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Abstract 
Ca2+ ions play a vital signalling role in a vast range of physiological and pathological 

processes. NAADP is a major component of the intracellular Ca2+ signalling milieu, 

releasing Ca2+ from acidic organelles to generate both local and global responses. Over 

the past 7 years, Two-pore Channels (TPCs) have emerged as the likely target for 

NAADP. However, unlike many of the other channels within their voltage-gated ion 

channel superfamily, TPCs remain poorly characterised at a molecular level. Their 

pharmacology is also limited to a handful of non-selective inhibitors of other channels. 

Furthermore, the functional interplay between TPC-mediated local and global Ca2+ 

signalling remains ill-defined. This thesis takes a highly interdisciplinary approach to 

address these shortcomings- to investigate the molecular physiology of the TPCs. 

First, I dissected both of the divergent pore regions from human TPC2 and expressed 

them individually in HeLa cells, where they depleted the ER of Ca2+. After 

heterologous expression in E. coli cells, I purified a stable, folded and functional pore-

only tetramer. My results suggest that both pore regions from TPC2 assemble and 

function even in the absence of their partner, retaining several key properties of the 

wildtype channel. Second, to diversify the TPC pharmacology away from non-

selective channel inhibitors, I virtually screened a library of FDA-approved drugs 

against a structural model of TPC2. By cross-referencing these data with in vitro drug 

screens against a TPC-mediated disease, I identified eight novel, putative TPC 

inhibitors with reasonable potency and selectivity. Finally, I generated a 

computational model of local lysosome-ER Ca2+ signalling, guided by experimental 

observations. The model suggests that Ca2+ microdomains can both drive and 

modulate global signalling responses, depending on the ‘expression’ pattern of TPCs. 

Together this research provides a set of tools and an experimental framework with 

which to further characterise the molecular physiology of TPCs. 
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Chapter 1: Introduction 

Ca2+ Signalling 

Ca2+ Background 

Calcium is a vital part of a balanced diet, as every yoghurt-eating child will know. 

Indeed, the majority of dietary calcium is deposited as calcium phosphate precipitate 

in bone tissue. However, perhaps less widely known by the general public are the 

ubiquitous roles that soluble Ca2+ ions have in cellular signalling. Unlike any other 

inorganic ion or signalling molecule, Ca2+ has a remarkable ability to coordinate a vast 

diversity of physiological processes, from the genesis of a cell to its demise (Berridge 

et al., 2000).  

Primordial life existed within a relatively low Ca2+ environment. However, the 

gradual cooling of the earth from about 3.5 billion years ago coincided a rise in Ca2+ 

within the primordial soup. Unfortunately for these lifeforms, high Ca2+ levels 

precipitate phosphates and aggregate biological macromolecules. In response to this 

selection pressure, only those organisms capable of exporting and maintaining low 

Ca2+ levels survived (Jaiswal, 2001). Sometime later, the low resting intracellular 

concentration enabled cells to evolve Ca2+-sensitive processes whereby a selective 

increase of Ca2+ elicits a cellular response. 

These processes went largely unnoticed until the late 19th Century when 

Sydney Ringer was investigating the physiological basis for the contractions of an 

isolated frog heart. By using tap water, Ringer’s lab assistant began inadvertently 

introducing Ca2+ into his buffers, which sustained the normal heart rhythm. When a 

presumably unimpressed Ringer discovered this and switched to NaCl solutions in 

distilled water, he noticed a profound slowing of ventricular contraction (Ringer, 

1883). By adding Ca2+ back into the solution, Ringer regenerated the contractility and 

made the first (serendipitous) observation that Ca2+ acts as a signalling ion. 

By the 1960s, Ca2+ had been implicated in processes ranging from hormone 

action to muscle contraction, but it was the use of Ca2+-sensitive aqueorins in the mid-

20th century that led to the widespread acceptance of its fundamental importance in 

signalling (Ridgway and Ashley, 1967). Ca2+ signalling is now appreciated to regulate 

a wide array of basic cellular processes including metabolism, cell division, 

intracellular trafficking, cell death, neurotransmission, and muscle contraction 

(Berridge et al., 2000). Because of this wide range of physiological roles, it is perhaps 
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unsurprising that Ca2+ dysregulation has been linked to numerous pathologies 

including cardiovascular disease (Bers, 2006), neurodegeneration (Bezprozvanny, 

2010), metabolic disease (Rorsman et al., 2012) and cancer (Capiod et al., 2007). 

