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Abstract

TPC2 is a pathophysiologically relevant lysosomal ion channel that is activated directly by 

the phosphoinositide PI(3,5)P2 and indirectly by the calcium ion (Ca2+)–mobilizing molecule 

NAADP through accessory proteins that associate with the channel. TPC2 toggles between 

PI(3,5)P2-induced, sodium ion (Na+)–selective and NAADP-induced, Ca2+–permeable states in 

response to these cues. To address the molecular basis of polymodal gating and ion-selectivity 
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switching, we investigated the mechanism by which NAADP and its synthetic functional agonist, 

TPC2-A1-N, induced Ca2+ release through TPC2 in human cells. Whereas NAADP required 

the NAADP-binding proteins JPT2 and LSM12 to evoke endogenous calcium ion signals, TPC2-

A1-N did not. Residues in TPC2 that bind to PI(3,5)P2 were required for channel activation 

by NAADP but not for activation by TPC2-A1-N. The cryptic voltage-sensing region of TPC2 

was required for the actions of TPC2-A1-N and PI(3,5)P2 but not for those of NAADP. These 

data mechanistically distinguish natural and synthetic agonist action at TPC2 despite convergent 

effects on Ca2+ permeability and delineate a route for pharmacologically correcting impaired 

NAADP-evoked Ca2+ signals.

INTRODUCTION

Nicotinic acid adenine dinucleotide phosphate (NAADP) is a potent Ca2+-mobilizing 

messenger produced in response to diverse extracellular cues to regulate numerous Ca2+-

dependent outputs from fertilization to differentiation and beyond (1). In most systems, it 

stimulates the release of Ca2+ from acidic organelles through two-pore channels (TPCs) (2–

6), which are ancient members of the voltage-gated ion channel superfamily that localize to 

acidic organelles (6–10). TPCs play prominent evolutionarily conserved roles in organellar 

architecture, such as membrane contact site formation and vesicular trafficking, and they are 

implicated in a number of disorders, including Parkinson disease, liver dysfunction, viral 

infection, and cancer (10–15).

However, despite the clear importance of NAADP and TPCs, the molecular relationship 

between the two is unresolved (16). TPCs do not bind NAADP. Instead, NAADP binds to 

small–molecular weight proteins that associate with TPCs (17–20). We and others converged 

on Jupiter microtubule associated homolog (JPT2) as the long-sought NAADP receptor that 

mediates the effect of NAADP on TPCs (21, 22). JPT2 selectively binds NAADP, associates 

with TPCs, and is required for NAADP-mediated Ca2+ signaling and viral trafficking (21). 

Other studies identified a second distinct NAADP receptor, like-Sm protein 12 (LSM12), 

which also appears necessary for NAADP-mediated Ca2+ signaling (23). The relationship 

between JPT2 and LSM12 in NAADP action requires definition (24, 25).

In addition to NAADP, TPCs are activated directly by the endolysosomal-enriched 

phosphoinositide, phosphatidylinositol 3,5-bisphosphate [PI(3,5)P2] (26) through a 

structurally resolved binding site (27, 28). PI(3,5)P2 induces largely Na+-selective currents 

through both TPC1 (29) and TPC2 (26). This is in contrast to a body of literature indicating 

TPCs are nonselective cation channels gated by NAADP (8, 30, 31). Parallel analyses of 

TPC2 in the presence of NAADP or PI(3,5)P2 confirmed this divergent ion selectivity 

profile and identified small-molecule activators of TPC2 that mimic these effects (32). 

Additional analyses show that despite the radically different actions of NAADP, PI(3,5)P2, 

and their mimetics on TPC2 permeability, they synergize to increase Ca2+ but not Na+ flux 

(33). This leads to a paradigm in which an ion channel can switch its permeability in an 

agonist-dependent manner to independently control cation flux and associated downstream 

functions, such as lysosomal pH, motility, and exocytosis. The interplay between indirect 
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and direct control of TPC activity is currently undefined and is important to establish to 

effectively target the channel with drugs.

Here, we probed the role of NAADP-binding proteins, the PI(3,5)P2 binding site, and 

the voltage-sensing region in agonist activation of TPC2. We distinguished the actions of 

NAADP from those of a functional mimetic, thereby revealing how the Ca2+ signaling 

modality of TPC2 can be achieved through distinct means. These data revealed mechanistic 

insight into polymodal gating and suggest a strategy for correcting deviant NAADP-

mediated Ca2+ signals.

RESULTS

The NAADP mimetic TPC2-A1-N mediates Ca2+ signals independently of NAADP-binding 
proteins

In the accompanying study (34), we revealed a dual requirement for JPT2 and LSM12 in 

NAADP signaling through TPCs. Here, we tested the requirement for these NAADP-binding 

proteins in the actions of TPC2-A1-N, a small-molecule activator of TPC2 that mimics the 

Ca2+ signaling modality of NAADP but is not a structural analog of NAADP (32). We used 

haploid HAP1 and diploid U2OS knockout cells lacking JPT2, LSM12, or both.

Western blot analyses using antibodies specific for JPT2 or LSM12 identified proteins of 

~25 kDa in control cells but no detectable signals in each of the respective knockouts 

or the double-knockout cells (Fig. 1A and fig. S1, A to C). To further validate these 

cells, we performed immunocytochemical analysis with the same antibodies. We noted 

largely diffuse staining throughout the cytosol for both NAADP-binding proteins in control 

HAP1 cells, and staining was absent in the respective knockout cell lines (Fig. 1B). 

Immunocytochemistry in mock-edited U2OS cells showed that JPT2 staining was largely 

diffuse, as in the HAP1 cells, and specific because it was not evident in the knockout cells 

(Fig. 1C). This analysis, however, revealed a punctate distribution for LSM12 in U2OS cells 

(Fig. 1C and fig. S1D). To investigate the subcellular location of NAADP-binding proteins 

in U2OS cells, we costained cells with an antibody to the late-endosome and lysosomal 

protein, LAMP1. Whereas a portion of the LSM12 puncta colocalized with LAMP1 puncta, 

there was minimal overlap of JPT2 with LAMP1 (Fig. 1D). Upon enlargement of lysosomes 

by vacuolin treatment, large LAMP1-positive vacuoles were readily identifiable, and a 

proportion of them were also positive for LSM12 (Fig. 1D).

