
titative arguments based on InsP3-gated Release of Ca2+ from Individual Plant Vacuoles channel density in the native vacuolar 
by Both InsP, and Cyclic ADP-Ribose membrane indicate that only -15% of 

vesicles will contain an  InsP3-gated chan- 
Gethyn J. Allen,* Shelagh R. Muir, Dale Sanders neI, even if all vesicles are of vacuolar 

origin (19). Thus, limited Ca2+ release is 
Calcium mobilization from intracellular pools couples many stimuli to responses in plant compatible with effective mobilization of 
cells. Cyclic adenosine 5'-diphosphoribose (cADPR), which interacts with a ryanodine all Ca2+ in vesicles with a cADPR-gated 
receptor in certain animal cells, was shown to elicit calcium release at the vacuolar channel. 
membrane of beet storage root. The vacuolar calcium release pathway showed similarities The intracellular location of the re- 
to cADPR-gated calcium release in animal cells, including inhibition by ruthenium red, sponse to cADPR was investigated and fur- 
ryanodine activation, and high affinity for cADPR [Michaelis constant (K,) = 24 2 7 ther characterized by patch-clamp of intact 
nanomolar]. Analysis by patch-clamping demonstrated that the cADPR-gated pathway in vacuoles from beet storage root. Of 24 vacu- 
beet is voltage-dependent over the physiological range, does not spontaneously desen- oles tested, all 15 (63%) that responded to 
sitize, and is colocalized with an inositol 1,4,5-trisphosphate (InsP,)-gated calcium re- cADPR did so with a significant and selec- 
lease pathway in individual vacuoles. tive increase in the instantaneous inward 

current (current flowing into the cytosol 
from the vacuolar lumen) (20) (Fig. 2, A 
and B). The noncyclic analog of cADPR 

Calcium-mediated intracellular signaling is inset), a diagnostic antagonist of ryanod- (adenosine 5'-diphosphoribose) had no ef- 
ubiquitous in plants (1, 2). Coupling of ine receptors (16). Ryanodine itself, fect on the current-voltage (I-V) relation in 
diverse stimuli such as red light (3), hor- which at 100 p M  releases Ca2+ from a 10 vacuoles assayed (Fig. 2C). The voltage 
mones ( 4 ) ,  gravity (5), touch, cold shock, cADPR-sensitive Ca2+ pool in rat brain dependence of the cADPR-activated in- 
and fungal elicitors (6) to their respective microsomes (17), also elicited Ca2+ re- ward current is compatible with its appear- 
specific responses involves elevation of cy- lease from the beet microsomes (17% of ance in vivo, where the transvacuolar mem- 
tosolic free Ca2+.  Stimulus specificity is accumulated Ca2+)  (Fig. IB). Neither ru- brane potential lies in the range -20 to 
most likely encoded through a multiplicity thenium red nor ryanodine (10 k M )  af- -50 mV (21). 
of Ca2+ mobilization pathways, each with fects InsP3-elicited Ca2+ release from beet The concentration dependence of the 
its own gating properties (7, 8). The Ca2+ microsomes (18). Pre-release of Ca2+ by cADPR-activated current (Fig. 3 )  demon- 
mobilization properties of InsP3 have been ryanodine precludes further Ca2+ mobili- strates that, as in mammalian (22) and in- 
established in plants (9, 10). zation by cADPR (Fig. I C ) ,  suggesting vertebrate (23) cells, cADPR is active in 

Ryanodine receptors are ion channels that the two ligands release Ca2+ from the the nanomolar concentration range. The 
that control intracellular Ca2+ mobilization same subpopulation of vesicles. Michaelis constant (K,) for cADPR is in- 
in many mammalian cell types, where Ca2+ The limited extent (15 to 17%) to dependent of membrane voltage and lies in 
release through these channels can aug- which cADPR is able to mobilize Ca2+ the range of 20 to 25 nM. 
ment InsP3-elicited Ca2+ mobilization (7). from beet microsomes is similar to the The ionic selectivity of the cADPR-gat- 
Interactions between these two discrete restricted Ca2+ release that occurs with ed current can be calculated from the mean 
Ca2+ release pathways are crucial to the InsP, in this preparation (19), and quan- reversal potential of +8.6 + 2.4 mV (Fig. 
generation of stimulus-specific spatiotem- 
poral patterning of cytosolic Ca2+ signals. 

