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The NAADP receptor: commentary on Billington et al.
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NAADP is a recently described calcium-mobilizing messenger. First discovered as a potent calcium-
releasing molecule in sea urchin eggs, its actions have now been reported in several mammalian cell
types. In the sea urchin egg, NAADP-sensitive calcium release channels appear distinct from inositol
trisphosphate or ryanodine receptors, and are mainly localized to acidic compartments. In this study,
Billington et al. extend the pharmacology of the putative NAADP receptor utilizing molecules
unrelated to NAADP itself. This work may provide an important step in developing selective NAADP
receptor modulators that will help define the role of NAADP in cell signalling.
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A report in this issue of the British Journal of Pharmacology,
by Billington and co-workers, suggest that triazine dyes
interact with calcium-mobilizing NAADP ™ receptors. This
represents the first report of compounds structurally unrelated
to NAADP™, which are active at this site. Calcium mobiliza-
tion by the putative NAADP™ receptor displays several
interesting pharmacological curiosities in terms of concentra-
tion—response relationships and peculiar inactivation charac-
teristics (Patel er al., 2001; Genazzani & Billington, 2002).
Since little is known about the mechanisms of calcium release
by this most potent of calcium-mobilizing messengers, the
work of Billington and colleagues may help in the creation of
new selective pharmacological agents to study the physiologi-
cal roles of NAADP™ and its receptor. Creating chemical
tools, ideally those that are cell permeant, is a key challenge for
the interrogation of the intriguing aspects of this signalling
pathway at the molecular level, yet there are very few reports
to date that describe approaches toward this goal.

Nicotinic acid adenine dinucleotide phosphate (NAADP*)
(1, Figure 1) is a very close structural analogue of the more
familiar pyridine nucleotide coenzyme NADP™ in which the
nicotinamide moiety is replaced by nicotinic acid (Lee &
Aarhus, 1995). This modest change in structure results in
profound changes in biological activity with the result that
NAADP™* is the most potent calcium-mobilizing molecule
described to date. In addition to its calcium-mobilizing effects,
it may also stimulate calcium entry into cells (Churchill ez al.,
2003; Masgrau et al., 2003; Moccia et al., 2003). It was
discovered as a contaminant in commercial stocks of NADP*
by Lee and co-workers, while investigating the effects of
pyridine nucleotides on calcium release from organelles in sea
urchin egg homogenates (Clapper et al., 1987). In the same
series of experiments, the NAD metabolite, cyclic ADP-ribose
(cADPR) was discovered as an additional calcium-mobilizing
molecule, and later shown to be an endogenous regulator of
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ryanodine receptors (RYRs) (Galione et al., 1991). Enzymes
for the synthesis of cCADPR from NAD™* were first discovered
in the sea urchin egg and termed ADP-ribosyl cyclases
(Rusinko & Lee, 1989). Two mammalian counterparts, named
CD38 and CD157 (BST-1) have been characterized and are
multifunctional enzymes (Howard et al., 1993). These mam-
malian enzymes can catalyse the synthesis of NAADP* from
NADP*, through base exchange in the presence of nicotinic
acid (Aarhus et al., 1995). Although changes in NAADP™*
levels in cells in response to cellular stimuli have been
measured by a radio-receptor assay (Churchill er al., 2003;
Masgrau et al., 2003), it is not clear whether ADP-ribosyl
cyclases or base exchange mechanisms are involved (Lee,
2003).

Sea urchin eggs have long been employed as important
experimental systems in cell biology, and in particular for the
study of fundamental aspects of calcium signalling. These large
cells (around 100 um in diameter) display prominent regen-
erative calcium waves at fertilization, which are entirely based
on calcium release from intracellular stores. Indeed, the initial
description of the action of the first calcium-mobilizing
messenger, inositol 1,4,5-trisphosphate (IP;), in an intact cell
was reported in these cells (Whitaker & Irvine, 1984).
However, at fertilization, there are pronounced changes in
the levels of pyridine nucleotides (Schomer & Epel, 1998) and
this led Lee and co-workers to investigate their effects in these
cells. The great advantage of sea urchin eggs over other
systems for studying calcium-mobilization mechanisms in
detail, is that cell-free systems can be readily prepared that
pump calcium into organelles in the presence of ATP and
retain robust sensitivity to calcium-mobilizing messengers.
NAADP* was found to release calcium by a mechanism that
was distinct from the two known calcium-release channels, 1P;
and cADPR/ryanodine receptors (IP;Rs and RYRs), also
present in sea urchin eggs (Lee & Aarhus, 1995). Data such as
these allowed the formulation of the important hypothesis that
NAADP* acts on a novel calcium-release channel. This
release mechanism in sea urchin eggs has several key properties
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Figure 1 Structure—activity relationships for NAADP and structural analogues. Concentrations refer to approximate ECsqs for

