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Background:Nicotinic acid adenine dinucleotide phosphate (NAADP) activates two-pore channels (TPCs) to release Ca2�

from intracellular acidic Ca2� stores.
Results: A photoactivatable probe based on NAADP labels proteins distinct from TPCs.
Conclusion: NAADP may bind to an accessory protein within a larger TPC complex.
Significance: First evidence that TPCs act as NAADP-activated Ca2� release channels, but not NAADP receptors.

Nicotinic acid adenine dinucleotide phosphate (NAADP) is
an agonist-generated second messenger that releases Ca2�

from intracellular acidic Ca2� stores. Recent evidence has
identified the two-pore channels (TPCs) within the endolyso-
somal system as NAADP-regulated Ca2� channels that
release organellar Ca2� in response to NAADP. However,
little is known about the mechanism coupling NAADP bind-
ing to calcium release. To identify the NAADP binding site,
we employed a photoaffinity labeling method using a radio-
active photoprobe based on 5-azido-NAADP ([32P-
5N3]NAADP) that exhibits high affinity binding to NAADP
receptors. In several systems that are widely used for studying
NAADP-evoked Ca2� signaling, including sea urchin eggs,
human cell lines (HEK293, SKBR3), and mouse pancreas,
5N3-NAADP selectively labeled low molecular weight sites
that exhibited the diagnostic pharmacology of NAADP-sen-
sitive Ca2� release. Surprisingly, we were unable to demon-
strate labeling of endogenous, or overexpressed, TPCs. Fur-
thermore, labeling of high affinity NAADP binding sites was
preserved in pancreatic samples fromTPC1 andTPC2 knock-
out mice. These photolabeling data suggest that an accessory
component within a larger TPC complex is responsible for
binding NAADP that is unique from the core channel itself.
This observation necessitates critical evaluation of current
models of NAADP-triggered activation of the TPC family.

NAADP4 is a potent Ca2�-releasingmessenger that has been
shown to regulate many physiological processes encompassing
fertilization, secretion, neurite outgrowth, and synaptic func-
tion (1–4). Although molecular identification of the Ca2�

channel(s) targeted by NAADP remained frustratingly elusive
for many years, several lines of evidence have recently
unmasked the two-pore channel (TPC) family of endolyso-
somal proteins as candidate NAADP receptors (5–7). Support-
ing evidence derives from gain- and loss-of-function
approaches, electrophysiological analyses, and radioligand
binding. For example, overexpression of either of the two
human TPC isoforms (TPC1 and TPC2) enhanced NAADP-
evokedCa2� responses when assessed by Ca2� imaging inmul-
tiple cell lines (5–10). Reciprocally, knockdown of endogenous
TPC1 ablated NAADP responsiveness (7), and NAADP-acti-
vated Ca2� currents were abolished in pancreatic �-cells iso-
lated from a TPC2 knock-out mouse (5). Electrophysiological
insight has been derived from different approaches in which
TPC activity was recorded from individual lysosomes in vitro
(11), reconstituted channels in planar lipid bilayers (12), or
channels rerouted to the cell surface via mutagenesis of a lyso-
somal targeting sequence (9, 13). Each approach demonstrated
that the addition ofNAADPat nanomolar concentrations stim-
ulated Ca2�-permeable currents and/or single channel activity.
Finally, radioligand binding methods using membranes over-
expressing TPC2 or endogenous TPC isoforms immunopre-
cipitated from sea urchin eggs demonstrated enhanced
[32P]NAADPbinding relative to control samples (5, 14). Cumu-
latively, this growing dataset has established TPCs as NAADP-
sensitive Ca2� channels within the endolysosomal system.
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Despite this progress, little is currently known about the struc-
tural basis ofNAADP interactionwith theTPCprotein, and the
binding site(s) for the endogenous ligand remain unresolved.
PAL methods have proven a useful tool for pharmacological