To test the requirement for JPT2 and LSM12 proteins in TPC2-A1-N action, we first 

examined the effect of TPC2-A1-N on endogenous TPC2-mediated Ca2+ signals in HAP1 

cells using the fluorescent ratiometric Ca2+-sensitive indicator Fura-2. TPC2-A1-N evoked 

a detectable response that was largely unaffected by knockout of LSM12 or JPT2, but these 

signals were small in amplitude (fig. S2A). To better characterize TPC2-dependent Ca2+ 

signals, we leveraged our previous findings showing that TPC2-A1-N synergizes with a 

PI(3,5)P2 functional mimetic, TPC2-A1-P, to selectively increase the Ca2+ permeability of 

TPC2 (33). HAP1 cells were therefore stimulated with a combination of TPC2-A1-N and 

TPC2-A1-P. The combination induced a larger Ca2+ response in control HAP1 cells (Fig. 

2A) than either mimetic alone (fig. S2, A and B). This response was unaffected by knockout 
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of either JPT2 or LSM12 (Fig. 2A), thereby distinguishing the effects of TPC2-A1-N and 

NAADP.

In an independent approach, we examined the effects of TPC2-A1-N in diploid U2OS 

cells. In this cell type, TPC2-A1-N alone evoked a larger response than that in HAP1 

cells (Fig. 2B). The responses were similar in mock knockout, LSM12 knockout, and JPT2 

knockout cells, providing further evidence that the effects of TPC2-A1-N were independent 

of NAADP receptors (Fig. 2B). Essentially, similar results were obtained using TPC2-A1-N 

in combination with TPC2-A1-P (fig. S3, A and B). To test for possible compensation 

between NAADP-binding proteins upon knockout, we analyzed the effects of TPC2-A1-N 

in double-knockout cells lacking both LSM12 and JPT2. As with the single knockouts, 

there was little effect on Ca2+ signals evoked by TPC2-A1-N (Fig. 2C) or TPC2-A1-N in 

combination with TPC2-A1-P (fig. S3, C and D). In a converse approach, we examined 

the effect of LSM12 and JPT2 overexpression on Ca2+ signals evoked by TPC2-A1-N. 

Neither of the proteins, when overexpressed, affected endogenous Ca2+ signals evoked by 

TPC2-A1-N (Fig. 2D). Overexpression of LSM12 modestly reduced the response to the 

agonist combination, but JPT2 overexpression was without effect (Fig. 2D and fig. S4). 

Overall, these data show that TPC2-A1-N responses were independent of NAADP-binding 

protein amounts.

We also examined the requirement for LSM12 and JPT2 on activation of recombinant 

TPC2 by TPC2-A1-N using two approaches. In the first, we expressed TPC2 fused to the 

fluorescent Ca2+ indicator protein GCaMP6s at its cytosolic C terminus in double-knockout 

U2OS cells to record lysosomal Ca2+ release (Fig. 2E). In the second, we expressed TPC2 

rerouted to the plasma membrane by mutating the N-terminal lysosomal targeting sequence 

(TPC2L11A/L12A) to record Ca2+ influx (Fig. 2F). TPC2-A1-N evoked robust Ca2+ signals 

in both cases, and these responses were not different upon dual knockout of the NAADP-

binding proteins (Fig. 2, E and F). Essentially, similar results were obtained in influx assays 

upon single knockout of the NAADP-binding proteins (fig. S5, A and B). In summary, using 

both knockout and overexpression approaches, we showed that TPC2-A1-N activated TPC2 

independently of the NAADP-binding proteins JPT2 and LSM12 despite having similar 

effects to NAADP on channel permeability.

Activation of TPC2 by NAADP requires the PI(3,5)P2 binding site

NAADP and PI(3,5)P2 have disparate effects on the permeability of TPC2 but appear to 

work synergistically (33, 35), suggesting that their actions are in some way linked. To probe 

the relationship between NAADP and PI(3,5)P2, we examined the effects of mutating the 

PI(3,5)P2 binding site on agonist action. PI(3,5)P2 binds to TPC2 by bridging residues in 

the S4-S5 linker and S6 helix in the first domain (Fig. 3A) (28). We mutated essential 

lysine residues Lys204 or Lys207 in the linker (K204A and K207A) in TPC2L11A/L12A to 

reroute channels to the plasma membrane for patch clamp analyses. Human embryonic 

kidney (HEK) cells transiently expressing TPC2L11A/L12A at the cell surface supported 

robust currents in response to PI(3,5)P2 using symmetrical Na+ solutions (Fig. 3B). Mutation 

of either Lys204 or Lys207 caused substantial inhibition of the PI(3,5)P2-evoked currents 

(Fig. 3B), as reported previously (28). NAADP also robustly activated TPC2L11A/L12A in the 
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plasma membrane (Fig. 3C). These currents were blocked by the pore blocker raloxifene and 

not detected in cells expressing TPC2 mutated within the pore (fig. S6A), consistent with 

previous analyses (8, 36). The K204A and K207A mutations also abolished the NAADP 

currents (Fig. 3C).

To further investigate the relationship between NAADP and PI(3,5)P2, we mutated residues 

in the S6 helix of TPC2. PI(3,5)P2 interacts with Arg329 in the S6 extension in the closed 

state and undergoes structural rearrangements and additional interaction with Ser322 in 

the open state (Fig. 3D) (28). Mutation of Arg329 or Ser322 inhibited PI(3,5)P2-mediated 

currents (Fig. 3E), as reported (28). In addition, as with the linker mutations, they also 

abolished NAADP action (Fig. 3F).

We also analyzed NAADP-mediated Ca2+ signals in intact U2OS cells expressing lysosomal 

wild-type TPC2 or TPC2K204A. In these experiments, NAADP was delivered by pressure 

microinjection. NAADP evoked a prompt Ca2+ signal in Fura-2–loaded cells expressing 

wild-type TPC2, but there was little response in cells expressing TPC2K204A (Fig. 3G), 

consistent with reduced currents. Together, these experiments demonstrate that, despite the 

indirect effects of NAADP and direct effects of PI(3,5)P2 on TPC2, they share common 

molecular determinants for channel activation.

