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The NAD" metabolite cADP-Rib (cADPR) elevates cytosolic free Ca®" in plants and thereby plays a central role in signal
transduction pathways evoked by the drought and stress hormone abscisic acid. cADPR is known to mobilize Ca®>* from the
large vacuole of mature cells. To determine whether additional sites for cADPR-gated Ca*>" release reside in plant cells,
microsomes from cauliflower (Brassica oleracea) inflorescences were subfractionated on sucrose density gradients, and the
distribution of cADPR-elicited Ca®>* release was monitored. cADPR-gated Ca*>" release was detected in the heavy-density
fractions associated with rough endoplasmic reticulum (ER). cADPR-dependent Ca®" release co-migrated with two ER
markers, calnexin and antimycin A-insensitive NADH-cytochrome c reductase activity. To investigate the possibility that
contaminating plasma membrane in the ER-rich fractions was responsible for the observed release, plasma membrane
vesicles were purified by aqueous two-phase partitioning, everted with Brij-58, and loaded with Ca?*: These vesicles failed
to respond to cADPR. Ca®" release evoked by cADPR at the ER was fully inhibited by ruthenium red and 8-NH,-cADPR,
a specific antagonist of cADPR-gated Ca®" release in animal cells. The presence of a Ca®>" release pathway activated by

cADPR at higher plant ER reinforces the notion that, alongside the vacuole, the ER participates in Ca®* signaling.

Multiple and variable environmental signals are
sensed by plants and lead to coordination of their
growth and development. Stimulus-response cou-
pling for many of these signals is widely accepted to
be mediated (at least in the early steps) by modulation
of cytosolic free Ca®* ([Ca®"],; Sanders et al., 1999).
Intracellular Ca®* stores are integral components of
Ca®"-based signal transduction pathways, operating
both as efficient sites for Ca®* sequestration and as
sources for rapid and localized release of the ion in
response to a stimulus (Malho et al., 1998; Sanders et
al., 1999). The imposing presence of a large vacuole,
containing millimolar levels of Ca®" (Felle, 1988) and
occupying up to 90% of the total volume in most
mature cell types, has led to the view that the vacuole
is quantitatively the most significant intracellular Ca**
pool. Identification of several active Ca>* transporters
and Ca®" release channels at the vacuolar membrane
(Allen and Sanders, 1997; Evans and Williams, 1998)
has further reinforced the appreciation of the vacuole as
a major Ca®" store with the potential to participate in
signaling-related Ca®* mobilization. Thus, the vacuolar
membrane possesses release pathways for Ca>* that are
gated by voltage (Johannes et al., 1992; Allen and Sand-
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ers, 1994a; Ward and Schroeder, 1994) by inositol 1,4,5-
trisphosphate (InsP;: Alexandre et al., 1990; Allen and
Sanders, 1994b) and by the NAD™* metabolite cADP-
Rib (cADPR: Allen et al., 1995).

In the context of Ca®" signaling in plants, limited
attention has been paid to the endoplasmic reticulum
(ER), despite the clear prominence of the ER in both
Ca®" homeostasis and signaling in animal cells (Poz-
zan et al., 1994). Nevertheless, in the last few years,
the biochemical characterization and molecular clon-
ing from plants of the ER luminal Ca®** buffering
protein calreticulin (Chen et al., 1994; Navazio et al.,
1995) and of P-type Ca®*"-ATPase pumps located at
ER membranes (Thomson et al.,, 1993; Liang et al.,
1997; Harper et al., 1998; Hong et al., 1999), have
confirmed the potential importance of the ER in cel-
lular Ca®" relations. The discovery of a voltage-gated
Ca®" channel that mediates Ca”>* release from the ER
of tendrils of Bryonia dioica (Kliisener et al., 1995) has
served to reinforce the possibility of a role for the ER
in higher plant Ca*t signaling. Furthermore, micro-
injection studies in pollen tubes have revealed the
presence of a non-vacuolar InsPs-releasable Ca®"
store that is possibly associated with the ER
(Franklin-Tong et al., 1996), and membrane fraction-
ation studies on cauliflower (Brassica oleracea) florets
have led tentatively to similar conclusions (Muir and
Sanders, 1997). An additional class of Ca** release
pathway residing exclusively on the ER is activated
by the NADP metabolite nicotinic acid adenine dinu-
cleotide phosphate (NAADP: Navazio et al., 2000).
The ER has also been hypothesized to be responsible,
through Ca®" release, for the generation of the Cha-
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rophyte action potential (Plieth et al., 1998) and of
repetitive Ca®" spikes in the freshwater green alga
Eremosphaera viridis (Bauer et al., 1998). In this latter
case, the pharmacology of Ca®" release suggested the
involvement of a ryanodine receptor-like Ca®" chan-
nel, possibly activated by cADPR.