calcium release in sea urchin egg homogenates.

that distinguish it from IP;Rs and RYRs. The first is that it
is insensitive to antagonism by heparin or by ruthenium red
and ryanodine, which block IP;Rs and RyRs, respectively.
Secondly, unlike IP;Rs or RYRs, NAADP *-induced calcium
release is not modulated appreciably by calcium or other
divalent cations. Thirdly, NAADP™ receptors seem to reside
largely on a store, which is distinct, and can be separated, from
those sensitive to either IP; or cADPR (Lee & Aarhus, 2000).
Cell fractionation studies, egg stratification and pharmacolo-
gical analysis in intact eggs have shown that the NAADP *-
sensitive calcium store is distinct from the endoplasmic
reticulum, usually associated with messenger-mediated mobi-
lization, and likely acidic in nature (Churchill er al., 2002).
Fourthly, the NAADP ™ calcium-release mechanism exhibits
rather extreme inactivation properties in that concentrations
of NAADP* (ICs,~ 100 pM) that are below threshold to cause
measurable calcium release (ECso~20nM), nevertheless, can
fully inactivate the NAADP ™ receptor (Aarhus ef al., 1996;
Genazzani et al., 1996). This is apparently a time- and
concentration-dependent effect. The mechanism of inactiva-
tion is unknown, but a two-site model, with a high-affinity site
leading to slow inactivation and a lower-affinity site leading
to fast activation, has been proposed (Patel, 2004), although
other scenarios, such as partial occupancy of a multimeric
receptor complex leading to slow inactivation, could be
considered. Finally, high-affinity binding sites (termed
NAADP™* receptors here) for [*’P[NAADP* have been
reported for membranes from sea urchin eggs and mammalian
cells (Billington & Genazzani, 2000; Patel et al., 2000).
However, in the case of sea urchin egg membranes, the
interaction of NAADP* with its receptor is essentially
irreversible in the presence of physiological potassium
concentrations (Dickinson & Patel, 2003).

The calcium-mobilizing actions of NAADP™* are not
restricted to sea urchin eggs. Microinjection studies using

either NAADP™* or a photo-activatable derivative have shown
that NAADP™ is a potent calcium-mobilizing agent in a
variety of mammalian cells. A remarkable characteristic of
NAADP *-induced calcium release in mammalian cells is that
the concentration-response relationship is bell-shaped (Can-
cela et al., 1999; Berg et al., 2000; Masgrau et al., 2003). That is
low concentrations of NAADP™", usually in the nanomolar
range, effectively releases calcium, but higher concentrations
(in the micromolar range) may cause no release at all.
Combined experiments with micromolar NAADP™* injected
into cells and photolysis of caged NAADP ™" have indicated
that micromolar NAADP™* fully inactivates NAADP™*
receptors (Cancela et al., 1999). In the absence of selective
inhibitors of NAADP ™ receptors, these higher concentrations
of NAADP™ have been used as a method of selectively
inhibiting NAADP " -sensitive calcium-release mechanisms.
The concentration-dependent inactivation profile of NAADP*
receptors in mammalian cells is therefore different from that in
sea urchin eggs and has not been observed in isolated stores
such as sarcoplasmic reticular vesicles from rat heart (Bak
et al., 2001). This raises the possibility that inactivation may
rely on processes only present in intact cells and may, for
example, rely on the interplay of NAADP* with other
NAADP ™' metabolites, such as NAADPH (Billington et al.,
2004). Indeed, NAADP* may be appreciably converted to
NAADPH in the reducing cellular environments of mamma-
lian cells in contrast to the oxidizing cytoplasm of unfertilized
sea urchin eggs.

