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Higher plants share with animals a responsiveness to the Ca21

mobilizing agents inositol 1,4,5-trisphosphate (InsP3) and cyclic
ADP-ribose (cADPR). In this study, by using a vesicular 45Ca21 flux
assay, we demonstrate that microsomal vesicles from red beet and
cauliflower also respond to nicotinic acid adenine dinucleotide
phosphate (NAADP), a Ca21-releasing molecule recently described
in marine invertebrates. NAADP potently mobilizes Ca21 with a
K1/2 5 96 nM from microsomes of nonvacuolar origin in red beet.
Analysis of sucrose gradient-separated cauliflower microsomes
revealed that the NAADP-sensitive Ca21 pool was derived from the
endoplasmic reticulum. This exclusively nonvacuolar location of
the NAADP-sensitive Ca21 pathway distinguishes it from the InsP3-
and cADPR-gated pathways. Desensitization experiments revealed
that homogenates derived from cauliflower tissue contained low
levels of NAADP (125 pmolymg) and were competent in NAADP
synthesis when provided with the substrates NADP and nicotinic
acid. NAADP-induced Ca21 release is insensitive to heparin and
8-NH2-cADPR, specific inhibitors of the InsP3- and cADPR-controlled
mechanisms, respectively. However, NAADP-induced Ca21 release
could be blocked by pretreatment with a subthreshold dose of
NAADP, as previously observed in sea urchin eggs. Furthermore,
the NAADP-gated Ca21 release pathway is independent of cyto-
solic free Ca21 and therefore incapable of operating Ca21-induced
Ca21 release. In contrast to the sea urchin system, the NAADP-
gated Ca21 release pathway in plants is not blocked by L-type
channel antagonists. The existence of multiple Ca21 mobilization
pathways and Ca21 release sites might contribute to the genera-
tion of stimulus-specific Ca21 signals in plant cells.

A wide variety of environmental stimuli is transduced via
Ca21-based signaling pathways in plants (1). Low resting

levels of cytosolic free calcium ([Ca21]c) are sustained by
Ca21-ATPases and additionally, at the vacuolar membrane, by a
Ca21yH1 antiporter, which removes Ca21 from the cytosol.
Elevation of [Ca21]c during signaling occurs through the opening
of one or more classes of Ca21-permeable ion channel that are
variously located at the plasma membrane, vacuolar membrane,
or endoplasmic reticulum (ER). Targets for Ca21 signals include
Ca21ycalmodulin-domain protein kinases, a calcineurin B-
subunit homolog, or Ca21-dependent ion channels.

Cyclic ADP-ribose (cADPR) and inositol 1,4,5-trisphosphate
(InsP3) act as signaling molecules for the mobilization of Ca21

stores in both plant (2–6) and animal cells (7, 8). More recently,
nicotinic acid adenine dinucleotide phosphate (NAADP), a
metabolite of NADP, also has been identified as a potent
mobilizer of Ca21 in sea urchin eggs, pancreatic acinar cells, and
brain (9–11). Pharmacological and fractionation studies (9, 11,
12) demonstrate that both the release mechanism and the Ca21

stores sensitive to NAADP are distinct from those that are
sensitive to InsP3 and cADPR. NAADP-dependent Ca21 release
also displays biochemical features not found in the other two
ligand-gated systems. NAADP-dependent Ca21 release is not
[Ca21]c-dependent (13, 14) and therefore, unlike InsP3- and
cADPR-dependent release, cannot contribute to Ca21-induced

Ca21 release. Inhibitors of L-type channels (dihydropyridines,
verapamil, and diltiazem) block NAADP-sensitive Ca21 release,
indicating that the release pathway might share structural sim-
ilarities to L-type Ca21 channels (15, 16). In addition, NAADP
exhibits a unique self-desensitization mechanism: Pretreatment
with a low (,3 nM), subthreshold dose of NAADP inhibits Ca21

release by a subsequent saturating dose of NAADP (16, 17). This
self-inactivation phenomenon of NAADP-induced Ca21 release
after Ca21 signaling during fertilization suggests that NAADP
plays a physiological role in the fertilization process (18). Inhi-
bition of fertilization-associated membrane expansion in ascid-
ian oocytes by NAADP led to a similar conclusion (19). Mam-
malian systems contain the enzymatic machinery to synthesize
and degrade NAADP (11, 20), and the presence of endogenous
NAADP has been inferred in Arabidopsis thaliana with desen-
sitization experiments (2). However, NAADP is far from being
described as a ubiquitously important [Ca21]c modulator be-
cause NAADP-dependent Ca21-mobilization has yet to be elu-
cidated in systems other than marine invertebrates, pancreatic
acinar cells, and brain (9–11).