nicotinamide adenine dinucleotide Fig. 1. Calcium release from vacuolar-en- = 
A (NAD+) metabolite cADPR mobilizes riched microsomes of beet by cADPR. (A) e 

Loading (31) of 45Ca2+ into the vesicles 
C a 2  from internal stores (1 1 ) by activating was terminated by addition of the uncou- 
at least one r~anodine receptor 'soform pier FCCP to a final concentration of 10 
(RYR2) (12-14). FM. Curves are standardized to this point 

To  examine the possibility that cADPR- [loo% = 6.9 2 0.2 (5) nmol mg-11. sub- 
activated Ca2+ mobilization occurs in sequently, either 100 nM (final concentra- 
plants, we prepared microsomes rich in tion) cADPR (e) or an equivalent volume of 40 
vacuolar membrane from storage roots of H20 (0) was added at the time indicated. - 

s 20 
red beet and loaded the microsomes with Finally, addition of the Ca2+ ionophore 
ca2+ by means of a ca2+/~+ antiport, A23187 (5 pM final concentration) col- B o 

lapsed the remaining Ca2+ gradient. (In- 0 5 10 15 20 25 30 which was in turn driven a pH gradient set) ca2+ release from (A) shown on a 5 Time (min) 
generated by the vacuolar adenosine magnified scale. Each point is the mean r B 
triphosphatase (ATPase) (1.5). After ter- SEM of five replicates, ~ l s o  shown is 

+ C RY 

mination of loading by addition of the ~ADPR-elicited Ca2+ release from identi- 
uncou~ler  FCCP, addition of cADPR to a cal experiments in the presence of 30 pM 
final concentration of 100 nM resulted in ruthenium red (A) and reuptake of released 90 - 

a significant Ca2+ release amounting to 15 Ca2+ in the absence of FCCP (A) (one of 85 - 
to 17% of the total uptake in comparison seven similarreplicates). (B) As in (A) (Ca2+ cADPR 

with controls (Fig, 1A).  The cADPR-elic- release shown), except that 100 (LM (final 80 - 
75 ~ 

ited release was inhibited 55 + 8% (n = concentration) ryanodine was added at the 75 - 70 - 
time indicated. Each point is the mean 2 

5, 30 p M  ruthenium red (Fig' SEM of four replicates [I 00% = 7.2 2 0.4 70- , 6 5 - , , , , )  
1 2 3 4  1 2 3 4 5 6  

(4) nmol mg-'1. (C) As in (B), except that Time (min) Time (min) 
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Fig. 2. Membrane currents elicited by cADPR across intact red beet vacuoles (32). (A) Effect of 100 
nM cADPR on vacuolar membrane currents obtained with whole-vacuole mode patch-clamp. Voltage 
was held at 0 rnV and stepped to 280  rnV in 8-mV steps. Potentials and currents are referenced to the 
luminal medium (20). The bath (cytosolic) medium conta~ned 200 mM KCI, 1 mM CaCI,, 5 mM 
tris-MES (pH 7.5), 200 FM ZnCI,, and 600 mM sorbitol. The pipette (luminal) medium contained an 
identical solution, except that CaCI, was increased to 5 mM, the pH was 5.5, and Zn2+ was omitted. 
EL was negligible (<1 mV) with these solutions. (B) Steady-state I-V relations of whole vacuoles 
sampled 500 ms after onset of each voltage pulse in the absence (0) or presence (a) of 100 nM 
cADPR. Currents are normalized to the current at -80 mV in the absence of cADPR (100% = 36 + 
7 mA m-2). Fast vacuolar channel activity, which is normally responsible for much of the inward 
current (28), is inhibited by the high bath Ca2+ concentration, and slow vacuolar channel activity, 
responsible for outward current, IS inhibited by Zn2+ (9). Thls reduces background conductance to an 
ohmic leak (0) against which subsequent changes can be measured. Points are the means i SD from 
four vacuoles. (C) As in (B), but with addition of 100 nM of the noncyclic analog of cADPR that fails to 
elicit a membrane current. Points are the means t SD from 10 vacuoles. Points with noncyclic ADPR 
have been offset by 2 mV to aid resolution of the curves. 

