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A 42-kD, calcium-dependent, membrane-binding protein 
(VCaB42) was associated with partially purified vacuole mem- 
branes. Membrane-dissociation assays indicated that VCaB42 bind- 
ing to vacuole membranes was selective for calcium over other 
cations and that 50% of VCaB42 remained membrane bound at 61 
2 11 nM free calcium. A 13-amino acid sequence obtained from 
VCaB42 showed 85% similarity with the endonexin fold, a se- 
quence found in the annexin family of proteins that is thought to 
be essential for calcium and lipid binding. The greatest similarity 
in amino acid sequence was observed with annexin Vlll (VAC-0). 
The calcium-binding properties and sequence similarities suggest 
that VCaB42 is a member of the annexin family of calcium- 
dependent, membrane-binding proteins. Functional assays for 
VCaB42 on vacuole membrane transport processes indicated that 
it did not significantly affect the initial rate of calcium uptake into 
vacuole membrane vesicles. Because VCaB42 is  vacuole localized 
(likely on the cytosolic surface of the vacuole) and is 50% disso- 
ciated within the physiological range of cytosolic free calcium, we 
hypothesize that this protein is  a sensor that monitors cytosolic 
calcium levels and transmits that information to the vacuole. 

The vacuole of mature plant cells dominates in size and is 
functionally versatile, making it an important organelle for 
cellular homeostasis (for reviews, see Wiebe, 1978; Taiz, 
1992; Wink, 1993). Among its many functions, the vacuole 
accumulates cations such as sodium, potassium, magnesium, 
and calcium, as well as various inorganic anions, organic 
acids, and other metabolites. The vacuole serves accordingly 
as a storage and retrieval compartment. One consequence of 
the vacuolar accumulation of solutes is the osmotic influx of 
water resulting in the generation and maintenance of cell 
turgor. 

Calcium, a well-known component of signal transduction 
pathways, can activate and regulate numerous cellular proc- 
esses in eukaryotes. Small changes in intracellular calcium 
concentrations regulate such activities as cell growth, metab- 
olism, transport, and secretion. Levels of cytosolic calcium 
are tightly controlled through homeostatic mechanisms. Gen- 
erally under ‘resting” conditions, cytosolic calcium is main- 
tained at submicromolar levels (Hepler and Wayne, 1985; 
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Felle, 1988; Miller et al., 1990; Bush, 1993), whereas extra- 
cytosolic levels may be several orders of magnitude greater 
(Hepler and Wayne, 1985). Cytosolic calcium levels can be 
quickly regulated by the sarcoplasmic reticulum in muscle 
and skeletal tissues, the smooth ER and/or calciosome in 
nonmuscle tissues, and the plasma membrane in all eukary- 
otic systems (Pietrobon et al., 1990). Because plant cell vac- 
uoles contain free calcium concentrations ranging from 50 
p~ to 3 m (Williamson, 1981; Kinzel, 1989; DuPont et al., 
1990), this organelle may also be involved in calcium homeo- 
stasis (Schumaker and Sze, 1985; Miller et al., 1990). 

For the plant vacuole to play an active role in calcium 
homeostasis, it must have a calcium uptake system and a 
calcium buffering system, as well as a means to regulate the 
release of calcium (Pietrobon et al., 1990). There is consider- 
able evidence that the vacuole membrane, or tonoplast, has 
mechanisms for the accumulation and release of calcium. A 
calcium-proton exchanger, indirectly driven by the vacuolar, 
proton-pumping ATPase, was shown to drive calcium accu- 
mulation into the vacuole (Schumaker and Sze, 1985; Blum- 
wald and Poole, 1986). This may also be driven in part by a 
pH gradient generated by the vacuolar, Pi-dependent proton 
pump (Rea and Sanders, 1987). A calcium-selective channel 
of unknown physiological function may also allow entry of 
calcium from the cytoplasm into the vacuole at very negative 
vacuole membrane potentials (Pantoja et al., 1992). An Ir3- 
responsive channel capable of releasing calcium into the 
cytosol may be operational on vacuole membranes (Schu- 
maker and Sze, 1987; Alexandre et al., 1990). Indeed, the 
vacuole may contain the largest store of Ir3-releasable 
calcium (Canut et al., 1993). 

Consistent with IP3-releasable calcium in the vacuole, 
Brosnan and Sanders (1993) have demonstrated IP3-binding 
activity on the vacuole membrane. Other channels that may 
regulate the release of vacuolar calcium have also been 
characterized (Hedrich and Schroeder, 1989; Bert1 and 
Slayman, 1992; Gelli and Blumwald, 1993). To date no 
vacuolar calcium transport proteins have been identified on 
the molecular level. In terms of proteinaceous calcium buff- 
ers, a calsequestrin-related protein (Chou et al., 1989) and a 
calreticulin-like protein (Menegazzi et al., 1993) have been 
identified in plants, although the intracellular locations are 
not yet known. No vacuolar calcium buffers have been 

Abbreviations: IPJ, inositol 1,4,5-triphosphate; Y,, maximal ra- 
dius; VCaB42; the 42-kD, vacuole membrane-associated, calcium- 
binding protein. - - .  
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identified, although several candidates are at present being 
characterized (Randall, 1992). 