cADP-Rib mobilizes Ca®>" in a range of plant and
animal cell-types (Lee, 1997). Firm evidence for a
second messenger role for cADPR has been estab-
lished through measurement of changes in cADPR
concentration, which parallel those in [Ca?* ], (Guse
etal., 1999). In plants, a physiological role for cADPR
in signaling by the drought and stress hormone ab-
scisic acid has been demonstrated (Wu et al., 1997,
Leckie et al., 1998). cADPR-mediated induction of
abscisic acid-responsive gene expression was shown
to be exerted by means of mobilization of internal
Ca”" stores, although the cytological identity of the
Ca®" pools on which cADPR acts still remains to be
fully defined (Wu et al., 1997).

In this study we have investigated the localization
of cADPR-sensitive Ca®" stores in cauliflower inflo-
rescences. This plant tissue represents an ideal sys-
tem to investigate the nature of Ca>* channels in the
ER since the rapidly dividing cells of the inflores-
cence possess an extensive ER network but relatively
small vacuoles (Muir and Sanders, 1997). By cell frac-
tionation and subsequent Ca”* transport analysis of
the microsomal subfractions we show here that
cADPR is effective at releasing Ca®" not only from
the vacuole but also from the ER membrane pool. The
occurrence of agonist-mobilizable Ca®* discharge
from the ER suggests that the role of this compart-
ment in origination of cytosolic Ca** signals in plant
cell stimulus-response coupling is more crucial than
has hitherto been envisaged.

RESULTS

Distribution of ER and Vacuolar Membrane
Markers after Continuous Gradient Centrifugation of
Cauliflower Microsomes

Figure 1A shows the distribution of total protein in
the subfractions obtained by isopycnic centrifugation
of cauliflower microsomes on a linear 10% to 45%
(w/w) Suc density gradient made up over a 50% Suc
cushion. To facilitate the separation of the ER from
the vacuolar membrane vesicles, 3 mm MgSO, was
included in both homogenization medium and Suc
solutions (Liang and Sze, 1998). Most of the protein
was recovered in fractions 13 to 14 collected at high
buoyant density (38%—-40% [w/w] Suc), resembling
the pattern previously reported by Muir and Sanders
(1997) in the same experimental system, although we
observed a narrower peak here.

The distribution of the ER marker enzyme antimy-
cin A-insensitive NADH-Cyt ¢ reductase among the
microsomal subfractions is illustrated in Figure 1B.
The presence of Mg®" in all preparative media re-
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Figure 1. Subfractionation of cauliflower microsomes by Suc gradi-
ent centrifugation. A, Suc concentrations (@) determined by refrac-
tometry, and distribution of protein (CJ) among microsomal subfrac-
tions. B, Distribution of ER and vacuolar marker enzyme activities. O,
Bafilomycin A;-sensitive H*-ATPase (100% = 99.4 nmol mg’1
min~"); B, antimycin A-insensitive NADH-Cyt ¢ reductase (100% =
59.5 nmol mg~" min~"). C, Western analysis of microsomal subfrac-
tions (10 ug protein per lane) decorated with antibodies against
calnexin (1:1,000 diluted). The arrow indicates 65 kD cauliflower
calnexin.

sulted in ER residing exclusively at densities higher
than 30% (w/w) Suc, as anticipated for ER membrane
vesicles bearing attached ribosomes (rough ER) (Rob-
inson et al., 1994).

Vacuolar membranes, identified by bafilomycin-
sensitive H'-ATPase activity, peaked in the low-
density region of the gradient (Fig. 1B, fractions 7-9,
24%-29% [w/w] Suc), in agreement with previous
results obtained by Askerlund (1997) in cauliflower.

