
Characterization of NAADP1 Binding in Sea Urchin Eggs

R
D

R

(
s
i
N
r
t
a
c
c
m
3
o
o
t
N
N
i
h
b
s
t

b

t
g
d
o
w
s
a
t
d
r
a
C
e
n
i
i

Biochemical and Biophysical Research Communications 276, 112–116 (2000)

doi:10.1006/bbrc.2000.3444, available online at http://www.idealibrary.com on

0
C
A

ichard A. Billington and Armando A. Genazzani
epartment of Pharmacology, University of Cambridge, Tennis Court Road, Cambridge CB2 1QJ, United Kingdom

eceived August 7, 2000
cADPR) Ca21-release [6–8]. In contrast to these other
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Nicotinic acid adenine dinucleotide phosphate
NAADP1) is a pyridine nucleotide which has been
hown to release Ca21 from intracellular membranes
n echinoderms, Ascidiae, mammals, and plants.
AADP releases Ca21 via a mechanism independent of

yanodine and inositol 1,4,5-trisphosphate (IP3) recep-
ors and the NAADP1 receptor is likely to be located on
separate organelle. We have investigated the binding
haracteristics of NAADP1 to its receptor in sea ur-
hin egg homogenates. NAADP1 binds to a saturable
embrane-bound site with high affinity (Kd 5 193 6

5.7 pM). NAADP1 associates to its receptor with a t1/2

f approximately 7 min while dissociation does not
ccur during the time course of the experiment. Fur-
hermore, NAD1, NAAD1, ADP, or ATP cannot displace
AADP1 binding. The structurally related molecules
ADP1 and NADPH displayed a markedly lower affin-

ty for the binding site with Kd’s 500- and 25,000-fold
igher than NAADP1, respectively. This discrepancy
etween oxidized and reduced forms of NADP1 might
uggest that NAADP1 signaling is itself regulated by
he redox state of the cell. © 2000 Academic Press

Key Words: calcium; NAADP; sea urchin; radioligand
inding; pyridine nucleotides; inactivation; Ca21-release.

Alongside the better known IP3 and ryanodine recep-
ors, evidence is emerging that a new Ca21-channel,
ated by the pyridine nucleotide nicotinic acid adenine
inucleotide phosphate (NAADP1), might be present
n intracellular membranes [1, 2]. Most of the initial
ork has been conducted in sea urchin eggs, a model

ystem that has proved useful in the study of both IP3

nd ryanodine receptors [3, 4]. It was in this system
hat cyclic adenosine 59 diphosphate ribose (cADPR), a
erivative of NAD1, was first shown to release Ca21 via
yanodine receptors [4, 5]. NAADP1, which is structur-
lly related to cADPR, has been shown to be a potent
a21-release messenger both in sea urchin egg homog-
nates and in intact eggs, with an EC50 in the low
anomolar range [6–8]. Ca21-release by NAADP1 is

nsensitive to agents which specifically block IP3-
nduced (e.g., heparin) or cADPR-induced (e.g., 8-NH2-
112006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
wo mechanisms, NAADP1-induced Ca21 release can
e blocked by high concentrations of L-type Ca21-
hannel and K1-channel antagonists [9]. Furthermore,
hile NAADP-induced Ca21-release displays homolo-
ous desensitization, it is not affected by pretreatment
f homogenates with IP3 or cADPR [6–8]. Taken to-
ether, these data strongly suggest that NAADP1

eleases Ca21 via a novel and as yet unidentified
echanism.
It has been shown that NAADP1 displays a unique

nactivation phenomenon [8, 10]. In brief, concentra-
ions of NAADP1 that are too low to activate the Ca21-
elease mechanism are sufficient to prevent any fur-
her Ca21-release elicited by subsequent additions of
upramaximal NAADP1 concentrations. A crucial dif-
erence between the known Ca21-release mechanisms
nd that gated by NAADP1 is the Ca21-store on which
he mechanism resides [6, 11]. It is well accepted that
P3 and cADPR release Ca21 mainly from the endoplas-
ic reticulum, and that Ca21 is loaded in these stores

y a specific Ca21-ATPase. Pretreatment of homoge-
ates with thapsigargin, an irreversible inhibitor of
his ATPase, completely abolishes any IP3- or cADPR-
nduced Ca21-release, while it does not affect responses
o NAADP1. This evidence, together with previous
ata which showed that microsomes responding to
AADP1 could be physically separated from those re-

ponding to the other two messengers [4, 6], has led to
he hypothesis that NAADP1 does not release Ca21

