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Abstract

NAADP potently triggers Ca2+ release from acidic lysosomal and endolysosomal Ca2+ stores. 

Human two-pore channels (TPC1 and TPC2), which are located on these stores, are involved in 

this process but there is controversy over whether TPC1 and TPC2 constitute the Ca2+ release 

channels. We, therefore, examined the single-channel properties of human TPC1 after 

reconstitution into bilayers of controlled composition. We found TPC1 was permeable not only to 

Ca2+ but also to monovalent cations and that permeability to protons was the highest (relative 

permeability sequence H+>>K+>Na+≥Ca2+). NAADP or Ca2+ activated TPC1 and the presence of 

one of these ligands was required for channel activation. The endolysosome-located lipid 

phosphatidylinositol 3,5 bisphosphate, [PI(3,5)P2] had no effect on TPC1 open probability but 

significantly increased the relative permeability of Na+ to Ca2+ and of H+ to Ca2+. Furthermore, 

our data showed that, although both TPC1 and TPC2 are stimulated by NAADP, these channels 

differ in ion selectivity and modulation by Ca2+ and pH. We propose that NAADP triggers H+ 

release from lysosomes and endolysomes through activation of TPC1 but that the Ca2+-releasing 

ability of TPC1 will depend on the ionic composition of the acidic stores and may be influenced 

by other regulators that affect TPC1 ion permeation.

Introduction

The potent ability of nicotinic acid adenine dinucleotide phosphate (NAADP) to release 

Ca2+ from acidic lysosomal organelles is a key signaling mechanism by which NAADP 

initiates or modulates many cellular processes (1–3). However, the identities of the NAADP-

binding targets and of the Ca2+-release channels involved are still debated. There is evidence 

that two-pore channels (TPCs) are required for NAADP-induced Ca2+ release from 

lysosomal Ca2+ stores (4–8). Previously, we demonstrated that, when inserted into an 
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artificial membrane, TPC2 exhibits conductance properties that would enable it to behave as 

a Ca2+-release channel (9). Furthermore, many of the unique characteristics of NAADP-

induced Ca2+ release in mammalian cells are reflected in the single-channel gating behavior 

of TPC2. This includes activation by low concentrations of NAADP (EC50=5 nM), 

inactivation by high NAADP concentrations, and concentration-dependent activation and 

inhibition by the synthetic NAADP analog, Ned-19 (9). Other biophysical studies have also 

provided evidence that NAADP initiates cation fluxes through TPC2 channels, either in 

experiments in which currents are measured from intact lysosomes or in which single-

channel Ca2+ currents are monitored after directing TPC2 to the plasma membrane (10, 11).

In animals, TPC2 is predominantly expressed on lysosomes and late endosomes, whereas 

TPC1 is expressed throughout the endolysosomal system (12, 13). In plants, TPC1 is present 

on vacuoles and functions as a nonselective cation channel, permeable to Ca2+. The 

Arabidopsis isoform AtTPC1 is activated by cytosolic Ca2+, but there is no evidence that 

this channel is regulated by NAADP (14). When human TPC1 is overexpressed in human 

embryonic kidney cells (HEK293) or the human epithelial cell line SKBR3 an increased 

sensitivity to NAADP is observed with NAADP triggering intracellular Ca2+ release at 

lower concentrations than is required in control cells. (15). In another study, vesicles from 

the endolysosomal membrane fraction of HEK293 cells overexpressing TPC1 or in which 

TPC1 was knocked down, were incorporated into bilayers (16). Single-channel currents 

were recorded with Ba2+ as the permeant ion, and NAADP induced an increase in ion 

channel activity, thus linking NAADP to activation of an ion channel permeable to a divalent 

cation (16). Two additional reports suggest that TPC1 and TPC2 are not regulated by 

NAADP but instead are activated by other factors, such as the lipid, phosphatidylinositol 3,5 

bisphosphate, [PI(3,5)P2], energy status, or nutrient levels (17, 18). These studies (17, 18) 

also report that Na+ currents rather than Ca2+currents are elicited by PI(3,5)P2 in 

endolysosomes excised from cells overexpressing TPC1 or TPC2.

To characterize ion conduction through TPC1 and the mechanisms regulating TPC1 activity, 

we purified human, recombinant TPC1 and incorporated the channels into artificial 

membranes under voltage-clamp conditions. To enable direct comparison with TPC2, we 

analyzed both TPC1 and TPC2 in this in-vitro system under the same conditions as those 

previously used to study TPC2 in artificial bilayers (9). We show that regulation of gating 

and ionic selectivity in TPC1 and TPC2 are different and suggest that these properties will 

permit TPC1 and TPC2 to perform different physiological roles. In particular, TPC1 is more 

permeable to protons than K+, Na+, or Ca2+ and, therefore, is likely to release H+ from 

lysosomes and endolysosomes in response to activation by NAADP or Ca2+.

Results

Basic biophysical properties of TPC1

To compare the biophysical characteristics of TPC1 and TPC2 channels, we purified human 

TPC1 (histidine-tagged) and human TPC2 from HEK293 cells overexpressing either of these 

proteins (fig. S1A) and incorporated the proteins into artificial membranes under voltage-

clamp conditions (Fig. 1A). Vesicles containing TPC1 or TPC2 were added to the cis 
chamber. We consistently found that (i) the voltage-dependence of TPC1 was always similar 
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[open probability (Po) was increased by positive holding potentials]; (ii) NAADP only 

activated TPC1 or TPC2 when added to the cis chamber but never activated either channel 

when added to the trans chamber; (iii) TPC1 was activated only by cis Ca2+ and not by trans 
Ca2+ and (iv), for TPC1, the effect of trans 100 mM HCl always produced currents 10-100 

fold greater than those observed in the presence of 100 mM cis HCl. We, therefore, 

considered that the cis chamber corresponded to the cytosolic channel side of TPC1 or TPC2 

and the trans chamber to the intralysosomal (luminal) side. To avoid confusion, we hereafter 

refer to the cis chamber as the “cytosolic” chamber and the trans chamber as the “luminal” 

chamber.

In symmetrical K+ solutions (see Materials and Methods for compositions of each ionic 

solution), in the presence of NAADP on the cytosolic side, the single channel conductance 

of TPC1 and TPC2 was different (Fig. 1B): Single-channel conductance was 87 ± 3 pS for 

TPC1 and 296 ± 6 pS for TPC2. Under these conditions, at a holding potential of +20 mV, 

the Po of TPC2 [0.04±0.02] was much less than the Po of TPC1 [0.26±0.06 ]. As a control, 

we used the same purification protocol to prepare vesicles from HEK293 cells that were not 

overexpressing TPC proteins and incorporated these membranes into the bilayer. We 

observed no single-channel currents in the presence or absence of NAADP (fig. S1B). We 

did not ever observe any 296 pS events with the TPC1 preparations or any 87 pS events with 

the TPC2 preparations and, therefore, these preparations are internal controls of each other.