Activation of TPC2 by TPC2-A1-N is independent of PI(3,5)P2 binding

We next probed the requirement of the PI(3,5)P2 binding site for channel activation by 

TPC2-A1-N as assayed by patch clamping in HEK cells. TPC2-A1-N induced currents 

through TPC2L11A/L12A (Fig. 4A) that were comparable in magnitude to those mediated by 

NAADP (Fig. 3C). Similar to NAADP, they were blocked by raloxifene or by mutation of 

the pore (fig. S6B). However, in contrast to the NAADP- and PI(3,5)P2-evoked currents, 

currents evoked by TPC2-A1-N were unaffected by mutation of Lys204 and Lys207 within 

the S4-S5 linker (Fig. 4A). Mutation of Arg329 and Ser322 in the S6 extension also failed 

to affect the currents (Fig. 4A). In these experiments, TPC2-A1-N evoked currents in all 

13 patches tested. However, in four of those patches, NAADP failed to evoke a current 

(Fig. 4B), again distinguishing the actions of NAADP and TPC2-A1-N. Comparison of the 

TPC2-A1-N currents in NAADP-sensitive and -insensitive patches showed no difference in 

amplitude (Fig. 4C).

In an independent approach to assessing TPC2-A1-N action, we measured Ca2+ influx 

through TPC2 at the plasma membrane in HeLa cells loaded with Fura-2. TPC2-A1-N 

evoked prompt Ca2+ influx in cells expressing TPC2L11A/L12A (Fig. 4D). Mutagenesis of 

the S4-S5 linker or S6 had relatively little effect on Ca2+ influx (Fig. 4D) consistent with 

the electrophysiology (Fig. 4A). We also measured Ca2+ release in cells expressing TPC2-

GCaMP6s and without the various mutations (Fig. 4E). Again, as with TPC2L11A/L12A, 

mutagenesis of the PI(3,5)P2 binding site had little effect on the TPC2-A1-N activity (Fig. 

4E).

Last, we tested the requirement for PI(3,5)P2 in TPC2-A1-N activation of endogenous TPC2 

by blocking synthesis of PI(3,5)P2 in HeLa cells with the PIKfyve inhibitor apilimod. 

Apilimod did not affect the Ca2+ responses evoked by TPC2-A1-N (Fig. 4F). Consistent 

Saito et al. Page 5

Sci Signal. Author manuscript; available in PMC 2023 November 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with depletion of PI(3,5)P2, it caused vacuole formation and enlarged LAMP1-positve 

structures (Fig. 4G). Together, these data (summarized in Fig. 4, H to J) show that activation 

of TPC2 by TPC2-A1-N was PI(3,5)P2 independent. This provides additional evidence that 

TPC2-A1-N actions are distinct from those of NAADP despite phenocopying the effects of 

NAADP on Ca2+ permeability.

Residues outside the PI(3,5)P2 binding site are required for NAADP and TPC2-A1-N actions

To further probe the molecular determinants of agonist action, we mutated residues in 

TPC2 not implicated in PI(3,5)P2 binding. We focused on Trp211 in the S4-S5 linker, 

which is downstream of the polybasic region (Fig. 5A). In these experiments, we recorded 

currents through TPC2L11A/L12A in HEK cells under bi-ionic conditions with Ca2+ in the 

pipette solution (corresponding to extracellular space or lysosome lumen) and Na+ in the 

bath (corresponding to the cytosol). The reversal potential (Erev) for currents evoked by 

NAADP was −10 ± 0.4 mV, corresponding to a PCa/PNa of ~0.6, similar to that reported 

previously (32). Mutation of Trp211 to Ala (W211A) blocked both outward (Na+) currents 

and inward (Ca2+) currents (Fig. 5, B to D). TPC2-A1-N evoked similar currents to those 

evoked by NAADP in control cells expressing TPC2L11A/L12A with an Erev of −13 ± 1 

mV, and, similar to NAADP, TPC2-A1-N–evoked currents were blocked in cells expressing 

TPC2L11A/L12A/W211A (Fig. 5, B to D). We also examined the effects of Trp211 on currents 

evoked by PI(3,5)P2. PI(3,5)P2 evoked robust currents with a negatively shifted Erev (−67 ± 

5 mV) corresponding to a PCa/PNa of ~0.04. PI(3,5)P2-evoked currents were also blocked 

by the W211A mutation despite lack of direct contact of PI(3,5)P2 with Trp211 (Fig. 5, 

B to D). Thus, Trp211 is a common determinant for activation of TPC2 by NAADP, 

TPC2-A1-N, and PI(3,5)P2. This was not due to aberrant trafficking of the mutant forms 

of plasma membrane–targeted TPC2 because confocal analyses revealed similar subcellular 

distributions for TPC2L11A/L12A and TPC2L11A/L12A/W211A (fig. S7). In a related set of 

experiments, we examined the effects of mutating Arg331. This residue is in the S6 extension 

and downstream of residues that coordinate the PI(3,5)P2 head group during channel 

opening (Fig. 5A). Currents evoked by all three TPC2 agonists were reduced for the R331A 

mutant similar to W211A (Fig. 5, B to D). Again, the Arg331mutant appeared to traffic 

normally (fig. S7).

In an independent approach, we examined the effects of the mutations on Ca2+ influx 

by rerouted TPC2 in response to TPC2-A1-N. Influx of Ca2+ in cells expressing 

TPC2L11A/L12A/W211A or TPC2L11A/L12A/R331A was largely reduced (Fig. 5E), consistent 

with reduced Ca2+ currents. Essentially, similar results were obtained in lysosomal Ca2+ 

release assays (Fig. 5F). Thus, mutation of either Trp211 or Arg331 in TPC2-GCaMP6s 

reduced Ca2+ responses to TPC2-A1-N.

To further identify residues that are important for agonist action, we considered the voltage-

sensing region in domain II of TPC2. Activation of TPC1 by PI(3,5)P2 is voltage-sensitive, 

but activation of TPC2 is not due to the absence of a positively charged voltage-sensing 

residue in S4 of domain II (28). Nevertheless, downstream arginine residues within S4 are 

conserved, suggesting an important role in channel function, and tricyclic antidepressants 

reveal voltage-dependent activation of TPC2 (37). We therefore mutated Arg557 in S4 (Fig. 
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5G) to alanine (R557A) and examined its effects on agonist action. Patch clamp analyses 

of HEK cells expressing TPC2L11A/L12A/R557A showed that the NAADP-evoked currents 

were similar to cells expressing the wild-type channel (Fig. 5H). In stark contrast, currents 

evoked by TPC2-A1-N were substantially reduced (Fig. 5H). Essentially, similar results 

were obtained with PI(3,5)P2 (Fig. 5H). Regarding the effects of the R557A mutation 

on TPC2-A1-N–mediated Ca2+ influx, Ca2+ signals evoked by TPC2-A1-N were reduced 

(Fig. 5I), again distinguishing the activation of TPC2 by NAADP versus TPC2-A1-N. To 

further validate these findings, we examined the effect of TPC-A1-N–evoked Ca2+ release in 

cells expressing TPC2R557A-GCaMP6s. Responses were delayed relative to cells expressing 

TPC2-GCaMP6s (Fig. 5J), consistent with abrogated channel activity. Together, these 

electrophysiological and imaging analyses (summarized in Fig. 5K) identify key residues 

remote from the PI(3,5)P2 binding site that are essential for all agonist activation of TPC2 

and a role for the S4 voltage sensor in mediating agonist-selective activation of TPC2.