Antibodies against ER marker proteins were also
used to study the distribution of ER membranes after
continuous Suc gradient centrifugation. Figure 1C

Plant Physiol. Vol. 125, 2001



—
>
|

iy
3%
|

—
o
|

cADPR-induced Ca” release (%)

1+23+45+6 7 8 9 10 11 12 13 14 15 16 17

Fraction Number

Figure 2. Distribution of cADPR-induced Ca’* release among cau-
liflower microsomal subfractions. Vesicles from each fraction were
preloaded with Ca?* and potential further uptake following Ca?*
release subsequently inhibited as detailed in “Materials and Meth-
ods.” An aliquot was removed for radioactivity counting and cADPR
(1 um) was then added. Three aliquots were removed successively
over the ensuing 2 min to measure changes in accumulated Ca®*.
Results are the means = st of three to six replicates from two different
membrane preparations. Stars indicate non-detectable uptake.

shows western blots of cauliflower microsomal sub-
fractions decorated with antibodies against the inte-
gral ER membrane protein calnexin from Arabidop-
sis (Huang et al., 1993). A polypeptide of around 65
kD was detected in agreement with the M, of plant
calnexin. The presence of calnexin only in the heavier
Suc fractions (fractions 11-17) gives further support
to the results obtained by enzyme assay, confirming
the distribution of ER membranes in this region of
the gradient.

Antibodies against the intraluminal ER Ca®"-
binding proteins calreticulin (Navazio et al., 1995)
and BiP (Denecke et al., 1991) were also used, but
both of these reticuloplasmins were found to be
spread throughout the gradient (data not shown).
This wide distribution is likely to be due to the
release of soluble proteins from the ER lumen during
homogenization.

Distribution of cADPR-Dependent Ca®>* Release among
Microsomal Subfractions

Membrane vesicles separated on linear Suc gradi-
ents were subsequently used for Ca®" transport stud-
ies. With the exception of fractions 1 to 4, collected at
12% to 18% (w/w) Suc, all other fractions exhibited
ATP-dependent Ca®" accumulation (data not shown).
The transport-incompetence of the lightest fractions is
likely to be due to the non-membranous origin of
these samples, containing only soluble proteins re-
leased during cell disruption and fractionation. Ves-
icles from each fraction were incubated for 60 min in
the uptake medium to obtain steady-state Ca** load-
ing and then analyzed with respect to their ability to
release Ca®" in response to cADPR. Figure 2 shows
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that 1 um cADPR released Ca®" from two popula-
tions of membrane vesicles in cauliflower. The first
peak of cADPR-sensitive membranes was found at
27% to 29% (w/w) Suc (fractions 8 and 9), coinciding
with the peak of vacuolar membrane marker enzyme
activity. The second population of vesicles respon-
sive to cADPR was located at 34% to 49% (w/w) Suc
(fractions 11-17), where most of the ER marker en-
zyme activity is recovered. It has to be noted that
membrane vesicles from fraction 12, collected at 36%
(w/w) Suc, although exhibiting a fairly high ER
marker enzyme activity could not be discharged by
addition of cADPR. Failure of fraction 12 to release
Ca®" in response to this agonist was apparent in two
different membrane preparations, suggesting the oc-
currence of ER subcompartments where the density
of the receptor is too low to be detected. However,
given the low signal-to-noise ratio, we cannot be
confident that fraction 12 is a cADPR-insensitive
fraction.

The magnitude of Ca”>" release was found to be
similar in both vacuolar and rough ER membrane
populations, ranging from 8% to 10% of the total
accumulated A23187-sensitive Ca®" (Fig. 2).