In this study, we use vesicles derived from Beta vulgaris L. tap
roots and Brassica oleracea L. inflorescences to investigate the
potential of NAADP to mobilize Ca21 in plants. The presence
of highly active Ca21 sequestration mechanisms (21–24) and
Ca21 channels, including ligand-gated channels (3, 4, 25, 26),
underlines the importance of Ca21 metabolism in these exper-
imental systems.

Materials and Methods
Red Beet (Beta vulgaris L.) Membrane Production. Microsomes were
isolated from the storage root of greenhouse-grown red beet as
described previously (27). Vacuole-enriched vesicles were pro-
duced by using sucrose density gradient centrifugation of a
microsomal preparation as reported (27), but with the following
modifications: 1 mgyml soybean trypsin-inhibitor, 1 mgyml leu-
peptin, 0.5 mM phenylmethylsulfonyl f luoride, and 5 mM
benzamidinezHCl were added to the homogenization medium,
replacing nupercaine. Soybean trypsin inhibitor (1 mgyml) and
leupeptin (1 mgyml) also were included in the suspension
medium. After separation of membranes on a sucrose step-
gradient (27), the pink protein band at the 10–23% (wtywt)

Abbreviations: cADPR, cyclic ADP-ribose; ER, endoplasmic reticulum; FCCP, carbonylcyanide
p-trifluoro-methoxyphenylhydrazone; InsP3, inositol 1,4,5-trisphosphate; NAADP, nico-
tinic acid adenine dinucleotide phosphate; [Ca21]c, cytosolic free calcium; Cyt c, cytochrome
c; IDP, inosine 59-diphosphate.

†Present address: Dipartimento di Biologia, Università di Padova, Via U. Bassi 58yB, 35131
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sucrose interphase was removed and diluted 10-fold into calcium
transport buffer (see Ca21 Transport Assay), which included 1
mM DTT. A further centrifugation step followed at 80,000 3 g
for 30 min. The final vacuolar membrane pellet was resuspended
in the same buffer, frozen in liquid nitrogen, and stored at 280°C
until use.

Cauliflower (Brassica oleracea L.) Membrane Production. Microsomes
were isolated from the outermost 5 mm of caulif lower inflores-
cences as described (23). The yield was typically 0.5–0.8 mg of
protein per g of fresh weight starting material. Microsomes were
further separated by sucrose density gradient centrifugation as
previously reported (26). Briefly, 2 ml of microsomal vesicles
(10–15 mgyml) were loaded onto a 30-ml, 10–45% (wtywt)
linear sucrose gradient, centrifuged at 100,000 3 g for 6 h at 4°C,
and fractionated from the top into 2-ml fractions. Sucrose
concentration was measured by refractometry. Plasma mem-
brane preparations were obtained by aqueous two-phase parti-
tioning of the microsomal fraction as previously described (28).

NAADP Production by Cauliflower Homogenates. Approximately 15 g
of cauliflower inflorescence (top 2 mm) was homogenized in 30 ml
of assay medium comprised of 340 mM glucose, 1 mM MgCl2, 10
mM mercaptoethanol, 20 mM Hepes (pH 5.0) with 1.7% (volyvol)
plant cell protease inhibitor mixture (Sigma). The homogenate was
filtered through two layers of muslin, and Ca21 was removed with
Chelex resin (Sigma). Aliquots (5 ml) were tested for the presence
of NAADP, and for its production from 0.25 mM b-NADP and 7
mM nicotinic acid, by using the NAADP densitization method (29)
with a sea urchin microsome Ca21-release bioassay. NAADP was
quantified as described (29). Values reported are the means from
two independent determinations.

Protein Determination. Protein concentration was determined with
a Bio-Rad assay kit as described (30). BSA was used as a standard.