In the latter stages of the 20th Century, advances in imaging technology 

coincided with the development of both Ca2+-sensitive dyes (Grynkiewicz et al., 1985) 

and, later, genetically encoded Ca2+ indicators that can be targeted to specific proteins 

or organelles (Miyawaki et al., 1997). Such imaging techniques enabled a crucial 

question to be addressed: with such an extensive variety of Ca2+-sensitive processes, 

how can the desired function be selectively activated? It appears that cells achieve this 

by generating Ca2+ signals with a high level of spatial and temporal complexity, which 

act on specifically positioned effector proteins. Indeed, Ca2+-sensitive proteins can be 

tuned to respond to specific Ca2+ signatures such as waves or oscillations. Today, 

spatiotemporal control of Ca2+ signalling is a basic tenet in the Ca2+ signalling 

paradigm and is the basis for much ongoing research (Berridge et al., 2003).  

 

Ca2+ Stores 

To activate the correct process, elevations in Ca2+ concentration must be specifically 

targeted. As the extracellular milieu contains relatively high Ca2+ levels, Ca2+ influx 

across the plasma membrane can target processes at the periphery of the cell, such as 

prompting vesicle exocytosis to initiate synaptic transmission (Augustine et al., 1987). 

Intracellular buffers limit the free diffusion of Ca2+ to protect against non-specific 

intracellular responses but this may be overcome by large influxes. However, a 

complete reliance on influx-generated Ca2+ signals would permit only localised or 

simplistic signals and cells would be therefore unable to generate sufficient 

complexity to specifically target the majority of intracellular effectors. Cells 

circumvent this problem by storing Ca2+ intracellularly and releasing it in a 

coordinated manner. 

The largest and best characterised of these intracellular Ca2+ stores is the 

endoplasmic reticulum (ER), or sarcoplasmic reticulum (SR) in muscle (Berridge, 

2002). Sarco-/endo-plasmic reticulum Ca2+ ATPase (SERCA) pumps fill this store 

with Ca2+ by removing it from the cytosol, thus helping to drive low cytosolic Ca2+ 

levels at rest (Lytton et al., 1992). Cells generate specific Ca2+ responses from the ER 

with Ca2+-mobilising secondary messengers, including inositol (1,4,5) trisphosphate 
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(IP3) and cyclic-ADP ribose (cADPR). These messengers are synthesised upon cell 

stimulation, for example by G-protein coupled receptors (GPCRs), and freely diffuse 

throughout the cell. IP3 binds to the large cytosolic domains of IP3 receptors (IP3Rs) 

on the ER, causing a conformational change in the receptors’ channel regions, thus 

releasing Ca2+ from the ER (Fan et al., 2015). Similarly, cADPR activates Ca2+ release 

by binding to ryanodine receptors (RyRs), another large channel complex on the ER 

with a comparable structure-function relationship to IP3Rs (Zalk et al., 2015).  

 One of the more remarkable things about both IP3Rs and RyRs is their 

complex, biphasic regulation by cytosolic Ca2+ (Hymel et al., 1988; Finch et al., 1991; 

Wagner and Yule, 2012). Both receptors can be activated by small rises in cytosolic 

Ca2+, leading to the further release of Ca2+ from the ER. This positive-feedback 

phenomenon, known as Ca2+-induced Ca2+-release (CICR), drives the amplification 

of small Ca2+ signals (Roderick et al., 2003). Higher concentrations of Ca2+ inhibit 

these channels and thus terminate the Ca2+ signals they helped to propagate. Moreover, 

increased concentrations of both IP3 (Wagner and Yule, 2012) and cADPR (Lee et al., 

1995) can sensitise their respective receptors, thereby generating additional layers of 

complexity. Taken together, this mélange of ER Ca2+ signalling mechanisms allows 

cells to generate highly complex and specific Ca2+ signals that coordinate many 

diverse functions (Berridge, 2012). Luminal ER Ca2+ itself plays an important role in 

processes such as protein folding and post-translational processing (Michalak et al., 

2002). Furthermore, ER Ca2+ dysregulation is implicated in a wide range of diseases, 

including heart disease (Mackenzie et al., 2002) and neurodegeneration (Tang et al., 

2003; Cheung et al., 2008). Thus, the well-studied ‘canonical’ ER Ca2+ store is a 

functionally and pathologically vital organelle that contributes to much of the Ca2+ 

signal diversity. 

More recently, the Golgi apparatus has emerged as a heterogeneous Ca2+ store 

(Pizzo et al., 2011). The membrane compartments towards the cis-Golgi pole are 

reminiscent of the ER, containing SERCA and IP3Rs (Taylor et al., 1997; Pinton et 

al., 1998), whilst the more distal trans-Golgi compartments utilise the secretory 

pathway Ca2+ ATPase (SPCA) pumps and RyRs (Van Baelen et al., 2003; Lissandron 

et al., 2010). However, due to cross-Golgi heterogeneity and phenotypic overlap with 

the ER, it is challenging to dissect the specific functional roles of the Golgi Ca2+ store. 