The cADPR-elicited Ca®" release properties of frac-
tion 13, collected in the middle of the ER marker
enzyme activity (38% [w/w] Suc) were further in-
vestigated. Figure 3 shows that when 1 um ADPR
(the hydrolytic product of cADPR) was admi-
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Figure 3. Specificity and inhibitor sensitivity of cADPR-induced
Ca®* release from rough ER-enriched fractions. Cauliflower mem-
brane vesicles collected at 38% (w/w) Suc were allowed to accumu-
late Ca®* for 60 min before addition of either 1 um ADPR (first bar)
or 1 um cADPR (remaining bars). Potential inhibitors of Ca®* release
(30 uMm ruthenium red, 2.5 um 8-NH,-cADPR, and 10 um heparin
[M, = 4k-6k]) were added 1T min prior to the addition of cADPR.
Results are the means = st of three experiments.
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Figure 4. Comparison of the Ca>" transport properties of cauliflower
ER membranes before and after ribosome stripping. A, Distribution of
antimycin A-insensitive NADH-Cyt c reductase activity among cau-
liflower microsomal subfractions separated on two subsequent Suc
gradients, the first containing 3 mm MgSO,, (M), the second 3 mm
EDTA (A). Fractions comprising the 37% to 38% (w/w) Suc zone of
the Mg”*-containing gradient were pooled, treated with EDTA, and
recentrifuged isopycnically into an EDTA-containing gradient. B and
C, Electron micrographs of the Suc fractions collected at the peak of
NADH-Cyt c activity on the EDTA-containing gradient (ribosome-
stripped ER) and the Mg?*-containing gradient (rough ER), respec-
tively. D and E, Ca?" uptake and Ca®* release induced by 1 um
cADPR from the same samples analyzed by electron microscopy.
Vesicles were incubated for 60 min in Ca®* transport medium in the
absence (white bars) or presence (gray bars) of spinach calmodulin (6
pmg mL™Y; 150 units mL™"). Results are the means =+ st of three
experiments.
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nistrated to the Ca®*-loaded vesicles instead of 1 um
cADPR, no Ca?* release was detected, demonstrating
specificity of release for the cyclic isomer only. A
higher concentration of ADPR (10 um) was also in-
effective in releasing Ca®" from a microsomal pre-
paration (data not shown). The cADPR-induced Ca**
release was found to be effectively blocked by ruthe-
nium red (83% inhibition at 30 uMm, Fig. 3), an antag-
onist of the cADPR-dependent Ca”>" release mecha-
nism in both animal (Galione et al., 1991) and plant
vacuolar membranes (Allen et al., 1995). However,
since ruthenium red has also been shown to inhibit
other classes (non-ligand gated) of plant Ca®*" chan-
nel (Marshall et al., 1994), we tested the effect of a
more specific antagonist of cADPR action: 8-NH,-
cADPR (Walseth et al., 1993). This 8-substituted an-
alog of cADPR was found to block Ca** release by
cADPR almost completely (92% inhibition at 2.5 uM,
Fig. 3). Heparin, a specific inhibitor of the InsP,-
mediated pathway in cauliflower microsomes (Muir
et al., 1997), was found to be completely ineffective at
blocking the Ca>* mobilizing action of cADPR on the
same ER-enriched membrane vesicles (Fig. 3).

Ca** Transport Properties of Ribosome-Denuded ER
Membrane Vesicles

In an attempt to purify further the ER membranes
responsive to cADPR, the Mg®"-containing Suc gra-
dient fractions corresponding to the peak activity of
antimycin-insensitive NADH-Cyt ¢ reductase (37%-—
38% [w/w] Suc: Fig. 4A) were treated with EDTA to
dissociate ribosomes from the ER. The membranes
were then recentrifuged isopycnically onto a second
Suc gradient containing EDTA. As a result of strip-
ping, the ribosome-denuded ER membranes shifted
to a region of the gradient free of contaminating
membranes (21%—-27% [w/w] Suc), causing a 2-fold
increase in the specific activity of NADH-Cyt ¢ re-
ductase (Fig. 4A). This attests to the good degree of
purity of ER membranes obtained by this procedure.
Electron microscopy of the membrane material col-
lected at the peak of the ER marker enzyme activity
before and after the density-shift further supported
the biochemical evidence for the removal of ribosomes
after EDTA treatment. ER vesicles collected from
the Mg”*-containing gradient consisted of vesicles
heavily studded with ribosomes (Fig. 4C), where-
as those collected from the EDTA-containing gradi-
ent showed mainly smooth vesicles, suggestive of
stripped ER (Fig. 4B).

In **Ca®" uptake experiments, the stripped ER
membranes exhibited a reduced ability to accumulate
Ca®" in comparison with the rough ER membranes
from which they have derived. The level of Ca*"
uptake was found to drop from 8.5 to 4.5 nmol mg "
(Fig. 4D). However, Ca®" uptake by artificially
smooth ER vesicles could be restored to levels com-
parable with those of rough ER vesicles by addition
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Figure 5. cCADPR-sensitivity of the upper and lower phases obtained
by aqueous two phase partitioning of cauliflower microsomes. Load-
ing of Ca’" into vesicles from the upper (H) and lower (O) phases was
terminated by addition of FCCP (10 um) and Na;VO, (200 um).
Curves are standardized to this point (100% Ca>" accumulation =
31.9 = 1.2 (W] and 14.4 = 0.9 nmol mg’1 [O]). cADPR (1 pMm) was
subsequently added and three aliquots removed to estimate Ca?*
remaining in the vesicles by measuring radioactivity content. Data
are the means = st of three experiments.

of 6 ug mL™" spinach calmodulin. Inclusion in the
Ca®* transport medium of the same dose of exoge-
nous calmodulin did not have any significant effect
on the Ca>" accumulation capacity of the rough ER-
derived vesicles (Fig. 4C). These results suggest that
endogenous calmodulin, which is very tightly asso-
ciated with plant Ca®>* pumps in vivo (Evans and
Williams, 1998) and still present in membrane frac-
tions separated on Mg”"-containing gradients, is at
least partially lost after continuous gradient centrif-
ugation in the presence of EDTA. In summary,
substantial enrichment of these fractions by ER is
suggested by the visualization of ribosomes on the
vast majority of vesicles, by the strong EDTA-
dependent density shift of marker enzyme activity,
and by the presence of both calmodulin-independent
and -dependent components to Ca>* uptake (compare
with Hong et al., 1999; Hwang et al., 2000).

