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ABSTRACT

Calcium is sequestered into vacuoles of oat (Avena sativa L.)
root cells via a H+/Ca2+ antiporter, and vesicles derived from the
vacuolar membrane (tonoplast) catalyze an uptake of calcium
which is dependent on protons (pH gradient [ApH] dependent).
The first step toward purification and identification of the H+/Ca2+
antiporter is to solubilize and reconstitute the transport activity in
liposomes. The vacuolar H+/Ca2+ antiporter was solubilized with
octylglucoside in the presence of soybean phospholipids and
glycerol. After centrifugation, the soluble proteins were reconsti-
tuted into liposomes by detergent dilution. A ApH (acid inside)
was generated in the proteoliposomes with an NH4CI gradient
(NH4+in>> NH4+,A) as determined by methylamine uptake. Funda-
mental properties of ApH dependent calcium uptake such as the
Km for calcium (-15 micromolar) and the sensitivity to inhibitors
such as N,N'-dicyclohexylcarbodiimide, ruthenium red, and lan-
thanum, were similar to those found in membrane vesicles, indi-
cating that the H+/Ca2+ antiporter has been reconstituted in active
form.

inhibited by low levels of DCCD,3 ruthenium red, and lan-
thanum (15).
To understand the function of the transporter at the molec-

ular level, it will be necessary to isolate and purify the protein
responsible for H+/Ca2" exchange. A first step toward this
goal is to develop an assay to measure transport activity after
solubilization and during subsequent purification. This study
describes the solubilization of the oat root vacuolar H+/Ca2"
exchanger and its reconstitution into liposomes. The recon-
stituted calcium transport activity has similar affinity for
calcium and displays the same inhibitor sensitivities as pre-
viously found for the native H+/Ca2" transporter of the oat
root vacuole. To our knowledge, this is the first report of the
reconstitution of a functionally active H+-coupled transport
system from plants.

MATERIALS AND METHODS

Plant Material

Oat seeds (Avena sativa L. var Lang) were germinated in
the dark over an aerated solution of 0.5 mM CaSO4. Roots
were harvested after 4 d.

The role of calcium as an activator and regulator of many
biological processes is based on the ability of the cell to
maintain a low concentration of this ion in the cytoplasm.
This is achieved by multiple mechanisms that are thought to
include pumping of calcium out of the cell across the plasma
membrane as well as via sequestration ofcalcium in organelles
such as the vacuole. Mature plant cells often contain one large
central vacuole which may occupy up to 90% of the cell
volume (17), and calcium concentrations in the vacuole are
estimated to be up to 10,000-fold higher than those found in
the cytoplasm (10, 12). Thus, the vacuole may serve as a
major organelle for the sequestration and storage of calcium.
Calcium is accumulated in the vacuole of plant cells via an

H+/Ca2+ exchanger that is energized by a proton motive from
the H+-translocating ATPase (4, 5, 14). We have characterized
the H+/Ca2' antiporter in vacuolar membrane (tonoplast)
vesicles using the pH gradient established by the H+-ATPase
(14) or using imposed pH gradients (15). The antiporter has
a Km for calcium of 10 to 20 AM, and calcium transport is

Supported by U.S. Department of Energy grant DE-FG05-
86ER 13461 to H. S. Maryland Experiment Station Contribution No.
7955, Scientific Article No. A-4912.

2 Present address: Department of Cellular and Molecular Physiol-
ogy. Yale University School of Medicine, New Haven, CT 06510.

Preparation of Membrane Vesicles

Vesicles were prepared by a modification of an earlier
procedure (15). All procedures were conducted at 4°C. Briefly,
oat roots (20-60 g) were homogenized by mortar and pestle
in a medium containing 250 mM sorbitol, 3 mM EGTA, 25
mM Hepes-BTP (pH 7.4), 1 mM DTT, and 0.2% BSA at a
medium-to-tissue ratio of 1.5 mL/g fresh weight. After filtra-
tion through cheesecloth, the debris was rehomogenized in 1
mL/g of the original tissue weight, washed in 0.5 mL/g and
filtered. The homogenate was centrifuged for 15 min at
13,000g, and the supernatant was centrifuged for 30 min at
60,000g (Beckman SW 28 rotor, rmax). The resulting pellet
(crude microsomal pellet) was resuspended in 250 mM sorbi-
tol, 2.5 mm Hepes-BTP (pH 7.2), and 1 mM DTT (resuspen-
sion buffer). The suspension (6 mL) was layered over a 6%
dextran (w/w) cushion (10 mL) prepared in resuspension
buffer. After centrifugation for 2 h at 70,000g (SW 28. 1, rmax),
a turbid band at the sorbitol-dextran interface was collected
and is referred to as tonoplast enriched vesicles.