Nonetheless, SPCA dysfunction has been linked to both breast (Feng et al., 2010) and 

skin (Okunade et al., 2007) cancer, as well as Hailey-Hailey syndrome, a hereditary 
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skin disease (Fairclough et al., 2003). As these findings highlight a role for 

dysregulated Golgi-mediated Ca2+ signalling in disease, adequately regulated Golgi 

signalling likely also underlies a number of physiological processes. 

Mitochondria can store Ca2+ but unlike the ER do so in a transient manner, 

containing little Ca2+ at rest. Mitochondria have a large capacity for Ca2+ and thus play 

a vital role in shaping cytosolic Ca2+ signals (Duchen et al., 2008). Uptake is facilitated 

by the mitochondrial Ca2+ uniporter (MCU) (Kirichok et al., 2004), whilst Ca2+ 

extrusion occurs via Na+/Ca2+ exchangers (NCX) that allow mitochondria to 

redistribute cellular Ca2+ (Boyman et al., 2013). Alongside modulating cytosolic Ca2+ 

signals, Ca2+ uptake into mitochondria can also regulate the ‘classical’ mitochondrial 

functions themselves. For example, mitochondria match ATP synthesis to the level of 

Ca2+ signalling, using this as a proxy for cellular ‘activity’ (Jouaville et al., 1999). 

Moreover, excessive Ca2+ signalling can lead to mitochondrial Ca2+ overload, an 

important factor in apoptotic cell death (Giorgi et al., 2012) with potentially 

pathological consequences (Bezprozvanny and Hayden, 2004; Celsi et al., 2009).  

Over the past decade or so, the “acidic Ca2+ stores” have come to prominence 

(Christensen et al., 2002; Churchill et al., 2002; Patel and Docampo, 2010). These 

stores are present at many levels of taxonomic complexity and include 

acidocalcisomes in prokaryotes and protists, vacuoles in yeast and plants, and many 

vesicular systems in animals, including the endolysosomal system (Patel and 

Docampo, 2010). In many acidic organelles, the action of V-type ATPase proton 

pumps creates a transmembrane proton gradient that can be harnessed to accumulate 

Ca2+ via Ca2+/H+ exchangers (CAX) (Melchionda et al., 2016). Others organelles use 

either ATP-driven primary active transport or a combination of both mechanisms 

(Pittman, 2011). The complement of mechanisms that release Ca2+ from these acidic 

stores is growing.  

PI(3,5)P2 is a membrane phospholipid exclusively localised to the 

endolysosomal system. This lipid activates lysosomal currents through transient 

receptor potential mucolipin (TRPML) channels (Dong et al., 2010). Indeed, 

activation of TRPML1 can give rise to both local and global Ca2+ signals by releasing 

Ca2+ from the endolysosomal system (Garrity et al., 2016; Kilpatrick et al., 2016). 

Lysosomal storage diseases are a severe set of pathologies caused by mutations to 

lysosomal proteins, which lead to the accumulation of enzymatic substrates. Mutation 

of TRPML1 causes one such disease, mucolipidosis type IV, which is characterised 
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by swollen endolysosomal vesicles (Sun et al., 2000). These symptoms are mimicked 

by mutations in the enzymes that metabolise PI(3,5)P2 (Dove et al., 2009). Notably, 

the membrane trafficking defects that arise in mucolipidosis type IV can be rescued 

by transfecting cells with functional channels (Shen et al., 2012). These results support 

other reports (Lloyd-Evans et al., 2008) that dysregulated Ca2+ signalling plays a vital 

role in the pathogenesis of a number of lysosomal storage diseases (Lloyd-Evans and 

Platt, 2011). 

Figure 1.1. Cellular Ca2+ stores and their resident Ca2+ transport mechanisms. Organelles are not 

to scale. Thanks to Dr. Bethan S. Kilpatrick for providing the ER and mitochondria schematics. 

 

P2X receptors are ion channels involved in purinergic signalling at the plasma 

membrane (Khakh et al., 2012). However, the non-selective P2X4 isoform mainly 

localises to lysosomes (Qureshi et al., 2007). When investigating these channels, 

Huang and colleagues found that the lysosomal lumen was enriched with ATP, the 

natural ligand of P2X receptors (Huang et al., 2014). Surprisingly however, ATP-

driven currents through P2X4 in purified lysosomes could only be measured at less 

acidic pH (Huang et al., 2014). Nonetheless in an intact cell setting, overexpression of 
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P2X4 caused endolysosomal Ca2+ release and vesicle aggregation, which was further 

enhanced by lysosomal alkalisation (Cao et al., 2015). P2X4 receptors therefore form 

lysosomal Ca2+ channels that play a dual role in vesicular traffic and pH sensing. 

The outlined Ca2+-signalling mechanisms are summarised in Fig. 1.1. 