It is surprising that the ribosome-denuded ER
membrane vesicles were found not to release Ca®" in
response to cADPR: When fractions corresponding to
the NADH-Cyt ¢ reductase peak on the EDTA-
containing gradient were pooled and challenged
with 1 um cADPR, no significant cADPR-dependent
Ca®" release was observed (Fig. 4E). On the other
hand, no cADPR-elicited Ca®" release was detected
in any other region of the gradient (data not shown),
ruling out the obvious possibility that the responsive-
ness to cADPR observed in the high-density zone of
the Mg”*-containing gradient could be due to con-
taminating vesicles of different membrane origin. In-
clusion of calmodulin in the Ca®" transport assay
was not sufficient to re-establish the cADPR-elicited
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Ca®" release previously observed in the rough ER
preparation (Fig. 4E).

Treatment with 15 mm pyrophosphate, an alterna-
tive Mg®" chelator that detaches ribosomes from
rough ER fractions as effectively as EDTA (Amar-
Costesec et al.,, 1974) resulted in the same loss of
sensitivity of the uncoated ER vesicles to the Ca**-
mobilizing effect of cADPR (data not shown).

The Ca’*-Mobilizing Action of cADPR Is Exerted on
Internal Ca®>* Stores Only

Plant cell plasma membranes exhibit equilibrium
densities (30%—40%) on Suc gradients that overlap
significantly with those of rough ER membranes
(Robinson et al., 1994). To investigate whether the
cADPR-responsiveness of the high density Suc frac-
tions and in particular that of fraction 11, collected at
34% (w/w) Suc (Fig. 2), could be due to contamina-
tion of rough ER with plasma membrane vesicles,
cauliflower microsomes were separated by aqueous
two phase partitioning and the resulting upper and
lower phases analyzed with the **Ca*" filtration as-
say. Plasma membrane fractions obtained by phase
partitioning are superior in terms of purity to those
obtained by Suc density centrifugation (Robinson et
al., 1994). This was confirmed by a glucan synthase II
enzyme assay, which demonstrated a higher specific
activity of this plasma membrane marker in the up-
per phase obtained by two phase partitioning than in
any of the Suc gradient fractions (Table I).

Vesicles from the upper phase were treated with Brij
58 to produce a uniform population of cytosol-side-
out plasma membrane vesicles (Johansson et al., 1995)
and were then Ca®"-loaded. Challenge with saturating
doses (1 uM) of cADPR failed to evoke Ca®" release
(Fig. 5). By contrast, administration of the same dose
of cADPR resulted in significant Ca®* release from the
lower phase (Fig. 5), which contains the bulk of endo-
membranes. These data demonstrate that Ca>" influx
across the plasma membrane is not involved in
cADPR-elicited Ca®" release in cauliflower.

DISCUSSION

The ability of cADPR to mobilize intracellular Ca®"
from storage pools has long been known in animal
cells (Clapper et al., 1987; Lee et al., 1989) and has
more recently been documented in plant cells (Allen

Table 1. Analysis of glucan synthase Il activity in plasma mem-
brane-enriched fractions obtained by two-phase partitioning and
Suc density centrifugation

Membrane Fraction Specific Activity Enrichment
nmol mg~" min~’
Microsomes 242.5
Upper phase 760.6 3.1
Gradient fraction (34% [w/w] Suc) 288.5 1.2
2133
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et al., 1995; Leckie et al., 1998). Plant Ca>" release
channels gated open by cADPR have been reported
at the vacuolar membrane of plants (Allen et al., 1995;
Leckie et al., 1998), where their biochemical and
pharmacological properties are very similar to those
of animal ryanodine receptors (Muir and Sanders,
1996; Muir et al., 1997). However, the occurrence of a
cADPR-gated Ca”>" release pathway at the vacuolar
membrane does not preclude, in principle, the possi-
bility that channels belonging to the same class could
also be located at plant cell compartments other than
the vacuole.