research with utility for first identifying targets of labeled
ligands and thereafter for probing the structural basis of drug-
receptor interactions (15). Photoactive probes can be generated
by simple modification of native ligands to incorporate photo-
activatable groups, such as azides, diazirines, diazocarbonyls, or
benzophenones (16), or by coupling the native ligand in its
entirety to a more generic photoaffinity labeling module (17).
The former strategy maximizes the likelihood that the deriva-
tized probe mimics the native ligand properties, whereas the
latter approach provides further customizability through
exploitation of additional tags to facilitate identification and
further purification. In the context of NAADP signaling, recent
structure-activity investigations have shown that the 5-position
of the nicotinic ring of NAADP is tolerant to substitution (18).
Therefore, incorporation of an azide group at this position
(5N3-NAADP) provides a simple strategy for derivatization of a
photoactivatable NAADP probe (18). Such azido-based pho-
toaffinity probes have previously been successfully applied to
study interactions between agonists and different ion channels
(19–21). Here, we utilized the [32P-5N3]-NAADP photolabel-
ing strategy with the aim of performing an unbiased character-
ization of NAADP binding partners within mammalian cells.
Although 5N3-NAADP recapitulated the essential properties of
NAADP as a Ca2�-mobilizing messenger, we were surprisingly
unable to demonstrate direct labeling of either endogenous or
overexpressed TPC proteins in several mammalian systems or
in the sea urchin egg homogenate preparation widely used for
studying NAADP-evoked Ca2� signaling. Consequently, we
discuss the possibility that accessory components within a
larger TPC complex may be responsible for binding NAADP
rather than the TPC protein itself.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—NAADP was synthesized by incu-
bating nicotinamide adenine dinucleotide phosphate (NADP,
Sigma-Aldrich) with nicotinic acid in the presence of recombi-
nant Aplysia ADP ribosyl cyclase (22) followed by high-perfor-
mance liquid chromatography (HPLC) purification. Concen-
trations of NADP and NAADP were estimated using
established methods (22). [32P]NAADP and [32P-5N3]NAADP
were prepared from [32P]nicotinamide adenine dinucleotide
([32P]NAD, 800 Ci/mmol, PerkinElmer Life Sciences) using
methods described elsewhere (23). NADP was freshly purified
by HPLC prior to experimentation to remove contaminating
NAADP. Construction of TPC vectors tagged with GFP orMyc
has been described previously (7, 13). LAMP1-RFP (lysosomal-
associated membrane protein-1 in complex with red fluores-
cent protein) was purchased from Addgene, and pCMV/Myc/
ER/GFP (pShooter-ER) was from Invitrogen.
Binding and Ca2� Release Assays—Sea urchin (Lytechinus

pictus) egg homogenates (50% v/v) were prepared using stan-
dard methods (24). Homogenates were diluted in intracellular-
like medium (20mMHEPES, 250mM potassium gluconate, 250
mMN-methyl D-glucamine, 1mMMgCl2, pH 7.2) to 5% (v/v) for

the radioligand binding assay. Homogenates were incubated
with [32P]NAADP or [32P-5N3]NAADP (3–7 nM) supple-
mented with the indicated concentrations of unlabeled
NAADP (90 min on ice). Binding reactions (100 �l) were ter-
minated by dilution with 1 ml of HEPES buffer followed by
centrifugation (21,000 � g for 30 min, 4 °C). Following aspira-
tion of supernatant, pellets were washed, and radioactivity was
determined by liquid scintillation counting.
For the sea urchin Ca2� release assay, homogenates were

diluted to 2.5% (v/v) with intracellular-like medium supple-
mented with an ATP regeneration system (1 mM MgATP, 10
mM creatine phosphate, 10 units/ml creatine phosphokinase)
and 3 �M fluo-3 for fluorometric detection of free Ca2�, as
described previously (25). Calcium imaging andmicroinjection
of SKBR3 cells were performed using methods described in
Ref. 7.
Sample Preparation—SKBR3 (human breast carcinoma) and

HEK293 (human embryonic kidney) cells were from ATCC.
SKBR3 cells were cultured in McCoy’s 5A medium, and
HEK293 cells were cultured in minimal essential medium. All
media were supplemented with 10% fetal bovine serum (FBS),
penicillin (100 units/ml), streptomycin (100 �g/ml), and L-glu-
tamine (290 �g/ml) (Invitrogen). Whole cell lysate (WCL) was
prepared by resuspension of trypsinized cells in HEPES buffer
(20 mM HEPES, protease inhibitors (Roche Applied Science),
pH 7.3) prior to sonication on ice. The sonicated sample was
then centrifuged (1,000� g for 10min, 4 °C), and the pellet was
discarded. Subcellular fractionation of theWCLwas performed
by dual centrifugation steps. Supernatant from a second spin
(10,000 � g for 20 min, 4 °C) was collected and respun
(100,000� g for 1 h, 4 °C) to yield supernatant (S100) and pellet
(P100) fractions. The P100 pellet was washed and resuspended
in HEPES buffer, prior to further sonication. For TPC overex-
pression experiments, SKBR3 cells were transfected (70–80%
confluency) using LipofectamineTM 2000 reagent (Invitrogen)
and harvested 48 h later. Fractionation of sea urchin egg homo-
genates was performed using the same procedures formamma-
lian cell lines as described above. In all cases, protein concen-
trations were determined by BCA assay (Thermo Scientific).
TPCN1knock-outmice (B6;129S5-Tpcn1Gt(OST359423)Lex)

were generated by Lexicon Genetics using Gene Trap by retro-
viral insertion of the VICTR37 vector between coding exons 1
and 2 (NM_145853). RT-PCR analysis revealed that the tran-
script was absent in the homozygous mutant mice. TPCN2
knock-out mice (B6;129S5-Tpcn2tm1Lex) were generated by
targeted gene disruption by homologous recombination target-
ing coding exons 18 through 20 (NM_146206). Disruption of
the target gene was confirmed by Southern hybridization anal-
ysis. Both TPCN1 and TPCN2 founder mice were backcrossed
onto C57Bl6 mice for 3–4 generations before experiments.
Mouse pancreatic samples were mixed with HEPES buffer (1:4,
w/v) and homogenized followed by centrifugation (4,000 � g
for 10 min, 4 °C). The supernatant was collected after further
centrifugation (17,000 � g for 30 min, 4 °C).
Photoaffinity Labeling—Samples were incubated with [32P-