 

NAADP 

When research into IP3-driven Ca2+ signalling was having its heyday in the late 1980s, 

there was an initial report that nicotinamide adenine dinucleotide phosphate (NADP) 

could activate Ca2+ release through an IP3-independent mechanism (Clapper et al., 

1987). It later emerged that the commercial NADP stocks used in these original 

experiments were contaminated with an NADP-derivative, nicotinic acid adenine 

dinucleotide phosphate (NAADP). NAADP is a similar pyridine dinucleotide where 

the amide group on the nicotinamide ring of NADP is converted to a carboxylic acid. 

It was this contaminant, not NADP, that had a Ca2+ releasing effect in sea urchin egg 

homogenates (Chini et al., 1995; Lee and Aarhus, 1995). Later, NAADP was shown 

to generate Ca2+ signals in intact cells and is indeed the messenger that initiates the 

Ca2+ responses during fertilisation (Perez-Terzic et al., 1995; Lim et al., 2001; Moccia 

et al., 2004). 

NAADP-induced Ca2+ release is distinct from both IP3 and cADPR signalling 

in the sea urchin egg homogenate. Desensitisation by IP3 or cADPR pre-treatment or 

inhibition by drugs targeting these pathways had no effect on NAADP-induced Ca2+ 

release (Chini et al., 1995; Lee and Aarhus, 1995). Furthermore, unlike IP3Rs and 

RyRs, the target for NAADP was not modulated by Ca2+ and was therefore unable to 

support CICR (Chini and Dousa, 1996). These initial studies also indicated that 

NAADP released Ca2+ from a distinct compartment to IP3 and cADPR (Lee and 

Aarhus, 1995). This was supported by reports that thapsigargin, a SERCA inhibitor 

that causes the eventual depletion of ER Ca2+, did not ablate NAADP responses 

(Genazzani and Galione, 1996). Subsequent experiments with fractionated sea urchin 

eggs showed that selective interference with the lysosome-related reserve granules 

abolished NAADP-induced Ca2+ release (Churchill et al., 2002). It was therefore 

concluded that NAADP acts on the acidic Ca2+ stores. 

NAADP is synthesised by ADP-ribosyl cyclases such as CD38, which also 

serve as the synthetic enzymes for cADPR (Aarhus et al., 1995). These enzymes 
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catalyse a base-exchange substitution of the nicotinamide in NADP to the nicotinic 

acid in NAADP. NAADP is degraded by CD38 (Schmid et al., 2012), although cells 

that do not possess CD38 appear to use alkaline phosphatase to remove the messenger 

(Schmid et al., 2012). Paradoxically, it appears that CD38 is a transmembrane 

ectoenzyme whose catalytic site is either extracellular or luminal (Flora et al., 2004). 

As NAADP acts in the cytosol, NAADP must be transported into the cytosol via some 

as-yet unidentified mechanism, although paracrine effects of extracellular NAADP 

have been reported (Park et al., 2013, 2015). Although the mechanisms underlying 

receptor-activated NAADP synthesis are unknown, a number of extracellular agonists 

have been linked to increased cellular NAADP levels. These include endothelin-1 

(Kinnear et al., 2004), glutamate (Pandey et al., 2009) and OKT3, an antibody 

targeting the T-cell receptor (Gasser et al., 2006).  

NAADP is a very potent second messenger but has an unusual concentration 

response relationship that differs between organisms. In sea urchins, very low doses 

of NAADP (<1 nM) cause no Ca2+ release and instead have an inhibitory effect on 

subsequent NAADP treatments (Aarhus et al., 1996; Genazzani et al., 1996), partly 

due to the seemingly irreversible nature of NAADP binding (Patel et al., 2000). This 

differs from IP3 and cADPR, where sub-threshold pre-treatments have no effect. 

However in mammalian systems, low (sub-micromolar) concentrations of NAADP 

cause Ca2+ release, whereas higher NAADP concentrations do not (Cancela et al., 

1999). This gives rise to a bell-shaped concentration-effect curve. A two-site NAADP 

target was therefore proposed to rationalise these observations (Patel, 2004). By this, 

a low affinity activation site in sea urchins is occluded if NAADP has previously 

occupied a high affinity inactivation site. Conversely in mammals, the biphasic 

NAADP dose-response curve could arise from a high affinity activation site and a low 

affinity inactivation site. This dual-site proposition was supported by experiments in 

the sea urchin egg homogenate using synthetic analogues of NAADP (Naylor et al., 

2009; Rosen et al., 2009). One analogue, Ned-20, blocked self-desensitisation by low 

concentrations of NAADP but did not inhibit Ca2+ release by higher concentrations of 

NAADP, whilst other analogues irreversibly inhibited the low affinity site, preventing 

NAADP-induced Ca2+ release (Rosen et al., 2009).  