In this study we have investigated in more detail
the distribution of plant cADPR-sensitive Ca”*
stores, using membrane vesicles prepared from inflo-
rescences of cauliflower. We show here that, in ad-
dition to the vacuole, the ER can be regarded as a
bona fide cADPR-sensitive intracellular Ca®" store,
at least in cauliflower. cADPR-elicited Ca®" release at
the ER membrane was found to share the same phar-
macological features as the cADPR-gated mechanism
located at the vacuolar membrane (Muir and Sanders,
1996; Leckie et al., 1998), i.e. insensitivity to the InsP,-
receptor antagonist heparin and effective inhibition
by the cADPR-receptor blockers ruthenium red and
8-NH,-cADPR. Moreover, the release pathway at
the ER is selectively activated by cADPR, ADPR being
ineffective in triggering Ca>" release.

The magnitude of the Ca>" release induced by
cADPR did not exceed 10% of the total Ca** accu-
mulated by vesicles from both intracellular mem-
brane locations (ER and vacuole), suggesting that in
cauliflower the cADPR-gated channels are present at
a lower density than in red beet vesicles (Allen et al.,
1995). This could be attributed to species-specific
variations (Muir et al., 1997) or, alternatively, to a
level of Ca®* channel expression that depends on the
state of cell differentiation (Gollasch et al., 1998).

The use of high Mg?* conditions for the isolation
and separation of membrane vesicles on Suc gradi-
ents will have reduced to a minimum the risk of
contamination of rough ER by vacuolar membranes.
Indeed, bafilomycin-sensitive H*-ATPase (vacuolar
marker) and antimycin-insensitive NADH-Cyt ¢ re-
ductase (ER marker) showed good separation be-
tween the two membrane populations. The ER loca-
tion of cADPR-sensitive Ca”" release detected in the
high density region of the gradients was further con-
firmed by immunoblot analysis with antibodies
against the ER integral membrane protein calnexin.
Antibodies against the ER luminal reticuloplasmins
calreticulin and BiP were also used in this study, but
the leakage of soluble proteins from the ER lumen
during homogenization and the possibility of their
subsequent trapping in the forming vesicles, even of
different origin, warn against the use of non-
membrane-anchored proteins as reliable ER markers
in cell fractionation studies.
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The possibility that cADPR-induced Ca** mobili-
zation in the ER-containing fraction of the Suc gradi-
ent was actually mediated by contaminating plasma
membrane vesicles was tested with highly purified
plasma membrane vesicles obtained by two-phase
partitioning of cauliflower microsomes. Failure of
inside-out (cytosol-side-out) plasma membrane vesi-
cles to release the accumulated Ca*>* in response to
cADPR indicates that the plasma membrane is not
involved in cADPR-dependent Ca** release, in con-
trast to the two-phase fraction that was enriched in
endomembranes. A similar conclusion has emerged
from studies on sea urchin eggs, which established
that external Ca®* was not required for the increase
of cytosolic Ca®>" generated by cADPR (Lee et al.,
1994).

Further purification of ER membranes on Suc gra-
dients in the presence of EDTA or pyrophosphate
was found to affect the functional integrity of the
cADPR-gated Ca”" channels located on these mem-
branes. The “artificially smooth” ER vesicles pro-
duced in this way lost their ability to be discharged
by cADPR and were severely impaired in their Ca®"
accumulation properties as well. The effect of both of
these Mg”"-chelating agents is suspected not to be
restricted to the detachment of ribosomes from ER
membranes but to involve the removal of some sol-
uble proteins adsorbed on microsomes (such as cal-
modulin; see “Results”) and peripheral membrane
proteins as well (Amar-Costesec et al., 1974; Fujiki et
al.,, 1982). Photoaffinity-labeling experiments of
cADPR-binding sites in sea urchin egg microsomes
have led to the proposal that cADPR does not interact
directly with the channel itself but may rather exert
its effect through intermediate proteins of 140 and
100 kD (Walseth et al., 1993). We can speculate that
these, or some other accessory proteins, required for
functional cADPR-gated Ca®* channels, are lost dur-
ing the EDTA/pyrophosphate-dependent density
shift of rough ER membranes.

Our finding that higher plant ER is mobilized by the
endogenous activator of ryanodine receptors, cADPR,
reinforces and extends the recent results of Bauer et
al. (1998), who postulated the existence of ryanodine-
like receptors at an algal ER on the basis of the
inhibitory effect of ruthenium red and ryanodine on
Ca®"-spiking in these cells.

