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Abstract

Two-pore channels are members of the voltage-gated ion channel superfamily. They localise to the
endolysosomal system and are likely targets for the Ca2* mobilising messenger NAADP. In this
brief review, we relate mutagenesis of the TPC pore to a recently published homology model and
discuss how pore mutants are informing us of TPC function. Molecular physiology of these
ubiquitous proteins is thus emerging.
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Introduction

As a major intracellular signalling ion, CaZ* controls a vast array of cellular processes, from
fertilisation to cell death (Berridge et al., 2000). To encode a specific physiological response
from such an omnipotent ion, cells vary both the location and timing of the Ca2* signals.
One mechanism for creating these complex signals is via the functional- and potentially
physical- interaction of canonical ER Ca2* stores with the acidic organelles of the
endolysosomal system (Kilpatrick et al., 2013; Penny et al., 2014, 2015). Like the ER,
endosomes and lysosomes are packed with Ca2* (Christensen et al., 2002; Patel and
Muallem, 2011). The second messenger NAADP can release Ca?* directly from acidic
organelles, which can then initiate further release from the ER, likely via Ca%*-induced
Ca?*-release (Cancela et al., 1999; Churchill et al., 2002; Galione, 2014; Lee, 2003). This
variety of Ca2* mobilising mechanisms enables cells to generate physiologically relevant
Ca?* signals with spatial and temporal complexity. In 2009, three independent groups
converged on the two-pore channels (TPCs) as the mediators of NAADP-induced Ca%*
release (Brailoiu et al., 2009; Calcraft et al., 2009; Zong et al., 2009). Subsequent work from
many independent groups supports the central tenet that TPCs localise to the endolysosomal
system, potentiate NAADP-evoked Ca?* release when overexpressed and are required for
endogenous NAADP signalling (reviewed in (Galione, 2014; Grimm et al., 2012; Hooper
and Patel, 2012)). NAADP-regulated channel activity and Ca2* permeability can be
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demonstrated electro-physiologically, and thus supports this view (Brailoiu et al., 2010; Pitt
et al., 2010; Rybalchenko et al., 2012; Schieder et al., 2010; Yamaguchi et al., 2011).
However, a 2012 study indicated that TPCs might be both Na* selective and insensitive to
NAADP, instead being activated by PI(3,5)P, (Wang et al., 2012). More recent studies,
which used similar techniques, additional knockout models and pharmacology, support
many of the original contentions (Grimm et al., 2014; Jha et al., 2014; Rahman et al., 2014;
Ruas et al., 2015). This has led to a refined model where TPCs are both Na* and Ca2*-
permeable, and are co-regulated by NAADP and PI(3,5)P, (Patel, 2015).

TPC molecular architecture

TPCs are members of the voltage-gated ion channel superfamily, sharing significant
topological and structural homology with TRP channels and voltage-gated K*, Na* and Ca2*
channels (referred to as Kv, Nav and Cav channels respectively) (Clapham and Garbers,
2005). In humans, there are two TPC isoforms (TPC1 and TPC2), both of which localise to
the endolysosomal system, with TPC2 predominantly lysosomal and TPC1 more broadly
dispersed (Galione, 2014; Grimm et al., 2012; Hooper and Patel, 2012). A third isoform
(unsurprisingly termed TPC3) is a pseudogene that underwent a striking lineage-specific
loss in rodents and certain primate lineages, including humans (Cai and Patel, 2010),
suggesting some strong negative selection pressure(s) within select populations.

TPCs, as with other voltage-gated ion channels, are thought adopt a pseudotetrameric
structure, whereby four domains congregate to form a central pore that passes ions (Yu et al.,
2005). These four domains can be formed from four individual monomers, as with Kv and
TRP channels, or from the folding of one, four-domain polypeptide chain, as with Nav and
Cav channels. TPCs are however unique because they create a pseudotetramer from the
likely dimerisation of two, two-domain monomers (Churamani et al., 2012; Hooper et al.,
2011; Rietdorf et al., 2011). Each individual domain of the pseudotetramer consists of 6
transmembrane helices. The first four transmembrane helices (S1-S4) create the voltage
sensor domain, responsible for sensing and transducing voltage changes in Kv, Nav and Cav
channels. The voltage sensor domains sit peripherally in the channel architecture, and are
connected to the central pore domain by a helical S4-S5 linker. The pore domains (S5-S6)
consist of two transmembrane helices linked together by a re-entrant pore loop that contains
two short “pore helices’. When assembled into the pseudotetramer, the re-entrant loops
create an ion-conducting pore bounded by a ring of amino acid residues called the selectivity
filter, which controls the identity of the permeating ions. This overall architecture is
demonstrated by the crystal structures of Kv channels (Doyle et al., 1998; Long et al., 2005).