3Abbreviations: DCCD, N,N'-dicyclohexylcarbodiimide; BTP,
bis-tris propane or 1,3-bis[tris(hydroxymethyl)methylamine]; ApH,
pH gradient; MeA, methylamine; octylglucoside, octyl-3-D-glucopyr-
anoside.
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Solubilization of Oat Root Tonoplast Proteins

The final solubilization mixture (1.2 mL) consisted of the
following: 4.4 mg soybean asolectin, 200 mM NH4Cl, 50 mM
K2 oxalate, 50 mM Hepes buffered to pH 7 with BTP, 1 mM
DTT, 40 mM octylglucoside, 20% glycerol, and 1 mg of
tonoplast protein. The solubilization mixture was prepared as
follows.
Soybean asolectin (Sigma IV-S) was dissolved in chloroform

at a concentration of 200 mg/mL and stored in 0.5 mL
aliquots at -20°C under N2. To prepare lipids for use during
solubilization, 4.4 mg of phospholipid were dried under N2
gas, rotating the tube to form a thin, even film. To remove
residual chloroform, the phospholipids were washed with 1
mL of cold (-20°C) diethyl ether and evaporated to dryness
(rotating slowly). The lipids were dried for an additional 30
min under vacuum to remove all traces of solvent.
The phospholipids were resuspended in a solution contain-

ing 200 mm NH4Cl, 50 mm K2 oxalate, 50 mM Hepes-BTP
(pH 7), and 1 mm DTT (buffer A). The mixture was flushed
with N2, sealed and bath-sonicated (Branson 2200 sonicator)
to clarity (approximately 30 min) with periodic additions of
ice to the bath to keep the temperature between 18 and 23°C.
During sonication, it was important to place the tube over a
point in the bath sonicator which gave the most vigorous
agitation of the solubilization mixture. Octylglucoside (40
mM) was then added and the mixture vortexed for 15 s.
Glycerol (20%) was added with an additional 15 s vortexing.
One mg of vesicle protein was added to the solubilization

mixture prepared above. The protein was obtained from a 0/
6% dextran gradient interface (50 g fresh weight). Vesicles
(-2 mL) were diluted into 72 mL of buffer containing 250
mM sorbitol, 2.5 mm Hepes-BTP at pH 7.2, and 1 mM DTT,
and pelleted at 90,000g for 45 min (SW 28, rmax). The pellet
was resuspended in buffer A (5 mg protein/mL) and added
to the phospholipid/detergent mixture. After solubilization in
detergent for 20 min on ice (Total Solubilization Mixture),
the soluble proteins were recovered from the supernatant after
centrifugation for 1 h at 145,000g (type 65, rmax) at 4°C.
Approximately 1 mL of clear supernatant was collected, and
the pellet was resuspended in 1 mL of buffer A.
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Reconstitution of Tonoplast Proteins into Liposomes

Reconstitution was done following the procedure of Am-
budkar and Maloney (1) in a volume of 1010 ,uL containing
788 ,uL of the solubilized protein mixture and 222 ,uL of a
phospholipid/octylglucoside mixture. The latter mixture was
prepared by washing 5.0 mg of soybean lipid with diethyl
ether and drying as described above. The lipids were resus-
pended in 178 ,uL of buffer A and sonicated to clarity. After
sonication, 44 ,L of 200 mM octylglucoside was added and
the mixture was vortexed for 15 s. The phospholipid/octylglu-
coside mixture was added to the solubilized proteins, covered,
and placed on ice for 30 min.

Proteoliposomes were formed by rapid injection (Pasteur
pipet) of the ice-cold solubilized protein/phospholipid mix-
ture into 20 mL of buffer A (22°C) minus the DTT. The
solution was mixed by drawing some of the liquid into the
pipet and rapidly injecting it back into the 20 mL volume (4
times total). The mixture was allowed to stand undisturbed
for 20 min at room temperature. The proteoliposomes were
collected by centrifugation in the cold (4°C) for 1 h, 145,000g
(type 65, rmax), resuspended in 100 to 200 ,uL of buffer
containing 200 mM NH4Cl and 50 mm Hepes-BTP at pH 7,
and stored on ice until use in transport assays.
For control experiments, proteins from either the total

solubilization mixture or the high-speed pellet were reconsti-
tuted as described above for the soluble proteins. Protein-free
liposomes were prepared in the same manner, but without
the addition of vesicle protein or K2 oxalate.

pH Gradient Formation

The pH gradient was generated by diluting NH4+-loaded
proteoliposomes 200-fold into an NH4+-free medium contain-
ing 200 mm BTP-Cl (osmoticum) and either 50 mm Hepes-
BTP (pH 7), or 50 mM BTP-Hepes (pH 8). The pH gradient
formed (acid inside) could be measured as ['4C]MeA uptake
or quenching of acridine orange fluorescence. Control exper-
iments done in the absence of a pH gradient had equal
concentrations of NH4' across the proteoliposome (NH4in -
NH4+o,t).