To investigate whether TPC1 is also permeable to anions, we examined if the reversal 

potential (calculated according to the Nernst equation) of the current-voltage (I/V) 

relationship in nonsymmetrical conditions (luminal 210 mM KCl; cytosolic 510 mM KCl) 

was shifted towards the reversal potential for Cl- (Fig. 1C). In this gradient, the reversal 

potential of the TPC1 I/V relationship was shifted from 0 mV in symmetrical solutions (data 

from Fig. 1B shown as a dotted line) to -25 ± 2.9 mV. This is close to the predicted reversal 

potential for K+ (-22 mV) indicating that TPC1 is impermeable to Cl-.

The membrane potential across lysosomes and other regions of the endolysosomal system 

depends on the type of lysosomal structure (19) and can be rapidly altered in response to 

various cellular stimuli, such as those that trigger Ca2+ release. Therefore it is important to 

understand how TPC1 responds to positive and negative holding potentials. We found that 

the Po of TPC1 is significantly higher at +20 mV (cytosolic relative to luminal) than at -20 

mV (Fig. 1D), suggesting that in cells the channel may be regulated by lysosomal membrane 

potentials.

The effects of cytosolic NAADP and Ca2+ on TPC1 gating

By isolating TPC1 and TPC2 from lysosomal membranes and hence from the possible 

interaction with other unspecified regulators present in the membrane or within lysosomes, 

we can investigate the regulatory properties of these ion channels. With this experimental 

technique and in symmetrical KCl solutions, we have previously demonstrated that TPC2 is 

activated by cytosolic NAADP (9). In the absence of NAADP, in symmetrical KCl solutions, 

TPC2 exhibited an extremely low Po (approximating to zero),. These occasional brief 

openings were not abolished by reducing the cytosolic or luminal free [Ca2+] from 10 μM to 

1 nM, suggesting that TPC2 opening is independent of Ca2+ and that TPC2 may be 
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constitutively active (to a very low level) in the absence of activating ligands. Here, we 

investigated whether the addition of Ca2+ (Fig. 2A) or NAADP (Fig. 2B) to the cytosolic 

side of TPC1 affected the Po of TPC1 when exposed initially to symmetrical solutions of 

KCl, 10 μM free Ca2+, pH 7.2 (Fig. 2A-C). Single-channel analysis showed that the Po of 

TPC1 was unchanged by the addition of cytosolic NAADP (Fig. 2B and C). However, 

reducing the free cytosolic [Ca2+] to <1 nM by the addition of EGTA, eliminated all TPC1 

single-channel events and subsequent addition of cytosolic NAADP stimulated channel 

activation (Fig. 2A and C). NAADP had no effect when added to the luminal chamber (fig 

S2). Quantification of the mean data from these experiments (Fig. 2C) showed that the Po 

was not significantly different when TPC1 was activated by NAADP alone or by cytosolic 

Ca2+ alone or in the presence of both, indicating that these two ligands do not have a 

potentiating effect on channel activity at these concentrations. Thus, Ca2+ or NAADP 

present on the cytosolic side activated TPC1 in the bilayer system; whereas TPC2 is 

insensitive to cytosolic Ca2+ in the range 1 nM – 10 μM (9).

We also investigated the effects of adding high concentrations of cytosolic NAADP (1 mM) 

or the synthetic NAADP analog Ned-19 (1 μM) to TPC1, because both agents inactivate 

TPC2 at these concentrations (9). Under identical experimental conditions, using K+ as the 

permeant ion (symmetrical KCl solution) and in the presence of 10 μM cytosolic Ca2+, 

neither cytosolic NAADP (1 mM) nor Ned-19 (1 μM) affected TPC1 activity: The Po was 

0.24 ± 0.08 before (n=4) and 0.28 ± 0.09 after addition of cytosolic NAADP (n=4) and was 

0.29 ± 0.05 before (n=3) and 0.31 ± 0.04 after the addition of cytosolic Ned-19 (n=3). Thus, 

pharmacological regulation of TPC1 and TPC2 appears different.

Investigation of Na+ permeation in TPC1

To understand the potential physiological role of TPC1, we examined the conductance and 

relative permeability of ions that are relevant for lysosome function, including K+, Na+, 

Ca2+, and H+. The initial experiments showed that TPC1 is permeable to K+ (Fig. 1). Using 

a symmetrical NaCl solution and NAADP (100 nM) in the cytosolic chamber (Fig. 3A), we 

found that TPC1 conducted Na+ with a single-channel conductance of 68 ± 3 pS, which is 

lower than that for K+ (87 pS) (Table 1). We assessed the relative K+/Na+ permeability ratio 

(PK
+/PNa

+) for TPC1 under conditions in which K+ is the permeant ion in the luminal 

chamber and Na+ is the permeant ion in the cytosolic chamber (210 mM KCl luminal:210 

mM NaCl cytosolic) (Fig. 3B). The reversal potential of 12 ± 1.3 mV equates to a PK
+/PNa

+ 

of 1.6 ± 0.08, indicating that, under bi-ionic conditions, K+ is slightly more permeant than 

Na+ (Table 2). With Na+ as the only permeant ion, Po was much less than with K+ as 

permeant ion (Fig. 3C, Table 1).

Investigating Ca2+ permeation through TPC1

We have previously shown that the reconstituted TPC2 is more permeable to Ca2+ than to K
+, exhibiting a K+/Ca2+ permeability ratio (PK

+/Pca
2+) of 0.38, which indicates that Ca2+ is 

~3 times more permeable than K+ [9]. This discrimination for Ca2+ over K+ may enable 

TPC2 to behave as a Ca2+-release channel in cells. To examine whether the reconstituted 

TPC1 behaves similarly, we investigated the Ca2+ permeability of TPC1 using identical 

recording solutions to those used in experiments with TPC2 (9). When exposed to solutions 
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in which Ca2+ was the only permeant ion (Tris/HEPES: Ca2+ glutamate solutions, see 

Materials and Methods) (Fig. 3D), TPC1 activity was detected and the I/V relationship 

revealed a single-channel conductance of 19 pS ± 2 pS (Fig. 3D, Table 1), which is similar 

to the Ca2+ conductance of TPC2 (18 pS) (9). To examine the relative K+/Ca2+ permeability 

of TPC1, we used solutions in which K+ is the permeant ion in the cytosolic chamber and 

Ca2+ is the permeant ion in the luminal chamber (210 mM KCl cytosolic:210 mM CaCl2 

luminal) (Fig. 3E). This yields a K+/Ca2+ permeability ratio (PK
+/PCa

2+) of 9 ± 2.4 (Table 

2), indicating that TPC1 is substantially more permeable to K+ than Ca2+. In experiments in 

which Na+ replaced K+ as the permeant ion in the cytosolic chamber (210 mM NaCl 

cytosolic:210 mM CaCl2 luminal) (Fig. 3F), we calculated a PNa
+/PCa

2+ of 1.1 ± 0.11 (Table 

2). Thus our data suggested a TPC1 relative permeability sequence of K+ > Na+ ≥ Ca2+.