Experiments employing cellular applications of high
NAADP* concentrations have indicated an important role
for NAADP™" in mediating stimulus-specific calcium signal-
ling. For example, cholecystokinin but not bombesin- or
cholinergic-mediated calcium signalling in pancreatic acinar
cells (Burdakov & Galione, 2000; Cancela et al., 2000), and
glucose- but not acetylcholine-mediated calcium signals in
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pancreatic beta cells (Yamasaki et al., 2004), involve
NAADP™ as an intracellular messenger. From studies in both
mammalian eggs and sea urchin eggs, a model for NAADP * -
mediated calcium signalling has been proposed in which
NAADP* triggers local calcium release, which may be
amplified by the recruitment of IP;Rs and RYRs as CICR
channels (Cancela et al., 1999; Churchill & Galione, 2000). The
interactions between the three types of calcium-release
channels are complex and both cell and stimulus specific
(Galione & Churchill, 2002). For example, in pancreatic acinar
cells, NAADP * -induced calcium signals are wholly dependent
on activation of IP;Rs and RYRs, so that calcium signalling
patterns depend on which messengers are generated (Cancela
et al., 2002), while in pancreatic beta cells they are not
dependent on other calcium-release channels (Yamasaki et al.,
2004). In T-cell lines, functional NAADP * receptors appear to
be required for both IP; and cADPR evoked calcium signals
(Berg et al., 2000). In vascular smooth muscle cells, NAADP*
evokes local calcium signals that may then be greatly amplified
by RYRs (Boittin ez al., 2002). Importantly, a number of
studies in mammalian cells have shown that, as in sea urchin
eggs, the NAADP * -sensitive calcium store is distinct from the
endoplasmic reticulum where IP;Rs and RYRs are predomi-
nantly located (Mitchell e al., 2003; Yamasaki et al., 2004).
Pharmacological studies and specific organelle fluorescence
markers have indicated that this store is likely to be an acidic
compartment with characteristics of lysosome-related orga-
nelles. However, until the NAADP * receptor is characterized
at the molecular level, and more selective tools are generated,
it is difficult to unravel the complex interactions between the
various calcium-release channels with certainty. Indeed, an
alternative scenario in which NAADP ™ interacts directly with
RYRs has also been proposed (Hohenegger et al., 2002;
Gerasimenko et al., 2003).

Previous studies on the pharmacology of NAADP™*
receptors have addressed the structural determinants of the
NAADP* molecule required for receptor activation and
inactivation (Lee & Aarhus, 1997). With NADP * as substrate,
the Aplysia ADP-ribosyl cyclase [E.C.3.2.2.5] is able to
exchange nicotinamide for a range of pyridine analogues
bearing substituents in the 3- and 4-position, but base
exchange involving 2-position-modified pyridines was not
supported. Lee & Aarhus (1997) reported the preparation
and evaluation of a small series of analogues from commer-
cially available compounds using this methodology and, thus
providing the only current insight into the structural determi-
nants that affect Ca>™ release from the NAADP™ store in sea
urchin egg homogenates. It was apparent from these studies
that a negative charge at the pyridine 3-position is essential for
calcium-release activity. NADP* features a carboxamide at
the pyridine 3-position, but is inactive. Moving the carboxylate
group to the adjacent 4-position, (Figure 1, structure 2), or
presentation of a methyl alcohol at the 3-position (Figure 1, 3)
both result in completely inactive analogues. Nicotinic acid
can be replaced by analogous components that support a
negative charge in this position without completely reducing
Ca’* release, although these analogues have half-maximal
effective concentrations at least 100-200 times higher than
NAADP*. Pyridine-3-sulphonate-ADP (4) induces calcium
release from the NAADP ™ store with an ECs, of around 3 uM,
pyridine-3-acetate-ADP (5) required somewhat higher concen-
trations of about 10 uM, whereas quinoline 3-carboxylate-ADP