There are numerous calcium-binding proteins that utilize 
calcium to regulate cellular functions. Among these are the 
elongation factor hand family of proteins (which includes 
calmodulin) that are involved in signal transduction, the low- 
affinity calcium-binding proteins like calsequestrin and 
calreticulin that function in a buffering capacity, and the 
annexins. 

The annexins form a major group of calcium-binding pro- 
teins that bind to membranes in a calcium-dependent manner 
(Geisow and Walker, 1986; Klee, 1988; Burgoyne and 
Geisow, 1989). This family includes a broad range of proteins 
that were previously classified as calelectrins, calcimedins, 
calpactins, endonexins, lipocortins, and synexin. The ubiq- 
uitously distributed annexins are distinguished from other 
calcium-binding proteins by sharing a repetitive 17-amino 
acid sequence termed the endonexin fold (Creutz, 1992). This 
sequence is contained within each of four domains each 
consisting of 70 to 80 amino acids (annexin VI has eight 
domains). A part of each domain is a calcium- and phospho- 
lipid-binding region. At present there is no known common 
function among the annexins; however, annexins have been 
implicated in such diverse roles as the formation of calcium 
channels and the inhibition of blood coagulation or inflam- 
mation (Romisch and Piques, 1991). Several annexins may 
also bind, aggregate, and fuse secretory vesicles during 
exocytosis (Creutz, 1992). 

Recently, several plant annexins have been identified based 
on amino acid sequence similarities, antibody cross-reactivi- 
ties, and functional similarities with animal annexins. Plant 
annexin-like sequences have been identified in tomato (Ly- 
copersicon esculentum) (Boustead et al., 1989), maize (Zea 
mays), Tradescantia and tobacco (Nicotiana tabacum) (Black- 
boum et al., 1991), potato (Solanum tuberosum) and barley 
(Hordeum vulgare) (Smallwood et al., 1992), pea (Pisum sati- 
vum) (Clark et al., 1992), Lilium (Blackboum et al., 1992), 
and cotton (Gossypium hirsutum) (Andrawis et al., 1993). 
Partial sequences from these proteins show varied degrees of 
similarity to the endonexin fold with a high of 70% for pea 
p35 (see Table I; Clark et al., 1992). Tomato p35 and maize 
p33 and p35 are related to bovine and chicken annexin VI, 
respectively, as shown by antibody cross-reactivities (Bou- 
stead et al., 1989; Blackboum et al., 1991). Antibody raised 
against the electric organ of Torpedo cross-reacted with to- 
mato p34 (Boustead et al., 1989). Like the annexins discov- 
ered in vertebrates, the functional roles proposed for plant 
annexins are diverse. Consistent with a role in exocytosis, 
pea p34 has been immunolocalized to tissues specialized for 
secretion (Clark et al., 1992), whereas maize p33 and p35 
bind and aggregate secretory vesicles (Blackboum et al., 1992; 
Blackboum and Battey, 1993). A recently discovered annexin- 
like protein in cotton fibers inhibits the plasma membrane- 
localized callose synthase activity (Andrawis et al., 1993). 

A long-term goal of this laboratory is to understand the 
role of the vacuole in the regulation of cytosolic levels of 
calcium, and conversely, the role of calcium in the regulation 
of vacuolar processes. Previously we have characterized vac- 
uolar, calcium-binding, lumenal proteins (Randall, 1992). 
This report describes the properties of a 42-kD, calcium- 

dependent, vacuole membrane-binding protein (VCaB42) 
that is likely associated with the cytosolic surface of the 
vacuole. The calcium-binding affinity and specificity of this 
protein make it a candidate signal transducer in high.er plants. 