Regulation of TPC1 function by luminal pH

Lysosomes are more acidic than the cytoplasm and the endoplasmic or sarcoplasmic 

reticulum (ER/SR), and fluctuations in intralysosomal concentrations of protons are 

associated with Ca2+ release from lysosomes and other lysosomal functions (20–23). To 

investigate if an acidic environment influences TPC1 function, we incorporated TPC1 into 

bilayers and recorded in symmetrical solutions of 210 mM K+-acetate. We used noise 

analysis to monitor the effects of changing [H+], because in acidic solutions single-channel 

openings and closings were too rapid to accurately measure. When luminal pH was reduced 

from 7.2 to 4.8, we observed an increase in TPC1 mean current at the holding potential of 

-20 mV (Fig. 4A). The increased current appeared to result from an increase in TPC1 Po, 

but, because of the difficulty in resolving the brief gating events, we cannot rule out that 

conductance was also altered.

In symmetrical solutions of 210 mM K+-acetate at pH 7.2, the reversal potential is 0 mV. 

However, changing luminal pH to 4.8 resulted in positive current flowing in the luminal to 

cytosolic direction (Fig. 4B). Because [acetate] and [K+] are symmetrical and because H+ is 

the only possible permeant ion, H+ flowing in the luminal to cytosolic direction must be 

responsible for the detected current (Fig. 4B). To examine the H+ permeability of TPC1 in 

more detail, we used solutions similar to those used for measuring H+ currents through 

proton channels (24, 25). The solutions contain only HCl so that H+ can be the only 

permeant ion. We found that, as expected, in symmetrical 10 mM HCl (pH 2), the reversal 

potential was 0 mV (Fig. 4C). With 10 mM luminal HCl (pH 2) and 100 mM cytosolic HCl 

(pH 1), the reversal potential was -47 ± 4 mV (Fig. 4D); whereas with 10 mM cytosolic HCl 

(pH 2) and 100 mM luminal HCl (pH 1), the reversal potential was +43 ± 6 mV (Fig. 4E). 

Both values correspond closely to the calculated H+ equilibrium potential and are far from 

the Cl- equilibrium potential in each case, consistent with TPC1 being permeable to protons 

and impermeable to anions.

To predict whether TPC1 could conduct protons in cells, we assessed the relative 

permeability of protons to other cations using bi-ionic conditions with either 210 mM KCl, 

NaCl, or CaCl2 in the cytosolic chamber and 10 mM HCl (pH 2) in the luminal chamber 

(fig. S3) and calculated the relative permeabilities (Table 2). These data indicated that TPC1 
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is ~39-fold more selective for H+ than for K+, 67-fold more selective for H+ than for Na+ 

and 500-fold more selective for H+ than for Ca2+.

Effect of luminal [Ca2+] on TPC1 gating

Not only was TPC1 permeable to H+ but the Po was also increased at lower luminal pH (Fig 

4A), suggesting that channel gating could be affected by changes in endolysosomal and 

lysosomal pH in cells. We have previously shown that TPC2 activity is increased in the 

presence of high [Ca2+] on the luminal side (9). To determine if increasing [Ca2+] on the 

luminal side affected TPC1 activity, we used symmetrical KCl solution and recorded Po at 

+20 mV. Increasing luminal Ca2+ from 10 μM to 500 μM (Fig. 5A andB), the latter of which 

is the likely [Ca2+] in lysosomes, did not affect Po. In the presence of 500 μM luminal Ca2+, 

the addition of 200 nM NAADP to the cytosolic side also did not significantly change Po 

(Fig. 5C and D).

Effects of phosphatidylinositol 3,5-bisphosphate on TPC1 function

Some reports suggest that TPCs are not regulated by NAADP but are activated by PI(3,5)P2 

(17, 18). In isolated lysosomal organelles, increased Na+ currents were detected after the 

addition of cytosolic PI(3,5)P2 (18). We, therefore, investigated if PI(3,5)P2 activated TPC1 

with Na+ as the permeant ion (Fig. 6). The experiments were conducted at +30 mV because 

of the very low Po and single-channel conductance in these experimental conditions. To 

determine if the addition of PI(3,5)P2 to the cytosolic side triggered Ca2+-independent TPC1 

activity [as we observed with NAADP (Fig. 2)], we lowered cytosolic [Ca2+] to 

subactivating concentrations with EGTA before adding PI(3,5)P2. We observed no activation 

by PI(3,5)P2 at identical concentrations to those used previously (17, 18). Subsequent 

addition of NAADP stimulated TPC1 channel activity, demonstrating that the channel was 

present and responsive to other ligands (Fig. 6A,B). To determine if PI(3,5)P2 potentiated 

the effect of NAADP, we measured single-channel activity when NAADP was added before 

(Fig. 6C) or after (Fig. 6B) addition of PI(3,5)P2 to the cytosolic chamber. Po was similar 

under both conditions. In the presence of Ca2+ on the cytosolic side, Po was also unchanged 

by the addition of 1 μM PI(3,5)P2 to either the cytosolic or luminal side or by the addition of 

a higher concentration of PI(3,5)P2 to the cytosolic chamber (10 μM) (fig. S4A,B).

We then investigated whether PI(3,5)P2 affected ion permeation through TPC1 by 

calculating PNa
+/PCa

2+and PH
+/PCa

2+from average currents detected in the presence of 1 μM 

PI(3,5)P2 (Fig. 6D, E). The reversal potentials were significantly shifted by PI(3,5)P2 in both 

cases, increasing both the relative permeability to Na+ and H+ (Table 2). Thus, in the 

presence of PI(3,5)P2, TPC1 was more permeable to Na+ and H+ than to Ca2+.

Discussion

Our data showed that, when reconstituted into planar phospholipid bilayers, human TPC1 is 

an ion channel permeable to protons, with a relative permeability sequence for cations in the 

order H+>>K+>Na+≥Ca2+. In this system, we also found that low concentrations of NAADP 

and Ca2+ activated TPC1, increasing Po. In contrast, PI(3,5)P2 did not stimulate channel 
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opening; PI(3,5)P2 altered the conducting properties of TPC1 by increasing the permeability 

of H+ and Na+ relative to Ca2+.