Marker Enzyme Assays. Marker enzyme assays were used to
determine the membrane origin of the vesicles on the continuous
sucrose gradients. Activities of bafilomycin A1-sensitive V-type
H1-ATPase (to identify vacuolar membranes), latent inosine
59-diphosphate (IDP)ase (Golgi marker), and antimycin A-
insensitive NADH cytochrome c (Cyt c) reductase (ER marker)
were all determined as previously described (31–33). An extinc-
tion coefficient for Cyt c of 28 mMzcm21 was used. Glucan
synthase II (plasma membrane marker) was determined by using
a modified protocol based on a reported method (34). Mem-
brane vesicles (1–5 mg of protein) were resuspended in 100 ml of
330 mM sucrose, 50 mM Hepes-KOH (pH 7.25), 0.2 mM CaCl2,
2 mM DTT, 20 mM cellobiose, 0.2 mM spermine, 0.006%
(wtyvol) digitonin, 2 mM UDP-glucose containing 0.46 kBq
UDP-[14C]glucose (original specific activity 11 GBqymmol).
Enzymatic activity was stopped after 20 min incubation at 25°C
by boiling for 3 min. Samples were spotted onto filter paper,
dried, and subsequently washed three times for 45 min each in
0.5 M ammonium acetate (pH 3.6) and 30% (volyvol) ethanol.
Filters were dried overnight, and incorporation of UDP-
[14C]glucose was determined by scintillation counting.

Ca21 Transport Assay. Membrane vesicles (50 mg of protein) were
resuspended in 500 ml of calcium transport buffer (400 mM
glyceroly5 mM bis-Tris propane-Mes, pH 7.4y25 mM KCly3 mM
MgSO4y3 mM bis-Tris propane-ATPy0.3 mM NaN3). Ca21

uptake into and release from the vesicles was monitored with a
radiometric filtration assay as described (26). Radioactivity
remaining on filters after the addition of the Ca21 ionophore
A23187 (10 mM) was defined as nonaccumulated Ca21 and was
subtracted from all data. Typically, nonaccumulated Ca21

amounted to 20% of total radioactivity.

Results
NAADP-Induced Ca21 Release from Beet Microsomes. Microsomes
prepared from the storage root of beet have been used previously
to study Ca21 mobilization by InsP3 and cADPR (3, 35). We used
the same experimental system to examine the possibility that
NAADP-activated Ca21 mobilization occurs in plant cells. Mi-
crosomes were loaded with Ca21 by ATP-dependent pumping.
Once vesicular Ca21 reached steady-state levels (20 min of
incubation) further uptake was blocked by the addition of
carbonyl cyanide ptrif luoro-methoxyphenylhydrazone (FCCP)
and Na3VO4, inhibitors of Ca21yH1 antiport and Ca21-
ATPases, respectively. Vesicular Ca21 at this point, referred to
as 100%, was stable for the duration of assay (Fig. 1). Addition
of NAADP (1 mM) resulted in significant Ca21 release amount-
ing to 11.9 6 2.3% of the total Ca21 loaded (Fig. 1 A). NAADP
(0.02–2 mM) released Ca21 from red beet microsomes in a
dose-dependent manner (Fig. 1B). Fitting the data with the
Michaelis–Menten equation yielded a K1/2 of 96 6 11 nM and a

Fig. 1. NAADP-elicited Ca21 release from red beet microsomes is dose-
dependent. Microsomal vesicles were loaded with Ca21 by ATP-dependent
pumping until a steady intravesicular level of Ca21 was reached (20 min). The
potential for reloading after Ca21 release was terminated by the addition of
the uncoupler FCCP (10 mM) and the P-type ATPase inhibitor Na3VO4 (200 mM).
Data are standardized to this point [100% Ca21 accumulation 5 9.9 6 0.4 nmol
of Ca21 per mg]. (A) Either NAADP (1 mM) (■) or H2O (h) was added to
Ca21-loaded vesicles. (B) Dose-dependence, with NAADP added in equal
volumes to reach final concentrations of 0.02–2 mM. Data are the means 6 SEM
of three replicates from two preparations.
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maximal release (Rmax) of 12.1% of the accumulated Ca21. The
K1/2 measured in this plant system is comparable to but slightly
higher than that for NAADP-dependent Ca21 release in sea
urchin homogenate (K1/2 5 30 nM) (9).