5N3]NAADP (4.8–9.5 nM) for 5–90 min on ice prior to photo-
activation effected by exposure of samples toUV light for 2min.
PAL samples were then incubated (�15 min) with SDS sample
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buffer supplemented with 2-mercaptoethanol (10%) to reduce
free label. SDS-PAGE was then performed by separating sam-
ples on Criterion 12.5% Bis-Tris gels (Bio-Rad) subsequently
stained with instant Coomassie Brilliant Blue reagent (Invitro-
gen) and air-dried overnight between cellophane sheets
(Sigma). For resolution of the 32P signal, air-dried gels were
exposed on phosphor screens (Packard Instrument Co.) at
room temperature or on extra-sensitive x-ray film (Thermo
Scientific) for 24–96 h at �80 °C. Quantification of 32P signals
was performed densitometrically using OptiQuant software
(Version 3.0, Packard Instrument Co.). Curve fitting and
statistical analyses were performed using GraphPad Prism
(GraphPad Software Inc.). Error bars are shown as mean � S.E.
for each experiment. For the combined PAL/Western blotting
experiment, radioactive PAL samples were separated by SDS-
PAGE (4–12% Bis-Tris NuPAGE gels) and were then trans-
ferred to a nitrocellulose membrane (0.45 �m, Invitrogen) and
detected with an anti-Myc antibody (1:1000, Santa Cruz Bio-
technology) and an anti-mouse secondary antibody conjugated
with horseradish peroxidase (1:5000, Abcam). The 32P signal
was exposed on x-ray film as described above.

RESULTS

The basic principle underpinning the PAL technique is sum-
marized in Fig. 1. The radioactive photoprobe contained an
azido group at the 5-carboxyl position of the nicotinic ring
(5N3-NAADP), and the radioactive phosphatemoiety (32P) was
incorporated at the � position to the ribose linked to adenine
(Fig. 1A). Azido groups are chemically inert until photoacti-
vated by long wavelength UV light, which generates a nitrene
moiety that reacts covalently with local residue(s) in the target
proteins. In the absence of UV stimulation or in the presence of
excess non-derivatized probe, labeling is prevented. These
alternative outcomes are revealed by resolution of radioactive
signal following electrophoretic separation of the PAL reaction
(Fig. 1B).
Prior to assessment of the labeling profile of [32P-

5N3]NAADP, it was important to ascertain the behavior of the
derivatized probe ([32P-5N3]NAADP). Using the prototypical
model for studying NAADP signaling, egg homogenates from
sea urchin (L. pictus), specific binding of [32P-5N3]NAADP and
[32P]NAADP was dose-dependently displaced by NAADP
(IC50 � 0.22 � 0.05 and 0.42 � 0.08 nM respectively, n � 6–9;
Fig. 1C). Increasing concentrations of photoprobe (5N3-
NAADP) elicited progressively greater amounts of Ca2� in a
standard fluorometric assay (EC50 � 1.4 �M versus 32.5 nM for
NAADP; Fig. 1D). These data demonstrate the retention of
binding and Ca2� release efficacy in the photoprobe. Consis-
tent with data from another sea urchin species (Strongylocen-
trotus purpuratus (23)), homogenates subjected to the PAL
reaction yielded labeling of a single, low molecular mass band
(41 � 2 kDa, n � 3; Fig. 1E). Labeling was completely displaced
by NAADP (5 �M), but not by NADP, NAD, or nicotinic acid
adenine dinucleotide (NAAD) at the same concentration (Fig.
1E). Selectivity for NAADP versus NADP was high, with little
observed displacement by NADP over a wide concentration
range, whereas incubation with NAADP inhibited PAL of the
41-kDa bandwith an IC50 of 0.66� 0.23 nM (Fig. 1, F andG, n�

4). Finally, comparison of the distribution of this PAL-labeled
41-kDa band (Fig. 1H) with the distribution of [32P]NAADP
binding in different membrane fractions prepared from the egg
homogenate (see Fig. 1B in Ref. 14) showed remarkable congru-
ence. For PAL, relative densitometry showed highest labeling in
the S10P100 fraction (“light membranes”), more than 2-fold
greater than P10 or P100 fractions, which closely mimicked
results from [32P]NAADP binding analyses (14). Therefore, the
labeling characteristics of the photoaffinity probe recapitulate
the basic binding, activity, and distribution characteristics of
NAADP receptors in sea urchin egg homogenates.
For PAL experiments using mammalian samples, we first

employed SKBR3 cells. This cell line, derived from amammary
gland adenocarcinoma, has proved to be a useful cell type for
studying and manipulating endogenous NAADP-evoked Ca2�

signals (7).Microinjection of 5N3-NAADP orNAADP into sin-
gle SKBR3 cells elicited a cytoplasmic Ca2� signal, whereas
buffer injection was without effect. These data demonstrated
the efficacy of this analog in mammalian systems (Fig. 2A). To
identify NAADP binding partners, the radioactive analog ([32P-
5N3]NAADP) was incubated in SKBR3 whole cell lysate. After
irradiation and electrophoretic separation, multiple labeled
bands (Fig. 2B) spanning a broad molecular mass range (�20
kDa to �250 kDa) were revealed. Not all bands labeled by [32P-
5N3]NAADP in SKBR3 cells were affected by the presence of
excess NAADP during the cross-linking reaction. For example,
several bands labeled between �30 and 70 kDa (Fig. 2B, upper
panel) displayed similar labeling intensity despite the presence
of NAADP. Quantification of the extent of NAADP protection
was performed by densitometry using gels frommultiple differ-
ent samples and PAL reactions, and these results were collated
in Fig. 2B (lower panel). To narrow down the list of candidates
for further study, bands were prioritized that showed �2-fold
reduction in 32P signal intensity when the PAL reaction was
performed in the presence of NAADP (10 �M). From this anal-
ysis, it was evident that four bands, at�250 kDa (band 1),�102
kDa (band 2), �27 kDa (band 8), and a doublet at 22/23 kDa
(band 9), met this criterion. Candidates showing poor NAADP
displacement (bands 3–7) were not considered further.
As the most complete displacement was observed from the

22/23-kDa doublet (�4-fold, band 9) and a kinetic analysis of
labeling implied that this candidate rapidly bound [32P-
5N3]NAADP (Fig. 2C), we proceeded to assess selectivity of the
22/23-kDa doublet for NAADP relative to other ligands. To
achieve this, PAL was performed in SKBR3 whole cell lysates in
the presence of a variety of analogs (Fig. 2D). For the 22/23-kDa
doublet, labeling was not protected by other nucleotide analogs
(nicotinic acid; nicotinamide; NAD;NAAD;ATP; or�-nicotin-
amide ribosemonophosphate) or Ca2�-mobilizing compounds
(cyclic ADP-ribose or inositol 1,4,5-trisphosphate). However,
PAL signal was decreased by the presence of high concentra-
tions of NADP (10 �M), as has been observed in prior
[32P]NAADP binding studies in mammalian samples (5,
26–28) as well as a cell line overexpressing TPC2 (5). In con-
trast, pharmacological profiling of the other candidates (bands
1, 2, and 8) were suggestive of properties divergent from those
reported for theNAADP receptor: encompassing poor selectiv-
ity of NADP versusNAADP (bands 1, 2, and 8) and/or displace-
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FIGURE 1. Validation of PAL method. A, chemical structure of radioactive photoprobe ([32P-5N3]NAADP, right) as compared with [32P]NAADP (left). B, principle
of photoaffinity labeling. In the absence of UV light, the probe reversibly binds target(s). UV exposure cross-links the radioactive photoprobe to cellular binding
partner(s), which are subsequently characterized by SDS-PAGE. NAADP specificity is demonstrated by protection from labeling in the presence of excess
unlabeled NAADP. C, displacement of [32P]NAADP (open) and [32P-5N3]NAADP (solid) binding in L. pictus egg homogenates by unlabeled NAADP. % max,
percentage of maximum. D, activation of Ca2� release by 5N3-NAADP (100 nM–31.6 �M) in L. pictus egg homogenates. E, PAL in L. pictus egg homogenates
revealed a single band at �41 kDa. Incubation of PAL reaction mixture with NAADP (5 �M) protected labeling, whereas other analogues (NADP, NAD, and
NAAD, 5 �M) did not impact labeling. F, effect of the indicated concentrations of NADP (top) and NAADP (bottom) on PAL labeling of the 41-kDa band.
G, densitometric quantification (n � 4) of NAADP displacement data shown in F. % ctrl, percentage of control. H, PAL in subcellular fractions of L. pictus egg
homogenates. Top, representative PAL image in crude homogenates (H) and membrane fractions (P10, S10P100, and P100). Bottom, densitometric quantifica-
tion of similar experiments (n � 3).
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ment by other ligands (cyclic ADP-ribose, band 8). To better
substantiate this conclusion, selectivity for NAADP versus
NADP was examined for each of the four bands at various
ligand concentrations. Fig. 3A shows a representative image
demonstrating competition byNAADPorNADP that was used
to fit competition curves. This is illustrated for the 22/23-kDa
doublet (Fig. 3B), which displayed an IC50 of 137 � 17 nM for
NAADP and 1.5 � 0.3 �M for NADP, respectively (n � 4; Fig.
3B). Comparison of IC50 ratios (NADP/NAADP) for each of the
four candidates in SKBR3 cells underscored that only the low
molecular weight doublet (band 9) displayed clear selectivity
for NAADP over NADP (�11-fold; Fig. 3C).
Cellular distribution of the 22/23-kDa doublet was then