Comparing the biophysical properties of reconstituted TPC1 and TPC2 channels reveals 

many similarities. Both are cation channels that are impermeable to anions but permeable to 

a range of monovalent and divalent cations (9), and both are activated by low concentrations 

of NAADP. However, there are also differences that are likely physiologically important. For 

example, whereas TPC2 is more permeable to divalent cations than to monovalent cations, 

TPC1 exhibited the opposite behavior. This biophysical difference suggests that TPC2 

functions as a Ca2+-release channel in cells. In contrast, on the basis of the relative 

permeabilities of TPC1 for certain cations, we predict that Ca2+ represents only a small 

portion of the ionic flux through TPC1 although this will depend on intralysosomal pH and 

on intralysosomal Ca2+, Na+, and K+ concentrations. Our data also indicated that signals that 

produce increased PI(3,5)P2 would tend to increase the proportion of Na+ and H+ flux 

relative to Ca2+ flux through TPC1 in response to increased NAADP or Ca2+ in the cytosol.

Because of the variable estimates of the intraluminal Ca2+, Na+, and K+ concentrations 

within these acidic stores and because the concentrations of ions varies from lysosomes to 

early and late endosomes (18, 19), we cannot precisely calculate the proton or Ca2+ fluxes 

that will flow from acidic stores through activated TPC1 or TPC2. The resting membrane 

potential across acidic stores is likely to be positive with respect to the cytosol, ~ +10 to +40 

mV depending on the organelle (19, 26). Estimates of the intraluminal [Ca2+] within acidic 

stores range from 200-600 μM in lysosomes (19, 27) to 3-37 μM in late endosomes (19, 28). 

Reports for intraluminal Na+ concentrations range from 20-150 mM and for intraluminal K+ 

concentrations range from 20-107 mM (18, 19, 29). The pH inside lysosomes is 

approximately 4.8 but endosomes are less acidic (19, 30). Although TPC1 is approximately 

40-70 times more permeable to H+ than to K+ or Na+, the concentration of H+ both inside 

and outside lysosomal stores is at least ten thousand-fold lower than the concentration of Na
+ or K+ in either compartment. Therefore, assuming intralysosomal Na+ is 145 mM (18), 

activated TPC1 will preferentially flux Na+ out and K+ in until the reversal potential (Erev) 

for Na+ and K+ is approached and outward H+ flux will occur together with a very small 

flux of Ca2+. Because reconstituted TPC2 is more permeable to Ca2+ than to K+ (9), in 

response to NAADP, TPC2 may release more Ca2+ from lysosomes than is released through 

TPC1. Alkalinization of endolysosomal compartmentsis associated with NAADP signaling 

both in sea urchin eggs (21, 31) and in mammalian HeLa cell lines overexpressing TPC2 

(32). Our results showing that TPC1 is permeable to protons provides one mechanistic 

explanation for why NAADP-mediated Ca2+ release is associated with alkalinization of 

acidic stores.

Immunolocalisation studies indicate that the abundance of TPC2 is highest in lysosomes and 

lower in endosomes; whereas TPC1 is more abundant in endosomes (13). We, therefore, 

suggest that in the lysosome, TPC2 acts as the primary Ca2+-release pathway with negligible 

contribution from TPC1. In the less acidic endosomes, with greater amounts of TPC1 than 

TPC2 and lower concentrations of H+ compared with lysosomes, TPC1 may have a larger 

contribution to Ca2+ release. This may explain the reports that TPC1 mediates Ca2+ release 
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in studies in which TPC1 is overexpressed to levels exceeding physiological norms or when 

TPC2 is genetically knocked out (4) or knocked down (15).

We found that TPC1 was inactive in the absence of NAADP and cytosolic Ca2+, and hence 

appears dependent on ligand activation from the cytosolic side. Without NAADP or 

activating concentrations of cytosolic Ca2+, TPC1 was inactive irrespective of changes 

within the luminal compartment such as, voltage, permeant ion, or Ca2+. However, in the 

presence of activating ligands, we identified other modulators of TPC1 behavior. The Po of 

TPC1 was much lower in solutions of Na+ then in solutions of K+. This modulation of 

gating by the permeant ion may be due to the binding of the monovalent cation within the 

conduction pathway or be due to an interaction at sites on the cytosolic or luminal face of 

the channel. The gating of other channels, are known to be sensitive to the concentration and 

species of permeant ion (33–37). Thus, in cells, TPC1 activity may largely depend on the 

ratio of [K+] to [Na+] inside acidic stores, which could introduce time dependence to TPC1 

fluxes. Assuming that resting intralysosomal [Na+] is 145 mM (18) and [K+] is 20 mM, then 

following the binding of NAADP to TPC1, the Po of the channel may be very low until 

intraluminal [Na+] is reduced.

TPC1 Po is significantly lower at holding potentials where the luminal side of the channel is 

positive with respect to the cytosolic side. In cells, therefore, TPC1 Po may increase as 

lysosomal membrane potential moves towards 0 mV as Na+, H+ and Ca2+ are released. 

Luminal pH also appears to be a key regulator of TPC1 gating and our results indicated that 

acidic pH could override inhibitory influence of membrane potential. Thus, we predict that 

the more acidic the compartment, the higher the Po of TPC1 will be in response to activating 

ligands.

Our findings that the ion conduction and gating properties of TPC1 and TPC2 are different 

were not surprising given their differences in primary sequence; TPC1 and TPC2 exhibit 

~20% sequence identity (6, 7). This divergence enables a flexible flexible Ca2+-release 

system within acidic organelles since TPC1 and TPC2 can be differentially activated/

modulated and can release H+ and/or Ca2+ to a different extent. Although the reconstituted 

TPC1 and TPC2 channels (9) are both activated by NAADP, TPC1 is also stimulated by 

cytosolic Ca2+; whereas we have found no evidence that TPC2 activity is regulated by 

cytosolic Ca2+ (38). In cells, this difference will enable increases in cytosolic Ca2+ to 

selectively open populations of TPC1 without opening TPC2 channels. We found that 

neither cytosolic Ca2+ alone nor cytosolic NAADP alone fully activated TPC1 (to Po = 1) 

and that the simultaneous presence of both ligands did not produce an increase above the 

maximum Po observed with either ligand alone. This may explain why NAADP-induced 

currents are not detected in experiments in which high levels of TPC1 are present (18): 

Micromolar concentrations of Ca2+ would be expected to activate TPC1 to a level at which 

the addition of NAADP would produce no further effect. Perhaps a parallel situation occurs 

with the plant TPC1 protein, Arabidopsis (AtTPC1), which is located on plant vacuoles. 