The two Ca21-mobilizing agents cADPR and NAADP, although
structurally related (36) and produced by the same ADP-ribosyl
cyclase activity (37), trigger Ca21 release through independent
mechanisms in sea urchin eggs (9, 12). To ascertain whether the
NAADP-dependent Ca21 release pathway is distinct from that
activated by cADPR in plant cells, Ca21-loaded beet microsomes
were treated with saturating doses (1 mM) of cADPR and subse-
quently NAADP. Sequential application of these ligands resulted in
an additive release of Ca21, suggesting that the two agonists act
independently on Ca21 release (Fig. 2). However, these data do not
necessarily indicate that the NAADP- and cADPR-sensitive Ca21

pathways are located on different membranes, because membrane
fragmentation during isolation can yield vesicles containing a single
channel type. To determine whether the Ca21 pool(s) on which
NAADP acts coreside on the vacuolar membrane with those
sensitive to InsP3 and cADPR (3), Ca21-loaded sucrose step-
gradient-purified red beet vacuolar vesicles were challenged with a
saturating (1 mM) dose of NAADP. Surprisingly, NAADP induced
no significant Ca21 release from the vacuolar vesicles, even though
the same Ca21-loaded vacuolar vesicles were still sensitive to InsP3
and cADPR (data not shown). This finding indicates that the site
of action of NAADP is at a membrane distinct from the vacuolar
membrane.

Distribution of NAADP-Sensitive Ca2 1 Pools in Cauliflower. As a more
convenient source of membranes to define the cellular location
of NAADP-sensitive Ca21 pools, Brassica oleracea f lorets were
used. The uppermost region of the caulif lower inflorescences
consists of cells that are mainly meristematic in nature and
contain extensive ER but relatively little vacuolar membrane

(38). Microsomes from this source released 15 6 3% of accu-
mulated Ca21 within the first 90 s of application of 1 mM
NAADP. The nonphosphorylated analog NAAD (1 mM) failed
to release Ca21, whereas in response to 1 mM NADP, 9 6 4%
of accumulated Ca21 was mobilized during the first 90 s. This
limited release of Ca21 by NADP has been characterized in sea
urchin homogenates and has been shown to result from the
contamination of commercial preparations of NADP with
NAADP (36, 39). The membrane identity of the Ca21-pools
sensitive to NAADP was investigated by using microsomal
vesicles that had been separated on 10–45% (wtywt) linear
sucrose gradients. The protein elution profile (data not shown)
revealed that the majority of protein eluted at a buoyant density
of 1.16 gyml, which closely mirrored previously reported results
(26). Analysis of membrane-associated marker enzyme distri-
bution (Fig. 3) showed that vacuolar membranes, identified by

Fig. 3. NAADP-induced Ca21 release from cauliflower microsomal vesicles
separated on continuous sucrose gradients. Freshly prepared cauliflower
microsomal vesicles were separated on 10–45% (wtywt) linear sucrose gra-
dients. (A) Distribution of membrane marker enzyme specific activities. (E),
V-type (bafilomycin A1-sensitive) H1-ATPase (100% 5 31.2 mmolymg per h);
(■), latent IDPase (100% 5 13.02 mmolymg per h); (.), glucan synthase II
(100% 5 12.7 3 104 dpmymg per h); (h), antimycin A-insensitive NADH-Cyt c
reductase (100% 5 6.03 mmolymg per h). (B) (F), Sucrose percentage (wtywt)
of the fractions collected from the top to the bottom of the gradients. Vesicles
(50 mg of protein) from each fraction were incubated for 60 min in 500 ml of
Ca21 uptake medium to obtain steady-state Ca21 levels. The potential for
reloading after Ca21 release was prevented by the addition of FCCP (10 mM)
and Na3VO4 (200 mM). NAADP (1 mM) subsequently was added and the change
in accumulated Ca21, shown as bars, was measured by the analysis of radio-
activity content in aliquots removed 1 and 2 min after the addition of NAADP.
Results are the means 6 SEM of three experiments.