Fig. 3. Dose dependence of cADPR-induced cur- A 
rents. (A) Steady-state I-V difference relations of 
patch-clamped beet vacuoles in response to ad- 
dition of cADPR at 12.5 nM (A), 25 nM (A), 50 nM 
(O), 100 nM (a), or 150 nM (0). Currents induced -1 
by cADPR rectify in the inward direction. Points 

0 

are the means + SEM from 2, 3, or 5 vacuoles at 
each cADPR concentration. Other conditions are 
as in Fig. 2. The mean reversal potential was +8.6 
+ 2.4 mV; thls was used to calculate the selectiv- B 
~ty of the current as described in (33). (B) Current 
densltles at -40 (0) and -80 mV (a) from (A) as a 
function of cADPR concentration. Solid lines are 
nonlinear least squares fits of Michaelis-Menten 
functions to each data set, which yields K, values 
for cADPR of 22 i 7 and 25 i 6 nM at -40 and w er 

-80 mV, respectively. = 5 e 

0 50 100 150 200 
[cADPRl (nM) 

3A) .  The  resultant selectivity ratio for 
Ca2+against Kt lies between 9: 1 and 27 : 1. 
Thus, although the luminal activities o f  
Ca2+ and K+ are typically in the region o f  
5 m M  and 200 m M ,  respectively (24), the 
equilibrium potential for Ca2+(E,, = 
+ 130 m V )  i s  considerably further displaced 
from the prevailing membrane potential 
than is the equilibrium potential for Kt (E, 
= +28 mV). This difference in driving 
force w i l l  ensure that Ca2+ carries the dom- 
inant component of the cADPR-gated in -  

ward current. These results indicate that 
cADPR mobilizes Ca2+ in plant cells and 
that the selectivity o f  the current i s  similar 
to that o f  ryanodine-gated channels in an- 
imal cells (2.5). 

T h e  way in wh ich  InsP, and ryanodine 
receptors interact to  produce a Ca2+ sig- 
na l ing phenotype has been the subject o f  
intense speculation (7). According to  the 
"two-store" model (26) developed to  ex- 
p la in  Ca2+ spiking in animal cells, each 
receptor accesses separate Ca2+pools that 

6 o L ,  8 , 8 8 
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Fig. 4. Additive Ca2+ release from beet vacuoles 
by saturating doses of cADPR and InsP,. (A) Ca2+ 
release from vacuolar-enriched microsomes was 
initiated first by addition of 100 nM cADPR, then 
10 FM InsP, (a) or with these two ligands added 
in reverse order (0 ) .  Dataare the means _t SEM of 
f~ve replicates for each sequence. Other condi- 
tions are as Fig. 1. (B) Additive nature of InsP,- 
and cADPR-induced currents in a single vacuole. 
Whole-vacuole I-V relations were recorded before 
the addition of ligands (0), after the addition of 1 
r*.M InsP, (a), and after the addition of 100 nM 
cADPR in the continued presence of InsP, (A). 
Data are from a representative vacuole; similar 
results were obtained in seven out of nine vacu- 
oles that maintained constant seal resistance dur- 
ing the experiment. 

can fill and empty independently, but  that 
communicate through changes in cytoso- 
l ic  Ca2+ concentration. In beet micro- 
somes, saturating concentrations o f  InsP, 
and cADPR release accumulated Ca2+ in 
an additive fashion (Fig. 4 A )  indicat ing 
that the two ligands act independently o n  
Ca2+ release. T h e  data could be interpret- 
ed to  indicate that the two ligands interact 
w i t h  separate intracellular pools or that 
individual vacuoles fragment i n t o  many 
smaller vesicles some o f  which mav have 
only one pathway. 