AtTPC1 shows some functional similarities to reconstituted purified human TPC1. AtTPC1 

is permeable to both monovalent and divalent cations but is impermeable to anions (14, 39). 

AtTPC1 is activated by cytosolic Ca2+ and regulated by voltage (39, 40). There are no 
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reports that NAADP can activate AtTPC1 but perhaps the sensitivity of the channel to 

cytosolic [Ca2+] has concealed any activating potential of NAADP.

We did not find any evidence that PI(3,5)P2 can directly activate TPC1; however, we found 

that PI(3,5)P2 shifted the relative permeability of TPC1 in favor of Na+ and H+ over Ca2+ 

and, therefore, would be expected to increase Na+ efflux from lysosomes with activated 

TPC1. The mechanism for PI(3,5)P2-mediated modification of ion conduction by TPC1 is 

unclear. We found that activation of purified, recombinant TPC1 or TPC2 (9) by NAADP is 

robust. Our data obtained with isolated channels in reconstituted bilayers suggests that the 

binding sites for NAADP must either be on the channels themselves or on tightly-associated 

proteins, which is consistent with the work of other groups who monitored TPC1 and TPC2 

function in a cellular or lysosomal setting and linked activation of TPC1 and TPC2 directly 

to the addition of NAADP (4, 7, 12, 41–43). It is surprising that Wang et al. (18) could not 

observe any response to NAADP in patch-clamp experiments with endolysosome-like 

organelles. However, under certain experimental conditions, NAADP sensitivity may be lost 

or masked. For example, TPC1 responsiveness to NAADP could be inhibited by high 

lysosomal [Na+] or masked by cytosolic Ca2+. The ability of TPC1 to respond to NAADP 

depends on the N-terminus, because Churamani et al. (44) find that NAADP-induced 

currents are abolished by the introduction of a fluorescent tag onto the N-terminus of TPC1. 

Additionally, lysosomal membranes contain many other ion channels and proteins that could 

be regulated by PI(3,5)P2 and that could indirectly modulate TPC function (45–47). Other 

groups have detected NAADP-activated currents across lysosomes in patch-clamp studies in 

cells overexpressing TPC2 (11, 48).

Our study demonstrated that the regulation of TPC1 activity is complex and indicated that 

the physiological role of TPC1 could vary with location. It is difficult, therefore, to provide a 

single picture of the exact ionic fluxes that are likely to flow through TPC1 and that are 

accurate for each organelle in which TPC1 is present. We can, however, provide a simplified 

overview of the ions that we predict will flow through TPC1 and TPC2 given either an 

increase in NAADP or an increase in cytosolic [Ca2+] (Fig. 7).

If NAADP increases without a concomitant increase in cytosolic [Ca2+] (1), then both TPC1 

and TPC2 will be activated. Na+ will flow out and K+ will flow into the acidic Ca2+ stores 

until the relevant reversal potentials are achieved. Ca2+ will also flow outwards, primarily 

through TPC2, as will protons through TPC1. The flux of Ca2+ into the cytosol may 

sufficiently increase the local [Ca2+] to amounts that can prolong the opening of TPC1 but 

this will depend on the rate of diffusion away from release sites (Fig. 7A). Our experiments 

showed that TPC1 is more open at +20 mV than at -20 mV (cytosolic with respect to 

luminal) and this voltage sensitivity of TPC1 may be an important factor in controlling the 

relative activity of TPC1 and TPC2. When TPC1 or TPC2 or both channels are activated, 

positive charge carried by Na+, H+, and Ca2+ will flow out of acidic stores, making the 

lumen less positive with respect to the cytosol. Under these conditions one would expect 

TPC1 to become more active. If there is only an increase in cytosolic [Ca2+] (Fig. 7B), then 

only TPC1 will be activated. Again, Na+ will flow out and K+ will flow into the acidic stores 

at rates that depend on the initial membrane potential and concentrations of intraluminal Na+ 

and K+. Only a trickle of Ca2+ will be released, because the main Ca2+-release channel 
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(TPC2) of acidic Ca2+ stores has not been activated. Proton release may become substantial 

as K+ and Na+ equilibrate across the lysosomal membranes (Fig. 7B). It is interesting to 

speculate that Ca2+-induced H+ release through TPC1 may be a physiologically relevant 

signaling pathway.

We conclude by emphasizing that, although TPC1 and TPC2 share certain functional 

similarities, there are important differences in their ion selectivity and regulation of gating. 

We suggest that TPC2 acts as the main Ca2+-release channel in lysosomes; whereas TPC1 

will release protons, an effect that will, in turn, stimulate the increased opening of TPC2 if 

they are present on the same organelle (9).

Materials and Methods

Purification of hTPC1

Non-transfected HEK293 cells (WT) and HEK293 cells stably expressing His-tagged human 

TPC1 (hTPC1.HIS) were resuspended in ice cold IP buffer (150 mM NaCl, 25 mM TRIS, 

pH 7.4) supplemented with 1x EDTA-free Complete protease inhibitor (Roche). 

Resuspended cells were then mixed with glass beads (Sigma) at 1:1 v/v ratio, and were 

homogenized on ice by passing the cells 20 times through a 23 G needle. Nuclei were 

removed by centrifugation at 2,000 x g for 5 min at 4 °C. The postnuclear supernatants were 

centrifuged at 100,000 x g for 1 hr at 4 °C to obtain the membrane fractions, which were 

then solubilized in IP buffer containing 1 % CHAPS overnight at 4 °C. Insoluble material 

was removed by centrifugation at 14,000 x g for 10 min at 4 °C. His-tagged proteins were 

isolated from the solubilized membrane fractions using the HisPurTM Cobalt Purification 

Kit (Pierce). Buffers involved in the purification procedure were all supplemented with 1% 

CHAPS. hTPC2 was prepared following previously published methods (9).

