeb ¢ moded),

206 Vesivhe valieme dvlenningtion

Vesivle volumes were medsared as deseribed by Rotzenbery [10),
Alter equilibration of the tonoplast smembeanes (0.6 me/mly Tor 10
min in e preice ol 263 Mg 'O CEN Franee) and 88 Ky
[MOMestranearboss | (44 Mbg-ye T NEN Research Productsy, the
vesicles were aepurited- (rom the incubation median by pelleting
1S o0 =, 1S min throuph o laver ot silivon oil (silivon ail AP 10
Wacker Cliemie, Munchen, FRCGY The tips of the mivtofuge wbhe
cuntaining the vesicle petfet were cuit ol and the radioaetivity of *H
and MO counted by Hgudd seinnillsion,

2.8, Protein determination
Protein was determined by the methed of Smith et all [11] with
bovine acrum albumin as the standard. .

3, RESULTS AND DISCUSSION

Initial experiments consisted of  incubations of
[“Clmalate with tonoplast vesicles obtained by grind-
ing the cells in medinm at ditferent pH (5.5, 6.5, 8.3).
As shiown in Fig. 1, the radicactivity associated with the
vosicles increased with time and reached a steady state
after 20-30 min incubation according to the ex-
periments, For vesicles obtained by grinding the cells at
acidic pH (5.5 and 6.5), the radioactive tracer was casily
released from the vesicles after a Triton treatment
(0.04% final concentration), reflecting a real uptake of
malate into the tonoplast vesicles rather than an adsorp-
tion onto the membranes. Surprisingly, an unexpected
retention of [**Clmalate occurred when the vesicles
were obtained at pH 8.3 (data not shown) due to
covalent binding of the labelled compound to mem-
brane polypeptides [8]. For the moment, the reason of
this' binding is unclear. However, this observation,
already reported for L-lactate in vesicles obtained from
hepatocyies [12], shows thai artefactual covalent bin-
ding of solutes onto membranes has to be carefully
checked in the course of the transport studies.

Malate was actively accumulated in the purified
tonoplast vesicles when an imposed proton-electro-
chemical gradient (acid interior) was generated by
isolating the vesicles in a grinding medium at pH 5.5
and assaying the transport in a medium at pH 6.5 (Fig.
1).

As illustrated by the low transport activity in the
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i, 1o BTeats o the intravesivabar pE ip Ly on malite uptake into
toneptast vosiviesof € rosaes, The vedicles were prepared by prinding
the cellvinamediim at pl $.5 or 6.5, Thic transyport experiments were
tade atan external pH of 6.5, Anassay was performed with vesicles
obtained at pr1 S8 including 1A CCUP (A A At the indivaled
times, aliguots were reimaved from the incubstion medivm and
treated (pH, 5.5, Q-0 phle 6.5, 8- -8) or vot (phl, §.8, - -y
Pl 6.5 @ - @) by ‘Tritan N-100 ((1,049%) they were collected on
Millipore filters and washed 10 times with 2 ml of ineubadon misture
(with or without Triton X-100) prive (o the determination of rasdioas-
: tviny,

absence of gradient (pH 6.5 inside and outside the
vesieles) or in the presence of the protonophore CCCP
(10 M), it appears that malate uptake wus dependent
on the generation of a H™ gradient. Using the mean
measured vesicle volume (8.0 2 0.5 wl/mg protein,
mean of 6 exneriments & SE), the intravesicular malate
concentration was estimated leading to the determina-
tion of an accumulatien ratio (Cy/C.) between the in-
travesicular and the external malate concentrations, For
vesicles used without an imposed pH gradicnt, the ac-
cumulation ratio is near 1 indicating a passive distribu-
tion of malate through the tonoplast to reach & concen-
tration equilibrium. In contrast, in the presence of
ApH, an accumulation ratio of about 3 was determined
confirming that malate can be transported against a
concentration gradient.

