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A B S T R A C T

Two-pore channels (TPCs) are Ca2+-permeable ion channels localised to the endo-lysosomal system where they
regulate trafficking of various cargoes including viruses. As a result, TPCs are emerging as important drug
targets. However, their pharmacology is ill-defined. There are no approved drugs to target them. And their
mechanism of ligand activation is largely unknown. Here, we identify a number of FDA-approved drugs as TPC
pore blockers. Using a model of the pore of human TPC2 based on recent structures of mammalian TPCs, we
virtually screened a database of ~1500 approved drugs. Because TPCs have recently emerged as novel host
factors for Ebola virus entry, we reasoned that Ebola virus entry inhibitors may exert their effects through
inhibition of TPCs. Cross-referencing hits from the TPC virtual screen with two recent high throughput anti-
Ebola screens yielded approved drugs targeting dopamine and estrogen receptors as common hits. These com-
pounds inhibited endogenous NAADP-evoked Ca2+ release from sea urchin egg homogenates, NAADP-mediated
channel activity of TPC2 re-routed to the plasma membrane, and PI(3,5)P2-mediated channel activity of TPC2
expressed in enlarged lysosomes. Mechanistically, single channel analyses showed that the drugs reduced mean
open time consistent with a direct action on the pore. Functionally, drug potency in blocking TPC2 activity
correlated with inhibition of Ebola virus-like particle entry. Our results expand TPC pharmacology through the
identification of approved drugs as novel blockers, support a role for TPCs in Ebola virus entry, and provide
insight into the mechanisms underlying channel regulation. This article is part of a Special Issue entitled: ECS
Meeting edited by Claus Heizmann, Joachim Krebs and Jacques Haiech.

1. Introduction

NAADP is a potent Ca2+ mobilizing messenger that triggers Ca2+

release from acidic Ca2+ stores such as lysosomes [1–5]. Critical to
NAADP action are the endo-lysosomal two-pore channels (TPCs) [6–9].
Local Ca2+ fluxes through TPCs are increasingly implicated in mem-
brane trafficking events [10,11]. These include roles for TPCs in reg-
ulating lysosome morphology [12], retrograde transport between late
endosomes and the Golgi [13], and endocytic trafficking of receptors
for LDL and growth factors [14,15], pigment granules [16] and in-
tegrins [17]. They also likely regulate non-vesicular trafficking by
strengthening membrane contact sites between late endosomes and the

ER [18]. Consequently, TPCs are fast emerging as potential therapeutic
targets in diverse disorders such as Parkinson's disease, fatty liver dis-
ease and cancer [12,14,17,19]. Moreover, TPCs have been identified as
novel host factors for Ebola virus (EBOV) entry [20]. This virus enters
cells through macropinocytosis, traffics through the endo-lysosomal
system and, following binding to its intracellular receptor NPC1 [21],
fuses with late endosomes/lysosomes to release its genome into the
cytoplasm. Molecular or chemical inhibition of TPCs prevents EBOV
infection likely at a late entry step, although the mechanism is unclear
[20,22].

TPCs are dimeric ion channels, comprising a duplicated domain
architecture, which are likely a bridge during the evolution of four-
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domain voltage-gated Ca2+ and Na+ channels [23–25]. Atomic struc-
tures of plant [26–28] and mammalian [29,30] channels are emerging
providing detailed insight into the architecture of the pore. Two iso-
forms (TPC1 and TPC2) found in humans localise to distinct compart-
ments within the endo-lysosomal system [9,31]. TPC2 is predominantly
localised to late endosomes and lysosomes through an N-terminal tar-
geting motif, which when mutated results in rerouting of the channel to
the plasma membrane [32]. The activation mechanisms and ion se-
lectivities of TPCs are areas of active investigation [33,34]. Although
many studies have shown TPCs are required for NAADP-mediated Ca2+

signalling, NAADP appears to interact with TPCs indirectly through
putative binding proteins [35–38]. In contrast, the endo-lysosomal lipid
PI(3,5)P2 has emerged as a direct channel activator that binds within
the first domain of TPCs [29,30,39]. Interestingly, residues in the S4–S5
linker within this domain required for NAADP-mediated Ca2+ signals
[40] fall within the PI(3,5)P2 binding site [29] indicating a complex
interplay between small molecule activators and accessory proteins.