rom the endoplasmic reticulum but from an as yet
nidentified intracellular Ca21 pool.
Alongside the sea urchin egg model, there is now
ounting evidence that NAADP1 is a Ca21-releasing

gent in other systems. NAADP1 releases Ca21 in in-
act starfish [12] and ascidian eggs [13], in plants [14],
n rat pancreatic acinar cells [15] and in rat brain [16].
nvestigation in these systems has also lead to the
nowledge that NAADP1-induced Ca21-release could
ct as a Ca21-trigger for the other Ca21-release mes-
engers [15]. In starfish eggs, for example, NAADP1-
nduced Ca21-release can be significantly reduced by
retreatment with inhibitors of both IP3 and ryanodine
eceptors, but is not affected by pretreatment with one
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f the two antagonists alone [12]. The trigger hypoth-
sis is supported by the notion that in sea urchin
ggs, NAADP1-induced Ca21-release, unlike IP3- and
ADPR-induced responses, is not affected by extra-
escicular Ca21-concentrations [11, 17]. NAADP1 has
lso been shown to induce Ca21-oscillations in sea urchin
ggs, a phenomenon that might represent the sequential
ctivation of multiple release mechanisms [18].
Considerable efforts have been made to understand
hether NAADP1 could be an endogenous messenger,

.e., whether it can be synthesized and degraded in
ells [19]. It has been shown that the family of enzymes
esponsible for cADPR production and degradation, of
hich Aplysia ADP-ribosyl cyclase and CD38 are mem-
ers, also catalyses a base-exchange reaction that con-
erts NADP1 to NAADP1 in the presence of nicotinic
cid [20]. Furthermore, it has recently been demon-
trated that cADPR and NAADP1 formation can be
ifferentially modulated by cAMP- and cGMP-depen-
ent pathways [21, 22]. Although not as well charac-
erized, it has been shown that both sea urchin eggs
nd mammalian tissues can degrade NAADP1 [23].
In this article, we have characterized NAADP1 bind-

ng in sea urchin eggs homogenates, a necessary step to
urther validate the possibility that NAADP1 acts as
essenger in cells and an important technique to pro-

eed toward the isolation of the receptor protein. We
ow report that NAADP1 binds to a saturable site to a
ea urchin egg membrane protein with an affinity of
bout 200 pM. NAADP1 binding displays a T1/2 of as-
ociation of about 7 min, while no dissociation is de-
ectable in the time course of the experiments (30 min).
his affinity is consistent with the NAADP1 concentra-

ion required for inactivation of the release mecha-

FIG. 1. NAADP1 binds with high affinity to a saturable site
gg homogenate (closed circles) and microsomes (open circles) va
sing increasing concentrations of [32P]NAADP1. Nonspecific bindi
eterminations.
113
ism. Since Ca21-release occurs at higher concentra-
ions, the possibility that more than one binding site
eeds to be occupied simultaneously to elicit a response

s a conceivable hypothesis. Further characterization
f NAADP1 binding has lead to the observation that
ADP1 has a more than 50-fold higher affinity than
ADPH, suggesting that the redox state of the cell might
e an important modulator of NAADP1 signaling.

ATERIALS AND METHODS

Sea urchin egg homogenates. Homogenates of unfertilized Lyte-
hinus pictus eggs (Marinus Inc., Long Beach, CA) were prepared as
reviously described [24] and stored at 280°C until use. For the
resent study, two separate preparations were used with similar
esults.

Synthesis of [332P]-NAADP1. [32P] NAADP1 was synthesized us-
ng an adaptation of the method described by [10]. Briefly, 12.5 mM
32P]NAD1 (800Ci/mmol; NEN, Hounslow, UK) and 2.5 mM ATP
ere incubated with 5 units NAD1 kinase (Sigma, UK) for 1 h at
7°C in a buffer consisting of 2.5 mM MgCl2, 0.5 mM MnCl2 and 125
M Tris, pH 7.5. The reaction was terminated by a ten-fold dilution

nto a buffer containing 200 mM sodium acetate and 100 mM nico-
inic acid, pH 4.5. Aplysia ADP-ribosyl cyclase (Sigma, UK) was
dded to a final concentration of 5 mg/ml and the reaction incu-
ated at 25°C for 3 h. [32P]NAADP1 was purified by HPLC using
he protocol described by [20]. The trifluoroacetic acid in the
32P]NAADP1-containing fraction was then evaporated in a speed
acuum.