assessed by subcellular fractionation. Centrifugation of
whole cell lysate prior to PAL resulted in the majority
(�75%) of PAL-tagged doublet (band 9) appearing in the
supernatant (S100) as compared with themembrane fraction
(P100) when the same amounts of proteins were used for
PAL reaction (Fig. 4A). Intriguingly, competition analyses

revealed that the properties of doublet-associated PAL sig-
nal differed between the supernatant (S100) and pellet
(P100) fractions. PAL was inhibited by significantly lower
concentrations of NAADP in themembrane fraction as com-
pared with either S100 or WCL samples (Fig. 4B). Quantifi-
cation of these data revealed an �20-fold lower IC50 in the
membrane fraction (10 � 1 nM, n � 3, Fig. 4C) as compared
with supernatant (198 � 40 nM, n � 3) used in the same set of
experiments. Further, selectivity of the doublet for NAADP
(over NADP) was even greater in the membrane fraction
(P100, �52-fold) as compared with values measured inWCL
(�11-fold) and S100 (�5-fold) samples in the same experi-
ments (Fig. 4, C andD). Therefore, association of the doublet
with membranes conferred a higher apparent NAADP bind-
ing affinity (�10 nM; �13-fold greater thanWCL) and selec-
tivity over NADP (�52-fold; 4.5-fold greater than WCL). In
summary, these data suggest that the 22/23-kDa doublet
identified by PAL in SKBR3 cells displays high affinity and
selectivity for NAADP (Figs. 3 and 4), as well as a similar

FIGURE 2. Photoaffinity labeling of SKBR3 whole cell lysate. A, microinjection of 5N3-NAADP or NAADP (both �2 �M final) but not buffer alone (control)
increases intracellular Ca2� in SKBR3 cells. B, top, representative PAL image in WCL of SKBR3 cells. In the presence of UV light, the intensity of nine bands
(�20 –250 kDa, bands 1–9) was quantified in the absence (lane 2) and presence (lane 3) of excess NAADP. Bottom, quantification of protection of labeling by
NAADP, expressed as ratio of PAL intensities (absence/presence of NAADP). Four candidates (*) with estimated molecular masses of �250 kDa (band 1), 102 kDa
(band 2), 27 kDa (band 8), and a 23-kDa doublet (band 9) displayed �2-fold displacement by NAADP (10 �M, n � 4). C, photolabeling kinetics of the 22/23-kDa
doublet (band 9) as assessed by densitometry. D, effects of other compounds (all at 10 �M) on PAL in SKBR3. Bands 1, 2, 8, and 9 identified in A are highlighted.
Nic. Acid, nicotinic acid; Nico., nicotinamide; �-NMN, �-nicotinamide ribose monophosphate; cADPR, cyclic ADP-ribose; IP3, inositol 1,4,5-trisphosphate.

FIGURE 3. NADP and NAADP protection of PAL in SKBR3 whole cell lysates. A, representative PAL image showing effects of increasing concentrations of
NAADP (lanes 2– 6) and NADP (lanes 8 –12) on PAL. Candidate bands 1, 2, 8, and 9 are marked. M, molarity. B, densitometry of the 22/23-kDa doublet (band 9, n �
4) from A in the presence of NADP (open square) and NAADP (solid square). % ctrl, percentage of control. C, comparison of half-maximal inhibitory concentra-
tions (IC50) for NADP (open) and NAADP (solid) for bands 1, 2, 8, and 9 in SKBR3 WCL (n � 4).
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pharmacological displacement profile to that observed for
NAADP-sensitive Ca2� release (Fig. 2D).

Next, we proceeded to apply the PAL approach in two other
cell types, HEK293 cells and mouse pancreas. Both systems
have been used as models for studying NAADP-evoked Ca2�

signals (5, 6, 9, 10, 14, 29, 30). PAL samples from HEK WCL
displayed a broadly similar labeling pattern to those observed
from SKBR3 cells (Fig. 5A). The same nomenclature (bands
1–9) was therefore used for similar sized bands, and additional
PAL targets resolved in HEK293 cells were assigned in
sequence (bands 10–12). Analysis of NAADP displacement
yielded six candidate bands with displacement �2-fold (Fig.
5B). Four of these corresponded to those in SKBR3 cells (bands
1, 2, 8, and 9), and two were novel (bands 11 and 12). Compe-
tition curves comparing labeling in the presence of varying con-
centrations of NAADP and NADP were then performed for all