Despite the growing pathophysiological importance of TPCs, there
are currently few selective chemical tools to inhibit NAADP/TPC sig-
nalling. BZ194 [41], a N-alkylated nicotinic acid derivative, and Ned-19
[42], identified through a ligand-based virtual screen, are cell-perme-
able inhibitors of NAADP-evoked Ca2+ signals. But their indirect ac-
tion, coupled with potentially promiscuous actions of their target
NAADP-binding proteins on other channels [43], complicates the use of
NAADP antagonists in a physiological setting. This underscores the
need for direct channel inhibitors. We recently used a combination of
homology modelling, molecular docking analyses and Ca2+ measure-
ments to show that TPCs are likely to be direct targets for a number of
voltage-gated Ca2+ and Na+ channel modifiers [24]. Tetrandrine [20],
another Ca2+ channel antagonist has also recently emerged as a TPC
blocker and potent inhibitor of EBOV entry. Finally, the flavonoid
naringenin [44] has been shown to block TPCs, but with low affinity.
Both tetrandrine and naringenin have multiple targets and are not ap-
proved for human use world-wide. There are therefore a limited
number of drugs that directly inhibit TPCs.

Here, we apply a combination of structural modelling, virtual
screening, Ca2+ measurements, electrophysiology and virus entry as-
says to identify approved drugs that both inhibit EBOV entry and block
TPC activity.

2. Methods

2.1. Virtual screening

The structure of human TPC2 (Uniprot accession: Q8NHX9) in an
open conformation was modelled on the cryoEM structure of PI(3,5)P2-
bound mouse TPC1 (pdb: 6C9A) [29] using SWISS-MODEL [45]. The
first 40 residues were excluded due to lack of appropriate template. The
final model was chosen using the default local model quality estimation
method (QMEANDisCo) based on a novel version of QMEAN [45].
Additional model refinement was performed using GalaxyRefine [46].

A conformer library for the e-Drugs3D-2017 drug set [47] was
prepared using Omega v3.0.1.2 (OpenEye Scientific Software, Santa Fe,
NM). MakeReceptor (OEDOCKING 3.2.0.2; OpenEye Scientific Soft-
ware, Santa Fe, NM) was used to generate the active site for virtual
screening. This was centred on the pore vestibule and extended from
above the selectivity filter to below the bundle crossing
(40× 40×77 μm). The starting pose was based on blind docking of
verapamil using AutoDock Vina [48] with an exhaustiveness value of
24. Screening was carried out with FRED (OEDOCKING 3.2.0.2;
OpenEye Scientific Software, Santa Fe, NM) using default parameters
returning the top 10,000 conformers ranked by the Chemgauss4 score
(Table S1). All but the top ranked conformer for each ligand were ex-
cluded. This analysis retrieved 1480 unique drugs and their metabo-
lites. The top 200 are listed in Table S1.

Enrichment analysis of the top hits was performed by dividing the

proportion of a given drug class within the top 200 hits by the pro-
portion of that class in the screen as a whole. Drugs were classified
according to their annotated primary target in e-Drugs3D. This analysis
was limited to classes where there were> 3 drugs. A class was con-
sidered enriched if values were>1.5.

2.2. Ca2+ measurements

Ca2+ release assays using sea urchin egg homogenates were per-
formed as described previously [49]. Briefly, egg homogenates were
loaded with Ca2+ by sequential dilution in a cytosol-like medium
supplemented with an ATP-regenerating system. Medium Ca2+ con-
centration was monitored fluorimetrically with Fluo-4.

2.3. Single channel current recording

Patch clamp recording in the excised inside-out configuration was
performed as described in [32] using HEK cells expressing human TPC2
tagged with GFP at its C-terminus and where leucines 11 and 12 were
replaced with alanine to promote cell surface targeting. The pipette
(luminal) solution contained (in mM): 145 NaCl, 5 KCl, 2 CaCl2, 1
MgCl2, 10 HEPES and 10 MES (pH adjusted to 4.6 with NaOH). The
bath (cytoplasmic) solution had the same composition except MES was
excluded and pH was adjusted to 7.2 with NaOH. Osmolarity of the
solutions was adjusted to ~300mOsm with glucose.

The methods used for recording and analysing currents were re-
ported previously [50]. Pipettes were coated with Sigmacote™, fire
polished and minimally filled with the pipette solution. Currents were
amplified using an Axopatch 200B amplifier, filtered at 1 kHz (−3 dB)
with an internal 4-pole Bessel filter and digitized at 10 kHz with a Di-
gidata 1322A interface and pClamp 10 suite. Unless otherwise stated,
all recordings were at a holding potential of +40mV.

For determining unitary current amplitude and unitary con-
ductance, currents were analysed using the 50% threshold crossing
criterion using ClampFit 10 and openings briefer than 700 μs (twice the
filter rise time) were excluded from the analysis [51]. Due to un-
certainty about the number of channels in most recordings, channel
activity was expressed as NPo.