MATERIALS AND METHODS 

Plant Material and Vacuole Membrane Isolation 

Celery (Apium graveolens L.) was obtained froin a local 
market and petioles were prepared for vacuole membrane 
isolation as described (Randall and Sze, 1987; Rancall, 1992) 
with some modifications. All procedures were per Formed at 
4OC to reduce proteolysis. Briefly, whole petioles were ho- 
mogenized in a buffer composed of 50 m Hepes, pH 7.40, 
250 m mannitol, 1 m DTT, and 1 m~ CaCI2. One milli- 
molar PMSF (0.05% DMSO) and 0.1% (w/v) ElSA were 
present during homogenization to reduce protease activity. 
The addition of the protease inhibitors 1 m~ benzamidine, 
10 pg/mL aprotinin, and 1 pg/mL leupeptin had 1 1 0  signifi- 
cant effect on the apparent size or yields of VCaB42 and 
were generally not included. Homogenization was accom- 
plished in a Waring blender for 15 s at high speed with a 
ratio of 2.5 mL homogenization buffer per g fresh weight 
tissue. The homogenate was filtered through six layers of 
cheesecloth. Microsomal pellets were resuspended UI 2.5 m 
Hepes, pH 7.20, 250 m mannitol, 1 m DTT (resuspension 
buffer) containing 1 m~ CaC12 and loaded on a delttran step 
gradient composed of 12, 7, and 4% (w/w) dextran (74,200 
average MJ. When 1 m CaC12 was included in dextran 
solutions, there was no significant change in membrme yields 
or purity. Gradients were centrifuged for 2 h at 72,128g at 
r,, (SW 28 rotor). Interfaces were collected and washed by 
dilution with resuspension buffer containing 1 m CaC12 and 
recentrifugation for 30 min at 121,896g at r,,, (SW 28 rotor). 
The final pellets were resuspended in resuspension buffer 
containing 5 m EGTA and centrifuged for 31) min at 
214,200g at r,, (type 90Ti rotor). This treatment caused 
proteins, previously bound to the vacuole membrane in a 
calcium-dependent manner, to dissociate. The supematant 
resulting from the EGTA wash (EGTA supematant) was 
stored at -8OOC. Routinely, vacuolar preparations were ob- 
tained after centrifugation on single-step gradients composed 
of 5% (w/w) dextran. For comparative purposes, some vac- 
uole membranes were isolated in the presence of 3 n w  EGTA. 

Calcium Green 2 Standard Curves 

Fluorimetric assays were used to estimate free calcium 
concentrations in CaCI2 and EGTA buffers at ll°C. Free 
calcium standard curves were constructed utilizing; Calcium 
Green 2 (1 p~ final concentration) and a calcium calibration 
buffer kit I (Molecular Probes, Inc., Eugene, OR) according 
to the manufacturer's recommendations. Fluoresceiice meas- 
urements were taken on a Perkin Elmer fluorime:er model 
MPF-66 interfaced with a model 7700 computer an'd a Fisher 
Scientific Isotemp Refrigerated Circulator model 9000 
(Fig. 1). 
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Figure 1. Calcium Green 2 was used to generate a free calcium 
standard curve in the presence of EGTA at 8°C. Free calcium 
concentrations were based on a KdECrA of 43 & 11 n M  at pH 7.40 
and 8°C. Data are the average of five experiments. T h e  inset shows 
an example of the type of data from which the standard curve was 
generated. Fluorescence emission of Calcium Green 2 (1 PM final 
concentration) was measured after excitation at 488 nm. The emis- 
sion maximum at 530 n m  was calculated as the relative fluorescence 
(-log[( f - fmin)/( f,,,,, - f ) ] ) ,  which was linearly related to the concen- 
tration of free calcium. The emission scans shown were obtained 
at O, 5, 1 1, 19, 29, 43, 65, 100, 170, and 390 n M .  

Determination of Cation Selectivity 

Other cations were tested for their ability to substitute for 
calcium in causing VCaB42 to associate with vacuole mem- 
branes. Vacuole membranes (0/5% interfaces) were isolated 
in the presence of 1 m~ CaC12, washed, and resuspended in 
resuspension buffer containing 1 O0 PM CaC12. Membranes 
(45 pg of membrane protein; Bradford, 1976) were diluted 
with resuspension buffer containing 500 ~ L M  EGTA. The final 
concentration of free calcium was 20 nM as measured by 
Calcium Green 2 fluorescence. Resuspension buffer was sup- 
plemented with either 20 or 500 PM magnesium or potassium 
(sulfate salts), or enough CaC12 to attain 140 nM free calcium. 
Since the affinity of EGTA for other cations was several 
orders of magnitude lower than that for calcium (Sillén and 
Martell, 1971), any displacement of calcium by other cations 
was ignored. Samples were gently agitated at 4OC and cen- 
trifuged for 30 min at 213,OOOg at r,,, (TLA-100.3 rotor). All 
supematants were immediately precipitated with 12.5% TCA 
and proteins were analyzed by SDS-PAGE (Laemmli, 1970). 
Gels were stained with Coomassie brilliant blue R-250. 

Calcium-Dependent Binding of VCaB42 to 
Vacuole Membranes 

Vacuole membranes were prepared in 100 PM CaC12 as 
described above for the cation selectivity experiments. Mem- 
branes (45 pg of membrane protein) were diluted with resus- 
pension buffer containing various concentrations of EGTA 
(0-5 m ~ )  in a final volume of 500 pL, gently agitated at 4OC, 

and centrifuged for 30 min at 213,OOOg at r,, (TLA-100.3 
rotor). Aliquots were tested with Calcium Green 2 to deter- 
mine free calcium concentrations. Supematants were imme- 
diately precipitated in 12.5% TCA and analyzed by SDS- 
PAGE. Pellets were extracted in 10 m~ EGTA and the 
resultant supematants were also TCA precipitated and pro- 
teins were analyzed by SDS-PAGE. Gels were stained with 
Coomassie brilliant blue R-250 and were analyzed by densi- 
tometry using the NIH Image 1.44 image processing and 
analysis program in conjunction with an Apple scanner. 