Although NAADP acts on the acidic organelles, the ER is still fundamental to 

generating NAADP-induced Ca2+ signals in intact cells. For example, NAADP 

produces long-lasting and self-propagating Ca2+ oscillations in sea urchin eggs 
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(Aarhus et al., 1996; Lee et al., 1997; Churchill and Galione, 2000). These signals 

cannot be driven by NAADP alone as NAADP-signalling is insensitive to CICR and 

is self-inactivating (Perez-Terzic et al., 1995; Aarhus et al., 1996; Genazzani et al., 

1996). Instead, NAADP-induced Ca2+ signals must involve interactions with the ER. 

Indeed, blocking RyRs, IP3Rs, or SERCA in intact cells severely limits the size of 

NAADP-induced Ca2+ signals, and prevents oscillations (Churchill and Galione, 2000, 

2001).  

Nor is this oscillatory phenomenon restricted to intact sea urchin eggs. In 

mammalian pancreatic acinar cells, NAADP microinjection generates Ca2+ 

oscillations that can be completely blocked by IP3 and cADPR antagonists (Cancela 

et al., 1999). Notably, NAADP inhibition did not affect IP3- or cADPR-induced Ca2+ 

signalling, suggesting that NAADP acts ‘upstream’ of IP3Rs and RyRs. Similar 

phenomena, where NAADP requires a functional ER to generate physiological 

signals, have been observed in a number of cells types (Boittin et al., 2002; Brailoiu 

et al., 2006, 2009b; Macgregor et al., 2007). Together, these data suggest that the ER 

is vital for NAADP-mediated Ca2+ signalling in intact cells, but that NAADP does not 

itself target the ER. To consolidate these seemingly incompatible observations, it was 

proposed that NAADP signalling occurs through a “two pool model”, with NAADP 

acting on acidic organelles to release Ca2+ which then triggers subsequent Ca2+ release 

from the ER via CICR, amplifying the Ca2+ signal (Cancela et al., 1999; Churchill and 

Galione, 2001). This is commonly referred to as the ‘trigger hypothesis’.  

Although NAADP-mediated signalling was extensively characterised around 

the turn of the millennium, the molecular identity of the NAADP target was unknown 

a considerable length of time. The target had to have properties that were defined by 

NAADP action. For example, the protein should localise to acidic organelles, generate 

cytosolic Ca2+ signals in response to NAADP and be insensitive to CICR. Nonetheless, 

the first proposed NAADP target was the RyR. Purified RyRs incorporated into 

bilayers had an increased open probability when treated with NAADP (Hohenegger et 

al., 2002), whilst pharmacological inhibition or molecular knockdown of RyRs 

reduced NAADP-induced Ca2+ signals in intact cells (Gerasimenko et al., 2003; 

Langhorst et al., 2004; Dammermann and Guse, 2005). This was despite the cellular, 

biophysical and pharmacological properties of RyRs being incompatible with NAADP 

action. Indeed, similar experiments in other labs could not recreate the bilayer results 

(Copello et al., 2001; Wagner et al., 2014). Instead, much of the pro-RyR data is 
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compatible with trigger hypothesis of NAADP. As such, RyRs could be crucial for 

NAADP-mediated signalling but as the amplifier of the NAADP-induced Ca2+ trigger. 

Notably, NAADP-invoked signals persisted in preparations of purified SR vesicles 

(Hohenegger et al., 2002), suggested a close and potentially physical association 

between the NAADP target and RyRs (see below). 

The next candidate for the NAADP target was TRPML1. Over a series of 

studies, Zhang and colleagues found that NAADP responses were diminished in 

TRPML knockout cells (Zhang and Li, 2007; Zhang et al., 2009, 2011). However, as 

inactive TRPML1 mutants were already known to cause cellular dysfunction 

manifesting as mucolipidosis IV (Sun et al., 2000), these results simply underline the 

importance of TRMPL1 for correct lysosomal function rather than for NAADP action. 

Perhaps the most compelling results were from purified lysosomes incorporated into 

bilayers. These showed that that NAADP-induced currents could be inhibited by an 

a-TRPML1 antibody in a dose-dependent manner (Zhang and Li, 2007). However, 

these results could not be replicated, and instead other experiments found no direct 

role for TRPML1 in NAADP-induced Ca2+ signalling (Yamaguchi et al., 2011). 