For kinetic analyses of single channel records, a simple two state
scheme (C⇆O) was initially used to idealize currents at full bandwidth
(1 kHz) using the segmental k-means (SKM) hidden-Markov algorithm
implemented in QuB [52]. Additional states were then systematically
added to the initial scheme with various topologies using the MIL
module of QuB. A dead time of 200 μs was retrospectively imposed to
correct for missed events [51]. MIL fits a gating scheme to the single
channel records and optimises the rate constants based on a maximum
likelihood-based Markovian approach. The final gating schemes were
derived when further changes in either the number of states or their
connectivity did not produce significant (≥10) increment in the log
likelihood (LL) ratio [50,52]. Closed time distributions were analysed
when channel activity was reasonably high (NPo > 0.15) and when
only openings to a single current level were evident over a duration of
≥5min [53].

Analyses were performed 10–15 s following NAADP/drug applica-
tion in the bath solution to ensure adequate mixing.

2.4. Whole lysosomal current recording

Lysosomal currents were recorded using a modified patch clamp
procedure as described in [54] and COS-7 cells expressing human TPC2
tagged with GFP at its C-terminus [7]. Briefly, cells were treated with
1 μM vacuolin-1, for 1–2 h and the resulting enlarged lysosomes ac-
cessed by breaking the plasma membrane with a glass pipette. The
pipette (luminal) solution and bath (cytoplasmic) solution contained (in
mM): 140 NaCl, 5 KCl, 10 HEPES (pH 7.4 with NaOH). After formation
of a GΩ seal with a lysosome, break in was achieved by quick voltage
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steps of +350mV. Current was measured with an Axopatch 200B patch
clamp amplifier that was controlled by pCLAMP9 software. The current
protocol used 400-ms rapid alterations of membrane potential (RAMP)
from −100 to +100mV from a holding potential of 0 mV at 4 s in-
tervals. The currents were filtered at 1 kHz with an internal four-pole
Bessel filter, sampled at 5 kHz, and stored to a hard drive by Digidata
1440.

2.5. Ebola virus-like-particle entry assays

Virus-like particles (VLPs) for EBOV were generated as described in
[55]. Briefly, HEK293T cells were co-transfected with constructs en-
coding the EBOV matrix protein, VP40, tagged with a β-lactamase re-
porter at its N-terminus [56] and the EBOV glycoprotein (GP; strain
Zaire) [57], both a kind gift from Adolfo Garcia-Sastre. Cells were
maintained in DMEM supplemented with 10% (v/v) FBS, 100 μg/mL
streptomycin and 100 units/mL penicillin at 37 °C in a humidified at-
mosphere containing 5% CO2. Culture media were harvested after 48 h,
cleared by centrifugation and VLP-containing supernatants stored at
−80 °C until use.

The VLP entry assay [55] was adapted and optimised to a 96-well
plate format. HeLa Kyoto cells were seeded at a density of
8× 103 cells/well and maintained for 40 h prior to drug treatment in
DMEM supplemented with 10% (v/v) FBS, 100 μg/mL streptomycin
and 100 units/mL penicillin at 37 °C in a humidified atmosphere con-
taining 5% CO2. Cells were incubated with drugs in DMEM +2% (v/v)
FBS for 1 h under culture conditions prior to the addition of VLPs (1:2
dilution). Cells were spinoculated at 450×g for 1 h at 4 °C, followed by
incubation for 3 h under culture conditions to allow VLP entry in the
continued presence of drugs. Cells were washed once with CO2-in-
dependent medium supplemented with 10% (v/v) FBS and 1% (v/v) L-
glutamine and loaded with the β-lactamase substrate, CCF2 (Live-
BLAzer FRET–B/G Loading Kit, Invitrogen) according to the manufac-
turer's instructions using the alternative substrate loading protocol.
Cells were trypsinised, fixed with 1% paraformaldehyde for 20min and
analysed by flow cytometry using a LSRII flow cytometer (Becton
Dickinson, USA) collecting at least 10,000 events. β-lactamase activity
was assessed in live cells with the FlowJo software package by de-
termining the proportion of blue fluorescent cells (cleaved substrate;
excitation 405 nm) relative to green fluorescent cells (total substrate;
excitation 488 nm) using filter sets for Pacific-blue and FITC, respec-
tively.

2.6. Data analysis

Data are presented as mean values ± standard error of the mean
where indicated. Concentrations that caused 50% inhibition (IC50) and
Hill coefficients (nH) were derived from fitting of inhibition curves
using KaleidaGraph (Synergy software).