Patch-clamo analvsis o f  intact vacuoles 
supports this latter explanation by demon- 
strating that b o t h  the InsP,- and cADPR- - 
mobilizable pathways can reside in a single 
vacuole. Addi t ion o f  a saturating concentra- 
t ion o f  InsP, induced a selective shift in the 
steady-state inward current, and the subse- 
quent addition o f  a saturating concentration 
of cADPR in the continued presence o f  
InsP, vielded a further increment in the 

l i 

inward current at negative potentials (Fig. 
4B). The cADPR-activated current was 
smaller (58 + 11% at -80 mV;  n = 7)  than 
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Fig. 5. Single-channel events induced by cADPR. (A) Currents recorded from a cytosolic-side-out patch 
in the absence and presence of cADPR in the bath. (B) Control patch demonstrating the dependence of 
channel activity on the cyclic Isomer of ADPR. (C) Channel inhibit~on by 100 p,M ruthenium red in the bath. 
In all experiments the solutions were as in Fig. 2, except that the pipette:bath CaCI, gradient was 
increased to 50 mM:5 mM. (A), (B), and (C) are from separate patches. Holding potentials indicated are 
corrected for an EL of 3 mV. 

the InsP3-activated current. 
Single-channel events could be mea- 

sured in cytosolic-side-out membrane 
patches after addition of cADPR to the 
bath solution (Fig. 5). Channel activity oc- 
curred over the physiological potential 
range (Fig. 5A),  was dependent on the cy- 
clic isomer of ADPR (Fig. 5B), and was 
inhibited by ruthenium red (Fig. 5C). 
Channel activity was observed in 26% (141 
54) of patches suggesting a clustering of 
channels in the membrane. The  single 
channels showed very rapid gating kinetics 
as also observed for cADPR activation of 
ryanodine receptors in planar lipid bilayers 
(13, 14) and InsP3-gated channels at the 
vacuolar membrane (27). 

Ligand-activation of Ca2+ release path- 
ways will open Ca2+-activated slow vacu- 
olar (SV) cation channels in vivo, 
through both the elevation of cytosolic 
Ca2+ (28) and the opening of Ca2+-acti- 
vated K t  channels that depolarize the 
vacuolar membrane to positive values 
around E,(29). The  SV channel opens at 
depolarized potentials and its significant 
Ca2+ permeability (29) suggests that it 
mediates Ca2+-induced Ca2+ release. 
Therefore, cADPR- and InsP3-gated Ca2+ 
release probably act as triggers of Ca2+- 
induced Ca2+ release. Spontaneous inac- 
tivation of cADPR-generated vacuolar 
currents was not observed, as is also the 
case for InsP3 currents at this membrane 
(9, 27). Furthermore, unlike in animal 

of the intracellular volume and contains 
millimolar concentrations of Ca2+.  
Hence, it is probably the voltage depen- 
dence of ligand-gated Ca2+ currents that 
ensures that Ca2+ release through these 
channels is terminated until ligand metab- 
olism deactivates the channels. 

Our results suggest that cADPR signal- 
ing pathways are highly conserved among 
eukaryotes and that cADPR probably acts 
as a global signaling molecule, as does InsP,. 
The presence of two classes of vacuolar 
ligand-gated Ca2+ mobilization pathway, 
each of which could act coordinately with 
Ca2+- and voltage-o~erated Ca2+ release - A 

channels in the same membrane, would 
enhance the possibilities of generating a 
Ca2+ signature specific for each stimulus. 
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