Whilst direct structural data on the TPCs is limited, fluorescence protease protection assays,
and mapping of antibody epitopes and N-glycosylation sites have confirmed the overall
topology of individual TPC monomers (Hooper et al., 2011). They contain 12
transmembrane helices that form two distinct domains, each capable of independent
membrane insertion (Churamani et al., 2012). The crystal and cryoEM structures of various
Nav channels have been recently resolved (McCusker et al., 2012; Payandeh et al., 2011,
Shaya et al., 2013; Tsai et al., 2013; Zhang et al., 2012), and significant sequence homology
with the TPCs has enabled the building of a structural homology model (Fig. 1) (Rahman et
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al., 2014). Molecular docking analyses with this model identified interactions between Cav
antagonists and the pore domain, thus explaining early studies showing block of endogenous
NAADP responses by these drugs (Genazzani et al., 1996, 1997). Such findings were
confirmed for recombinant TPC1 (Rahman et al., 2014). Additional “wet” and “dry”
interactions with Nav antagonists, possibly through a common ancestral binding site, raise
the possibility that the structural attributes that underlie channel blockade in four-domain
channels were present in an ancient two-domain precursor. Importantly, the ability of
structurally distinct drugs to inhibit NAADP action correlated with their predicted
interaction with the pore, validating the veracity of the model for probing TPC functionality
(Rahman et al., 2014). Furthermore, Sakurai et al. showed that blockade of TPCs by Cav
antagonists, including the novel and potent inhibitor tetrandrine, could block Ebola
infection, highlighting the importance of defining the pharmacology of TPCs (Sakurai et al.,
2015). In this review we consider TPCs from a structural standpoint and attempt to relate
mutagenesis of the pore region with recent modelling studies in the context of TPC
functionality.

Pore-based Mutants

The first mutagenesis carried out on human TPCs was the substitution of leucine 273 of
TPCL1 for proline (Brailoiu et al., 2009). L273 is highly conserved across TPC isoforms and
across species (Fig. 2). As shown in Fig. 1, it maps to the re-entrant pore loop of the first
domain of TPC1. Mutation to proline in this spatially-restricted part of the channel is
probably not subtle as it is predicted to introduce a substantial kink into the carbonyl
backbone. However, subtlety was not the aim in this early study. This mutation blocked
NAADP-induced Ca2* release (Brailoiu et al., 2009) and channel activity (Rybalchenko et
al., 2012). Importantly, it also acted in a dominant negative manner, ablating endogenous
NAADP responses presumably because the incorporation of at least one inactive subunit in
the dimer leads to a dysfunctional channel (Brailoiu et al., 2009). These data provided strong
evidence that ion flux through TPC1 is essential for NAADP-induced Ca?* signalling.

These findings were subsequently extended to the homologous leucine in human TPC2
(L265), where the equivalent mutation again ablated NAADP-induced Ca2*signalling and
channel activity in a dominant negative fashion (Brailoiu et al., 2010). This mutant has been
used to highlight the role of TPC2 action in downstream physiological processes. For
example, overexpression of TPC2 L265P prevents autophagic dysfunction by NAADP
(Pereira et al., 2011) and Ebola virus entry (Sakurai et al., 2015). TPC2 activity has also
been linked to pigmentation defects in Xenopus oocytes (Lin-Moshier et al., 2014). Oocytes
are heavily pigmented under normal conditions, however overexpression of human TPC2
creates a pigmentation defect that gives them a ‘balding’ appearance. This is correlated with
the aggregation of intracellular, TPC2-positive vesicles. Overexpression of either the L265P
mutant or TPC1 had no effect on pigmentation or vesicle aggregation, demonstrating that
TPC2 activity can specifically drive a pigmentation defect (Lin-Moshier et al., 2014).
Furthermore, HeLa cells overexpressing rat TPC2 display aberrant vesicle morphology that
is associated with autophagy defects, whereas expressing the equivalent rat TPC2 mutant
(L247P) does not (Lu et al., 2013). Thus, this set of pore-blocking proline mutants, which
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are predicted to drastically alter the morphology of the pore, have been used to uncover the
signalling role and physiological functions of TPCs.

Wang and colleagues have also identified a pore-dead mutant (Wang et al., 2012). These
authors targeted a highly conserved aspartate at position 276 in human TPC2 (Fig. 2),
substituting this negatively charged residue for a positively charged lysine. The resulting
charge-reversal mutant D276K did not support currents in response to PI(3,5)P,. D276 is
predicted to sit at the very top of the narrow selectivity filter (Fig. 1). We speculate that
adding positive charge here might repel any incoming cations. Interestingly, overexpression
of the wild type channel, but not the D276K pore-dead mutant, increased the size of TPC2-
positive vesicles (Wang et al., 2012). These results strongly agree with the observations of
increased vesicle size in TPC2-overexpressing frog oocytes and HelLa and HEK cell lines
(Lin-Moshier et al., 2014; Lu et al., 2013; Ruas et al., 2010). Taken together, these results
suggest that TPC2 currents might be involved in vesicular fusion events.