3. Results

3.1. Identification of putative TPC2 inhibitors through a structure-based
virtual screen of approved drugs based on the TPC2 pore

Recent advances in the structural biology of TPCs [28,30] provide
novel opportunities to gain insight into TPC pharmacology. We thus
applied a structure-based virtual screening approach to identify novel
lead compounds targeting the TPC pore. We took advantage of the re-
cent cryo-EM structure of a mammalian TPC [29] to model the pore of
human TPC2 (Fig. 1A) and used this model to perform an in silico screen
of the e-Drugs3D database, which consists of ~1500 drugs approved by
the FDA for use in humans. The results of this screen are depicted
schematically in Fig. 1B where each compound is ranked according to
its Chemguass4 score. This score is a measure of the predicted strength
of interaction whereby more negative values indicate a stronger

predicted interaction.
Our previous targeted docking analyses showed that voltage-gated

Ca2+ and Na+ channel blockers likely interact with the TPC pore
through a common ‘ancestral’ binding site [24]. Of the Ca2+ channel
blockers analysed previously, nicardipine was predicted to interact
most strongly with the pore and diltiazem was the most potent func-
tionally [24]. Accordingly, nicardipine and diltiazem were recovered as
top ranking blockers in the present screen (Fig. 1C, asterisk). Ad-
ditionally, the mean rank and mean Chemguass4 scores of all Ca2+

channel blockers in the screen were lower than for Na+ channel
blockers (Fig. 1C–D). This accords with our docking and functional
analyses showing more avid interaction and more potent inhibition of
TPCs by blockers of Ca2+ relative to Na+ channels [24]. Taken to-
gether, these analyses support our unbiased approach for identification
of TPC inhibitors.

Subsequent efforts were focused on the top 200 hits recovered in the
virtual screen. We performed enrichment analysis according to the
primary target where annotated. As shown in Fig. 1D, this analysis
revealed a number of drugs targeting different G-protein coupled re-
ceptors, HMG-CoA reductase, the estrogen receptor and the angiotensin
II converting enzyme. This unbiased approach thus returns a number of
drugs within distinct drug classes that potentially target the TPC2 pore.

3.2. Prioritisation of approved drugs that inhibit Ebola virus entry as
putative TPC2 inhibitors

Because TPCs have emerged as novel host factors for EBOV infection
[20], we reasoned that some of the FDA-approved drugs recently
highlighted in high-throughput screens as EBOV entry inhibitors might
function as TPC blockers. We thus compared our top 200 hits with two
recent anti-EBOV screens [58,59] that together identified 73 unique
EBOV entry inhibitors (Fig. 2A). Of these, 51 were present in e-Drugs3D
and all but 5 were recovered in the TPC virtual screen (Fig. 2B). No-
tably, approximately, a third of these (14) ranked within the top 200 of
the TPC screen (Fig. 2C). Inspection of the prioritised hit compounds
(Fig. 2D) revealed the Ca2+ channel blocker bepridil, further under-
scoring this class of compounds as TPC blockers. Importantly, this
analysis also returned 4 dopamine receptor antagonists and 5 selective
estrogen receptor modulators (SERMs). The prevalence of drugs in
these two classes is consistent with our enrichment analysis from the
TPC screen (Fig. 1D). Thus, virtual screening against the TPC2 pore and
physical screening for EBOV entry inhibitors converge on dopamine
receptor antagonists and SERMs as candidate TPC inhibitors.

3.3. Dopamine antagonists and selective estrogen receptor modulators block
endogenous NAADP-mediated Ca2+ signals

To examine the functionality of the drugs as TPC inhibitors, we first
tested their effects on Ca2+ signals evoked by NAADP. We used sea
urchin egg homogenates for this analysis as this preparation is con-
sidered the ‘gold standard’ for assessing NAADP-mediated Ca2+ sig-
nalling [60]. As shown in Fig. 3A, NAADP mediated a robust Ca2+

signal that was largely blocked by bepridil (100 μM). Similar results
were obtained with fluphenazine and pimozide, both dopamine re-
ceptor antagonists (Fig. 3A). We also tested the effects of the SERMs,
raloxifene and clomiphene on NAADP responsiveness. Raloxifene al-
most completely blocked NAADP-evoked Ca2+ release whereas clomi-
phene effected a partial block (Fig. 3A).

The inhibitory effects of all these drugs were concentration depen-
dent (Fig. 3B) with the following IC50 and nH values: bepridil (33 μM,
1.5), fluphenazine (42 μM, 1.3), pimozide (42 μM, 0.96), raloxifene
(28 μM, 1.6) and clomiphene (94 μM, 1.7). To determine selectivity, we
examined the effects of the drugs on Ca2+ release by cyclic ADP-ribose,
which mediates its effects through the ryanodine receptor. As sum-
marized in Fig. 3C, all drugs were less effective at inhibiting responses
to cyclic ADP-ribose than NAADP, attesting to specificity.
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Taken together, these data identify dopamine receptor antagonists
and SERMs as novel inhibitors of NAADP action consistent with their
predicted interaction with TPCs.