[32P]NAADP1 binding assays Binding of [32P]NAADP1 in sea ur-
hin egg homogenates was determined using a centrifugation proto-
ol. Binding experiments were carried out on ice in Intracellular
edium (Glu-IM; 250 mM Potassium gluconate, 250 mM N-methyl-

lucamine, 20 mM Hepes, 1 mM MgCl2, pH 7.2). [32P]NAADP1 was
dded at an approximate final concentration of 45 pM (10,000–
5,000 CPM) and competing ligand was added to this mixture. The
inding reaction was started by addition of sea urchin egg homoge-
ate or fractions thereof (50 mg protein; final volume: 200 ml). Incu-

) Displacement of [32P]NAADP1 by cold NAADP1 in sea urchin
s are mean 6 SEM of 12 determinations; (B) saturation curve
was calculated with 1 mM NAADP1 values are mean 6 SEM of 3
. (A
lue

ng
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ations were left on ice for 20 min and terminated by centrifugation
t 20,000g for 5 min at 4°C. Microsomes were prepared by centrifug-
ng whole homogenate at 10000g, discarding the pellet and centri-
uging the supernatant at 100,000g. For binding, they were pelleted
ith the aid of polyethylene glycol (PEG). Briefly, after the 20-min

ncubation, 200 ml of 30% PEG (M.W. 8000) and 4 ml gammaglobulin
50 mg/ml) were added to the reaction and the tube vortexed. After 5

in, the tubes were centrifuged. The supernatant was aspirated and
he pellet washed in 1 ml ice-cold Glu-IM. Pellets were then resus-
ended in 1 ml scintillation fluid and counted.

ESULTS AND DISCUSSION

To characterize [32P]NAADP1 binding in sea urchin
gg homogenates, initial experiments were designed to
stablish conditions for optimal analysis. As reported
reviously [10], NAADP1 binding was detectable in
lu-IM buffer at 0°C, and therefore these two param-
ters were kept constant. To avoid ligand depletion,
.e., a proportion in excess of 20% of labeled ligand
ound to the receptor, protein concentration was ti-
rated to 50 mg of protein per tube. Furthermore, since
nitial experiments showed that NAADP1 bound avidly
o the receptor, radiolabeled ligand was used at a con-
entration of ,100 pM. Experiments using higher
mounts of radioligand yielded similar results to the
nes described in this manuscript. Nonspecific binding
as calculated by the addition of 100 nM to 1 mM
AADP1 (values were approximately similar). Under

hese conditions, NAADP appeared to bind with a Kd of
pprox 193 6 35.7 pM (values ranged between 100 and
44 pM; n 5 12) and a Bmax of 230 6 27.5 fmol/mg (Fig.
A). Furthermore, the Hill slope calculated from these
ata is close to the unity (1.18 6 0.086). Scatchard plot
nalysis also confirmed that NAADP1 appeared to bind
o a homogenous population of sites. These experi-
ents were performed on whole homogenate, and the

resence of soluble proteins that bind NAADP1 could
ave interfered with the free ligand concentration. To

FIG. 2. Association (closed circles, solid line) and dissociation
open circles, dashed line) of [32P]NAADP1 to sea urchin homogenate.
issociation was initiated by the addition of 1 mM cold NAADP1.
alues are mean 6 SEM of 4 determinations.
114
n a purified membrane fraction (membranes that pel-
et at .10,000 g). In these experiments, the Kd and the
ill slope were not significantly different to the whole
omogenate (Kd 5 280 6 38.2 pM, Hill slope 5 1.595 6
.23) (Fig. 1A), while, as expected, the Bmax was signif-
cantly increased (629.5 6 72 fmol/mg).

The Kd obtained in this study is consistent with the
C50 necessary to elicit half-maximal inactivation of the
AADP1 receptor, while it is about 100-fold lower than

he EC50 required for Ca21-release in this system. Such
discrepancy is consistent with the hypothesis that

he NAADP1 channel possesses more than one
AADP1 binding site, and while fully liganded recep-

ors elicit Ca21-release, partially liganded receptors
ndergo inactivation. This hypothesis is also consis-
ent with stopped flow data, where it was suggested
hat a receptor undergoes an all-or-none inactivation
25]. A putative mechanism by which NAADP1 could
oth elicit inactivation and activation via the same
eceptor can be hypothesized by drawing a parallel
ith the nicotinic receptor [26]. In brief, the NAADP1

inding site could exist in two affinity states. When
nbound the receptor exists in a low affinity state, but
ould shift to a high affinity conformation upon
AADP1 binding. Equilibrium binding analysis will

nly record the latter, since the low affinity state will
e transient. The possibility that our ligand concentra-
ions, though, are well below the affinity of a distinct
inding site responsible for NAADP1-induced Ca21-
elease which therefore remains undetected. To test
hether we could detect a second binding site at higher

oncentrations of radioligand, we performed experi-
ents using increasing concentrations of radioligand

nonspecific binding was calculated by using 1 mM cold
AADP1). Under these conditions, binding was satu-