Schieder and colleagues had success with making a functional pore mutant (Schieder et al.,
2010). Canonically, voltage-gated Ca2* channels possess a ring of negatively charged
residues lining the ionic pore (Yu et al., 2005). This configuration confers Ca2* selectivity in
Cav channels and some TRP channels, including TRPV5 and TRPV6 (Voets et al., 2004).
The authors found that wild-type mouse TPC2 was >1000x selective for Ca2* over K*
(Schieder et al., 2010), although Na* permeability was not tested at the time. By using
sequence alignments with TRPV5 and TRPVS6, they identified a conserved glutamate
residue within the second domain of mouse TPC2 (Fig. 2). Mutating this residue to remove
the charge (E643A), reduced Ca2*/K* selectivity to ~8x. Nonetheless, the channel was still
functional. This mutant has been used in a more recent paper to assess the specificity of TPC
knockout. Ruas et al. found that NAADP-mediated Ca2* signals were ablated in embryonic
fibroblasts of a double knockout TPC1/TPC2 mouse, but that these responses could be
rescued by transfection with the wild-type TPCs (Ruas et al., 2015). However, transfection
with the functional but non-selective E643A TPC2 mutant failed to recapitulate the NAADP
sensitivity, indicating that TPCs must be sufficiently permeable and/or selective to maintain
NAADP responses.

When aligned with structurally characterised Nav channels rather than with TRP channels,
E643 in mouse TPC2 appears outside the selectivity filter (Fig. 1). Instead, this residue
projects away from the mouth of the channel. The E643A mutant might therefore reduce
Ca?* selectivity through gross conformational changes in pore architecture, as opposed to a
compromised ability to directly coordinate ions. Notably, this residue is not completely
conserved across isoforms and species (Fig. 2).

Using the Nav-based TPC model, Rahman et al recently suggested a role for highly
conserved asparagine residues in coordinating ions within the putative selectivity filter of the
TPC pore (Rahman et al., 2014) (Fig. 2). Asparagine residues feature within the selectivity
filter of NMDA receptors (Burnashev et al., 1992). Notably, these ionotropic glutamate
receptors are both Ca2* and Na* permeable (similar to TPCs), whereas other glutamate
receptors that lack asparagine residues are less Ca2* permeable (Burnashev et al., 1992).
Schieder et al mutated asparagine 257 within domain | of mouse TPC2 (Schieder et al.,
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2010). Mutation of this residue to alanine (N257A) ablated NAADP-induced channel
activity, and prevented rescue of NAADP-induced Ca2* signalling in fibroblasts from TPC
double knockout mice (Ruas et al., 2015). Based on Rahman et al.'s alignment with
structurally-resolved Nav channels, N257 is predicted to lie directly within the selectivity
filter and is thus well positioned for ion discrimination (Fig. 1). Because alanine is a neutral
amino acid, lack of activity of the N257A mutant might result from the inability to co-
ordinate permeant ions. More conservative substitutions, such as a glutamine, could yield
further insight into TPC ion selectivity.

Finally, Hooper et al identified that human TPC1 was A-glycosylated at three asparagine
residues in the second pore domain (N599, N611 and N616) (Hooper et al., 2011). Whilst
mutating these residues to glutamine had no observable effects on localisation, the non-
glycosylated triple TPC1 mutant displayed exaggerated Ca?* responses to NAADP. Zong
and colleagues also identified two N-glycosylated arginine residues in mouse TPC2 (N594
and N601), although their functional role was not assessed (Zong et al., 2009). The TPC
glycosylation sites all map to the turret loops in between S5 and the re-entrant pore loops of
domain Il (Fig. 1). The first of the glycosylated residues is reasonably well conserved
between TPC1 and TPC2, and across species (Fig. 2). Interestingly, it lies approximately at
the plane of the membrane in the TPC1 homology model (Rahman et al., 2014), although it
should be noted that this region was modelled de novo due to lack of a suitable template.
Nevertheless negatively charged oligosaccharide chains attached here may interact with the
lysosomal glycocalyx and/or impede approach of cations such as Ca2*, thus accounting for
enhanced activity upon deglycosylation.

Conclusions and outlook

Until recently, it has been difficult to understand how the structural changes in TPC mutants
manifest their functional effects. The recently published structural homology model of a
TPC pore provides a reasonable basis from which to speculate about these effects (Rahman
etal., 2014). A summary of pore mutants is provided in Table 1.