(6) only induced partial release at this concentration. Limited
modifications of the adenine base have also been explored. The
same paper reported that nicotinic acid hypoxanthine dinu-
cleotide phosphate (deamino-NAADP ™), 7, where the amino
group at the 6-position of the adenine ring is replaced with
a hydroxyl, showed an approximately thousand fold decrease
in activity with calcium release only becoming detectable at
concentrations above 5 uM. It is interesting that this compound
is reported to desensitize the NAADP™ receptor at much
lower concentrations, although less potently than NAADP*
itself. A later paper from the same authors (Lee & Aarhus,
1998) describes the preparation of fluorescent analogues
etheno-aza-NAADP™* (8, 2.5uM) and etheno-NAADP™* (9,
SuM) which activate calcium release with half-maximal
effective concentrations as shown in brackets (Figure 1) and
both desensitize the NAADP™ receptor with ICss of 60—
80 nM. The inactivity of NAAD™* indicates that the presence of
a phosphate is important and this is confirmed because
installation of a caging group (10) at the 2'-phosphate of
NAADP* abolishes calcium-releasing activity (Lee et al.,
1997). Phosphate regio-isomers of NAADP *, however, induce
Ca’* release from the store relatively potently with relative
half-maximal concentrations of only about five-fold for 2',3'-
cyclophosphate analogue, 11, and 20-fold for 3'-phosphate (12,
ECso 0.3uM). To summarize, all the active analogues of
NAADP* synthesized to date are less potent than NAADP ™
and have similar ratios in terms of concentrations for ECs, for
calcium release over the ICs, for inactivation of receptors.
Thus, none of these analogues appear to discriminate between
proposed inactivation and activation sites for NAADP*
(Patel, 2004).

A different type of pharmacological approach was used to
study the effects of a range of plasma membrane channel
blockers on NAADP *-mediated calcium release in sea urchin
egg homogenates, and relative selectively shown by lack of
effect on IP; and cADPR-mediated calcium release (Genazzani
et al., 1997). Various blockers of L-type calcium channels,
diltiazem and dihydropyridines, were found to selectively
block calcium release by NAADP * without appreciable effects
on IP;Rs or RYRs. Similarly, potassium-channel blockers
such as tetrahexylammonium (THA) shared these properties.
The effects of these agents were noncompetitive with
NAADP* and did not affect binding of [**)P][NAADP™ to
egg membranes. Thus, it is likely that they act by blocking the
ion conductance pore of the NAADP* receptor complex.
However, the concentrations of these drugs required to block
NAADP* receptors were in excess of those reported to inhibit
the plasma membrane channels that they target. Therefore,
within the context of the intact cell, these agents are of limited
use for studying NAADP™ signalling.

In the current study by Billington and co-workers, the
interactions of triazine dyes with NAADP™ receptors were
examined based on their ability to interact with nucleotide-
binding sites in various proteins. Triazine dyes were found to
compete at the NAADP *-binding sites in sea urchin homo-
genates in a concentration-dependent manner. Reactive red
120 (RR120) was the most potent dye in this respect with an
1Cs¢ of 1.4 uM. Pretreatment of egg membranes with triazine
dyes showed that all the dyes, with the exception of cibacron
blue, reversibly bound to the NAADP ™ receptor. Perhaps the
most intriguing finding was that RR120 at high concentrations
(100 uM) was able to mobilize calcium from stores in egg
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homogenates. Usually, calcium release from sea urchin
homogenates has been measured by fluorometric assays, but
the triazine dyes interfere with calcium reporting fluorescent
dyes. Instead, they used an indirect assay for calcium release,
which involved actively loading the stores with **Ca and
subsequent challenge with releasing agents. A filtration assay
determines whether calcium release has occurred by measuring
residual calcium retained in stores on the filters. This effect
appears to be selective for the NAADP ™ receptor since it was
insensitive to heparin and ruthenium red, blockers of IP;Rs
and RYRs respectively. Crucially, prior desensitization of
NAADP™ receptors with subthreshold concentrations of
NAADP " fully blocked RR120-evoked calcium release. These
data, coupled with the finding that NAADP™* and RR120-
induced calcium release were nonadditive, strongly suggest
that RR120 is an agonist at the NAADP™ receptor. Since
RR120 binding to the NAADP™ receptor is reversible, these
findings suggest that irreversibility of binding is not a
prerequisite for receptor activation. These studies represent
the first report of agents that can competitively interact with
NAADP* receptors and activate them, which are not
structurally related to NAADP*.