Fig. 2. Additive Ca21 release from red beet microsomes by cADPR and
NAADP. Red beet microsomal vesicles were loaded with Ca21 for 20 min, and
potential reloading after Ca21 release subsequently inhibited as described in
the legend to Fig. 1 [100% Ca21 accumulation 5 7.4 6 0.9 nmol of Ca21 per
mg]. Ca21 release from red beet microsomal vesicles was initiated by addition
of 1 mM cADPR, then 1 mM NAADP (F) or these ligands were added in reverse
order (E). Data are the means 6 SEM of six (F) or nine (E) replicates from three
preparations.
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bafilomycin A1-sensitive H1-ATPase activity, resided in frac-
tions 1–7 in the low-density region of the gradient (1.05–1.10
gyml). Golgi-derived membranes, identified by latent IDPase
activity, were in fractions 9–11 (1.12–1.15 gyml). The peak of
glucan synthase II (plasma membrane marker) activity was
measured at a density of 1.15 gyml (fraction 11). The peak of the
ER marker antimycin A-insensitive NADH Cyt c reductase was
in fraction 13 (1.16 gyml), although a smaller broad peak also was
observed in fractions 8–9 (1.11–1.12 gyml). Muir and Sanders
(26) described a major peak at a buoyant density of 1.12 gyml and
more diffuse activity at buoyant densities of around 1.13–1.20
gyml. The two peaks are likely to represent two forms of ER
membranes: smooth ER, characteristically found at 1.12 gyml,
and rough ER, found at a higher density, typically 1.13–1.18
gyml, because of the presence of attached ribosomes (40).

All sucrose gradient fractions were capable of accumulating
Ca21 in the presence of 3 mM Mg-ATP and vesicular steady-
state Ca21 levels were reached after 60 min of incubation (data
not shown). Vesicles from each fraction then were challenged
with 1 mM NAADP. Fig. 3B shows that NAADP was effective
in releasing Ca21 from fraction 8 (buoyant density, 1.11 gyml)
and fractions 12–15 (1.16–1.18 gyml). The magnitude of Ca21

release ranged from 11 to 28% of the total accumulated A23187-
sensitive Ca21. This finding corresponds to 1.5–5.3 nmol of Ca21

per mg of protein. Importantly, no significant release of Ca21

(,5% of the total A23187-sensitive Ca21 uptake) was observed
in the lighter-density fractions (1.05–1.10 gyml) corresponding
to vacuolar membranes, confirming the results obtained in beet.
The first population of NAADP-sensitive vesicles (fraction 8),
although residing in the lighter-density zone of the gradient (1.11
gyml) is unlikely to be vacuolar in origin and is most likely to
correspond to smooth ER. The second population of NAADP-
sensitive membranes coincided with the main peak of activity of
antimycin A-insensitive NADH-Cyt c reductase (Fig. 3A) and
therefore is most likely representative of rough ER. Participation
of Golgi and plasma membranes in NAADP-induced Ca21

release seems to be negligible because no Ca21 release in
response to NAADP was observed in fractions 10 and 11, which
correspond to the peak of latent IDPase and glucan synthase II
activities, respectively.

However, because the NAADP-sensitive Ca21 pool has been
suggested to be in close proximity to the plasma membrane in sea
urchin eggs (41), we investigated the possible contribution of the
plasma membrane to NAADP-dependent Ca21 release in cau-
lif lower. Caulif lower microsomes were subjected to aqueous
two-phase partitioning to obtain plasma membrane vesicles of
higher purity than is possible by using methods based on sucrose
gradients. Enrichment of plasma membrane was confirmed by
marker enzyme analysis (Table 1), which indicated a 4-fold
increase of the glucan synthase II specific activity in the upper
phase as compared with microsomes. Concomitantly, antimycin
A-insensitive NADH-Cyt c reductase activity was found to be
reduced more than 8-fold in comparison with the microsomal
fraction, suggesting a strong depletion of ER in the upper phase.

Levels of plasma membrane and ER marker enzyme activity in
the lower phase were not significantly different as compared with
the original microsomes.