10 20 30 40 50
Octyl Glucoside (mM)

Figure 1. Effect of detergents on the solubilization of oat root tonoplast proteins. Protein (1.4 mg) was divided into 15 aliquots and each (155,L)
was solubilized in 0.5 mL of detergent in the presence of 200 mm KCI. The insoluble material was removed by pelleting at 1 45,000g (Beckman
type 65, r,,.) for 45 min. The total protein in the supernatant and pellet was determined. (A) Triton X-1 00; (B) sodium cholate; (C) octylglucoside.
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Tonoplast Vesicles

Solubilize in 40 mM Octyl Glucoside
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Remove Insoluble Material
145,000 x g x 1 h
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Figure 2. Scheme for the solubilization and reconstitution of the oat
root vacuolar H+/Ca2+ exchanger.

[14C]MeA Accumulation

All assays were performed at 1sC to maintain the pH
gradients. To initiate the reaction, NH4+-loaded vesicles were
diluted 200-fold into mixtures (0.5-1.0 mL) containing the
respective buffers and 20 ,M ['4C]MeA (approximately 1 MCi).
Aliquots (50-250 ,L) were filtered through Millipore filters
(0.22 ,m pore size). The filtration procedure involved wetting
a Millipore filter with 1 mL of cold wash buffer (250 mM
sorbitol, 2.5 mm Hepes-BTP [pH 7.2]), filtering an aliquot of
the reaction mixture, and quickly rinsing with 1 mL of the
wash buffer. The filters were air dried, and the radioactivity
was determined by liquid scintillation counting.

Calcium Transport

AvpH dependent calcium accumulation was measured as

uptake of 45Ca2+. To initiate the reaction, NH4+-loaded pro-

teoliposomes (containing 0.1-0.3 Mig protein) were diluted
200-fold into a mixture containing (final concentrations) 200
mM BTP-Cl and 50 mM BTP-Hepes (pH 8) and 0.75 to 1.0
MCi/ml 45Ca2+. 45Ca2+ transport was measured by a filtration

assay as described for MeA uptake except that nonradiola-
beled calcium (0.5 mM) was added to the wash buffer to
exchange away any label bound to the proteoliposomes or

filter paper. As a control, calcium uptake into proteolipo-
somes in the absence of a ApH was measured concurrently.

Protein Determination

Because the high levels of phospholipids used in this pro-
cedure interferred with the Lowry protein assay, protein con-

centration was determined using amido black lOB proce
dure as described by Kaplan and Pedersen (8) with BSA as

standard.
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Figure 3. Time course of MeA accumulation (A, B) and calcium
uptake (C, D) into proteoliposomes from soluble (Si) and insoluble
(P1) fractions. Tonoplast vesicles were solubilized as described in
"Materials and Methods." Proteoliposomes were formed by deter-
gent-dilution in the presence of 50 mm K2 oxalate. At time 0, 5 Al of
NH4+-loaded proteoliposomes (containing 50 mm Hepes-BTP [pH 7]
and 50 mm K2 oxalate) was diluted into a 1 mL reaction mixture
containing 200 mm BTP-CI, 50 mm BTP-Hepes (pH 7), and either 20
AM MeA (A, B), or 10 MM 45Ca2+ (C, D) at 150C. Where indicated,
0.03% Triton (T) was added and release of MeA or calcium from the
proteoliposomes was monitored.

RESULTS AND DISCUSSION

The proteins in tonoplast-enriched vesicles could be solu-
bilized with Triton X- 100, Na cholate, or octylglucoside (Fig.
1). All three detergents solubilized proteins maximally at
concentrations well above their critical micelle concentra-
tions; however, octylglucoside and cholate were chosen for
further study as they have much higher critical micelle con-

centrations (25 and 8 mm, respectively) when compared to
0.3 mm for Triton (7). Both detergents have been successfully
used in solubilization and reconstitution of calcium transport
proteins from animal and bacterial cell membranes (2, 3, 6,
11, 13, 16). In the absence of detergent, 20 to 30% of the
tonoplast protein was found in the supernatant and may
represent loosely bound membrane proteins (9).