3.4. Dopamine antagonists and selective estrogen receptor modulators
inhibit single channel activity of TPC2 by reducing open time

To provide more direct evidence that these compounds are TPC
blockers and to extend our analyses to mammalian systems, we ana-
lysed NAADP-mediated channel activity of human TPC2. We did this
using cell surface targeted TPC2 to facilitate single channel recording in
a null background. Na+ was used as the major cation to complement
our previous analyses using Ca2+ as the permeant ion [32]. As shown in
Fig. 4A, some spontaneous activity was noted in most of the excised
patches. NAADP addition to the bath solution robustly enhanced
channel activity in a concentration dependent manner. Current ampli-
tude histograms are shown in Fig. S1A–C. Summary data quantifying
the normalised open probability NPO is shown in Fig. 4B. Analysis of
current-voltage relationships indicated a unitary Na+ conductance

(γNa) of 86 ± 0.7 pS (Fig. 4C; n=3). Single channel openings in the
absence and presence of NAADP were best fit by a single exponential
with a mean open time of ~5ms (Fig. 4D). For a sub-set of recordings
where we were confident that the openings represented a single active
channel (Po≥ 0.15, ≥5min recording duration) [50], closed time
distribution was also analysed (Fig. 4D). The distribution was best fit by
a double exponential with time constants of 0.7 ± 0.4 ms and
47 ± 3.5ms, constituting 49 ± 1% and 51 ± 1% of the distribution,
respectively (n=4). Kinetic modelling yielded two topologies with si-
milar LL ratios that linearly connected the closed states (C1 and C2) with
the open state (O) (Fig. 4F). Collectively, these data affirm the sensi-
tivity of TPC2 to NAADP and its permeability to Na+ and provide a
framework for assessing drug action at the single channel level.

We used this experimental setting to assess the effects of fluphe-
nazine and raloxifene (representative of the two identified drug classes)
on TPC2 channel activity. Fig. 5 shows continuous uninterrupted re-
cordings of TPC2 channel activity in response to NAADP and sub-
sequent addition of the drugs. Both drugs acutely inhibited NAADP-
mediated channel activity (Fig. 5A–B). We also tested the effects of the

Fig. 1. A structure-based virtual screen of approved drugs based on the TPC2 pore.
A, structural model of human TPC2 viewed from the cytosolic face. The pore region is highlighted by the dashed box.
B, results of a virtual screen of the e-Drugs3D database against the pore region of TPC2. The top 200 drugs are marked by the shaded region.
C, plots showing the rank of individual drugs from the virtual screen targeting voltage-gated Ca2+ and Na+ channels. The horizontal lines represent the mean.
Nicardipine (rank #154) and diltiazem (rank #247) are highlighted*.
D, enrichment analysis of drug classes within the top 200 hits. G-protein coupled receptors are highlighted*.
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NAADP antagonist Ned-19. As shown in Fig. 5C, Ned-19 also similarly
inhibited channel activity. To gain mechanistic insight into drug block,
we analysed dwell time distributions. As shown in Fig. 5D–E, both
fluphenazine and raloxifene reduced the mean open time from ~5ms to
~3ms without affecting the unitary current sizes. Current amplitude
histograms are shown in Fig. S1D–F. These data are consistent with a
direct interaction of the drugs with the pore. In contrast, Ned-19 af-
fected neither the mean open time nor unitary current size (Fig. 5F)
suggesting a distinct mechanism of action. Data summarizing the effects
of the drugs on NPo, open times and unitary conductance are shown in
Fig. 5G. Taken together, these data suggest that fluphenazine and ra-
loxifene effectively behave as pore blockers.

3.5. Dopamine antagonists and selective estrogen receptor modulators
inhibit lysosomal TPC2 currents and entry of Ebola virus-like particles with
similar potency

Because TPC2 in the plasma membrane may not faithfully reflect
the properties of the channel in its native environment, we performed
electrophysiological analysis of enlarged lysosomes expressing wildtype
TPC2 (Fig. 6). For these experiments, TPC2 was stimulated with a sa-
turating concentration of PI(3,5)P2, which gives larger currents than
NAADP in this experimental setting [54] most likely due to a direct
interaction with the channel [61]. As shown in Fig. 6A, PI(3,5)P2 sti-
mulated robust currents in TPC2-expressing lysosomes. These responses
were inhibited by fluphenazine in a concentration-dependent manner

with near full block achieved at 30 μM (Fig. 6A). Raloxifene also in-
hibited PI(3,5)P2-mediated currents with maximal effects at 3 μM
(Fig. 6A). The inhibitory effects of both drugs were reversed upon
washout (Fig. 6A). Concentration-effect relationships showed that ra-
loxifene was particularly potent at blocking TPC2 currents
(IC50= 0.63 μM, nH=1.3) in this setting compared to fluphenazine
(IC50= 8.2 μM, nH= 1.3), respectively (Fig. 6B).