Freeze-thawed upper-phase membranes containing 40–50%
cytoplasmic side-out vesicles (42) accumulated Ca21 in an
ATP-dependent manner (18.8 6 0.6 nmol of Ca21 per mg). On
treatment with NAADP, no significant Ca21 release was ob-
served (Fig. 4). Addition of a very low concentration of the
detergent Brij 58, which generates 100% inside-out plasma
membrane vesicles (42), resulted in a 70% increase of accumu-
lated Ca21. However, no increase in sensitivity to NAADP was
observed. In marked contrast, the lower phase, which contains
the bulk of the intracellular membranes, was found to respond
to NAADP by releasing 11.4 6 1.1% of the accumulated Ca21

(Fig. 4). Calcium could still be mobilized from the upper phase
by imposing a 60 mV K1 diffusion potential on addition of
valinomycin to membranes with 25 mM K1 inside and 2.5 mM
K1 outside the vesicles (data not shown), demonstrating the
viability of the upper-phase vesicles to release Ca2 1 via a
voltage-dependent pathway (43). These data indicate that the
plasma membrane plays no role in NAADP-dependent Ca21

release.

NAADP Production by Tissue Homogenates. To determine whether
caulif lower inflorescences are competent in NAADP synthesis,
tissue homogenate was incubated with the precursors NADP and
nicotinic acid for 0 to 3 h. In the absence of precursors, a basal
level of 125 pmolymg of protein was detected by using the sea
urchin microsome desensitization assay (29). In the presence of

Table 1. Distribution of marker enzyme-specific activities
between the upper and lower phases from aqueous
two-phase partitioning of cauliflower microsomes

Membrane
fraction

Protein,
mg

Glucan
synthase II, dpm

3 103ymg per min

Antimycin A-insensitive
NADH Cyt c reductase,

nmolymg per min

Microsomes 25 9.5 76.8
Upper phase 2.8 38.1 9.0
Lower phase 14.6 7.4 69.0

The data are representative of two separate membrane preparations.

Fig. 4. Ca21 uptake and NAADP-sensitivity of cauliflower vesicles separated
by aqueous two-phase partitioning. Vesicles (100 mgyml) from the upper and
lower phases obtained after aqueous two phase-partition of cauliflower
microsomes were loaded with Ca21 for 60 min in the absence (2) or presence
(1) of Brij 58 (0.05% wtyvol), as shown. The potential for reloading after Ca21

release was abolished by the addition of FCCP (10 mM) and Na3VO4 (200 mM).
Levels of Ca21 uptake (expressed as nmol of Ca21 per mg) are indicated by the
black bars. Subsequently, NAADP (1 mM) was added, and three aliquots from
each preparation were removed to estimate Ca21 remaining in the vesicles by
measuring radioactive content. Magnitude of Ca21 release (expressed as
percentage of the total accumulated Ca21) is indicated by the white bars. Data
are the means 6 SEM of triplicate samples from three independent experi-
ments; for clarity, only the positive SEM is shown.
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the precursors, NAADP was synthesized at a rate of 6.5 pmolymg
per min (linear for 20 min).

Pharmacology of NAADP-Dependent Ca21 Release. Caulif lower
membrane vesicles collected at 1.17 gyml buoyant density from
the linear sucrose gradient (fraction 14 in Fig. 3) were further
characterized with respect to the pharmacological properties of
NAADP-gated Ca21 release. The sensitivity of NAADP-
dependent Ca21 release to the nonspecific Ca21 channel block-
ers Gd31 and ruthenium red was tested. Gd inhibits Ca21

channels in animals and plants (44, 45), and ruthenium red
inhibits cADPR-induced Ca21 release in plant cells (3) as well as
several classes of plant plasma membrane Ca21 channel (43). We
observed a 70% and 50% reduction of the Ca21 release induced
by NAADP in the presence of Gd31 and ruthenium red,
respectively (Fig. 5).