In experiments using imposed gradients in native mem-

branes, we have shown that ApH can be formed using a K+
gradient (K+in> K+out) in the presence of the K+/H+ exchang-
ing ionophore, nigericin (14, 15). It was not possible to
generate ApH consistently with similar levels of nigericin in
the reconstitution experiments. One explanation might be
that the ionophore is partitioning into the excess phospho-
lipids which were added during reconstitution. Therefore, to
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Figure 4. Effect of pHOt on MeA accumulation and calcium uptake
in proteoliposomes. At time 0, 5 gL of NH4+-loaded proteoliposomes
containing 50 mM Hepes-BTP (pH 7) and 50 mm K2 oxalate was
diluted into 1 mL of solution containing 50 mm buffer at pH 8 (A, C);
or 50 mm buffer at pH 7 (B, D). MeA accumulation (A, B) and calcium
uptake (C, D) were measured in the presence (0) or absence (A) of
NH4+ gradients.

generate ApH in the reconstituted system, proteoliposomes
containing NH4Cl were diluted into NH4+-free buffer. NH4Cl
has the advantage of being an ionophore-free method of
generating ApH which should be unaffected by phospholipid
concentration. The ApH is formed by dissociation of NH4+
into NH3 and H+ and passive diffusion of NH3 out of the
vesicle leaving behind H+ (13). The ApH (acid inside) was
measured as accumulation of ['4C]methylamine or fluores-
cence quenching of acridine orange (not shown).

Initial attempts to reconstitute H4/Ca2" exchange activity
into liposomes were unsuccessful. Proteins were solubilized
in octylglucoside (1.168% or 40 mM) in the presence of
glycerol (20% v/v) as a stabilant (1) and the soluble proteins
(SI) (Fig. 2) were reconstituted by a 20-fold detergent-dilution.
When an aliquot of the proteoliposomes was assayed for
transport activity, it was possible to measure formation of
ApH, but there was no measurable calcium transport activity
(not shown). This inability to measure calcium transport
could have been a result of (a) low antiporter activity due to
the relatively small number of antiporter molecules per lipo-
some or (b) lack of solubilization of the H+/Ca2+ antiporter.
To address these possibilities, we added oxalate to trap

calcium inside the liposome. Including 50 mM K2 oxalate
during both solubilization and reconstitution (see "Materials
and Methods"), we first tried to reconstitute the total solubi-

CaCI2 (,uM)
Figure 5. Calcium transport as a function of extraliposomal calcium
concentration. Reaction mixtures were as described in Figure 3 with
CaCl2 concentrations varying from 10 to 200 ,gM. The specific activity
of 45Ca2+ was kept constant (0.075 ACi/nmol) for all calcium concen-
trations. Initial rates of transport were used to construct a Hanes
Woolf plot of the data which showed an apparent Km for calcium =
15 /M. Data represent the average of two to four experiments.

Table I. Effect of Inhibitors on ApH Formation and Calcium Uptake
in Proteoliposomes

Tonoplast vesicles were solubilized with 40 mm octylglucoside in
the presence of 4.4 mg asolectin and 20% glycerol. Soluble material
was reconstituted by detergent-dilution in the presence of 50 mm K2
oxalate. Steady state levels of MeA accumulation and calcium uptake
were measured 5 min after addition of proteoliposomes. Values
reported have been corrected for binding in the absence of a pH
gradient.

Transport Activity
Addition

[14C]MeA 45ca2+

None 100 100
Mn2+
75yM 98 70

La3+
25gM 94 41
75 ,uM 93 20

Mg2+
75 uM 91 115

DCCD
3gM 89 69
10 JM 75 48

Ruthenium red
25 AM 96 77
75 AM 90 74

lization mixture (ST) (Fig. 2). Under these conditions, we were
able to measure both ApH formation and calcium uptake
(not shown). Subsequent reconstitution of the soluble (SI) and
insoluble (PI) protein fractions separately (Fig. 3) provided
evidence that the antiporter was solubilized by octylglucoside
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Table II. Comparison of Calcium Transport Activity of the Oat Root
Vacuolar H'/Ca2+ Exchanger in Membrane Vesicles and
Proteoliposomes

Vacuolar membrane proteins were used as a starting material.
Soluble proteins were incorporated into asolectin vesicles in the
presence of 50 mm K2 oxalate. Transport reactions were carried out
for 5 min.