Finally, we examined the potency of dopamine receptor antagonists
and SERMs on EBOV entry. As a surrogate for EBOV, we used Ebola
VLPs carrying β-lactamase. Following fusion mediated by the EBOV
glycoprotein, β-lactamase is delivered to the target cell cytoplasm
where it mediates cleavage of a fluorescent substrate. Fig. 7A quantifies
infection of HeLa cells by the VLPs. Infection was blocked by pre-
treatment with EIPA (11.1 μM), an inhibitor of macropinocytosis, and
by tetrandrine (1.2 μM; Fig. 7A). As shown in Fig. 7B, fluphenazine and
pimozide inhibited Ebola VLP entry with IC50 values of 1.3 μM
(nH=1.7) and 3.6 μM (nH=2.8), respectively. Raloxifene, clomiphene
and a third SERM, tamoxifen, also inhibited entry with IC50 values of
0.61 μM (nH=1.1, 0.32 μM (nH=1.1) and 0.21 μM (nH=0.82), re-
spectively. Enhanced potency of SERMs relative to dopamine receptor
antagonists in blocking VLP entry matches that for inhibition of TPC2
currents (Fig. 6).

4. Discussion

TPCs are channels of physiological, and increasingly, patho-

Fig. 2. Identification of drugs targeting dopamine and estrogen receptors as putative TPC2 inhibitors.
A, Venn diagram depicting the relationship between approved drugs identified as Ebola virus entry inhibitors in independent high through put screens by
Kouznetsova [58] and Johansen et al. [59].
B, Venn diagram depicting the relationships between the entry inhibitors identified in A with the e-Drugs3D database used for the TPC virtual screen.
C, Venn diagram depicting the relationship between entry inhibitors present in the e-Drugs3-D database and the top 200 hits from the TPC virtual screen.
D, prioritised set of 14 drugs identified from C listing their rank in the TPC virtual screen, their reported IC50 values for inhibiting virus entry (from Kouznetsova [58]
and/or aJohansen et al. [59]) and their primary target (annotated in e-Drugs3D).
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physiological importance [19]. However, their pharmacology is poorly
defined and there are currently no approved drugs to target them. To
begin to fill this gap, we performed a virtual structure-based screen
using a database of approved drugs and the pore region of TPC2
(Fig. 1). Key to our strategy was i) the availability of structural in-
formation for mammalian TPCs, ii) the finding that TPCs are novel host
factors for EBOV entry and iii) repurposing screens initiated in the wake
of the 2014 Ebola epidemic, which yielded a number of approved drugs
as novel EBOV entry inhibitors. To prioritise hits, cross-referencing the
latter ‘wet’ data with our ‘dry’ modelling highlighted drugs targeting
dopamine and estrogen receptors (Fig. 2). These drugs demonstrably
inhibited TPCs in three independent assays (Figs. 3, 5, 6), and we
correlated their potency with inhibiting Ebola VLP entry (Fig. 7). Single
channel analyses confirmed an action of these drugs on the TPC2 pore
(Fig. 5).

Results from the enrichment analysis of our virtual screen identified
a number of drugs targeting distinct G-protein coupled receptors
(Fig. 1D). Notably, a high throughput screen for drugs that block EBOV
and Marburg virus (both filoviruses) infection also highlighted nu-
merous drugs targeting G-protein coupled receptors [62]. Common
drug classes in that screen and ours include those against 5HT, mus-
carinic and histamine receptors. This further links TPCs to EBOV in-
fection. We focused our functional analyses on dopamine receptor an-
tagonist and SERMs based on our cross-referencing strategy (Fig. 2). But

these compounds represent only a fraction of our top 200 hits. Thus, our
screen offers considerable scope for identifying additional TPC blockers
in the future.