Western blotting

Protein samples were prepared in 1x laemmli buffer/4% beta-mercaptoethanol but were not 

heated to prevent heat-induced aggregation. Insoluble material was removed by 

centrifugation at 14,000 x g for 3 minutes at room temperature prior to gel loading. Proteins 

were resolved in a NuSep NG 8% precast SDS-PAGE gel in 1x running buffer (25 mM Tris, 

192 mM glycine, 0.1% SDS, pH 8.5) at 150 V, which were then wet transferred onto a 

PVDF-FL membrane (Immobilon) in buffer (48 mM Tris, 39 mM glycine, 0.0375 % SDS, 

20 % methanol) at 400 mA for 1hr. The membrane was blocked in Odyssey blocking buffer 

(Licor) supplemented with 0.1 % Tween 20 for 2 hrs at room temperature and was 

subsequently incubated overnight at 4°C in 1:1000 polyclonal antibody against HIS (rabbit 

polyclonal, Pierce). After two 10-min washes with PBS supplemented with 0.1% Tween 20, 

the membrane was incubated in 1:500 AlexaFluor 633-conjugated goat anti-rabbit IgG 

(Invitrogen) at room temperature for 1 hr, washed twice with PBS/0.1% Tween 20, and then 

visualized using the Typhoon scanner (GE Healthcare). A 633 nm laser was used for 

excitation and the emitted light was bandpass filtered at 670 nm/BP 30. Pixel size was 50 

μm.
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Single-channel recording and analysis

Purified human TPC1 and TPC2 were incorporated into planar phosphatidylethanolamine 

lipid bilayers under voltage-clamp conditions using previously described techniques (9, 49) 

Vesicles were added to the cis chamber. The trans chamber was held at 0 mV and the cis 
chamber was voltage-clamped at various potentials relative to ground. Fusion of vesicles to 

the bilayer appeared to deliver channels into the bilayer in a consistent orientation such that 

the cis chamber corresponded to the cytosolic side of TPC1 and TPC2 (Fig. 1A). Single-

channel events were recorded in the following solutions:

For experiments in which Ca2+ is the permeant ion: Tris/HEPES:Ca2+glutamate solutions 

contained 250 mM HEPES, 80 mM Tris, 10 μM free Ca2+; pH 7.2 cis; 250 mM glutamic 

acid, 10 mM HEPES, pH 7.2 with Ca(OH)2 giving a free [Ca2+] of 50 mM trans.

For bi-ionic studies: CaCl2 solution contained 210 mM CaCl2, 10 mM HEPES, pH 7.2. For 

experiments in which K+ is the permeant ion: Symmetrical 210 mM KCl solutioncontained 

210 mM KCl, 10 mM HEPES, 10 μM free Ca2+, pH 7.2 in both cis and trans chambers.

For experiments in which Na+ is the permeant ion: Symmetrical 210 mM NaCl solution 

contained 210 mM NaCl, 10 mM HEPES, 10 μM free Ca2+, pH 7.2 in both cis and trans 
chambers.

For experiments in which H+ is the permeant ion: HCl solutions contained HCl at either 10 

mM or 100 mM in the cis or trans chambers.

For experiments in which the effects of pH were investigated: K+-acetate solution contained 

symmetrical 210 mM K+ acetate, 10 mM HEPES, 10 μM free [Ca2+] and pH of cis and trans 
chamber varied between 7.2 or 4.8.

The free [Ca2+] and pH of the solutions were determined using a Ca2+ electrode (Orion 

93-20) and a Ross-type pH electrode (Orion 81-55) as described previously (49). The 

approximate free [Ca2+] following addition of 10 mM EGTA to the cis chamber, was 

calculated as <1nM using the MaxChelator program (www.standford.edu/~cpatton/

maxc.html).

Current recordings were monitored under voltage-clamp conditions using a BC-525C 

amplifier (Warner Instruments, CT). Channel recordings were low-pass filtered at 10 kHz 

with a 4-pole Bessel filter, sampled at 100 kHz using an ITC-18 data acquisition interface 

(HEKA Elektronik) and recorded onto the computer hard drive using WinEDR 3.05 

acquisition software (John Dempster, University of Strathclyde). The recordings were 

subsequently filtered at 800 Hz (-3 dB) using the low pass digital filter within WinEDR 3.05. 

Measurements of single-channel current amplitudes were made using WinEDR. The closed 

and fully open current levels were assessed manually using cursors.

Unless otherwise stated, channel open probability (Po) was calculated over 3 min of 

continuous recording using TACfit 4.2.0 software. Channel openings were detected by the 

50 % threshold method (50). Only experiments where ≤ 4 channels were gating in the 

bilayer were used for Po analysis. TPC1 Po was always increased by positive holding 
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potentials with monovalent cations as permeant ions. The voltage dependency of TPC1 

enabled us to ascertain the number of channels within the bilayer by briefly applying a 

holding command of +60 mV. Po was calculated using the following equation.

Po = Popen1 + 2 Popen2 + ……n PopenN
N

Where Popen1 is the probability of one channel opening and Popen2 is the probability of 

two channels being open simultaneously. N is the number of channels in the bilayer.

Predicted reversal potentials were calculated using the Nernst equation. The permeability 

ratio when comparing monovalent cations to K+ was calculated from the Goldman-Hodgkin-

Katz equation (51):

Px/Py = [Y+]/[X+] . exp(‐ErevF/RT)

where R is the ideal gas constant (8.314 J mol-1), T is the temperature in kelvin, z is the 

valency of the ion and F is the Faraday constant (9.6485 x 104 C mol-1). The relative Ca2+ to 

monovalent (K+ or Na+) permeability ratio (PCa
2+/Px

+) was calculated using the Fatt-

Ginsborg equation (52):

Px/Py = [Y+]/4[X2 +] . exp(ErevF/RT) . [exp(ErevF/RT + 1]

Erev is the zero current reversal potential. The reversal potential was taken to be the point at 

which current fluctuations were at a minimum. Junction potentials were calculated using 

Clampex software version 10.2 (Molecular Devices, Sunnyvale, CA) and subtracted from 

the reversal potential obtained from each measurement.

Noise analysis was performed with WinEDR version 3.05. The current fluctuations across 

the bilayer were subdivided into multiple segments in time with each segment containing N 
samples. The mean current for each segment was plotted as a function of time and was 

computed by the formula:

Imean =
∑

i = 1

N
I(i)

N

where I(i) is the amplitude of the ith current and N is the number of samples in the segment. 

Mean current measurements were obtained with multiple channels incorporated into the 

bilayer at the various holding potentials and was measured over ≥ 1min. The mean data from 

multiple experiments were then calculated and plotted as a function of voltage.
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Statistics

Data were expressed as mean ± SEM. Where appropriate, a Student’s t-test was used to 

assess the difference between mean values. Where multiple treatments were compared, 

ANOVA followed by a modified t-test was used to assess the difference between treatments. 

A p value of <0.05 was taken as significant.