The pH dependence of the external medium was in-
vestigated using incubation media prepared in order to
give final pH values of 5.5, 6.5, 7.5, The pH inside the
vesicular space was 5.5 whatever the external pH.
Malate uptake measured at pH 7.5 was very low (0.12
nmol/mg protein per min) whereas upon lowering the
external pH a considerable enhancement was observed:
double at pH 6.5, and 4 times at pH 5.5. An explana-
tion for this pH dependence could be related either to
the proportion of the different species of malate over
the pH range (Hz-mal, H-mal~, or mal* ) assuming
that malate is transported as its protonated form, or to
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thie protonation ol a prroteity carrier s desevibed Tor the
pl dependence of sugar transport J13L By examining
the energetivs ol the transler into isoklided vavaoles {14
we concluded that, as in CAM plants {21, mal® was
most lkely the species being transported, excluding the
tivst possibility. To test the second, we investigated in
this work with tanoplist vesicles the Kinetics of malite
uptithe ab two external pHoovalues (3.5 andd 7.5).
Lineweaver=Burk plats of the kinetie dain showd (Fig.
2y that acidic pH of the medium increases the apparent
A of upiake from about 20mM (pHle 7.5) to 2 mM
(pTHe 5,30 The ssturation kinetivs were vonsistent with
carrier-mediated transport with different affinides vor
the substrate depending on the external pH o high al-
Finity in the presence of [T7, a low affinity al neutral
pH. To explain these findings we propose that protona-
tion raises the alfinity of the carrier for its substraie,
In further suppoit of cwrrier-mediaed transport,
stractural anatoys of malate and several reagents that
modity protein side chains were tested tor their ability
to inhibit the malate transport, The stereoisomer, D-
wiiluge, inhibited the initiad rate of mnlate uptake by
85%, other analogs such as oxaloacetare, fumarate,
suceinate ad matonate also being eftective, but to a
lesser extent (data not shown). Direet implication of a
protein in the uptake process was demonstrated using
Dansyl-chioride reagent which - binds the terminal
amino group of proteins: addition of 0.2 mM suppress-
ed the inftial malate uptake to 52% of the basal value.
Among the usual anion transport inhibitors, DIDS, at
aconcentration of 0.2 mM, was the most effective caus-
ing a redustion of the initinl malate uptake of 70%.,
Malate transport was also inhibited by DCCD (65% at
0.1 mM) a lipophilic reagent binding to carboxylic
residues. 't should be noted, morcover, that the
treatmerns with the struetural analogs (13-malatc) or the
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Fig, 2. Concentration dependence of malate uptake in C. roseus

tonoplast vesicles, The Lineweaver-Burk plots were determined at two
different external pHe values: 5.5 (&—=9) and 7.5 (O—0).
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chiermival sigents (12105 whneh, together, inhibic the in-
itind e ol mdate uptake, have no clewy effet on the
Finad steady stuge tevel, ‘

I vivo, malite avceumutation is known o be reversie
ble. The most striking exanmple is provided by the diur-
mad oscillations of malate i CAM plants [2], but we
has e also demonstrated in Carharenrhies roseus thd
vacuolar malie remobilization oceurs after transter:
cing the cells into o tfreshu medivn {15]0 In order 1o ex-
aminge it the malate remobilizution wlso aceureed vin the
same compotient, we designed experinients to test the
reversibility of the carrier, Vesieles were tirst preloaded
with [YClmalate in conditions to ensure masimal
nualate acewmulation (pH 5.5 inside wnd outside the
vesivles),  when  the  equilibriumy  distribution  of
1M Clmndate was reached after about 30 min, the vesicles
were dilwted with the same transport medium o lower
the extornal malate conventration (Fig, 3). Following
the dilution procedure, o sudden relepse of {M*Clmalate
oveurred during the tiest § min, As demonstrated by the
external  malite  concentration  dependence.  the
[HC malate was released in the direction of its concen-
tration graclient and this displacement was prevented by
the action of DIDS (Fig. 3). These findings indieate that
the malare carrier could also be direetly involved in
malute remobilization,

In conclusion, the datu present the first demaonstra-
tion of malate transport @nflux and effiux) in tonoplast
vesicles  purified  from  oplant materinl. The
characteristics of the upiake which appear to be very
similar to those deseribed in isolated vacuoles [4, 14] are
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Fig. 3. Reversibility of the malate carrier. Vesicles were equilibrated

for 30 min with 0.2 mM [**C]malate, Subsequently (time O of the

graph) the vesicles were diluted with the transport medium without

malate to give a final malate concentration of 0.1 mM (8—=a), 0.05

mM (8—), 0,01 mM (m—a), An assay was made with an external

concentration of 0.05 mM malate in the presence of 200 uM DIDS
(A—~A).
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in fuvour of an ¢nergy dependent teansport of malale
wmediated By a profein carrier. Compared (o intact
vacuoles, tonaplist vesicles offer several advantages.,
Because ot their high surface areadvolume ratiy, they
showed o high rate of malate transport aad they
equilibranted rapidly with the (MCImatate in the external
medinm. By towering the external malate concentrition
a vesicular efftux of (MClmalate can then be inducesd
and it was demonstrated, with the anion transport in-
hibitor DIDS, that this release is also carrier-muediated.
Another important abscrvation was made in relation to
the stability of the vesicles at fow pH, suggesting that
the carrier may respond to physiological stimuli such as
H oavailability, [nthis way, it should be stressed thi
the synthesized malic dcid itself could repulate it
acuolar uptake by releasing 2H™® atrer dissociation in
the eytoplasm.
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