The dopamine receptor drugs identified here as TPC blockers in-
cluded several phenothiazines (fluphenazine, trifluoperazine, pro-
chlorperazine and thioridazine) that are used as anti-psychotics (Fig. 2).
Our data is consistent with a recent screening campaign published
while this work was in progress, which also identified phenothiazines as
inhibitors of NAADP-induced Ca2+ release from sea urchin egg homo-
genates [63]. Indeed, the IC50 values for fluphenazine, 42 μM (Fig. 3B)
and ~11 μM [63], are comparable. This congruence highlights the
power of our in silico strategy for drug identification which, together
with our electrophysiological analyses, points mechanistically to drug
action on the TPC pore. We also identified the structurally distinct
dopamine receptor drug, pimozide, a diphenylbutylpiperidine. As well
as targeting the dopamine receptor, pimozide also targets voltage-gated
Ca2+ channels [64]. The common action of pimozide on TPCs and
voltage-gated Ca2+ channels likely reflects an evolutionary kindred
between these two members of the voltage-gated ion channel super-
family [24]. Although voltage-gated Ca2+ channels have been im-
plicated in viral entry [65], their functional absence in non-excitable
cells (such as HeLa cells used in this study) points to TPCs as the likely
targets.

Our analyses identifying drugs targeting estrogen receptors as

Fig. 3. Ca2+ channel blockers, dopamine antagonists and selective estrogen receptor modulators block endogenous NAADP-mediated Ca2+ signals.
A, exemplar Ca2+ signals, recorded using Fluo-4 from sea urchin egg homogenates pre-incubated with the indicated drug (100 μM) or DMSO (black traces) for
~1min prior to stimulation with NAADP (1 μM).
B, concentration-effect relationships for blockade of NAADP responses by the various drugs (n=3). Data are normalised to the NAADP response in the presence of
DMSO.
C, summary data quantifying the effect of the drugs (100 μM) on Ca2+ response to NAADP versus cyclic ADP-ribose (n=3). Data are normalised to the NAADP and
cyclic ADP-ribose responses in the presence of DMSO.
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Fig. 4. NAADP stimulates single channel activity of TPC2 rerouted to the plasma membrane.
A, exemplar single channel recordings from inside-out patches excised from HEK cells expressing plasma membrane-targeted TPC2 in response to the indicated
concentrations of NAADP. Na+ was the charge carrier and the holding potential was +40mV. C denotes the closed state.
B, summary data quantifying open probability (NPo; n=3–28).
C, current-voltage relationships derived from records similar to those shown in A (n=3).
D, exemplar open and closed time distributions at the indicated NAADP concentration.
E, summary data quantifying mean open time (n=3–28).
F, likely gating schemes for TPC2.
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additional TPC blockers converged on first (clomiphene, tamoxifen,
toremifene), second (raloxifene) and third (bazedoxifene) generation
SERMs (Fig. 2). These drugs act as estrogen receptor agonists or an-
tagonists, depending on the tissue, and are used for treating breast
cancer and osteoporosis [66]. Off-target effects of these drugs are more
than likely related to well-known rapid non-genomic actions of estrogen
[67]. Indeed, inhibition of both viral entry and TPC activity by sub-
micromolar concentrations of raloxifene is striking. Additional effects
of SERMs such as destabilisation of either the EBOV glycoprotein [68]
or lysosomal membranes due to their cationic amphiphilic nature [69]
are possible. Nevertheless, both dopamine receptor antagonists and
SERMs emerge as novel TPC blockers and provide independent scaf-
folds for small molecule development.

Estrogen receptor drugs appear more potent in blocking TPC ac-
tivity (Fig. 6) and Ebola VLP entry (Fig. 7) than dopamine receptor
drugs. This correlation points to a common mechanism of action
(Figs. 6–7). The half maximal inhibitory concentrations by raloxifene
were similar but fluphenazine was more effective at inhibiting VLP
entry (Fig. 7) than blocking the channel (Fig. 6). This could reflect
additional effects of fluphenazine underlying entry inhibition or the
very different conditions under which the two assays were performed
(acute drug treatment versus pre-incubation; broken versus intact
cells). One other notable difference was the relative poor potency of the
drugs in blocking Ca2+ signals in egg homogenates (Fig. 3) compared to
lysosomal currents (Fig. 6). Again, this could relate to the way in which
drugs were administered or the activating ligand. Alternatively, this
could point to species differences in drug block. Nevertheless, our study
suggests that TPCs may be the target for a number of EBOV entry in-
hibitors described previously for which mechanistic information was
lacking. How TPCs promote EBOV entry is unclear at present. A recent
study provided evidence that TPCs may also regulate entry of the MERS
corona virus [70]. Pharmacological inhibition with tetrandrine analo-
gues or molecular knockdown of TPCs was shown to reduce Furin

activity. This protease activity is required for priming of the envelope
protein [71]. Thus, compromised activity upon TPC blockade could
underlie reduced MERS corona virus entry. Such a mechanism is un-
likely to regulate entry of EBOV because it is processed by endo-lyso-
somal cathepsins [72]. Moreover, entry of pre-cleaved EBOV is also
blocked by tetrandrine [20] suggesting that TPCs act at a step distal to
proteolytic processing. Clearly, further work is required to understand
the mechanisms of TPC involvement in EBOV entry.