Determination of Calcium Transport by Tonoplast Vesicles 

Celery was homogenized in 25 m~ Hepes/Bis-Tris- 
propane, pH 7.4, 250 m~ mannitol, 1 m~ DTT, 3 m~ EGTA, 
and 0.1% (w/v) fatty acid-free BSA. Vacuole membrane 
vesicles were collected after a 2-h centrifugation at 72,128g 
at r,, (SW 28 rotor) at the interface of a 6% (w/w) dextran 
cushion. The interface was diluted and centrifuged for 30 
min at 121,896g at r,,, (SW 28 rotor). The pellet was resus- 
pended in 1 mL of 2.5 m~ Hepes/Bis-Tris-propane, pH 7.40, 
250 mM mannitol. Since these membranes were isolated in 
the presence of EGTA, little VCaB42 was present on the 
vacuole membranes. Calcium uptake by vesicles was meas- 
ured utilizing a filtration assay (Schumaker and Sze, 1985) in 
the presence or absence of added VCaB42. A 1-mL reaction 
generally contained 10 p t ~  CaC12 (14-44 PCi/pmol 45Ca) and 
100 Pg of membrane protein. The calcium ionophore A23187 
was dissolved in ethanol and utilized at a final concentration 
Of 5 pM.  

Amino Acid Sequencing 

EGTA supematants derived from vacuole membranes iso- 
lated in 1 m~ CaC12 were precipitated in 12.5% TCA and the 
proteins were separated by SDS-PAGE in the presence of 
0.01 % 3-mercapto propionic acid. Polypeptides were electro- 
phoretically transferred to polyvinylidene difluoride paper 
(Immobilon P, Millipore, Inc., Bedford, MA). For amino- 
terminal sequencing, blots were stained with Ponceau S and 
the band of interest was excised and washed in distilled 
water. To obtain intemal amino acid sequences, the first gel 
was stained with Coomassie brilliant blue R-250 and the 
band of interest was excised and cleaved with cyanogen 
bromide in situ according to Nikodem and Fresco (1979). 
Cleaved polypeptides were separated by SDS-PAGE (16% 
acrylamide) and electrophoretically transferred to polyvinyl- 
idene difluoride paper. The major bands were excised and 
washed with distilled water. These cyanogen bromide frag- 
ments were subsequently digested with trypsin according to 
Femandez et al. (1992). Peptides yere purified on an Applied 
Biosystems (Foster City, CA) 130A CI8 reverse-phase column 
and were sequenced by automated Edman degradation on a 
Beckman 2090 Protein/Peptide Micro Sequencer. 

RESULTS 

Low-Density Fractions Are Enriched in 
Vacuole Membranes 

A discontinuous dextran step gradient was used to resolve 
various cellular membranes and to partially purify vacuole 
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membranes. We have previously shown that the 0/4% dex-
tran interface, when isolated in the presence of EGTA (low
calcium), is highly enriched in vacuole membranes (Randall,
1992). We compared the distribution of the vacuole mem-
brane and ER markers to confirm that low-density mem-
branes, when isolated in the presence or absence of calcium,
were of similar purity. When membranes were isolated in the
presence of calcium, the specific activities of the vacuole and
ER markers were similar to those when membranes were
isolated in the presence of EGTA (data not shown). There
was, however, a 50% decrease in total membrane protein in
the 0/4% interface. This resulted in a loss of total ATPase
activity (hence vacuole membranes) but only a small change
(increase) in specific activity of the nitrate-sensitive ATPase
(vacuole marker enzyme), suggesting that the vacuole mem-
branes, when isolated in the presence of calcium, were
slightly more purified. The vacuole-enriched fraction (0/4%
dextran) had nitrate-sensitive ATPase activity of 6.0 and 8.6
(imo\ h"1 mg~' protein when isolated in the absence or
presence of calcium, respectively. The increased purity was
most likely due to the shift of the ER to a slightly higher
density, possibly due to a calcium-induced stabilization of
ribosomes on the RER. The similar purity of these fractions
was also observed by SDS-PAGE analysis of these mem-
branes (Fig. 2). In summary, the results indicated that the
vacuolar fraction (0/4% dextran interface), whether isolated

7/12% | 12% p

Figure 2. Isolation of membranes in the presence of calcium results
in the association of a 42-kD protein with the vacuole membrane-
enriched fraction. Membranes isolated in the presence of 1 ITIM
CaCI2 or in the presence of 3 mM ECTA were separated on discon-
tinuous dextran gradients as described in "Materials and Methods."
Equivalent amounts of protein were separated by SDS-PACE (12%
acrylamide) and stained with Coomassie brilliant blue R-250. Des-
ignations of 0/4%, 4/7%, and 7/12% refer to the dextran interfaces,
whereas 12% p refers to the pelleted membranes. The arrowhead
designates the position of the 42-kD calcium-dependent, vacuole
membrane-binding protein, or VCaB42.

in the presence or in the absence of calcium, was of similar
purity.