DISCUSSION

TPC2 is a highly unusual ion channel able to switch its permeability in an agonist-dependent 

manner (32, 33). Here, we identified key molecular determinants mediating TPC2 activation. 

We showed how the same channel outcome (Ca2+ permeability) mediated by NAADP and 

by an NAADP mimetic was achieved through different molecular determinants. Polymodal 

activation of TPC2 thus proceeds through divergent routes (Fig. 5L).

NAADP has long been known to activate TPCs indirectly based on photo-affinity labeling 

experiments (17–20). The eagerly awaited identification of NAADP receptors that associate 

with TPCs (21, 23) rationalizes NAADP action within a receptor-channel complex (18). 

As shown in the accompanying manuscript (34), both JPT2 and LSM12 are direct 

targets for NAADP, and both are required for NAADP-mediated Ca2+ signaling. Our 

immunocytochemical studies (Fig. 1, C to D) revealed cell type–specific differences in the 

localization of these endogenous NAADP-binding proteins. In particular, the distribution of 

JPT2 and LSM12 appears more punctate in U2OS cells than in HAP1 cells, with greater 

colocalization of LSM12 with lysosomes. This is consistent with LSM12 preferentially 

associating with TPC2 over TPC1 (34).

Biophysically, NAADP and the small-molecule agonist TPC2-A1-N evoke almost identical 

currents through TPC2 (32, 33). TPC2-A1-N is selective for TPC2 over TPC1 and TRPML1 

(32), but its molecular mechanism of action has not been characterized. We demonstrated 

four properties that distinguish NAADP and TPC2-A1-N: First, only NAADP-evoked Ca2+ 

signals were blocked by knockout of JPT2 and/or LSM12 (Fig. 2, A to F) (34); second, only 

NAADP-evoked channel activation was blocked by mutation of the PI(3,5)P2 binding site 

in TPC2 (Figs. 3, C and F; and 4, A to E); third, TPC2-A1-N activated TPC2 in NAADP-

insensitive patches of cellular membranes (Fig. 4B); and, fourth, only TPC2-A1-N–induced 

channel activation was blocked by mutation of the voltage sensor in TPC2 (Fig. 5, H to K). 

These data divorce the actions of the agonists. They also point to TPC2 as likely a direct 

target for TPC2-A1-N, explaining why TPC2-A1-N is a more consistent channel activator 

than NAADP, which targets TPC2 indirectly through NAADP-binding proteins. Perhaps 
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most notably, our results show how the convergent actions of these two “Ca2+ agonists” on 

TPC2 permeability are mediated by distinct molecular mechanisms.

PI(3,5)P2 interaction with TPC2 is detailed at the atomic level with cryo–electron 

microscopy (cryo-EM) structures available in both agonist-bound closed and agonist-bound 

open states (28). Our data showing marked convergence on PI(3,5)P2-interacting residues 

for NAADP and PI(3,5)P2 were unexpected, given that NAADP does not bind TPCs. This 

requirement was strict, spanning the S4-S5 linker and S6 helix in domain I (Fig. 3, A to 

F), but evidently selective, given that TPC2-A1-N responses were unperturbed when these 

residues were mutated (Fig. 4, A to E). NAADP and PI(3,5)P2 synergize to activate TPC2 

(33, 35), consistent with them acting at distinct sites. It is unlikely that the inhibition of 

NAADP action we observed by abrogating the PI(3,5)P2 site was due to antagonism of 

endogenous PI(3,5)P2 because our electrophysiological measurements were performed with 

TPC2 redirected to the plasma membrane, where PI(3,5)P2 abundance is low. We speculate 

that these mutations, as well as disrupting PI(3,5)P2 binding, induce structural changes that 

perturb the NAADP-binding protein–channel interface. This mechanism is likely conserved 

across TPC homologs because previous studies with TPC1 showed that mutation of the 

S4-S5 linker abrogated NAADP-induced Ca2+ release (38), although direct channel activity 

was not reported.

Channel opening is associated with ordering of the S4-S5 linker in domain II (28). Our 

data uncover the preceding S4 region where Arg557 resides as a key determinant of channel 

activation by TPC2-A1-N (Fig. 5, H to K). Although TPC2 is considered voltage-insensitive, 

as evidenced by linear current-voltage relationships for PI(3,5)P2 as well as for NAADP 

and TPC2-A1-N (Fig. 3, A to F), a number of tricyclic antidepressants activate the 

channel in a voltage-sensitive manner (37). This points to “cryptic” voltage sensing by 

TPC2, most likely through the voltage sensor domain in domain II (39), which, although 

normally nonfunctional, can support voltage-sensitive PI(3,5)P2 currents upon introduction 

of an arginine residue at the R3 position (I551R) (28). Thus, this region emerges as hub 

for channel activation by both voltage-sensitive and -insensitive activators. R557A also 

blocked channel activation by PI(3,5)P2. This convergence of PI(3,5)P2 with TPC2-A1-N 

in the voltage sensor together with NAADP in the S4-S5 linker demonstrates how a 

different channel outcome (selectivity switching) is achieved through the same molecular 

determinants. However, it is the bypass of the blocking effects of R557A by NAADP that is 

ostensibly the more informative. Not only does this form part of the evidence distinguishing 

the action of NAADP from that of TPC2-A1-N, but it also suggests that the interaction of 

NAADP binding proteins with TPCs phenocopies the presumed conformational changes in 

the voltage-sensor region evoked by TPC2-A1-N. Different mechanisms for switching ion 

selectivity thus likely exist.

Additional mutagenesis using our three-pronged approach combining electrophysiology, 

Ca2+ influx, and Ca2+ release identified the importance of Trp211 and Arg331 for channel 

activation (Fig. 5, A to F). Neither residue contacts PI(3,5)P2 in available TPC2 structures 

(28). Nevertheless, they are required for activation of TPC2 by PI(3,5)P2 as well as by 

NAADP and TPC2-A1-N. We interpret this remoteness and pan-inhibition to indicate a 

role for these residues in transducing ligand binding events (regardless of agonist) to pore 
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opening. This highlights the region straddling the S4-S5 linker and the S6 helix as an 

“integrator” of agonist action.