Materials

NAADP was made in-house according to previously established methods (53). A stock 

solution of NAADP was made in de-ionized water. Dic8 PI(3,5)P2 abbreviated to (PI(3,5)P2) 

was obtained from Tebu-Biol Ltd (Peterborough, UK) and stored in de-ionized water. Other 

chemicals were AnalaR or the best equivalent grade from BDH (Poole, UK) or Sigma-

Aldrich (Dorset, UK). All solutions were made in de-ionized water and those for use in 

bilayer experiments were filtered through a Millipore membrane filter (0.45-μm pore).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One-sentence summary

Stimuli that increase calcium or NAADP may promote proton release from the 

endosomes and lysosomes by activating TPC1.
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Editor’s summary

Showing a Preference for Protons

Protons (H+) and calcium (Ca2+) produce a variety of different effects in cells. One way 

to determine which channels allow each of these ions to pass is to isolate the proteins and 

incorporate them into artificial bilayers. With this approach, Pitt et al. found that H+ was 

the preferred ion that passed through the human two-pore channel 1 (TPC1), which in 

cells is located in acidic membrane-bound compartments called endosomes and 

lysosomes. They also identified intracellular signaling messengers that stimulated TPC1 

and signals that changed the relative ability of different positively charged ions to flow 

through the channel. The exact function of the released H+ remains an open question.
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Figure 1. Single-channel properties of purified human TPC1 and TPC2 with K+ as the permeant 
ion.
(A) A schematic diagram of the in-vitro bilayer system. The trans chamber was held at 0 mV 

and the cis chamber was voltage clamped at various potentials relative to ground. Under 

these conditions, with an open channel, cationic current will flow in the trans to cis direction 

at negative holding potentials and in the cis to trans direction at positive holding potentials. 

Vesicles were added to the cis chamber and after fusion with the bilayer, the orientation of 

TPC1 and TPC2 in the bilayer appeared to be consisten with the cytosolic side of TPC1 and 

Pitt et al. Page 19

Sci Signal. Author manuscript; available in PMC 2019 July 31.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



TPC2 facing into the cis chamber and the intralysosomal (luminal) side of the channels 

facing into the trans chamber. Multiple channels were present in each bilayer preparation 

and therefore Po measurements reflect the average Po measured over 3 min of recording for 

each intervention (see methods). Example traces were selected from sections of trace in 

which only a single channel was gating. (B) Single-channel recordings from TPC1 (left) and 

TPC2 (right) using K+ as permeant ion (symmetrical 210 mM KCl solution) in the presence 

of 100 nM NAADP (cytosolic chamber) at holding potential +20 mV. The traces in this 

figure are not representative of Po but are chosen to show current amplitudes clearly. The 

unitary current amplitudes at +20 mV for TPC1 (OTPC1) and TPC2 (OTPC2) are indicated on 

the respective trace. The dotted line labelled C, represents the closed channel state. The 

lower panels show the I/V relationship for TPC1 (left) and TPC2 (right) in symmetrical 210 

mM KCl solution. Values are mean ± SEM (n=4). (C) The I/V relationship for TPC1 in a 

KCl gradient (210 mM KCl luminal-chamber: 510 mM KCl cytosolic-chamber; solid line 

and closed circles) reveals a single-channel conductance of 82 ± 5 pS (values are mean ± 

SEM; n=3). The I/V relationship for TPC1 in symmetrical 210 mM KCl solution (dotted 

line) is shown for comparison. (D) The mean Po of TPC1 at holding potentials of +20 mV 

and -20 mV. Values are mean ± SEM (n=4). A paired t-test was used to compare means (p < 

0.05).
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Figure 2. Effect of NAADP and cytosolic Ca2+ on TPC1 gating.
(A) Flow diagram detailing the experimental protocol with representative single-channel 

recordings shown below. TPC1 currents were recorded using K+ as permeant ion 

(symmetrical 210 mM KCl solution) (top), following the addition of 10 mM EGTA 

(cytosolic chamber) to lower cytosolic [Ca2+] to < 1 nM (middle), and after subsequent 

addition of 200 nM NAADP (cytosolic chamber) (bottom). (B) Flow diagram detailing the 

experimental protocol with representative single-channel recordings shown below. Current 

fluctuations show TPC1 activity with K+ as permeant ion (symmetrical 210 mM KCl 
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solution) (top), after subsequent addition of 200 nM NAADP (cytosolic chamber) in the 

continued presence of 10 μM cytosolic Ca2+ (middle trace), and after subsequent addition of 

10 mM EGTA (cytosolic chamber) to lower cytosolic [Ca2+] to < 1 nM (bottom). The dotted 

lines indicate the (O) open and (C) closed state of the channel. (C) The mean Po from 6 

individual single-channel experiments. Below each bar, reference to each treatment (as 

shown in A and B) is provided. In the absence of activating concentrations of Ca2+ and 

NAADP in the cytosolic chamber (no activating ligand) single channel activity is 

undetectable and Po=0. ANOVA followed by a modified t-test was used to assess the 

difference between treatments *=p<0.05, **=p<0.01). Values are mean ± SEM.
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Figure 3. Ion permeation properties of TPC1.
(A) Single TPC1 current fluctuations and I/V relationship for TPC1 with Na+ as the 

permeant ion (symmetrical 210 mM NaCl solution). The dotted lines indicate the (O) open 

and (C) closed channel state. (B) The relative K+ to Na+ permeability (PK
+/PNa

+) was 

calculated by construction of an I/V relationship with 210 mM KCl in the luminal chamber 

and 210 mM NaCl in the cytosolic chamber (n=6). (C) The mean Po from 6 paired 

experiments at holding potential +30 mV using either symmetrical 210 mM KCl solution or 

210 mM NaCl solution. A paired t-test was used to compare means (p < 0.01). Values are 
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mean ± SEM. (D) Single-channel current fluctuations and the respective I/V relationship 

with Ca2+ as the permeant ion (Tris/HEPES:Ca2+glutamate solutions). The relative K+ to 

Ca2+ permeability (PK
+/PCa

2+) (E) and the relative Na+ to Ca2+ permeability (PNa
+/PCa

2+) 

(F) was calculated by construction of an I/V relationship with either 210 mM KCl (n=5) or 

210 mM NaCl (n=7) in the cytosolic chamber and 210 mM CaCl2 in the luminal chamber. 

Values are mean ± SEM. The reversal potential (Erev) is indicated.
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Figure 4. Effect of luminal pH on TPC1 gating.
Many channels were incorporated into the bilayer and the mean current was measured under 

the specified condition. Noise analysis of current fluctuations at -20 mV (A) and 0 mV (B) 
are shown using symmetrical 210 mM K+-acetate solutions. In (A) and (B) the pH of the 

solution in the cytosolic chamber was maintained at 7.2 and the pH of the solution in the 

luminal chamber is as indicated. The dotted line in each current trace shows the zero current 

level. The corresponding bar charts show the mean current from 4 paired experiments. 