Instead, evidence has accumulated suggesting the Two-pore Channels (TPCs) as the 

cellular targets for NAADP.  
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Two-pore Channels 

Origins 

In 2000, TPC1 was originally identified and cloned from rat liver (Ishibashi et al., 

2000). The predicted topology of TPC1 made it a member of the voltage-gated ion 

channel superfamily (see below). However, the authors failed to record any currents 

through TPC1 upon heterologous expression in Xenopus oocytes, and so the 

significance of this discovery was not fully appreciated at the time. In 2005, 

knockdown and overexpression studies with a plant homologue of TPC1 from 

Arabidopsis thaliana (hereafter referred to as AtTPC1) implicated the channel in 

physiological Ca2+ signalling (Peiter et al., 2005). AtTPC1 localised to the vacuole, an 

acidic organelle, and mediated the slow vacuolar current that underlies signalling 

processes including germination and stomatal movement (Peiter et al., 2005). 

However, although NAADP can elicit Ca2+ responses in some (Navazio et al., 2000) 

(but not all (Boccaccio et al., 2014)) plant species, these likely come from the 

endoplasmic reticulum (Navazio et al., 2000). Nevertheless, the identification of a 

Ca2+ release channel on acidic organelles garnered interest from groups searching for 

the elusive NAADP target. 

TPCs have an unconventional pattern of expression across taxonomic groups. 

Their expression in both plants and animals suggests an ancient evolutionary origin, a 

view also supported by the expression of TPCs in protists such as Thalassiosira 

pseudonana phytoplankton (Brailoiu et al., 2009a). However, the genes are largely 

absent from most protostomal lineages, with rare exceptions including Apis mellifera 

honey bees and Nasonia vitripennis wasps (Brailoiu et al., 2009a; Calcraft et al., 

2009). Notably, both Drosophila melanogaster and Caenorhabditis elegans lack 

TPCs, which unfortunately limits the range of available genetic experiments. 

Deuterostome animals, on the other hand, have a more complete complement of TPCs. 

For example sea urchins have three TPC isoforms, which are preserved through many 

layers of evolutionary complexity, most notably into mammals (Brailoiu et al., 2010a). 

However, there has been a selective loss of a functional TPC3 in certain subsets of 

mammals, which instead exists as a pseudogene in catarrhine monkeys and apes, 

including humans (Brailoiu et al., 2010a; Cai and Patel, 2010). This gene is 

nonetheless preserved in the closely related New World monkeys, suggesting a recent 

and specific selection pressure that lead to this degeneration (Cai and Patel, 2010).  
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NAADP and TPCs 

In 2009, a triumvirate of papers from independent labs converged on TPCs as the 

targets for NAADP signalling (Brailoiu et al., 2009a; Calcraft et al., 2009; Zong et al., 

2009). TPCs localise to the endolysosomal system, fulfilling a basic requirement for 

the NAADP target, with TPC2 appearing specifically restricted to lysosomes. 

Furthermore, both channels have a wide but distinct tissue distribution; for example, 

TPC1 is expressed throughout the kidney, whilst TPC2 is localised to the inner renal 

medulla (Zong et al., 2009). The three groups demonstrated the essential requirement 

for TPCs in NAADP signalling in four key ways. First, overexpression of either TPC1 

(Brailoiu et al., 2009a) or TPC2 (Calcraft et al., 2009; Zong et al., 2009) vastly 

enhanced the magnitude of the Ca2+ signal induced by either microinjected, patch-

perfused or UV-photolysed NAADP. The use of pharmacological tools dissected out 

a role for the ER in amplifying an initial, small NAADP-induced Ca2+ release. 

Disrupting endolysosomal function with bafilomycin, which blocks proton uptake into 

the lysosome thereby dissipating the gradient for Ca2+ uptake and leading to the loss 

of lysosomal Ca2+, ablated even this small signal. This supports the role of TPCs as 

the mediators of the NAADP trigger hypothesis. Second, overexpressing a dominant-

negative mutant of TPC1 greatly reduced NAADP-induced Ca2+ signals, with no 

effect on cADPR signalling (Brailoiu et al., 2009a). This effect was later also 

established for an equivalent dominant negative TPC2 mutant (Brailoiu et al., 2010b). 

Third, knockdown of TPCs with short hairpin RNAs (shRNA) abolished NAADP-

induced signalling (Brailoiu et al., 2009a; Calcraft et al., 2009). Finally, intracellular 

dialysis of NAADP generated Ca2+-activated plasma membrane cation currents in 

pancreatic b-cells from wildtype mice, but had no effect in TPC2 knockouts (Calcraft 

et al., 2009). Together, these data indicate that endolysosomal TPCs are the 

intracellular target for NAADP. Extensive follow-up studies, including 

electrophysiological characterisations, have largely confirmed these suggestions (see 

below). 

 However, the physical binding site for NAADP is still unknown. Calcraft et 

al. found that radiolabeled [32P]-NAADP bound to membranes from cells 

overexpressing human TPC2 (Calcraft et al., 2009). However, when compared with 

[32P]-NAADP binding to wildtype membranes, this binding was only very modestly 
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increased (~3x greater), even though TPC2 mRNA levels were ~250x greater. 