Pharmacological, molecular, and genetic approaches have identified numerous functional 

roles for TPC2 that have been mostly ascribed to NAADP action, for example, in vesicular 

(13) and non-vesicular (14) membrane traffic. One implication of dissociating the effects 

of NAADP and TPC2-A1-N action reported here is that the latter could be used to correct 

NAADP signaling deficiency in disease states. In cases where the deficit is caused by failure 

of the NAADP-binding proteins to bind NAADP or to interact with TPCs, our observation 

that TPC2-A1-N evoked Ca2+ responses in cells lacking NAADP-binding proteins (Fig. 2, 

A to F) suggests that TPC2-A1-N may be useful for rescuing the loss of NAADP-evoked 

Ca2+ signals. TPC2-A1-N may also be useful in contexts in which more distal defects 

may impair NAADP-evoked Ca2+ release, for example, deficiencies in enzymes, such as 

CD38, SARM1, and/or DUOX, that promote NAADP synthesis and play roles in immune 

dysfunction and neurodegeneration (40). The ability of TPC2-A1-P to promote autophagy 

and lysosomal exocytosis has been leveraged to revert lysosomal storage phenotypes in vitro 

and in vivo (41). Because TPC2 is activated by both NAADP and PI(3,5)P2 and coupled to 

distinct functionally relevant ionic profiles, it is difficult to unequivocally ascribe phenotypic 

change upon TPC2 blockade to a specific activation pathway. The pronounced agonist-

selective block reported here for the R557A mutant provides a tractable experimental means 

for dissociating NAADP and PI(3,5)P2 action. In summary, we have provided key insights 

into how TPC2 is activated in a polymodal manner by identifying molecular determinants 

underpinning agonist action and associated Ca2+ permeability.

MATERIALS AND METHODS

Chemicals

TPC2-A1-N and TPC2-A1-P were synthesized as described previously (32). All other 

reagents were from Sigma-Aldrich unless otherwise stated.

Cells

HeLa cells, U2OS cells (mock knockout or JPT2 and/or LSM12 knockout) (34), and 

HEK-293T cells (American Type Culture Collection: CRL-3216 up to passage 20) were 

maintained in Dulbecco’s modified Eagle medium, supplemented with 10% fetal bovine 

serum (FBS), streptomycin (100 μg/ml), and penicillin (100 U/ml) (all from Invitrogen) 

at 37°C in a humidified atmosphere with 5% CO2. HAP1 cells (parental or JPT2/LSM12 

knockout) (34) were maintained in Iscove’s modified Dulbecco’s medium, supplemented 

with 10% FBS, streptomycin (100 μg/ml), and penicillin (100 U/ml) (all from Invitrogen) 

at 37°C in a humidified atmosphere with 5% CO2. These lines are not commonly 

misidentified. Cells were passaged with trypsin. Cells were plated onto coverslips coated 

with poly-L-lysine (20 to 100 μg/ml) for immunocytochemistry, epifluorescence imaging, 

and electrophysiology.
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Plasmids

Plasmid encoding human JPT2 (accession: Q9H910–3) and LSM12 (accession: Q3MHD2) 

were generated by gene synthesis and cloned into the Xho I and Apa I restriction sites 

of pcDNA3.1(+)-C-Myc and the Bam HI and Eco RI restriction sites of pcDNA3.1(+)-C-

DYK, respectively. The coding sequences incorporating a 3' (Gly-Ser-Ala)3 flexible linker 

were subcloned into pcDNA3-mRuby2 (Addgene plasmid #40260) (42) by homologous 

recombination using the primer sequences listed in table S1. All gene synthesis and 

subcloning were performed by GenScript (Piscataway, NJ).

TPC2-expressing plasmids were based on TPC2 mRFP (4), TPC2-GCaMP6s (32), 

and TPC2L11A/L12A–GFP (8). Additional mutations were introduced by site-directed 

mutagenesis using the primers listed in table S1. TPC2L11A/L12A/L265P-GFP was described 

in (8). TPC2L11A/L12A/K204A-GFP and TPC2L11A/L12A/K207A-GFP were gifts from 

Jiang and colleagues (43). Cells were transiently transfected with plasmids 18 to 26 hours 

(U2OS or HeLa) before imaging or 24 to 36 hours (HEK-293T) before electrophysiology, 

using Lipofectamine 2000 (from Invitrogen) according to the manufacturer’s instructions.

Western blotting

Cells were harvested with trypsin, washed once with phosphate-buffered saline by 

centrifugation, and lysed in phosphate-buffered saline containing 1% Triton X-100 

(Sigma-Aldrich) and Halt protease and phosphatase inhibitor cocktail (from Thermo 

Fisher Scientific) for 30 min at 4°C with rotation. The supernatant was collected after 

centrifugation (16,000g for 10 min at 4°C). The protein concentrations were measured using 

bicinchoninic acid and bovine serum albumin protein standards. The cell lysates (31 μg) 

were separated on NuPAGE 12% Bis-Tris Protein Gels (from Invitrogen) and transferred to 

nitrocellulose membranes according to the manufacturer’s instructions (iBlot2 dry blotting 

system, Invitrogen). The membranes were then blocked with 5% (w/v) dried skimmed 

milk in tris-buffered saline (from Merck) containing 0.1% (v/v) Tween 20 (TBS-T) for 1 

hour at room temperature. Blots were sequentially incubated with primary and secondary 

antibodies in TBS-T supplemented with 2.5% (w/v) dried skimmed milk. The primary 

antibodies used were anti-JPT2 (rabbit, HPA041908, Sigma-Aldrich; 1 in 4000, overnight 

at 4°C), anti-LSM12 (mouse, Proteintech; 1 in 5000, overnight at 4°C), and anti–β-actin 

(mouse, Proteintech; 1 in 10,000, for 1 hour at room temperature). Secondary antibodies 

used were IRDye 680RD donkey anti-rabbit immunoglobulin G (IgG) and IRDye 800CW 

donkey anti-mouse IgG (both from LiCor; 1 in 14000, for 1 hour at room temperature). 

The fluorescence was detected using Odyssey CLx (LiCor), and images were analyzed using 

Image Studio Lite version 5.2.