A 42-kD Polypeptide Is Located on Vacuole Membranes

To identify calcium-dependent, membrane-binding pro-
teins, membranes isolated in the presence or absence of
calcium were compared by SDS-PAGE (Fig. 2). Consistent
with the specific activities of the vacuolar ATPase, the general
pattern of polypeptides was similar in membranes isolated
under both conditions. However, in the vacuole membrane-
enriched fraction (0/4% dextran interface) isolated in the
presence of calcium, proteins of approximately 68 and 42 kD
were present in relatively greater amounts than in the absence
of calcium. The 42-kD protein, henceforth referred to as
VCaB42, was not observed in any membrane fraction when
isolated in the absence of calcium and was found to be most
highly enriched in the 0/4% dextran fraction when isolated
in the presence of calcium. Although VCaB42 is present in
the other gradient fractions, the relative distribution of
VCaB42 is similar to that of vacuole membrane markers on
these gradients (Randall, 1992).

Vacuole Membrane Association of VCaB42 Can Be
Reversed by EGTA

To show that VCaB42 binding to membranes was reversi-
ble and to determine its physical location on vesicles, vacuole
membranes isolated in the presence of calcium were subse-
quently treated with EGTA either with or without sonication.
Membrane and soluble components were separated by cen-
trifugation and equal amounts of protein were analyzed by
SDS-PAGE (Fig. 3). When membranes were treated with 1
mM calcium, VCaB42 remained associated with the vacuole
membrane (lanes 1). Reduction of calcium to less than 5 run
by the addition of 5 mw EGTA solubilized greater than 95%
of VCaB42 (lanes 2). Sonication did not solubilize any addi-
tional amount (lanes 3). Together these data suggest that
VCaB42 associated with the vacuole membrane in a divalent
cation-dependent manner and that the protein was likely
associated primarily with the outside of the membrane
vesicles.

VCaB42 Binding to Vacuole Membranes Is Selective
for Calcium

To determine whether VCaB42 binding to membranes was
selective for calcium over other cations, vacuole membranes
isolated in 100 pu calcium were washed with varying con-
centrations of calcium, magnesium, or potassium in the pres-
ence of 500 /XM EGTA. Calcium at 140 nM provided the
highest membrane association, with the other cations (micro-
molar levels) being ineffective in maintaining vacuole mem-
brane association of VCaB42 (Fig. 4). The association of
VCaB42 with vacuole membranes was clearly dependent on
calcium concentration (Fig. 5). Vacuole membranes treated
with less than 5 nM calcium had little VCaB42 associated,
whereas VCaB42 remained associated with membranes
treated with greater than 390 nM calcium. This was evident
by examining either dissociated VCaB42 (Fig. 5A) or
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A. Membrane
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Ca EGTA EGTA
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B. Soluble
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VCaB42 »"

Figure 3. Association of VCaB42 with the vacuole membrane is
reversible. Vacuole membranes isolated in the presence of 1 mM
CaCI2 were treated with resuspension buffer containing 1 mM CaCI2
(lanes 1), 5 mM ECTA (<5 nM calcium; lanes 2), and 5 mM EGTA
(<5 nM calcium) and sonication (lanes 3). Membrane and soluble
components were separated by ultracentrifugation for 1 h at
173,502g at rmax (type 90Ti rotor). Supernatants were precipitated
in 12.5% TCA. Equal amounts of protein were analyzed by SDS-
PACE and gels were stained with Coomassie brilliant blue R-250.
A, Membrane-associated VCaB42 (pellet); B, soluble VCaB42
(supernatant).

membrane-bound VCaB42 (eluted from membranes with
EGTA; Fig. 5B). By both visual inspection (Fig. 5, A and B)
and densitometry (Fig. 5C), maximal dissociation of VCaB42
from the vacuole membranes was obtained at less than 5 nM
free calcium. The half-maximal dissociation of VCaB42 from
the membrane occurred at 61 ± 11 nM free calcium The ratio
of calcium concentration required for 90% saturation to the
calcium concentration required for 10% saturation (Rs) was
estimated to be approximately 20, indicative of a positive
cooperative ligand binding (an Rs < 81 is considered indica-
tive of positive cooperativity; Kirtley and Koshland, 1967).
Hill plot analysis (Fig. 5C, inset) also indicated cooperativity,
and assuming simple symmetric cooperativity, predicted an
average dissociation constant of 66 nM. The Hill coefficient,
estimated by the slope at the 50% VCaB42 bound position
(Fig. 5C, inset, dotted line), was 2.02. This suggests that
multiple calcium-binding sites are involved in calcium-
dependent binding of VCaB42 to the vacuole membrane.
The low calcium concentration at which dissociation occurs
suggests that VCaB42 binds to vacuole membranes within
the expected (physiological) range of cytosolic calcium
concentrations.