ApH dependent Calcium

Fra*tion Protein Uptake
FractnYield Total Specific

Activity Activity

mg nmol/min nmol/mg-min
Membrane vesicles 0.85 11.23 13.21
Proteoliposomes 0.07 5.33 75.10

Figure 6. SDS-gel electrophoretic pattern of tonoplast membrane,
soluble supernatant, and reconstituted proteins from oat roots. Pro-
teins were run in an 8 to 14% polyacrylamide gel and subsequently
silver stained. The bars indicate the positions of the following low mol
wt protein standards: phosphorylase b (92,500); bovine serum albu-
min (68,000); ovalbumin (43,000); carbonic anhydrase (31,000); soy-
bean trypsin inhibitor (21,000); and lysozyme (14,000). Gel lanes
show proteins from: A, tonoplast membranes recovered from a 0/6%
dextran interface; B, soluble supernatant (fraction Si); C, reconsti-
tuted proteoliposomes.

and functionally active. We were able to measure ApH for-
mation in proteoliposomes from both fractions (Fig. 3, A and
B); however, calcium transport activity was detected only in
the soluble fraction (Fig. 3D). Lack of calcium transport
activity in the insoluble fraction also lends support to the idea
that the calcium transport measured in the soluble fraction is
due to the H+/Ca2" antiporter and not to binding of calcium
to the liposomes. The reconstitution mixture contained a high
concentration of phospholipids (5 mg/mL). From the MeA
results, liposomes were formed in the insoluble fraction (Fig.

3A), yet neither calcium uptake nor binding were measurable
(Fig. 3C).
Calcium uptake was measured in the presence or absence

of a H' gradient across the liposome (Fig. 4, C and D).
Calcium uptake was rapid in the presence of a H' gradient
but only slight in its absence showing that a H' gradient is
required for calcium uptake. Calcium transport increased
twofold when the pHo., was increased from 7 (Fig. 4D) to 8
(Fig. 4C). This had the effect of combining an NH4+ gradient
with a pH jump. Gramicidin, an ionophore which dissipates
the pH gradient, caused calcium accumulated in the proteo-
liposomes to be released (not shown). Effective concentrations
were higher than those found in membrane vesicles, most
likely due to the large excess of phospholipids used for recon-
stitution. Therefore, Triton was used routinely to dissipate
the ion gradients.

Steady state levels of calcium accumulation could be main-
tained for at least 7 min at 1 5°C. Calcium uptake was linear
up to two minutes and varied as a function of extraliposomal
calcium concentration. Initial rates of uptake (15 s) were used
to calculate an apparent Km for calcium of about 15 ,uM (Fig.
5), consistent with the values found for the antiporter in
native membrane vesicles (Km = 10-14 yM) (14, 15).
A number of specific inhibitors of H+/Ca2" exchange have

been identified in native membranes by testing their effect on
calcium uptake and steady state ApH formation (15). Ruthe-
nium red, DCCD, and lanthanum (La3") all inhibited calcium
uptake in native vesicles. When these compounds were tested
on the reconstituted system (Table I), we found that, as in the
native membranes, all compounds inhibited calcium uptake
but had little effect on the ApH. At 3 gM DCCD, calcium
uptake is inhibited 50% in the native membranes. In the
reconstituted system, we saw only 31% inhibition. The differ-
ence in the effective concentration is not surprising as the
DCCD to phospholipid ratio is important in determining the
concentration. Since the phospholipid concentration was at
least twofold higher than in the native membranes, a corre-
sponding increase in DCCD concentration might be needed
to see the same degree of inhibition.
Our procedure for the solubilization and reconstitution of

the oat root vacuolar H'/Ca2" exchanger enhanced the ap-
parent specific activity of the transporter (Table II). This
increased activity may represent a stimulation in calcium
uptake due to the presence of oxalate, or may represent a
partial purification of the protein. Silver staining of the SDS-
polyacrylamide gradient gel shown in Figure 6 revealed that
a large number of polypeptides were solubilized by octylglu-
coside (lane B). After reconstitution, the total number of
proteins decreased significantly (lane C), and several bands
(100, 70, 60, 43, 36, and 28 kD) appear to be enriched.

In this paper we describe the solubilization of the H+/Ca2"
antiporter with octylglucoside, its reconstitution, and partial
purification. The protein can be incorporated into artificial
liposomes which catalyze an exchange activity similar to the
activity seen in tonoplast membrane vesicles suggesting that
the oat root vacuolar H+/Ca2' exchanger has been solubilized
and reconstituted. The ability to reconstitute an active ex-
changer is an important step towards the identification of the

344 Plant Physiol. Vol. 92,1990
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polypeptide(s) responsible for calcium accumulation into the
higher plant vacuole.
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