A more detailed investigation into the NAADP-induced Ca21

release was instigated by using the specific inhibitors of the
cADPR- and InsP3-gated Ca21 release pathways 8-NH2-cADPR
(46) and heparin (47, 48). These antagonists had no effect on
NAADP-induced Ca21 release (Fig. 5), reinforcing the hypoth-
esis that NAADP acts on a separate and distinct Ca21-releasing
pathway to those previously reported in plants. In sea urchin
eggs, NAADP-dependent Ca21 release displays a unique inac-
tivation phenomenon, namely low nanomolar concentrations
(#3 nM) of NAADP, which are subthreshold with respect to
Ca21 release, fully inactivate subsequent Ca21 release by a
normally permissive dose of NAADP (16, 17). We observed a
similar inhibition of NAADP-elicited Ca21 release when the
ligand was added at a saturating concentration (1 mM) to
Ca21-loaded caulif lower membrane vesicles pretreated with 3
nM NAADP (Fig. 5). The addition of 3 nM NAADP itself
caused no change in vesicular Ca21 levels (data not shown).

In sea urchin eggs, L-type Ca21 channel blockers (15, 16) were
found to inhibit fully Ca21 release by NAADP, suggesting

similarities between these two classes of Ca21 channel (15).
However, we found that two L-type channel blockers, diltiazem
and verapamil, had no effect on Ca21 release by NAADP (Fig.
5). These compounds also have been shown to have no effect on
plant plasma membrane Ca21 channels (44).

It has been suggested that K1, either as a counter ion or as a
cofactor, is a requirement for InsP3-induced Ca21 release (49),
whereas NAADP-sensitive Ca21 release pathways seem to be
independent of the presence of monovalent cations (15). In the
absence of K1 on the cytosolic side, NAADP-dependent Ca21

release from caulif lower membrane vesicles exhibits no require-
ment for monovalent cations such as K1 (Fig. 5). NAADP-
sensitive Ca21 release also has been shown to be independent of
[Ca21]c (0–100 mM) (14). In this study, a decrease in [Ca21]c
from 10 mM to 5 nM by the addition of EGTA (150 mM) did not
significantly affect the Ca21 release by NAADP. This result
indicates that [Ca21]c does not play a role in NAADP-dependent
Ca21 release and suggests, as in animal systems, that this pathway
plays no role in Ca21-induced Ca21 release.

Discussion
Microsomes derived from caulif lower and beet previously have
been described as sensitive to the Ca21-mobilizing ligands InsP3
and cADPR (3, 26, 35). In this study, we demonstrate release by
a third Ca21-mobilizing agent, the NADP-derived metabolite
NAADP. Ca21 release induced by NAADP is dose-dependent
with a K1/2 in the nanomolar range (96 nM) similar to that
observed in animal species (39). Specific antagonists of cADPR-
and InsP3-gated Ca21 release pathways fail to block NAADP-
induced Ca21 release from both beet and caulif lower micro-
somes, indicating that the NAADP-sensitive pathway is distinct
from the other two.

Detection of NAADP in caulif lower inf lorescences was
achieved by using a desensitization bioassay. Furthermore, the
tissue possesses the metabolic machinery to synthesize NAADP
from its precursors NADP and nicotinic acid. The rate of
NAADP production (6.5 pmolymg per min) is of the same order,
albeit slightly slower, as has been reported in similar conditions
for sea urchin and whole brain extracts (11, 29).

The inactivation of NAADP-dependent Ca21 release by a
nonreleasing dose of NAADP (3 nM) in caulif lower vesicles
indicates that spontaneous desensitization is conserved across
taxonomically diverse groups (cf. refs. 15 and 16). Other phar-
macological properties of the sea urchin NAADP-induced Ca21

release pathway seem not to be as well conserved in plants: The
lack of effect of diltiazem and verapamil indicates that the
NAADP-mediated Ca21-release pathway in plants has regula-
tory and structural differences from that in sea urchins (15).

Previous demonstrations of both cADPR- and InsP3-elicited
Ca21 release at the vacuolar membrane of red beet (3) have
highlighted the role of the vacuole as a major store of releasable
Ca21 in plants. Purification of vacuolar vesicles from red beet
microsomes revealed, somewhat surprisingly, that the NAADP-
sensitive Ca21 pool does not reside at the vacuolar membrane.
In sea urchin eggs, the membrane location of the NAADP-
dependent Ca21 release pathway is still under scrutiny. Separa-
tion of sea urchin microsomes on Percoll gradients has demon-
strated that the InsP3- and cADPR-dependent Ca21 release
pathways coreside in the same fraction, whereas the NAADP-
sensitive vesicles are scattered throughout various fractions (39).
However, the precise membrane location of the NAADP-
sensitive Ca21 pool could not be defined (12, 50). It is interesting
to note that the distribution of ligand-sensitive Ca21 pools share
similar patterns in both sea urchins and plants, whereby InsP3-
and cADPR-gated channels coreside on the same membrane
type, ER in the case of sea urchins and the vacuolar membrane
in the case of plants. The possibility that InsP3- and cADPR-
gated channels also reside on the ER of plants has not yet been