As discussed, many of the pore mutants are inactive. This is presumably because the
structure and electrostatics within the targeted regions region are finely tuned and therefore
somewhat inflexible. At a functional level, mutants have provided insight into the signalling
roles of TPCs, such as the crucial requirement of TPCs for NAADP action and in
physiological functions such as membrane traffic (Brailoiu et al., 2009, 2010; Lin-Moshier
etal., 2014; Lu et al., 2013; Marchant and Patel, 2015; Wang et al., 2012). Notably,
emerging evidence indicates that the latter might be relevant to pathologies such as
Parkinson's Disease (Hockey et al., 2015), non-alcoholic fatty liver disease (Grimm et al.,
2014) and Ebola infection (Sakurai et al., 2015).

But of course a homology model is just that- a model- and is therefore no substitute for a
physical structure of TPCs. Lack of structural information is a major gap in our knowledge
at present. Nevertheless, modelling has provided insight into pharmacology of TPCs, and
predicts a number of putative drug binding positions ripe for future mutagenesis (Rahman et
al., 2014). This is now particularly relevant given the emergence of TPCs as potential
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therapeutic targets (Hockey et al., 2015; Sakurai et al., 2015). Modelling also predicts a
possible configuration for the selectivity filter, which could instruct mutagenic strategies to
further clarify TPC selectivity — an area of contention (Marchant and Patel, 2013; Morgan
and Galione, 2014). Not discussed here are other molecular manipulations that do not fall
within the pore region of TPCs such as those within the N-terminus and voltage sensor
(Brailoiu et al., 2010; Cang et al., 2014; Churamani et al., 2013; Lin-Moshier et al., 2014).
Correlating these with structure predictions of the full length channel may yield further
insight into the workings of TPCs.

Although there is much we do not know about TPCs, mutagenesis has been one of the most
important tools for understanding TPC function thus far, and will continue to be for some
time to come, particularly if interpreted within a structural context.
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Abbreviations

TPC two-pore channel

NAADP nicotinic acid adenine dinucleotide phosphate

Nav voltage-gated sodium channel
Kv voltage-gated potassium channel
Cav voltage-gated calcium channel
TRP transient receptor potential

TRPV TRP vanilloid

ER endoplasmic reticulum

PI(3,5)P2 phosphatidylinositol 3,5-bisphosphate
SF selectivity filter

PH pore helix
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Figure 1. Structural model of the TPC pore.
A, Schematic of the TPC (left) highlighting the pore regions in domain I (green) and domain

Il (cyan) and residues that have been subjected to site-directed mutagenesis (yellow).
Structural model of the sea urchin TPC1 pore region (right) showing the pseudo-tetrameric
arrangement of the domains. B, Zoomed view of the pore. Only one of each domain is
shown for clarity. Residues (yellow) and side chains in sea urchin TPC1 corresponding to
those targeted in other species and isoforms (denoted by the superscripts) were identified by
the sequence alignment in Fig. 2. *E643 in mouse TPC2 is not conserved in sea urchin
TPC1. Model is adapted from (Rahman et al., 2014).
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Figure 2. Protein sequence of the TPC pore.
Multiple sequence alignment of the pore region of TPCs in domain | (A) and domain 11 (B).

Residues that have been subjected to site-directed mutagenesis are highlighted in blue.
Abbreviations: human (Homo sapiens, Hsa), rat (Rattus norvegicus, Rno), mouse (Mus
musculus, Mmu) and sea urchin (Strongylocentrotus purpuratus, Spu). Alignments were
performed using ClustalOmega and the following accession numbers: AA150204 (Hsa
TPC1); AAH63008.1 (Hsa TPC2); NP_647548.2 (Rno TPC1); XP_006230846.1 (Rno
TPC2); AAH58951.1 (Mmu TPC1); NP_666318.2 (Mmu TPC2); NP_001138446.1 (Spu
TPC1); NP_001138448.1 (Spu TPC2). Structural features are highlighted based on
alignment with structurally resolved Nav channels, as discussed previously (Rahman et al.,
2014). PH refers to the pore helices, SF to the selectivity filter.
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Table 1

Summary of TPC pore mutations.

Page 12

TPC1
L273P Pore-blocking (Brailoiu et al., 2009; Rybalchenko et al., 2012)
Human N599Q/N611Q/N616Q  Removes glycosylation; Pore-activating  (Hooper et al., 2011)
TPC2
Human  L265P Pore-blocking (Brailoiu et al., 2010; Lin-Moshier et al., 2014)(Pereira et al.,
2011)(Sakurai et al., 2015).
D276K Pore-blocking (Wang et al., 2012)
Mouse  N257A Pore-blocking (Ruas et al., 2015; Schieder et al., 2010)
N594Q/N601Q Removes glycosylation (Zong et al., 2009)
E643A Reduces Ca?*/K* selectivity (Schieder et al., 2010)(Ruas et al., 2015).
Rat L247P Pore-blocking (Luetal.,, 2013)
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