these candidates, and the quantified data (n � 3 independent
experiments) are shown in Fig. 5C. These data revealed that the
highest affinity and highest selectivity for NAADP were again
associated with band 9 (22/23 kDa, IC50 for NAADP � 52 � 2
nM, versus 818 � 106 nM for NADP using WCL, n � 3). More-
over, similar to data from SKBR3 cells (Fig. 4C), IC50 values in
membrane (P100) fractions fromHEK cells were indicative of a
higher apparent affinity of the 23-kDa candidate when mem-
brane-associated (IC50 for NAADP � 22 � 4 nM versus 134 �
23 nM in P100 versus S100 fractions, respectively, n � 3).

As mouse pancreatic acinar cells have been widely used to
study endogenous NAADP-evoked Ca2� signaling (29, 30), we
performedPAL inhomogenized samples frommouse pancreas.
NAADP displacement identified six candidates at low molecu-
lar masses (�50 kDa) in the pancreatic samples with little obvi-
ous labeling of larger proteins (Fig. 5D). As this labeling pattern

FIGURE 4. Properties of the 23-kDa doublet in different SKBR3 subcellular fractions. A, representative PAL image comparing SKBR3 WCL, soluble (S100),
and membrane fractions (P100). B, competition PAL images of the 23-kDa doublet (band 9) in indicated fractions. Higher amounts of protein were loaded for
the P100 fraction to facilitate visualization of the 22/23-kDa doublet. M, molarity. C, densitometry (n � 4) of the 22/23-kDa doublet (band 9) from WCL (squares),
S100 (open circles), and P100 (filled circles) fractions. % ctrl, percentage of control. D, comparison of IC50 values for NADP (open) and NAADP (solid) for band 9 in
different fractions isolated from SKBR3 cells (n � 4).
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was different from that observed in human cell lines, we
employed a different nomenclature for the pancreatic candi-
dates (bands A–F). Quantification of displacement by NAADP
revealed that four PAL bands showed significant protection by
NAADP, well in excess of the 2-fold criterion established in

either human cell line (bands C–F, �6–30-fold displacement).
Assessment of the selectivity for NAADP over NADP revealed
that band F (23 kDa) and bandD (27 kDa) displayed the highest
selectivity for NAADP over NADP (9.3 � 2.3- and 7.6 � 1.8-
fold for bands F andD respectively, n� 4; Fig. 5F). Therefore, in

FIGURE 5. PAL in HEK293 cells and mouse pancreas. A, representative PAL gel in HEK293 WCL. Band numbering was kept consistent with similar sized bands
observed in SKBR3 cells. B, ratio of densitometry of the indicated bands (bands 1–12) from multiple independent experiments. Six candidates (*) with estimated
molecular masses �250 kDa (band 1), 102 kDa (band 2), 27 kDa (band 8), 23-kDa doublet (band 9), 36 kDa (band 11), and 35 kDa (band 12) displayed �2-fold
displacement by NAADP (10 �M, n � 4). C, measurements of IC50 values for bands that displayed �2-fold protection by NAADP. D–F, similar processing for
mouse pancreatic samples (Pel-Freez Biologicals) showing representative gel (D), NAADP displacement ratio (E), and IC50 estimation (F).
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each of three different mammalian samples studied (SKBR3,
HEK293, and mouse pancreas), the 22/23-kDa doublet consis-
tently displayed the highest apparent affinity and selectivity for
NAADP.
The sizes of the NAADP-selective candidates (22 and 23

kDa) in mammalian cells and the single 41-kDa band in sea
urchin (L. pictus) were considerably lower than those expected
for the TPC proteins identified as NAADP-sensitive Ca2�

channels (9, 13, 31). Two possible explanations for this discrep-
ancy are that (i) endogenous levels of TPCs are below the detec-
tion capability of the PAL approach or (ii) the low molecular
weight candidates are actually degradation products of the full-
length TPC protein. These possibilities were discounted by
examining the effects of TPC overexpression, which is a
straightforward assay in the mammalian (but not sea urchin)
system. Given that the sensitivity of detection of Western blot
methods is lower than that of 32P-based PALmethods (typically
pico- versus femtogram sensitivity), immunological detection

of overexpressed TPCs should obviate concerns of whether an
insufficient amount of TPC existed in the PAL samples and
whether the full-length protein was present. Further, increased
levels of TPC should cause an increase in PAL reactivity if
NAADP is binding directly to these channels.
Therefore, we overexpressed GFP-tagged human TPC1 and