Subsequent binding investigations with sea urchin TPCs found evidence of specific 

[32P]-NAADP to TPCs, but this study did not report the molecular weight of the 

radiolabeled protein (Ruas et al., 2010). This raised the possibility that instead of being 

the direct target for NAADP, TPCs were part of a larger signalling complex that 

contained the ‘real’ NAADP binding site.  

 The search for the binding protein(s) was aided by the discovery of a structure-

activity relationship for NAADP. Substitutions to the 5-position within the nicotinic 

ring of NAADP with an azide group has no appreciable effect on NAADP function 

(Jain et al., 2010). However, photoactivation converts the azide group to reactive 

species that covalently binds the nearest protein (Lin-Moshier et al., 2012; Walseth et 

al., 2012a). By also radiolabeling this NAADP derivative, NAADP binding can be 

assessed with standard pharmacological competition assays. Thus two separate studies 

used [32P-5N3]-NAADP to examine mammalian (Lin-Moshier et al., 2012) and sea 

urchin (Walseth et al., 2012a) NAADP binding. They identified a number of [32P-

5N3]-NAADP labelled proteins with the expected NAADP binding kinetics, however 

none of these corresponded to the molecular weight of TPCs. Moreover, NAADP 

binding is retained even in TPC knockout mice (Lin-Moshier et al., 2012; Ruas et al., 

2015). However, coimmunoprecipitation experiments in the sea urchin indicate that 

the NAADP binding proteins probably interact with TPCs (Walseth et al., 2012a). Due 

to their presence in the supernatant fractions of cell homogenates, these binding 

proteins are likely to be cytosolic and soluble (Lin-Moshier et al., 2012; Walseth et 

al., 2012a, 2012b). However, their identity remains a mystery. Intriguingly, it is 

possible that the identity of these proteins is lurking somewhere within the recently 

published TPC interactomes (Grimm et al., 2014; Lin-Moshier et al., 2014). 

 

TPCs in Health and Disease 

NAADP signalling and TPC function have been linked to a number of physiological 

and pathological processes. Perhaps the most widely researched NAADP/TPC-linked 

phenomenon is cellular differentiation (Parrington and Tunn, 2014). For example, 

NAADP promotes neuronal differentiation in both cultured PC12 cells and primary 

rat neurons, mimicking the effects of neurotrophic growth factors (Brailoiu et al., 

2005, 2006). In mouse embryonic stem cells, TPC2 expression naturally increases as 
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neuronal differentiation progresses (Zhang et al., 2013). Early stage overexpression of 

TPC2 prevents neuronal differentiation, whilst TPC2 knockdown traps the cells in the 

neural progenitor stage (Zhang et al., 2013). TPC2 expression also increases over time 

during osteoclast differentiation, with TPC2 knockdown greatly inhibiting 

osteoclastogenesis (Notomi et al., 2012). The opposite pattern appears in skeletal 

muscle, where TPC2 expression decreases over time and instead promotes early stage 

differentiation (Aley et al., 2010; Kelu et al., 2015). Interestingly, IP3R and RyR levels 

both increase while TPC2 expression decreases, underlining their divergent functional 

roles in skeletal muscle. NAADP-invoked Ca2+ signalling has also been found to 

promote keratinocyte differentiation (Park et al., 2015), which is particularly 

interesting given the links between TPC2 and pigmentation (Sulem et al., 2008; Lin-

Moshier et al., 2014). Thus cellular differentiation appears to be spatiotemporally 

controlled by NAADP and TPC2, with complex and lineage-specific roles. 

TPC2 is also vital in vascular endothelial growth factor (VEGF)-induced 

angiogenesis (Favia et al., 2014). An elegant neoangiogenesis assay involves 

implanting a VEGF-loaded matrigel plug into a mouse, which is later removed and 

tested for vascularisation. Favia et al. found that VEGF-plugs were extensively 

vascularised in wildtype mice, but showed very little vascularisation when implanted 

in TPC2 knockouts (Favia et al., 2014). Neoangiogenesis and vascularisation are key 

processes that promote the growth of solid tumours. It is therefore of considerable 

interest that Ned-19, an NAADP antagonist, significantly blocks both tumour growth 

and metastasis in a mouse model of cancer, whilst having an acceptable 

pharmacokinetic profile (Favia et al., 2016). This exciting result raises the possibility 

that NAADP, or more specifically TPCs, may be an important and novel target in 

cancer. 

In addition to a role in creating blood vessels, the NAADP/TPC pathway is 

also key to their function. For example, NAADP action through TPCs induces 

contraction in smooth muscle (Boittin et al., 2002; Tugba Durlu-Kandilci et al., 2010; 

Pereira et al., 2014) and likely regulates vascular tone. Furthermore, both 

acetylcholine and histamine induce NAADP-evoked Ca2+ signals in endothelial cells 

(Brailoiu et al., 2010c; Esposito et al., 2011). These signals induce relaxation in intact 

blood vessels (Brailoiu et al., 2010c) likely due to the secretion of Von Willebrand 

factor, which is vastly decreased upon TPC knockdown (Esposito et al., 2011). 