Calcium Accumulation into Tonoplast Vesicles Is Not
Affected by VCaB42

One commonality of function among a variety (although
not all) of annexin proteins is the ability to modulate (whether
directly or indirectly) calcium transport properties (Pollard

and Rojas, 1988; Diaz-Munoz et al., 1990; Rojas et al., 1990;
Pollard et al., 1992). The vacuole's role as a reservoir of
calcium suggested that VCaB42 might influence calcium
transport across the vacuole. As a first approach to under-
standing the function of VCaB42, we tested the effect of the
presence of VCaB42 on the accumulation of calcium into
vacuolar vesicles. Transport of calcium into vacuolar vesicles
was ATP dependent, and approximately 40% of the ATP-
dependent accumulation was abolished by the presence of
the protonophore gramicidin (not shown). These properties
suggest that 40% of the calcium accumulation was due to a
calcium-proton antiport driven by the pH gradient generated
by the vacuolar, ATP-dependent proton pump, similar to
those systems present on vacuole membranes of other sys-
tems (Schumaker and Sze, 1985; Blumwald and Poole, 1986;
DuPont et al., 1990). Calcium accumulation reached a maxi-
mum of 12 to 15 nmol calcium/mg membrane protein after
approximately 40 min (Fig. 6). The average maximum gram-
icidin-sensitive calcium accumulation for celery was 5.4 nmol
calcium/mg protein. The calcium ionophore A23187 released
most of the calcium from the vesicles, indicating that calcium
was reversibly bound (Fig. 6). The calcium transport capacity
in celery membranes was comparable to that in oat root
vacuole, where maximal accumulations attained were ap-
proximately 6.5 nmol calcium/mg protein (Schumaker and
Sze, 1985).

The initial rate of calcium uptake by vacuolar vesicles was
not significantly affected by the presence of VCaB42 (Fig. 6).
Although we consistently saw a slightly greater accumulation
of calcium in the presence of VCaB42, this difference was
not statistically significant. We have also directly tested the
effect of VCaB42 on the initial rate and the extent of ATP-
dependent proton pumping by examining acridine orange
fluorescent quenching and have observed no significant
effect.

Since there was no significant difference in calcium trans-
port with VCaB42, we believe that VCaB42 has a negligible
influence on the calcium transporter and the vacuolar,
proton-pumping ATPase. However, the small yet consistent
increase in net accumulation in the presence of VCaB42
implies that the calcium transport properties of the vacuole
may have been changed.

Calcium
MOnM 20nM

Magnesium
25(»M

Potassium
500 ̂ M

Figure 4. VCaB42 binding to membranes is selective for calcium
over other cations tested. Vacuole membranes in 100 fiM calcium
were diluted with resuspension buffer containing 500 /IM ECTA and
the various concentrations of cations shown. Free calcium was 20
nM, except where noted. Samples were gently agitated and spun
for 30 min at 213,000g at rmax (TLA-100.3 rotor). Supernatants
(representing unbound VCaB42) were treated and analyzed as
described (Fig. 3).
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Figure 5. Fifty percent dissociation of VCaB42 from vacuole mem-
branes occurs at nanomolar levels of free calcium. Vacuole mem-
branes isolated in the presence of 1 ITIM calcium were resuspended
in resuspension buffer with varying concentrations of ECTA (see
"Materials and Methods"). Membrane and soluble components
were separated by ultracentrifugation for 30 min at 213,000g at rmax

(TLA-100.3 rotor) and proteins were resolved by 12% SDS-PAGE.
Free calcium concentrations (up to 390 nM) were determined by
Calcium Green 2 (Fig. 1). A, Soluble VCaB42 (supernatants); B,
membrane-associated VCaB42 (pellets). Membrane-associated
VCaB42 was solubilized with 10 ITIM EGTA. C, VCaB42, electropho-
resed on 12% gels and stained with Coomassie brilliant blue R-250,
was quantitated by densitometry. The inset in C is a Hill plot
showing a Hill coefficient (slope of dotted line) equal to 2.02
(estimated at the 50% bound point). Data are the average of three
independent membrane isolations.