Immunocytochemistry

Immunocytochemistry was performed using the protocol described previously (44) except 

that coverslips were mounted onto microscope slides using Fluoromount-G (Thermo 

Fisher Scientific) in place of DABCO. Briefly, cells were fixed with paraformaldehyde, 

permeabilized with β-escin, blocked with bovine serum albumin/FBS and sequentially 

incubated with antibodies and 4',6-diamidino-2-phenylindole (DAPI) with intervening 

washes with Tween 20. Primary antibodies used were rabbit anti-LSM12 antibody (1:100 
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dilution; catalog no. ab173291 from Abcam), rabbit anti-JPT2 antibody (1:100 dilution; 

catalog no. HPA041908 from Sigma-Aldrich), and/or mouse anti-LAMP1 antibody (H4A3) 

(1:10 dilution, Developmental Studies Hybridoma Bank). Secondary antibodies used were 

goat anti-rabbit (Alexa Fluor 488; 1:100 dilution; catalog no. 50077 from Abcam) and/or 

donkey anti-mouse (Alexa Fluor 594; 1:100 dilution; catalog no. A21203 from Thermo 

Fisher Scientific).

Confocal microscopy

Confocal images were captured using a Zeiss 880 axio observer Z1, fitted with Plan-

Apochromat 63×/1.4 oil differential interference contrast objective. DAPI, GFP, and 

Alexa Fluor 594 fluorescence were excited using wavelengths of 405, 488, and 594 nm, 

respectively. Emitted fluorescence was captured using 410- to 479-nm, 490- to 577-nm, or 

578- to 696-nm band-pass filters, respectively. Confocal images were analyzed using Fiji 

software.

Single-cell Ca2+ measurements

Cytosolic Ca2+ was measured at the single-cell level using the fluorescent dye Fura-2 (from 

Biotium) or the genetically encoded Ca2+ indicator GCaMP6s fused to the C terminus 

of TPC2 (32). Ca2+ imaging experiments were performed at room temperature in Hepes-

buffered saline (HBS) containing 10 mM Na Hepes, 1.25 mM KH2PO4, 2 mM MgSO4, 3 

mM KCl, 156 mM NaCl, 2 mM CaCl2, and 10 mM glucose (pH 7.4). For dye loading, cells 

were incubated with Fura-2 AM (2.5 μM) and 0.005% (v/v) pluronic acid (from Invitrogen) 

for 1 hour in HBS.

After transfection and/or dye loading, cells were washed in HBS and were subsequently 

mounted in a 1-ml imaging chamber (Bioscience Tools) for microscopy. Epifluorescence 

images were acquired every 3 s. For Fura-2 measurements, images were captured with a 

cooled coupled device camera (TILL Photonics) attached to an Olympus IX71 inverted 

fluorescence microscope fitted with a monochromatic light source under the control of 

TillVision 4.0 software. Fura-2 was excited at 340/380 nm, and emitted fluorescence was 

captured using a 440-nm long-pass filter at ×20 or ×40 magnification. For GCaMP6s 

measurements, images were captured using a megapixel monochrome cooled coupled 

device camera attached to an Olympus IX73 inverted fluorescence microscope fitted with a 

CoolLED multiple wavelength light-emitting diode source under the control of MetaFluor 

7.10.3.279 software.

Cells were stimulated with TPC2-A1-N (30 μM) and TPC2-A1-P (60 μM) either alone or in 

combination. Where indicated, some experiments were performed in Ca2+-free HBS where 

CaCl2 was omitted, and the cells were stimulated with ionomycin (2 μM Ca2+ salt; Cayman 

Chemical) toward the end of the recording period.

Ca2+ measurements upon microinjection of NAADP were performed as described in 

the accompanying paper (34). Briefly, U2OS cells expressing TPC2-mRFP or TPC2K204-

mRFP were loaded with Fura-2, and fluorescence changes were imaged using an inverted 

microscope during superfusion. Single-cell microinjections were performed using pipettes 

back-filled with an intracellular solution supplemented with or without 1 μM NAADP.
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Electrophysiology

Currents were recorded in the inside-out configuration from macropatches excised from 

the plasma membrane of HEK-293T transiently expressing TPC2L11A/L12A or the indicated 

mutant. Data were acquired using an AxoPatch 200B amplifier (Molecular Devices) and 

pClamp10.2 suite (Molecular Devices). Records were filtered at 2 kHz and digitized at 

10 kHz using Digidata 1440 A (Molecular Devices). ClampFit 10.2 was used for offline 

analysis of data. Currents were evoked by voltage ramps from −100 to +100 mV over 

400 ms repeated at 5-s intervals from a holding potential of 0 mV. Patch pipettes were 

pulled from thick-walled, filamented borosilicate glass capillaries (Shutter Instrument) using 

Narishige PC-10 vertical puller, and fire-polished using a Narishige MF-830 microforge 

(Digitimer Ltd.).

For experiments with symmetrical Na+, the pipette (luminal) solution contained 145 mM 

NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM Hepes, and 10 mM MES (pH 

adjusted to 4.6 using methane sulfonic acid). The bath (cytosolic) solution contained 

145 mM NaCl, 5 mM KCl, and 10 mM Hepes (pH adjusted to 7.2 using NaOH). For 

experiments under bi-ionic conditions, the pipette (luminal) solution contained 105 mM 

CaCl2, 5 mM Hepes, and 5 mM MES (pH adjusted to 4.6 using methane sulfonic acid). 

The bath (cytosolic) solution contained 160 mM NaCl and 5 mM Hepes (pH adjusted 

to 7.2 using NaOH). Pipettes had a resistance of 1 to 3 megohms when filled with the 

pipette solution. Liquid junction potentials were estimated using pClamp 10 and corrected as 

described previously (45).

TPC2-A1-N (10 μM), TPC2-A1-P (10 μM), PI(3,5)P2 (10 μM diC8 form; Echelon 

Biosciences), and NAADP (100 nM; Tocris) were applied to the bath solution of excised 

macropatches via an eight-channel pressurized perfusion system controlled by Valve-Link 

8.2 controller (AutoMate Scientific). All electrophysiological recordings were made at room 

temperature (21° to 23°C).