TPC2 in SKBR3 cells. Both constructs were observed to target
to intracellular structures (Fig. 6A). These data confirm previ-
ous reports that TPC constructs are faithfully targeted in the
SKBR3 system (7). Next, we expressed Myc-tagged TPC1 and
TPC2 constructs with a view to performing Western blotting
and phosphorimaging on the same set of PAL samples sepa-
rated on an SDS-PAGE gel and transferred to a single mem-
brane. The resulting PAL reaction (lower resolution because of
membrane transfer) and Western blot are shown in Fig. 6B.
These data revealed that TPC reactivity was localized as
expected at sizes consistent with full-length/glycosylated TPC1
(�93 and 130 kDa) and TPC2 (�69, 107, and 229 kDa) and

FIGURE 6. Lack of effect of overexpressed TPC isoforms on PAL profiles. A, images of SKBR3 cells transfected with TPC1-GFP (upper left) or TPC2-GFP (upper
right) and in live cells co-expressing LAMP1-RFP (middle panel). Bottom, merged images for GFP and RFP. B, combined PAL/Western blot, allowing comparison
of PAL reactivity (left) with immunological detection of TPC isoforms (right) on the same nitrocellulose membrane. Control cells were transfected with a
Myc-GFP construct. WB, Western blot. C, representative PAL gel comparing reactivity in control WCL (transfected with Myc-ER) with TPC1-Myc (middle two
lanes) and TPC2-Myc (right two lanes) transfected cells. Overexpression of TPC isoforms did not impact the PAL labeling profile in the absence or presence of
NAADP. D, quantification of levels of the 22/23-kDa doublet in TPC1-Myc and TPC2-Myc transfected SKBR3 cells relative to controls (n � 4 independent
transfections). % Ctrl, percentage of control.

NAADP-binding Proteins

2304 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 4 • JANUARY 20, 2012



controlMyc-ER samples at�30 kDa. However, overexpression
of TPCs did not change the overall PAL labeling pattern and
specifically the intensity of the 22/23-kDa bands. Comparison
of the PAL and Western blot data confirm that although full-
length TPC1 and TPC2 are clearly detectable in these samples,
their migration does not correlate well with the 22/23-kDa
doublet.
PAL of the same TPC overexpressed samples was then per-

formed at higher resolution to allow densitometric quantifica-
tion (Fig. 6C). Again, overexpression of Myc-tagged TPC1 or
TPC2 resulted in very similar PAL patterns, with no obvious
appearance of novel candidates within the size range expected
for these channels in either the presence or the absence of
NAADP. Further, PAL did not change the migration pattern of
TPCs, as judged by comparison with non-irradiated samples
(data not shown). Densitometry of the 22/23-kDa doublet in
the overexpressed samples showed no increase in both TPC1-
Myc (103� 4%, n� 4) and TPC2-Myc (104� 6%, n� 4) whole
cell lysates as compared with mock transfection (Fig. 6D).
Given that the PAL approach has higher sensitivity thanWest-
ern blotting, it is unlikely that the failure to demonstrate label-
ing of TPCs results from insufficient TPC levels in these sam-
ples. Rather, we conclude that labeling with [32P-5N3]NAADP
does not correlate with TPC immunoreactivity in samples
where the presence of full-length TPC proteins is readily
demonstrable.
Finally, we examined PAL patterns in pancreatic samples

derived from TPCN1 and TPCN2 knock-out mice. The avail-
ability of these samples afforded the opportunity to examine
PAL labeling patterns following ablation of endogenous TPC
isoforms. Interestingly, the 22/23-kDa doublet was present in
all the different pancreatic samples (Fig. 7) despite the targeting
ofTPC isoforms for ablation (TPC1�/�matched littermate ver-
sus TPC1�/�; TPC2�/� versus TPC2�/�). Further, the IC50
values for displacement of PAL reactivity by unlabeledNAADP
were similar for TPC1 (IC50 for NAADP of 48� 3 nMTPC1�/�

versus 33 � 9 nM TPC1�/�; Fig. 7, A and B) and TPC2 knock-

out samples (IC50 for NAADP of 26 � 8 nM TPC2�/� versus
24 � 5 nM TPC2�/�; Fig. 7, C and D). These data demonstrate
that the 22/23-kDaNAADP-selective doublet is present inTPC
knock-out samples and therefore represents a unique protein
distinct from either TPC isoform.