It is clear that the molecular characterization of NAADP *
receptors will greatly enhance our understanding of NAADP *
signalling. Initial purification of solubilized receptors from sea
urchin eggs has already been reported, taking advantage of the
irreversibility of [**PINAADP ™ binding to tag the receptors
during the purification protocols (Berridge et al., 2002).
Billington et al. have extended their studies by using triazine
dyes conjugated to agarose and DEAE cellulose beads to

References

AARHUS, R., DICKEY, D.M., GRAEFF, R.M., GEE, K.R., WALSETH,
T.F. & LEE, H.C. (1996). Activation and inactivation of Ca’>*
release by NAADP ™. J. Biol. Chem., 271, 8513-8516.

AARHUS, R., GRAEFF, R.M., DICKEY, D.M., WALSETH, T.F. & LEE,
H.C. (1995). ADP-ribosyl cyclase and CD38 catalyze the synthesis
of a calcium-mobilizing metabolite from NADP. J. Biol. Chem.,
270, 30327-30333.

BAK, J., BILLINGTON, R.A., TIMAR, G., DUTTON, A.C. & GENAZ-
ZANI, A.A. (2001). NAADP receptors are present and functional in
the heart. Curr. Biol., 11, 987-990.

BERG, 1., POTTER, B.V., MAYR, G.W. & GUSE, A.H. (2000). Nicotinic
acid adenine dinucleotide phosphate (NAADP™) is an essential
regulator of T-lymphocyte Ca®*-signaling. J. Cell Biol., 150,
581-588.

BERRIDGE, G., DICKINSON, G., PARRINGTON, J., GALIONE, A. &
PATEL, S. (2002). Solubilization of receptors for the novel Ca"*-
mobilizing messenger, nicotinic acid adenine dinucleotide phos-
phate. J. Biol. Chem., 277, 43717-43723.

BILLINGTON, R.A. & GENAZZANI, A.A. (2000). Characterization of
NAADP™ binding in sea urchin eggs. Biochem. Biophys. Res.
Commun., 276, 112-116.

BILLINGTON, R.A., THURING, J.W., CONWAY, S.J., PACKMAN, L.,
HOLMES, A.B. & GENAZZANI, A.A. (2004). Production and
characterization of reduced NAADP. Biochem. J., 378, 275-280.

BOITTIN, F.X., GALIONE, A. & EVANS, A.M. (2002). Nicotinic acid
adenine dinucleotide phosphate mediates Ca®" signals and con-
traction in arterial smooth muscle via a two-pool mechanism. Circ.
Res., 91, 1168-1175.

BURDAKOV, D. & GALIONE, A. (2000). Two neuropeptides recruit
different messenger pathways to evoke Ca?" signals in the same cell.
Curr. Biol., 10, 993-996.

CANCELA, J.M., CHURCHILL, G.C. & GALIONE, A. (1999). Co-
ordination of agonist-induced Ca’"-signalling patterns by NAADP
in pancreatic acinar cells. Nature, 398, 74-76.

further purify the solubilized receptors by affinity chromato-
graphy. RGS5 beads were found to be useful, since protein
interactions with beads were insensitive to NaCl, which could
be used to elute the majority of protein, but most of the
NAADP™* receptor could be eluted with BaCl,, as assayed by
subsequently tagging with [*’PINAADP*. Using RGS5 beads
a 75-fold enrichment of the receptor was achieved. Thus, the
use of triazine dyes may also prove useful in the isolation of the
NAADP™ receptor.

The discovery of NAADP™* as a new calcium-mobilizing
agent provides an impetus for the design of new agents to
modulate the actions of this messenger. That NAADP™ is
likely to have crucial roles in pharmacologically important
processes such as insulin secretion, lymphocyte activation and
smooth muscle contractility, suggests that it may be a useful
target for therapeutic intervention in a number of pathophy-
siologically significant systems. Further, in contrast to the
ubiquitous IP; system, NAADP* may be a better target for
therapeutics since it may act to modulate the sensitivity of
more common calcium-release pathways, may not operate in
all cell types, and only then for a subset of receptor-mediated
calcium signalling events. The usefulness of triazine dyes in
studies in intact cells is obviously precluded by their
interactions with a wide variety of cellular proteins, inter-
ference with fluorescent reporter dyes and lack of cell
permeance. Nevertheless, the study by Billington and co-
workers in identifying their actions on the NAADP * receptors
may provide an important step for the discovery of novel
therapeutic agents as well as in the identification of the
NAADP™ receptor itself.