Statistics

Parametric tests were performed using an unpaired t test or one-way analysis of variance 

(ANOVA). Nonparametric tests were performed using Kruskal-Wallis. All data were 

analyzed using Prism 9 (GraphPad Software) where n refers to the number of independent 

experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Graphics

Cartoons were created using BioRender.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Subcellular distribution and knockout of NAADP-binding proteins in mammalian cells.
(A) Western blot analyses of parental, JPT2 knockout (KO), and LSM12 KO HAP1 cells 

and mock KO, JPT2 KO, LSM12 KO, and double-knockout (DKO) U2OS cells using 

antibodies directed against JPT2 or LSM12. Actin is a positive control. Blot is representative 

of n = 2 to 4 independent experiments. (B and C) Immunofluorescence showing JPT2 and 

LSM12 in HAP1 (B) and U2OS cells (C). Nuclei were stained with DAPI (blue). The two 

mock samples shown in (C) differ in passage number. (D) Immunofluorescence showing 

JPT2 and LSM12 and the late endosome and lysosomal marker LAMP1 in U2OS cells 

treated with either dimethyl sulfoxide (DMSO) or vacuolin-1. Scale bars, 20 μm. Images are 

representative of n = 3 independent experiments.
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Fig. 2. The NAADP functional mimetic TPC2-A1-N mediates Ca2+ signals independently of 
NAADP-binding proteins.
Quantification of intracellular Ca2+ release and Ca2+ influx in various cell lines either loaded 

with the Ca2+ indicator Fura-2 or expressing TPC2GCaMP6s and treated with TPC2-A1-N 

alone or in combination with TPC2-A1-P (TPC2-A1-N+P). Intracellular Ca2+ was measured 

as the change in the Fura-2 fluorescence ratio or GCaMP6s fluorescence intensity, and 

each trace is the fluorescence response recorded from a cell population (means ± SEM). 

Graphs show the maximal change in signal in each experimental group (means ± SEM), and 

each point represents the mean response from an independent experiment. (A) Intracellular 

Ca2+ release in parental, JPT2 knockout (KO), and LSM12 KO HAP1 cells treated with 

TPC2-A1-N+P. n = 6 for parental, 6 for JPT2 KO, and 5 for LSM12 KO. One-way ANOVA 

followed by Dunnett’s post hoc test. (B) Intracellular Ca2+ release in in mock KO, JPT2 

KO, and LSM12 KO U2OS cells treated with TPC2-A1-N. n = 10 for mock KO, 4 for 

JPT2 KO, and 6 for LSM12 KO. One-way ANOVA followed by Dunnett’s post hoc test. 
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(C) Intracellular Ca2+ release in mock KO and JPT2 and LSM12 double-knockout (DKO) 

U2OS cells treated with TPC2-A1-N. n = 6 for each group. Unpaired t test. (D) Intracellular 

Ca2+ release in HeLa cells overexpressing JPT2-mRuby2 or LSM12-mRuby2 (blue square 

in diagram) and treated with TPC2-A1-N. n = 6 for control, 3 for JPT2, and 3 for LSM12. 

One-way ANOVA followed by Dunnett’s post hoc test. (E and F) Intracellular Ca2+ release 

(E) and Ca2+ influx (F) in mock KO and DKO U2OS cells expressing lysosome-localized 

TPC2GCaMP6s (E) or plasma membrane–localized TPC2L11A/L12A (F). In (E), Ca2+ release 

was measured using the change in GCaMP6s fluorescence. n = 6 for mock KO and 6 for 

DKO (E); 6 for mock KO and 6 for DKO (F). Unpaired t test.
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Fig. 3. Activation of TPC2 by NAADP requires the PI(3,5)P2 binding site.
(A) Structure of human TPC2 [Protein Data Bank (PDB): 6NQ1] highlighting basic residues 

in the S4-S5 linker of domain I involved in PI(3,5)P2 binding. (B) Currents in HEK 

cells transiently expressing wild-type (WT), K204A, or K207A form of plasma membrane–

localized TPC2L11A/L12A and stimulated with PI(3,5)P2, as measured by patch clamping 

using symmetrical Na+ solutions. The graph shows the inward Na+ currents at −100 mV 

in response to PI(3,5)P2 (means ± SEM; n = 10 for WT, 6 each for K204A and K207A). 

***P < 0.0001 and *P < 0.05 (Kruskal-Wallis test). (C) Currents from HEK cells transiently 

expressing the WT, K204A, or K207A form of TPC2L11A/L12A and stimulated with NAADP, 

as measured by patch clamping using symmetrical Na+ solutions. The graph shows the 

inward Na+ currents at −100 mV in response to NAADP (means ± SEM; n = 7 for WT, 

6 each for K204A and K207A). ****P < 0.0001 (one-way ANOVA followed by Dunnett’s 

post hoc test). (D) Structure of human TPC2 (PDB: 6NQ0) highlighting residues in S6 of 
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domain I involved in PI(3,5)P2 binding. (E) Currents in HEK cells transiently expressing 

the WT, R329A, or S322A form of TPC2L11A/L12A and stimulated with PI(3,5)P2, as 

measured by patch clamping using symmetrical Na+ solutions. The graph shows the inward 

Na+ currents at −100 mV in response to PI(3,5)P2 (means ± SEM; n = 5 for WT, 5 for 

R329A, and 4 for S322A). ****P < 0.0001 and ***P < 0.001 (one-way ANOVA followed 

by Dunnett’s post hoc test). (F) Currents from HEK cells transiently expressing the WT, 

R329A, or S322A form of TPC2L11A/L12A and stimulated with NAADP as measured by 

patch clamping using symmetrical Na+ solutions. The graph shows the inward Na+ currents 

at −100 mV in response to NAADP (means ± SEM; n = 3 for WT, 4 for R329A, and 3 

for S322A). ****P < 0.0001 and ***P < 0.001 (one-way ANOVA followed by Dunnett’s 

post hoc test). (G) Quantification of intracellular Ca2+ release in U2OS cells transiently 

expressing TPC2 or TPC2K204A and stimulated with NAADP. Intracellular Ca2+ release was 

measured as the change in the Fura-2 fluorescence ratio. Control injection of buffer alone is 

shown. The graph shows the maximal change in fluorescence ratio in response to NAADP or 

buffer (means ± SEM; n = 6 for each experimental group). ****P < 0.0001 (unpaired t test).
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Fig. 4. Activation of TPC2 by TPC2-A1-N is independent of PI(3,5)P2.
(A) Currents in HEK cells transiently expressing WT TPC2L11A/L12A or the indicated 

PI(3,5)P2 binding site mutant and stimulated with TPC2-A1-N, as measured by patch 

clamping. (B) Examples of recordings from macropatches that were responsive to both 

NAADP and TPC2-A1-N (left) or to TPC2-A1-N only (right). (C) Summary of data in 

(A) and (B). (means ± SEM; n = 13 for WT, 6 for K204A, 5 for K207A, 3 for R329A, 3 

for S322A, 9 for sensitive, and 4 for insensitive). One-way ANOVA followed by Dunnett’s 

post hoc test (left) and unpaired t test (right). (D) Quantification of Ca2+ influx by Fura-2 

imaging in HeLa cells expressing WT TPC2L11A/L12A or the indicated PI(3,5)P2 binding site 

mutant and stimulated with TPC2-A1-N (means ± SEM). (E) Quantification of intracellular 

Ca2+ release by GCaMP6s imaging in HeLa cells expressing WT TPC2-GCaMP6s or the 

indicated PI(3,5)P2 binding site mutant and stimulated with TPC2-A1-N (means ± SEM). 