Partial Amino Acid Sequences of VCaB42

Amino-terminal sequencing of the full-length VCaB42 pro-
duced a pentapeptide sequence, QVPAV (Table I, sequence
1.1). Because this sequence lacked a Met, it is likely that the
amino terminus was either endogenously processed or was
proteolytically cleaved during membrane isolation. To obtain
internal sequences, VCaB42 was digested with cyanogen
bromide followed by trypsin. Amino-terminal sequencing
was conducted on tryptic fragments to produce three distinct,
internal sequences (Table I, sequences 2.1, 2.2, and 2.3).
Sequence 2.2 was highly similar to the consensus sequence

of the endonexin fold (a sequence diagnostic for the annexin
family of calcium-binding proteins). A comparison of 13 of
the 17 amino acid residues in the consensus annexin fold
(KGhGTDEpphhphhhoR; Creutz, 1992) showed that 10 are
identical matches and 3 others (residues 25, 28, and 34) are
conservative replacements found in one or more of the an-
nexins (Table I; Barton et al., 1991). Sequence 2.2 thus shows
77% identity and, considering conservative replacements,
85% similarity at the amino acid level with the endonexin
fold consensus sequence. This partial amino acid sequence
has the highest similarities across the entire endonexin fold
of any putative plant annexin. Sequence 2.3 also shows a
marked similarity to amino acids downstream from endo-
nexin fold sequences, especially those in repeat 2 of annexins
IV, V, and VIII (Barton et al., 1991). Sequences 2.2 and 2.3
of VCaB42 showed 85 and 78% similarity with corresponding
sequences in both annexins IV and VIII. Other significant
similarities were observed with the second repeat of annexins
I, HI, and IX. In general, VCaB42 showed less similarity to
the plant annexin sequences than to animal sequences. Se-
quence 2.2 was 67% similar to pea p35 and sequence 2.3 was
78% similar to maize p35 and tomato p35. Sequences 1.1
and 2.1 showed little similarity with annexin sequences;
however, the lack of similarities observed in sequence 1.1 is
not surprising, since the amino-terminal regions of the an-
nexins are highly variable. It was interesting that when
partially purified VCaB42 was tested for cross-reactivity (by
western analysis) with monoclonal antibodies (Biodesigns
International, Kennebunkport, ME) raised against annexins I,
II, II (light chain), IV, and VI, or to a polyclonal antibody
raised against human annexin VIII (Hauptmann et al., 1989),
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Figure 6. VCaB42 does not significantly influence the uptake of
calcium across the vacuole membrane. Membranes were incubated
with 3 mM ATP and 10 JIM total calcium (containing 0.25 MCi 45Ca/
ml) in either the presence (•) or absence (O) of VCaB42 (generally
from 0.1-1.0 ng of protein). EGTA was removed from VCaB42 with
Sephadex G-25 equilibrated in 250 mM mannitol, 2.5 mM Hepes/
Bis-Tris-propane, pH 7.00, and 20 mM KCI. The calcium ionophore
A23187 was added at 90 min (arrow). Data are the average of four
experiments.
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no positive reactions were obtained (data not shown). The 
sequences and immunological data suggest that VCaB42 is a 
novel annexin. 

DISCUSSION 

The vacuole is an organelle that contains high levels of 
calcium. Accumulation of calcium can be driven by a proton 
pump (ATP and PPi dependent; Sze, 1984; Rea and Sanders, 
1987) that creates an electrochemical gradient that dnves 
calcium uptake via a Ca2+/H+ antiporter (Schumaker and 
Sze, 1985; Blumwald and Poole, 1986). Because of relatively 
low cytosolic calcium concentrations (Hepler and Wayne, 
1!285; Felle, 1988; Miller et al., 1990; Bush, 1993), the large 
calcium gradient across the vacuole membrane is postulated 
to serve as one mechanism for the mediation of calcium- 
activated cellular processes. We have identified a calcium- 
dependent, vacuole membrane-binding protein called 
VCaB42. This protein is thought to reside in the cytosol, 
where it could interact with calcium (at nanomolar calcium 
levels) and bind to the vacuole membrane. The calcium- 
binding properties and sequence similarities strongly suggest 
membership of VCaB42 in the annexin family of calcium- 
binding proteins. We propose that VCaB42 may play a role 
in the vacuolar regulation of calcium signaling or conversely 
in the calcium regulation of vacuolar functions. 

VCaB42 binds to the vacuole membrane in a calcium- 
dependent manner. It is selective for calcium over other 
monovalent and divalent cations and shows membrane- 
binding activity at nanomolar calcium levels, indicating its 
high affinity for calcium. The concentration of calcium at 
which 50% of VCaB42 is bound to the vacuole membrane is 
61 & 11 nM. The narrow range of calcium concentration over 
which VCaB42 remains membrane bound (R, = 20) and the 
Hill coefficient (2.02) suggest multiple, cooperative calcium- 
binding sites. The presence of multiple calcium-binding sites 
identified here is consistent with the identification of three 
calcium sites in repeats I, 11, and IV located by x-ray crystal- 
lography of human annexin V (Huber et al., 1992). Since 
VCaB42 association with vacuole membranes occurs within 
the range of cytosolic calcium concentrations, it is likely that 
VCaB42 could respond to fluctuating cytosolic calcium levels 
by binding or dissociating from the vacuole membrane. 
Furthermore, the narrow range in which VCaB42 is con- 
verted from a membrane-bound to a soluble form suggests 
that it is a potential sensor for calcium fluctuations between 
10 nM free calcium (90% of VCaB42 is soluble) and 190 nM 
free calcium (90% of VCaB42 is membrane associated). 