DISCUSSION

The two-pore channels (TPC1 and TPC2 in humans) have
recently been identified as a family of endolysosomal ion chan-
nels that release Ca2� from acidic organelles in response to
NAADP (5–7). However, there is currently no insight as to how
NAADP activates these channels at the structural level. There-
fore, the original rationale for this work was to utilize a photo-
labeling method to identify which region(s) of the TPC protein
bind to NAADP, guided by similar studies that have success-
fullymapped regions/residues that coordinate ligand-ion chan-
nel interactions (19–21). However, rather than labeling candi-
dates with sizes equivalent to TPC1/2, results from all the
systems examined in this study converged in identifying a lower
molecular mass candidate (22/23-kDa bands in mammalian
systems) as an NAADP target that displayed characteristics
compatible with NAADP-evoked Ca2� release. In each of the
three mammalian systems examined, this labeled doublet dis-
played: (i) the highest affinity forNAADP, (ii) the greatest selec-
tivity for NAADP over NADP, and (iii) a minority fraction of
total PAL labeling as expected for a receptor (properties sum-
marized in Table 1). In SKBR3 cells, the pharmacology of this
candidate mimicked known properties of NAADP-sensitive
Ca2� release and showed the highest degree of protection by
NAADP of any labeled proteins (Fig. 2). Further selectivity for
NAADP over NADP was �52-fold in the SKBR3 membrane
fraction (Fig. 4), a ratio that compared favorably with published
selectivity ratios from [32P]NAADP binding assays (e.g. 7–49-
fold range (26–28)), which are taken as representative of the
NAADP-evoked Ca2� release mechanism. Finally, comparison
of PAL results between the threemammalian samples (Table 1)
revealed that the low molecular weight doublet comprised a

FIGURE 7. PAL in TPC knock-out mouse pancreas. A and C, PAL profile for the 22/23-kDa doublet compared between TPC1�/� versus TPC1�/� (A) and
TPC2�/� versus TPC2�/� (C) WCL samples. M, molarity. B and D, quantification of IC50 values in similar samples (n � 3) shown in A and C. % ctrl, percentage of
control.
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greater fraction of total labeling and exhibited greater protec-
tion by NAADP in mouse pancreatic samples. This correlates
with the frequent usage of this system for studying endogenous
NAADP-evokedCa2� signals as comparedwith cell lineswhere
responses to microinjected NAADP are less easily demon-
strated. Therefore, the failure to demonstrate labeling of
endogenous TPC proteins in different mammalian or sea
urchin samples, even when TPC1 and TPC2 isoforms were
overexpressed, and the similarity of labeling profile in knock-
out samples were surprising and merit critical reevaluation of:
(i) the photoaffinity approach itself and (ii) the issue of whether
NAADP-evoked Ca2� release occurs via TPC directly, or
rather, by binding accessory proteins within a larger TPC-con-
taining complex.
First, although the photolabeling approach provided an

unbiased sampling of cellular binding partners for NAADP,
results must be interpreted cautiously. Methodological con-
cerns include the specificity of the modified photoprobe rela-
tive to the endogenous ligand, the propensity for nonspecific
incorporation, and preferential labeling of low-affinity, high
capacity sites. In our hands, specificity of the photoprobe was
demonstrated by high affinity binding and efficacy in sea urchin
egg homogenate and SKBR3 cells. Further, the observed char-
acteristics of doublet labeling (minority fraction of total incor-
poration, high affinity and extent of protection, appropriate
pharmacology) are not consistent with those expected for a low
affinity, nonspecific site. Target abundance issues also seem
unlikely given that overexpression of TPC isoforms did not
result in the appearance of a size-matched PAL band despite
evident immunoreactivity.
How inconsistent is this suggestion with published findings

regarding NAADP binding to TPC proteins? Calcraft et al. (5)
reported that TPC2 overexpression in HEK293 cells enhanced
specific [32P]NAADP binding (5). However, it was noted that
conditions that resulted in a �250-fold increase in TPC2
mRNA conferred only an �3-fold increase in specific
[32P]NAADP binding (5). Subsequent immunoprecipitation
studies demonstrated that pulldown of sea urchin TPCs recov-
ered [32P]NAADP binding sites (14), but neither the efficiency
of recovery nor the purity of the preparation was assessed. Sim-
ilarly, the potential association of accessory proteins in electro-
physiological assessments of TPC function cannot be excluded
(9, 11, 12). Therefore, in our opinion, currently published data
do not exclude the possibility that the NAADP receptor and
NAADP-gated channel (TPC) are separate molecular entities
such that NAADP binds to an accessory protein within a larger
TPCcomplex. Indeed, TPCsdisplay sequence similarity to volt-
age-sensitive calcium and sodium channels that assemble as
multiprotein complexes encompassing tightly associated sub-
units (3). Discrimination of these alternatives would be facili-

tated by either direct demonstration of [32P]NAADPbinding to
purified TPC proteins (no mapping of NAADP binding site(s)
on the TPC channels have yet been reported) or the identifica-
tion of alternate NAADP binding partners (with subsequent
proof of interaction with TPCs and conferral of NAADP bind-
ing ability). In this regard, we note the compatibility of photoaf-
finity labeling tools with mass spectrometry methods as a logi-
cal strategy for future identification and evaluation of the
relationship between the mammalian and sea urchin candi-
dates. However, such an approach will necessitate the develop-
ment of a bifunctional PAL probe (17, 32) based on low endog-
enous levels of this candidate in all mammalian systems
examined to date.
In conclusion, our data imply the existence of an NAADP-

binding protein displaying properties diagnostic of the
NAADP-evoked Ca2� release mechanism but which is distinct
from the TPC.
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