(F) Quantification of intracellular Ca2+ release by Fura-2 imaging in HeLa cells treated 
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with DMSO or apilimod. (means ± SEM). (G) Immunofluorescence showing LAMP1 (red) 

in HeLa cells after treatment with DMSO or the PIKfyve inhibitor apilimod. Nuclei were 

stained with DAPI (blue). Images are representative of n = 3 independent experiments. (H) 

Summary of data from (D) (means ± SEM) where each point represents the mean response 

from an independent experiment (n = 9 for WT, 6 for K207A, 6 for R329A, and 5 for 

S322A). One-way ANOVA followed by Dunnett’s post hoc test. (I) Summary of data from 

(E) (means ± SEM) where each point represents the mean response from an independent 

experiment (n = 10 for WT, 4 for K207A, 6 for R329A, and 4 for S322A). One-way 

ANOVA followed by Dunnett’s post hoc test. (J) Summary of data from (F) (means ± SEM) 

where each point represents the mean response from an independent experiment (n = 6 for 

control and 4 for Apilimod). Unpaired t test.
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Fig. 5. Residues outside the PI(3,5)P2 binding site required for agonist action.
(A) Structure of human TPC2 (PDB: 6NQ0) highlighting residues neighboring the PI(3,5)P2 

binding site. (B) Currents, measured by patch clamping with bi-ionic Na+ and Ca2+ 

solutions, in HEK cells transiently expressing the WT, W211A, or R331A form of plasma 

membrane–localized TPC2L11A/L12A and stimulated with NAADP, PI(3,5)P2 or TPC2-A1-

N. (C) Summary of data in (B) quantifying the outward Na+ currents at +100 mV in 

response to NAADP (means ± SEM; n = 3 for control, 4 for W211A, and 4 for S331A), 

TPC2-A1-N (means ± SEM; n = 4 for control, 4 for W211A, and 3 for S331A), or PI(3,5)P2 

(means ± SEM; n = 4 for control, 4 for W211A, and 4 for S331A). ****P < 0.0001 and 

***P < 0.001 (one-way ANOVA followed by Dunnett’s post hoc test). (D) Summary of data 

in (B) quantifying the inward Ca2+ currents at −100 mV in response to NAADP (means ± 

SEM; n = 3 for control, 4 for W211A, and 4 for S331A) or TPC2-A1-N (means ± SEM; n = 

4 for control, 4 for W211A, and 3 for S331A). ****P < 0.0001 (one-way ANOVA followed 
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by Dunnett’s post hoc test). *P < 0.05 (Kruskal-Wallis test). (E) Quantification of Ca2+ 

influx by Fura-2 imaging in HeLa cells expressing the indicated form of TPC2L11A/L12A 

and stimulated with TPC2-A1-N. Data are summarized in the graph (means ± SEM; n = 

10 for control, 7 for W211A, and 6 for S331A). ***P < 0.001 and **P < 0.01 (one-way 

ANOVA followed by Dunnett’s post hoc test). (F) Quantification of intracellular Ca2+ 

release by GCaMP6s imaging in HeLa cells expressing the indicated form of TPC2GCaMP6s 

and stimulated with TPC2-A1-N. Ionomycin (IM) was added at the end of the experiment. 

Data are summarized in the graph. (means ± SEM; n = 6 for control, 4 for W211A, and 4 for 

S331A). *P < 0.05 (one-way ANOVA followed by Dunnett’s post hoc test). (G) Structure 

of human TPC2 (PDB: 6NQ0) highlighting Arg557 in the voltage sensing region in domain 

II. (H) Currents, measured by patch clamping with bi-ionic Na+ and Ca2+ solutions, in HEK 

cells transiently expressing the WT or R557A form of TPC2L11A/L12A and stimulated with 

NAADP, PI(3,5)P2, or TPC2-A1-N. (I) Quantification of Ca2+ influx by Fura-2 imaging in 

HeLa cells expressing WT or R557A TPC2L11A/L12A and stimulated with TPC2-A1-N. (J) 

Quantification of intracellular Ca2+ release by GCaMP6s imaging in HeLa cells expressing 

the WT or R557A form of TPC2GCaMP6s and stimulated with TPC2-A1-N. (K) Graphs 

summarizing the data from (H) to (J). The top graph shows the outward Na+ currents at 

+100 mV in response to NAADP (means ± SEM; n = 4 for control and 4 for R557A), 

TPC2-A1-N (means ± SEM; n = 4 for control and 4 for R557A), and PI(3,5)P2 (means 

± SEM; n = 3 for control and 3 for R557A). **P < 0.01 and ***P < 0.001 (unpaired t 
test). The bottom graphs show the magnitude of Ca2+ influx at a set time (330 s) (means 

± SEM; n = 8 for control and 8 for R557A) (left) and the time to peak for Ca2+ release 

(means ± SEM; n = 6 for control and 6 for R557A) (right) in response to TPC2-A1-N. 

****P < 0.0001 (unpaired t test). **P < 0.01 (Kruskal-Wallis test). (L) Schematic illustrates 

the divergent mechanisms that mediate polymodal activation and ion selectivity switching 

in TPC2. Activation of TPC2 by NAADP requires NAADP-binding proteins. Mutations in 

the PI(3,5)P2 binding site (K204A, K207A, R329A, and S322A) block NAADP but not 

TPC2-A1-N action, whereas a mutation in the cryptic voltage-sensing domain (R557A) 

blocks TPC2-A1-N but not NAADP action. Both sets of mutations block channel activation 

by PI(3,5)P2. Additional mutations (W211A and R331A) block channel activation by all 

three agonists.
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