Fig. 5. Pharmacology of NAADP-dependent Ca21 release. Cauliflower mem-
brane vesicles sampled at 1.17 gyml equilibrium density in sucrose were
incubated for 60 min in 500 ml of Ca21 uptake medium to obtain steady-state
Ca21 levels. Potential reloading after Ca21 release was prevented by addition
of FCCP (10 mM) and Na3VO4 (200 mM) (100% 5 8.4 6 0.3 nmol of Ca21 per mg).
The following subsequently were imposed: 8-NH2-cADPR (2.5 mM), low-
molecular weight heparin (10 mM), NAADP (3 nM), verapamil (50 mM), dilti-
azem (50 mM), GdCl3 (100 mM), ruthenium red (30 mM), or EGTA (150 mM).
After 1 min of pretreatment, the vesicles were challenged with NAADP (1 mM).
For assays performed in K1-free reaction medium, the loading medium also
was K1-free. Results are the means 6 SEM of three experiments.

Navazio et al. PNAS u July 18, 2000 u vol. 97 u no. 15 u 8697

PL
A

N
T

BI
O

LO
G

Y



rigorously investigated. Nevertheless, the NAADP-gated path-
way clearly differs from the other two by its absence in vacuolar
membranes. Caulif lower membrane fractionation showed that
the majority of the NAADP-sensitive membrane vesicles (1.16–
1.18 gyml) colocalized with the peak of the ER marker enzyme
activity, corresponding to rough ER. The additional presence of
NAADP-sensitive Ca21 release at a buoyant density of 1.11
gyml, in the middle of the ER marker enzyme activity attributed
to smooth ER, reinforces the evidence for an ER location of the
NAADP-sensitive Ca21 pool.

The ER and plasma membrane have a close physical relationship
in plant cells (51), and activity of enzymes attributed to the ER and
plasma membrane partially overlap in the higher density fractions
of sucrose gradients (ref. 40 and Fig. 3A). However, possible
involvement of the plasma membrane in NAADP-elicited Ca21

mobilization was excluded because plasma membrane vesicles
purified by aqueous two-phase partitioning demonstrated a lack of
response to NAADP. Another possible contaminating membrane
type in the high-density fractions of sucrose gradients is mitochon-
drial membrane. Mitochondria were unlikely to participate in
NAADP-elicited Ca21 release in these experimental conditions
because the mitochondrial H1-ATPase inhibitor NaN3 was always
included in the Ca21 transport assays.

This paper reports a ligand-gated Ca21 release pathway at the
ER in plants. The ER increasingly is being seen as an important
Ca21 store in plant cells (52). P-type Ca21 ATPases, which are
sensitive to Na3VO4 but insensitive to the specific blocker of

animal ER-located Ca21 ATPases, thapsigargin (53), are present
at the ER membrane (54). The ER additionally contains the
Ca21-binding protein calreticulin that is thought to act, as in
animal cells, as an effective Ca21 buffer within the ER lumen
(55). A voltage-dependent Ca21 channel (56) and possibly InsP3
receptors (26) exist at the ER membrane. The presence of
Ca21-release mechanisms suggests that the ER is not just a Ca21

repository for the cell but can play an active part in Ca21

signaling as a mobilizable Ca21 store.
A long-standing problem in Ca21 signaling is how, given the

wide array of stimulus-response pathways in which Ca21 is
involved (1), stimulus specificity can be encoded. This informa-
tion has been proposed to be encoded in the spatial and temporal
components of the Ca21 signal (9, 57). The presence of multiple,
distinct pathways through which Ca21 can be released at differ-
ent intracellular locations and at least three endogenous mole-
cules that can act as Ca21-mobilizing agents (InsP3, cADPR, and
NAADP) add an extra dimension to our current understanding
of plant Ca21 signaling specificity.
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