CANCELA, J.M., GERASIMENKO, O.V.,, GERASIMENKO, J.V,,
TEPIKIN, A.V. & PETERSEN, O.H. (2000). Two different but
converging messenger pathways to intracellular Ca®* release: the
roles of nicotinic acid adenine dinucleotide phosphate, cyclic ADP-
ribose and inositol trisphosphate. EMBO J, 19, 2549-2557.

CANCELA, J.M., VAN COPPENOLLE, F., GALIONE, A., TEPIKIN,
A.V. & PETERSEN, O.H. (2002). Transformation of local Ca>"
spikes to global Ca®* transients: the combinatorial roles of multiple
Ca’" releasing messengers. EMBO J, 21, 909-919.

CHURCHILL, G.C. & GALIONE, A. (2000). Spatial control of Ca**
signaling by nicotinic acid adenine dinucleotide phosphate diffusion
and gradients. J. Biol. Chem., 275, 38687-38692.

CHURCHILL, G.C., OKADA, Y., THOMAS, J.M., ARMANDO, A.,
GENAZZANI, A.A., PATEL, S. & GALIONE, A. (2002). NAADP
mobilizes Ca®* from reserve granules, a lysosome-related organelle,
in sea urchin eggs. Cell, 111, 703-708.

CHURCHILL, G.C., O’NEILL, J.S., MASGRAU, R., PATEL, S,
THOMAS, J.M., GENAZZANI, A.A. & GALIONE, A. (2003). Sperm
deliver a new second messenger. NAADP. Curr. Biol., 13, 125-128.

CLAPPER, D.L., WALSETH, T.F., DARGIE, P.J. & LEE, H.C. (1987).
Pyridine nucleotide metabolites stimulate calcium release from sea
urchin egg microsomes desensitized to inositol trisphosphate. J.
Biol. Chem., 262, 9561-9568.

DICKINSON, G.D. & PATEL, S. (2003). Modulation of NAADP
receptors by K™ ions: evidence for multiple NAADP receptor
conformations. Biochem. J., 375, 805-812.

GALIONE, A. & CHURCHILL, G.C. (2002). Interactions between
calcium release pathways: multiple messengers and multiple stores.
Cell Calcium, 32, 343-354.

GALIONE, A., LEE, H.C. & BUSA, W.B. (1991). Ca**-induced Ca**
release in sea urchin egg homogenates: modulation by cyclic ADP-
ribose. Science, 253, 1143-1146.

GENAZZANI, A.A. & BILLINGTON, R.A. (2002). NAADP: an atypical
Ca’*-release messenger? Trends Pharmacol. Sci., 23, 165-167.

British Journal of Pharmacology vol 142 (8)



A. Galione et a/

Commentary 1207

GENAZZANIL A.A., EMPSON, RM. & GALIONE, A. (1996). Unique
inactivation properties of NAADP-sensitive Ca®" release. J. Biol.
Chem., 271, 11599-11602.

GENAZZANI, A.A., MEZNA, M., DICKEY, D.M., MICHELANGELL F.,
WALSETH, T.F. & GALIONE, A. (1997). Pharmacological proper-
ties of the Ca®"-release mechanism sensitive to NAADP in the sea
urchin egg. Br. J. Pharmacol., 121, 1489-1495.

GERASIMENKO, J.V., MARUYAMA, Y., YANO, K., DOLMAN, N.J.,
TEPIKIN, A.V., PETERSEN, O.H. & GERASIMENKO, O.V. (2003).
NAADP mobilizes Ca?* from a thapsigargin-sensitive store in the
nuclear envelope by activating ryanodine receptors. J. Cell Biol.,
163, 271-282.

HOHENEGGER, M., SUKO, J., GSCHEIDLINGER, R., DROBNY, H. &
ZIDAR, A. (2002). Nicotinic acid adenine dinucleotide phosphate,
NAADP, activates the skeletal muscle ryanodine receptor. Biochem.
J., 367, 423-431.