Values are means ± SEM. A paired t-test was used to compare means (* = p < 0.05). (C-E) 
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Noise analysis of current fluctuations at the indicated holding potential: (C) symmetrical pH 

2, (D) pH 2 cytosolic chamber: pH 1 luminal chamber and (E) pH 1 cytosolic chamber: pH 2 

luminal chamber. The current-voltage relationships to the right of the example traces show 

the mean data ± SEM obtained from 3-5 independent single-channel experiments. The 

arrows indicate the position of the reversal potentials.
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Figure 5. Effect of luminal Ca2+ on TPC1 gating.
(A) Representative TPC1 single-channel fluctuations following activation by 10 μM 

cytosolic Ca2+ with K+ as the permeant ion (symmetrical 210 mM KCl solution) (left) and 

following the addition of 500 μM CaCl2 to the luminal chamber (right). (B) Mean Po from 3 

independent experiments carried out in an identical manner to the experiment shown in A. 

(C) A representative trace of TPC1 single-channel fluctuations with 500 μM Ca2+ (luminal 

chamber) in the absence (left) or presence (right) of 200 nM NAADP (cytosolic chamber). 

In (A) and (C), the dotted lines indicate the open (O) and closed (C) channel levels. (D) 
Mean Po in the presence or absence of NAADP when luminal side [Ca2+] is 500 μM. Values 

are mean ± SEM (n=3).
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Figure 6. Effect of PI(3,5)P2 on TPC1 gating.
(A) Representative single-channel current fluctuations using Na+ as the permeant ion 

(symmetrical 210 mM NaCl solution), at +30 mV, followed by addition of 1 mM EGTA to 

the cytosolic chamber, followed by the addition of 1μM PI(3,5)P2 to the cytosolic chamber, 

followed by the addition of 200 nM NAADP to the cytosolic chamber. (B) The mean 

channel Po from 4 independent experiments carried out in an identical manner to the 

experiment shown in A. (C) The mean channel Po from 3 independent experiments using Na
+ as the permeant ion (symmetrical 210 mM NaCl solution) at a holding potential +30 mV, 
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when the order of addition was addition of 1 mM EGTA to the cytosolic chamber, followed 

by the addition of 200 nM NAADP (cytosolic chamber), and then the addition of 1 μM 

PI(3,5)P2 (cytosolic chamber). In the presence of 1 mM EGTA, cytosolic [Ca2+] is 

insufficient to activate the channel. (D, E) Effect of PI(3,5)P2 on the relative permeabilities 

to Na+ (D) and H+ (E) compared to Ca2+. Multiple TPC1 channels were incorporated into 

each bilayer and the mean current was measured at the indicated holding potential in the 

presence of 1 μM PI(3,5)P2 (cytosolic chamber) with the indicated ionic solutions in the 

cytosolic and luminal chambers. The current fluctuations on the left show typical examples 

of the noise analysis calculated at the indicated holding potentials. The dotted line shows the 

zero current level. The I/V relationships to the right of the example traces show the mean 

data from 4-6 independent experiments. The black arrows indicate the position of the 

reversal potentials. For comparison, the measured reversal potential obtained from the same 

paired experiment in the absence of PI(3,5)P2 is shown on the I/V relationship as a dotted 

grey arrow.
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Figure 7. Model of lysosomal ionic currents that flux through TPCs following activation by 
NAADP or Ca2+.
(A) The effects of NAADP. Both TPC1 and TPC2 will be activated. Na+ will flow outwards 

through both TPC1 and TPC2. Ca2+ will flow outwards primarily through TPC2 and H
+through TPC1 only. (B) The effects of an increase in cytosolic Ca2+. Only TPC1 will be 

activated and only a very small amount of Ca2+ will be released with H+ from lysosomal 

stores.
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Table 1
Basic biophysical properties of TPC1.

When K+ or Na+ was permeant ion, the cytosolic and luminal chambers contained symmetrical solutions of 

either 210 mM KCl or 210 mM NaCl. When Ca2+ was permeant ion, Tris/HEPES: Ca2+glutamate solutions 

were used (full details of solutions described in Materials and Methods). The holding potential is shown in 

mV. For measurements of Po in which NAADP was the sole activating ligand, 10 mM EGTA was first added 

to the cytosolic chamber to lower the [Ca2+] to subactivating concentrations prior to the addition of 100 nM 

NAADP. Values are mean ± SEM.

Permeant ion Single-channel conductance (pS) n

10 μM cytosolic Ca2+ as activating 
ligand

100 nM NAADP as activating 
ligand

Po mV n Po mV n

K+ 87 ± 3 4 0.26± 0.06 20 5 0.17± 0.04 20 5

Na+ 68 ± 3 5 0.05± 0.01 30 8 0.08± 0.006 30 4

Ca2+ 19 ± 2 3 0.1± 0.08 -60 3 -
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Table 2
Permeability properties of TPC1.

Relative permeability ratios were calculated from measurements made under bi-ionic conditions. TPC1 

permeability of Na+ and H+ relative to Ca2+ following the addition of 1 μM PI(3,5)P2 to the cytosolic chamber 

is also shown. The solutions used were 210 mM CaCl2 solution, 210 mM KCl solution, 210 mM NaCl 

solution, 10 mM HCl (pH 2) as described in Materials and Methods. A paired t-test was used to assess the 

difference between mean values. Values are mean ± SEM.

Permeability difference between Na+ and Ca2+, H+ or K+

       Ion Px
+/PNa

+ n Px
+/PH

+ n

       Ca2+ 0.98 ± 0.1 7 0.002 ± 0.0001 6

       H+ 66.8 ± 15 5 -

       K+ 1.6 ± 0.08 6 0.03 ± 0.01 3

       Na+       - - 0.015 ± 0.004 5

Permeability difference between Ca2+ Na+, H+ or K+

Addition of 1 µM PI(3,5)P2

       Ion Px
+/PCa

2+ n px
+/Pca

2+ n p value (paired t test)

       Na+ 1.1 ± 0.11 7 2.4 ± 0.06 4 0.05

       H+ 503 ± 35 6 585 ± 34 6 0.001

       K+ 9 ± 2.4 5       -

Sci Signal. Author manuscript; available in PMC 2019 July 31.


	Abstract
	Introduction
	Results
	Basic biophysical properties of TPC1
	The effects of cytosolic NAADP and Ca2+ on TPC1 gating
	Investigation of Na+ permeation in TPC1
	Investigating Ca2+ permeation through TPC1
	Regulation of TPC1 function by luminal pH
	Effect of luminal [Ca2+] on TPC1 gating
	Effects of phosphatidylinositol 3,5-bisphosphate on TPC1 function

	Discussion
	Materials and Methods
	Purification of hTPC1
	Western blotting
	Single-channel recording and analysis
	Statistics
	Materials

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1
	Table 2