The cADPR-dependent mechanism of Ca”>" mobi-
lization from the ER appears to be widespread and
well conserved throughout evolution, being present
with the same characteristics in species that are phy-
logenetically very distant, including plant, inverte-
brate, and mammalian cells. Furthermore, the signal-
ing role of this molecule seems to have an ancient
origin, the early branching photosynthetic protist Eu-
glena gracilis already possessing the cADPR-release
pathway (Masuda et al., 1997). Since the same organ-
ism has also been demonstrated to express the ER
Ca®" buffering protein calreticulin (Navazio et al.,
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1998), it seems that both these components of the
internal Ca®* homeostat appeared very early during
eukaryote evolution.

At least two classes of Ca®"-permeable channel are
present at plant ER membranes, i.e. voltage-gated
(Kltisener et al., 1995) and ligand-gated by NAADP
(Navazio et al., 2000). Our present findings demon-
strate the presence of an additional class of ligand-
gated channel at the ER. In animals, NAADP and
cADPR are regarded a sibling messengers, both be-
ing produced by a single enzyme from different pyri-
dine nucleotide substrates (Lee, 1999).

The presence of a variety of Ca>* channel types on
different plant membranes might give clues to a long-
standing problem in Ca®" signaling, which is how
(given the wide array of stimulus-response pathways
in which Ca®* is involved) stimulus specificity can be
encoded. The specificity of the Ca®" signal (the
so-called “Ca?%* signature”; Webb et al., 1996) is likely
to rely on the identity of the particular intracellular
Ca®" pool from which Ca®>" release is triggered,
thereby encoding spatial information, as well as on
the dynamic properties of the channels through
which release occurs (McAinsh and Hetherington,
1998). Further work will be required to establish
whether cADPR and NAADP are differentially used
in alternative signaling pathways, or whether they
participate jointly in individual Ca®" signaling
events.

MATERIALS AND METHODS
Preparation of Cauliflower Microsomal Subfractions

Cauliflowers (Brassica oleracea) were purchased from a
local market, and the outermost part (top 0.5 cm) of inflo-
rescences was used. A crude microsomal fraction was iso-
lated as previously described (Muir and Sanders, 1997)
except that EDTA was replaced by 3 mm MgSO, in all
buffers and NaCl was omitted from the buffer used to wash
the microsomal pellet. The final pellet was resuspended in
gradient basal medium A {25 mm Tris-MES [2-(N-
morpholino)ethanesulfonic acid], pH 7.5, 3 mm MgSO,, 2
png mL~" leupeptin, and 0.5 mM phenylmethylsulfonyl flu-
oride} containing 8% (w/w) Suc, at a protein concentration
of 10 to 15 mg mL ™.

Subfractionation of crude microsomes (2 mL) was car-
ried out on a linear 10% to 45% (w/w) Suc gradient (32 mL)
over a 50% (w/w) Suc cushion (2 mL). This was centri-
fuged at 100,000¢ for 3 h and fractions (2 mL) collected
from the top of the centrifuge tube. Centrifugations for 6
and 16 h showed the same distribution of protein and
marker enzymes as for 3 h, so the gradient is known to be
isopycnic at that time.

Stripping of ribosomes was done by pooling fractions
corresponding to the peak of rough ER membranes from
six Mg®*-gradients prepared as above and diluting with
twice their volume of gradient basal medium B (25 mm
Tris-MES, pH 7.5, 3 mm EDTA, 2 ug mL~ "' leupeptin, 0.5
mM phenylmethylsulfonyl fluoride). After centrifugation at
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150,000g for 1 h, the pellet was resuspended in 2 mL of the
same buffer containing 8% (w/w) Suc and layered over a
second Suc gradient identical to the first one but made up
in gradient medium B. The EDTA-containing gradient was
centrifuged at 100,000g for 3 h and fractions collected as
above. All operations were performed at 4°C. Suc concen-
tration was measured with a refractometer.

Suc fractions were either used directly for marker en-
zyme assays and immunoblot analysis, or diluted 3-fold,
pelletted (at 100,000g for 1 h), and resuspended in 400 mm
glycerol, 5 mm bis-tris propane (BTP)-MES, pH 7.4, 25 mm
K], 3 mm MgSO,, 0.3 mm NaNj for Ca?* transport assays.
Samples were frozen in liquid nitrogen and stored at
—80°C until use.

Aqueous two-phase partitioned plasma membrane was
prepared from cauliflower microsomes exactly as de-
scribed by Thomson et al. (1993), using 6.5% (w/w) Dex-
tran T500 and 6.5% (w/w) polyethyleneglycol 3350, and
performing three successive steps of partitioning. For Ca**
transport assays, upper phase membrane vesicles were
treated with 0.05% (w/v) Brij 58 according to Johansson et
al. (1995).