HOWARD, M., GRIMALDI, J.C., BAZAN, J.F., LUND, F.E., SANTO-
SARGUMEDO, L., PARKHOUSE, R.M.E., WALSETH, T.F. & LEE,
H.C. (1993). Formation and hydrolysis of cyclic ADP ribose
catalyzed by lymphocyte antigen-CD38. Science, 262, 1056—1059.

LEE, H.C. & AARHUS, R. (1995). A derivative of NADP mobilizes
calcium stores insensitive to inositol trisphosphate and cyclic ADP-
ribose. J. Biol. Chem., 270, 2152-2157.

LEE, H.C. & AARHUS, R. (1997). Structural determinants of nicotinic
acid adenine dinucleotide phosphate important for its calcium-
mobilizing activity. J. Biol. Chem., 272, 20378-20383.

LEE, H.C. & AARHUS, R. (1998). Fluorescent analogs of NAADP with
calcium-mobilizing activity. Biochim. Biophys. Acta, 1425, 263-271.

LEE, H.C. & AARHUS, R. (2000). Functional visualization of the
separate but interacting calcium stores sensitive to NAADP and
cyclic ADP-ribose. J. Cell Sci., 113, 4413-4420.

LEE, H.C. (2003). Calcium signaling: NAADP ascends as a new
messenger. Curr. Biol., 13, R186-R188.

LEE, H.C., AARHUS, R., GEE, K.R. & KESTNER, T. (1997). Caged
nicotinic acid adenine dinucleotide phosphate. Synthesis and use.
J. Biol. Chem., 272, 4172-4178.

MASGRAU, R., CHURCHILL, G.C., MORGAN, A.J., ASHCROFT, S.J.
& GALIONE, A. (2003). NAADP. A new second messenger for
glucose-induced Ca®* responses in clonal pancreatic beta cells.
Curr. Biol., 13, 247-251.

MITCHELL, K.J., LAI, F.A. & RUTTER, G.A. (2003). Ryanodine
receptor type I and nicotinic acid adenine dinucleotide phosphate
(NAADP) receptors mediate Ca®>* release from insulin-containing
vesicles in living pancreatic beta-cells (MING6). J. Biol. Chem., 278,
11057-11064.

MOCCIA, F., LIM, D., NUSCO, G.A., ERCOLANO, E. & SANTELLA, L.
(2003). NAADP activates a Ca>" current that is dependent on F-
actin cytoskeleton. FASEB J., 17, 1907-1909.

PATEL, S. (2004). NAADP-induced Ca’" release — a new signalling
pathway. Biol. Cell, 96, 19-28.

PATEL, S., CHURCHILL, G.C. & GALIONE, A. (2000). Unique kinetics
of nicotinic acid-adenine dinucleotide phosphate (NAADP) binding
enhance the sensitivity of NAADP receptors for their ligand.
Biochem. J., 352, 725-729.

PATEL, S., CHURCHILL, G.C. & GALIONE, A. (2001). Coordination of
Ca’" signalling by NAADP. Trends Biochem. Sci., 26, 482-489.
RUSINKO, N. & LEE, H.C. (1989). Widespread occurrence in animal
tissues of an enzyme catalyzing the conversion of NAD into a cyclic
metabolite with intracellular calcium-mobilizing activity. J. Biol.

Chem., 264, 11725-11731.

SCHOMER, B. & EPEL, D. (1998). Redox changes during fertilization
and maturation of marine invertebrate eggs. Dev. Biol., 203, 1-11.

WHITAKER, M. & IRVINE, R.F. (1984). Inositol 1,4,5-trisphosphate
microinjection activates sea urchin eggs. Nature, 312, 636—639.

YAMASAKI, M., MASGRAU, R., MORGAN, A.J., CHURCHILL, G.C.,
PATEL, S., ASHCROFT, S.J. & GALIONE, A. (2004). Organelle
selection determines agonist-specific Ca?* signals in pancreatic
acinar and beta cells. J. Biol. Chem., 279, 7234-7240.

( Received April 15, 2004
Revised May 12, 2004
Accepted May 20, 2004)

British Journal of Pharmacology vol 142 (8)