Although cellular studies repeatedly link TPCs to NAADP-mediated
Ca2+ signalling, electrophysiological analyses of TPCs are less con-
gruent with some studies failing to demonstrate appreciable Ca2+

permeability or NAADP activation [39,73]. Our previous whole cell
recordings and single channel analyses demonstrated robust activation
of Ca2+ and Cs+ currents in response to NAADP [32]. Here, we used
Na+ as the major permeant ion. Comparing single channel con-
ductances in this study (87 pS, Fig. 4) with those for Ca2+ (40 pS) and
Cs+ (128 pS) reported previously [32] points strongly to TPC2 as a non-
selective cation channel under these experimental conditions. This
conclusion concurs with bilayer studies of TPC2 [74,75] and electro-
physiological analyses of endogenous NAADP-activated TPC2 currents
recorded from enlarged vacuoles (Na:Ca permeability ratio close to
unity) [76]. TPCs interact with many other proteins [16] some of which
likely act to effect and modify gating. Loss of accessory factors might
well explain NAADP insensitivity in some studies. Indeed, such loss
might also affect the ion selectivity of TPCs as accessory proteins are
known to dictate the ion selectivity of other channels such as Orai [77]
and MCU [78].

Our single channel analyses provide evidence that the drugs target
the pore region of TPCs (Fig. 5). The reduction in open time (~2-fold)
was modest relative to the reduction in open probability (~10-fold)
pointing to an open channel block mechanism. This is compatible with
effects produced by inhibitors known to interact directly with the pore
of other channels [79–81]. Of note, phenothiazines have long been

Fig. 5. Dopamine antagonists and selective estrogen receptor modulators inhibit single channel activity of TPC2 by reducing open time.
A–C, exemplar single channel records from inside-out patches expressing plasma membrane-targeted TPC2. Patches were sequentially challenged with 100 nM
NAADP and either fluphenazine (100 μM; A), raloxifene (100 μM; B) or Ned-19 (1 μM; C). Large vertical deflections are addition artefacts. Red bars indicate the
sections of the upper trace in the presence of NAADP before and after drug addition that were expanded in the corresponding lower traces.
D–F, exemplar open time distributions from records similar to A–C in the presence of the indicated drug.
G, summary data quantifying open probability, mean closed time and unitary conductance for TPC2 activity in response to 100 nM NAADP in the absence (n=10)
and presence of the indicated drug (n=3–4). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 6. Dopamine antagonists and selective estrogen receptor modulators inhibit lysosomal TPC2 currents.
A, exemplar currents recorded from enlarged lysosomes isolated from HEK cells expressing lysosome-targeted TPC2 in response to PI(3,5)P2 (1 μM). The holding
potentials were +100mV (upper traces) and −100mV (lower traces). Lysosomes were challenged with fluphenazine (Flu.) and raloxifene (Ral.) at the con-
centrations and for the times indicated.
B, concentration-effect relationships for blockade of PI(3,5)P2 currents by fluphenazine (open circles) and raloxifene (closed circles;n=2). Data are normalised to the
PI(3,5)P2 response in the absence of the drugs.
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known to antagonize calmodulin [82] and previous studies with tri-
fluoperazine have suggested a role for calmodulin in NAADP-mediated
Ca2+ signalling [83]. Our data, with fluphenazine at least, suggests an
additional more direct action of phenothiazines on TPCs likely un-
related to calmodulin (Fig. 5). Clearly, further structure-function ana-
lyses are warranted.

In contrast to fluphenazine and raloxifene, Ned-19 did not affect
open time (Fig. 5). It thus effectively acts as a gating modifier by re-
ducing the overall frequency of channel openings through directly or
indirectly influencing channel regions distal to the pore. Thus, our
analyses uncover fundamentally distinct mechanisms for channel in-
hibition by the drugs and Ned-19. The lack of effect of Ned-19 (and also
NAADP; Fig. 4) on open time support the notion that they act more
remotely through associated NAADP-binding proteins. [38]. Un-
certainty about the number of channels as well as the limited number of
events in patches with low activity prevented us from performing close
time distribution analysis upon channel inhibition. But further analysis
is warranted not least due to the presence of a multiple closed times
(Fig. 4F) which could reflect desensitized states.

In sum, we have identified approved drugs as TPC blockers. We used
a novel strategy that affirmed the role of TPCs in EBOV entry and which
should significantly aid in expanding the pharmacology of this ubi-
quitous class of endo-lysosomal ion channels.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbamcr.2018.10.022.
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