Protein concentration was determined using an assay kit
(Bio-Rad Laboratories, Hercules, CA) based on the method
of Bradford (1976); bovine serum albumin was used as a
standard.

Marker Enzyme Assays

Antimycin A-insensitive NADH-Cyt ¢ reductase (ER
marker) activity was measured as described by Hodges
and Leonard (1974). Bafilomycin A;-sensitive H"-ATPase
(vacuolar marker) determinations were carried out accord-
ing to Muir and Sanders (1997). Glucan synthase II (plasma
membrane marker) was determined as described previ-
ously (Navazio et al., 2000).

Marker enzyme analyses were carried out on at least two
different membrane preparations and the assays were con-
ducted in duplicates. The results shown are from represen-
tative experiments.

SDS-PAGE and Immunoblot Analysis

SDS-slab gel electrophoresis was carried out according
to Laemmli (1970), using 12% (w/v) polyacrylamide mini-
gels. For immunoblot analysis, proteins were electro-
phoretically transferred onto nitrocellulose membranes
and blots were incubated with antibodies against the fol-
lowing: (a) Arabidopsis calnexin (Huang et al., 1993; a gift
from N.E. Hoffman, Stanford, CA), (b) spinach calreticulin
(Navazio et al., 1995), and (c) tobacco binding protein (BiP;
Denecke et al., 1991; a gift from J. Denecke, Leeds, UK).
Antibody binding was detected with alkaline phosphatase-
conjugated anti-rabbit secondary antibodies (Boehringer
Mannheim, Basel) and color development by reaction with
5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazo-
lium tablets (Sigma, St. Louis).
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Ca®* Transport Assay

Ca®" transport by membrane vesicles was measured by
a *Ca®" filtration method (Muir and Sanders, 1996). The
assay was carried out at room temperature in 500 pL of a
medium containing 400 mm glycerol, 5 mm BTP-MES, pH
7.4, 25 mm KCl, 3 mm MgSO,, 0.3 mMm NaNj;, 3 mm ATP-
BTP, 50 pg of protein, 10 um CaCl,, together with 5.92 kBq
**Ca*" (Amersham, Buckinghamshire, UK, original specific
activity 63 GBq mmol '). Vesicles were incubated in the
Ca”" transport medium for 60 min to allow steady-state
intravesicular levels of Ca®>* to be obtained. Potential re-
loading following Ca®" release was abolished by addition
of 10 um carbonyl cyanide p-(trifluoromethoxy) phenyl-
hydrazone (FCCP) and 200 um NazVO,, inhibitors of
Ca’>*/H" antiport and Ca®"-pumping ATPases, respec-
tively. Subsequently, 1 um cADPR (Molecular Probes, Eu-
gene, OR) was added. Potential inhibitors of Ca?" release
(ruthenium red, 8-NH,-cADPR, heparin) were added 1 min
prior to the addition of cADPR. Finally, administration of
the Ca®" ionophore A23187 (10 um) was used to collapse
the remaining Ca®" gradient. No additions contained more
than 1% of the total assay volume. At defined time inter-
vals, 50-uL aliquots were removed, filtered on prewetted
nitrocellulose filters (0.45-um pore size, type WCN, What-
man, Clifton, NJ), and rapidly washed once with 5 mL of
ice-cold wash medium (400 mm glycerol, 5 mm BTP-MES,
pH 7.4, 0.2 mm CaCl,), using a filtration unit under vac-
uum (Amicon, Beverly, MA). Intravesicular content of
*>Ca*"was determined by liquid scintillation counting. Ra-
dioactivity remaining on the filters after the addition of
A23187 is defined as nonaccumulated Ca?" and was sub-
tracted from all the data points; typically, this correction
amounted to approximately 25% of the overall maximum
Ca®" accumulation.

Cauliflower membrane vesicles do not show any signif-
icant “leak” of Ca®" in the absence of effectors over the
time course of the release experiment (6 min).

Electron Microscopy

Membrane samples were fixed in 1% (w/v) cacodylate-
buffered glutaraldehyde and post-fixed in 1% (w/v) OsO,
in 0.1 M cacodylate buffer. After dehydration in an ethanol
series, samples were embedded in Araldite resin. After
lead citrate staining, thin sections were observed with a 300
electron microscope (Hitachi, Tokyo) operating at 75 kV.
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