TABLE 1

Displacement of [32P]NAADP1 Binding by Structural
Analogues and Ca21-Mobilizing Agents

Analogue % [32P]NAADP1 bound

100 6 1.3
NAADP1 1 mM 0.95 6 0.098
ADP 1 mM 99 6 1.5
ATP 1 mM 101 6 2.3
NAAD1 1 mM 87 6 5.0
NAD1 1 mM 103 6 0.55
NADP1 1 mM 13 6 5.2
NADPH 1 mM 51 6 3.2
IP3 1 mM 94 6 3.4
cADPR 100 nM 72 6 1.2
cADPR 1 mM 19 6 0.30
cADPR 10 mM 9.2 6 6.1

Note. Values are mean 6 SEM of 3 determinations. NADP1 was
urified once using HPLC. 45 pM [32P]NAADP1 was used as the
abeled ligand in these experiments.
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alculated by the previous method (381 6 36.1 pM).
inearization of these data by Scatchard analysis sug-
ested that only one population of sites was present.
hese data would therefore suggest that NAADP1

inds to just a single homogeneous population of sites.
To further characterize binding and to test whether

ifferent affinities could be detected under nonequilib-
ium binding, we performed association and dissocia-
ion experiments. 45 pM NAADP1 associated to the
eceptor with a t1/2 of about 7 min at 0°C (Fig. 2). It has
een previously shown that NAADP1 binding is slowly
eversible, a situation that could represent the high
ffinity state of the receptor [10]. Therefore, we decided
o perform dissociation kinetics at different times after
ncubation. If the shift in affinity is a slow process, we
ould expect that the Koff of binding would change over
ime. [32P]NAADP1 molecules bound did not substan-
ially dissociate even when incubated for just one
inute before the addition of 1mM displacing ligand

Fig. 2). As a control experiment, NAADP1 dissociation
as investigated by dilution instead of addition of cold

igand. NAADP1 did not dissociate from the receptor
fter 20 min (data not shown). These data suggest that
f our hypothesis is correct, and a shift in affinity ac-
ounts for the discrepancy between the concentrations
equired for activation and inactivation, this shift is
apid. It is likely that the development of fluorescent
igands and the use of stopped-flow methods will be
ecessary to allow detection of the phenomenon. Fur-
hermore, the data on dissociation are consistent with
revious rapid-kinetic experiments, where the exis-
ence of only fully desensitized or nondesensitized re-
eptors (in contrast to partially desensitized) was sug-
ested [25].
To further investigate NAADP1 binding, we ana-

yzed the effect of closely related molecules on binding.
s expected, IP3 did not displace NAADP1 binding,
hile, rather surprisingly, cADPR, a loosely-related
yridine nucleotide, which releases Ca21 via ryanodine
eceptors, displaced NAADP1 binding at a concentra-
ion of 1 mM (Table 1). Neither nicotinic acid adenine
inucleotide (NAAD1), nor NAD1 appeared to possess
ny significant affinity for the receptor, supporting
unctional evidence that suggests that the phosphate
harge on NAADP1 is crucial for receptor recognition
27]. Initial studies with NADP1, the molecule most
losely related to NAADP1, suggested that it had a
igh affinity for the receptor. Since it has been previous
hown that commercially available NADP1 is contam-
nated with NAADP1, we then further purified NADP1

y HPLC [4, 6, 28]. “One time” purified NADP1 dis-
laced NAADP1 binding with a Kd of approximately
07 nM (Fig. 3). This affinity, though, could still be an
verestimation, since it has been shown that further
urification of NADP1 leads to a further decrease in
ctivity of the commercially available compound [28].
115
n sharp contrast, NADPH displaced binding with a Kd

f approximately 5.5 mM (Fig. 3). The ability of NADP1

o displace NAADP1 binding contrasts previous data,
ut it is likely that this discrepancy is due to the
mount of radioligand present in the incubation me-
ium [10]. It is interesting to note, though, that
ADP1 has at least 500-fold lower affinity for the

eceptor than NAADP1. Since it is possible that
AADPH might exist in cells, it is likely that the
ifference in affinity between NADP1 and NADPH will
e maintained, if not enhanced between NAADP1 and
ts reduced analogue. If this were the case, the redox
tate of the cell could play a dual role in controlling the
AADP1-sensitive mechanism: (i) it would control the

oncentration of NADP1, which has been shown to be a
recursor of NADP1; and (ii) it would control the
AADP1/NAADPH ratio.
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