The high binding affinity of VCaB42 for calcium is on the 
same order of magnitude as the high-affinity binding sites of 
calmodulin (I& of 310 nM; Beckingham, 1991). Affinities of 
elongation factor hand calcium-binding proteins are generally 
higher than the annexins. Reports from in vitro calcium- 
dependent, membrane-binding aggregation and fusion ac- 
tivities show calcium affinities ranging from submicromolar 
levels to as high as 1 m ~ .  An exception is annexin 11, which 
binds pure phosphotidylserine vesicles in the presence of less 
than 10 nM calcium (Powell and Glenney, 1987). The high 
affinity of VCaB42 for calcium-dependent vacuole membrane 

binding suggests either that this protein may have a novel 
calcium-binding domain of high affinity or that the vacuole 
membrane is an ideal substrate for annexin binding. 

The primary sequence of the calcium-binding domain of 
annexins, the endonexin fold, is distinct from the elongation 
factor hand calcium-binding domain of calmodulin. Al- 
though the annexins and calmodulin-like proteins share sim- 
ilar calcium-binding secondary structures, a helix-] oop-helix, 
the coordinating ligands for calcium differ. The (elongation 
factor hand utilizes acidic amino acids to coordinate binding 
to calcium, whereas the calcium-binding site of annexins 
involves the carbonyl oxygens of a Gly-rich domain in the 
endonexin fold (GhGT; residues 21-24; see Table I) and a 
conserved acidic residue 39 amino acids downstream (residue 
64; see Table I). Also thought to contribute to calcium binding 
by the annexins is a solvent water molecule and a phospho- 
lipid head group (Huber et al., 1990, 1992). Consistent with 
a secondary structure required for calcium-binding, VCaB42 
will not bind 45Ca on ligand blots, nor will it s tan blue by 
Stains-all (data not shown). 

The calcium-dependent association of VCaB42 with the 
vacuole membrane suggests possible localization in the cy- 
tosol of plant cells, on the cytosolic side of the vacuole 
membrane, or in the vacuolar lumen. We favor the hypothesis 
that this protein is located within the cytosol undw "resting" 
calcium levels and is associated with the outer leaflet of the 
vacuole membrane as cytosolic calcium levels increase. The 
observation that sonication did not solubilize any more 
VCaB42 from EGTA-treated membranes than was solubilized 
by EGTA alone (Fig. 3) indicates that VCaB42 is on the 
outside of the vacuolar vesicles as they are isolated. The 
calcium transport and proton-pumping assays on isolated 
vesicles indicate that a significant portion of vesicle:; are right- 
side-out (relative to vacuoles). It follows that the binding of 
VCaB42 is likely to the cytosolic surface of the valxole. Use 
of antibodies raised against VCaB42 will more definitively 
answer the question of intracellular location. 

Based on VCaB42's calcium-binding affinity and vacuole 
membrane association, several possible functions are hypoth- 
esized. VCaB42 could be involved in maintaining the struc- 
tural integrity of the vacuole, regulating or forming mem- 
brane channels, or regulating calcium levels 01 vacuolar 
processes (e.g. catalysis of membrane fusion). VCaB42 has 
been tested for its effect on two well-known biochemical 
processes associated with the vacuole membrane. VCaB42 
has no significant effect on either the acidification of the 
vacuole (catalyzed by the proton-pumping ATPase) or on the 
sequestration of calcium into the vacuolar lumen (catalyzed 
by the Ca2+/H' antiporter). 

Although it is clear from Figure 5C that the majority of 
VCaB42 is removed by the EGTA treatment, a small amount 
of VCaB42 remains on the membrane. We cannot eliminate 
the possibility that this remaining amount is sufficient to fully 
activate vacuolar activities. An altemative explanab on for the 
lack of activation by VCaB42 is that the EGTA supematant 
does not contain the requisite factors to allow functional 
reassociation of VCaB42 with the vacuole. Our work at 
present is focused on ascertaining the biological function of 
this protein. 

Understanding the involvement of this novel calcium- 



Calcium-Dependent, Vacuole Membrane-Binding Protein 141 1 

dependent, membrane-binding protein in vacuoles may offer 
new and exciting clues as to how vacuoles function and how 
calcium is regulated in plant cells. Furthermore, this under- 
standing is likely to have implications for the role of homol- 
ogous organelles in other cells such as  the lysosome and 
various endosomal compartments. We suggest that it is likely 
that VCaB42 plays a role in the transduction of calcium 
signals, either to or from the vacuole. 
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