Conversely, NAADP causes contraction in blood vessels denuded of their endothelia 
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(Brailoiu et al., 2010c), reflecting its contractile function in vascular smooth muscle. 

Thus NAADP has opposite functional effects in these two vascular tissues. 

TPCs also have key functions in intracellular processes such as membrane 

traffic. Ca2+ has long been appreciated as an important mediator of membrane fission 

and fusion events within the endolysosomal system (Pryor et al., 2000). Numerous 

subsequent studies have corroborated this and linked this Ca2+ signal to TPCs. For 

example, overexpression of sea urchin TPCs or human TPC2 leads to a profound 

vesicular enlargement in multiple cell types (Ruas et al., 2010; Wang et al., 2012; Lin-

Moshier et al., 2014). This phenotype likely arises from increased membrane fusion, 

defining a functional role for TPCs in maintaining ‘healthy’ membrane traffic.  

TPC1 and TPC2 knockout mice have no visible endolysosomal morphology 

defects under standard conditions (Grimm et al., 2014; Ruas et al., 2014). However, 

when TPC2 knockout mice are fed a high cholesterol diet, they develop severe non-

alcoholic hepatitis, whereas control mice fed the same diet remain healthy (Grimm et 

al., 2014). This is exemplified by a vast range of liver damage biomarkers, including 

organ discolouration, the presence of large lipid droplets, periportal fibrosis and an 

increase in circulating low density lipoproteins. It appears that these tissue-level 

effects are manifested at the cellular level by defective endolysosomal trafficking 

(Grimm et al., 2014). Thus TPCs play a crucial role in membrane trafficking 

throughout the endolysosomal system in both health and disease. 

Autophagy also depends upon effective membrane trafficking. During 

autophagy, membranes envelop defective organelles to form an autophagosome, 

which subsequently fuses with lysosomes to break down the contents. Mammalian 

Target of Rapamycin (mTOR) is a key nutrient-sensing kinase that promotes 

autophagy and associates with TPCs on lysosomes (Cang et al., 2013; Lin et al., 2015). 

Thus, NAADP-signalling through lysosomal TPC2 regulates autophagy both in vitro 

(Pereira et al., 2011; Lu et al., 2013; Fernández et al., 2016), and in vivo (Lin et al., 

2015; García-Rúa et al., 2016). Defective signalling through TPCs might therefore 

dysregulate autophagy. 

Notably, dysregulated autophagy is implicated in a number of 

neurodegenerative diseases (Nixon, 2013). For example, familial Parkinson’s disease 

has been linked to mutations in the LRRK2 gene (Zimprich et al., 2004). When 

overexpressed, LRRK2 disrupts normal autophagic processes, a phenomenon 

mimicked by treating cells with cell permeable NAADP-AM (Gómez-Suaga et al., 
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2012). Furthermore, the endolysosomal system shows extensive dysregulation, 

including vesicle enlargement and aggregation, in primary fibroblasts from patients 

with a common LRRK2 mutation (Hockey et al., 2015). This phenotype was reversed 

by NAADP antagonism with Ned-19, by chelating pathogenic Ca2+ signals or by 

knockdown of TPC2 (Hockey et al., 2015). As TPC2 co-immunoprecipitates with 

LRRK2 (Gómez-Suaga et al., 2012), it is possible that a signalling axis including 

NAADP, LRRK2, TPC2, and Ca2+ regulates autophagy in both physiological and 

pathological contexts.  

NAADP action through TPCs has also been implicated in a miscellany of other 

cellular processes. TPC1 has been implicated in cytokinesis (Horton et al., 2015), 

insulin release from pancreatic b-cells (Arredouani et al., 2015; Cane et al., 2016), 

ischemia reperfusion injury (Davidson et al., 2015) and the acrosome reaction in 

mammalian sperm (Arndt et al., 2014), while TPC2 has an additional role in b-

adrenergic signalling during cardiac muscle hypertrophy (Macgregor et al., 2007; 

Capel et al., 2015; Gul et al., 2016). 

Finally, TPCs have also been implicated in the pathogenesis of infectious 

disease. In 2014, an outbreak of Ebola haemorrhagic fever in West Africa killed over 

11000 people, with a mortality rate of almost 70% (Carroll et al., 2015). The disease 

is caused by the Ebola virus, which infects cells through macropinocytosis, trafficking 

through the endolysosomal system to the acidic compartments (Saeed et al., 2010). At 

this low pH, the virus fuses with the endosomal membrane, delivering its genetic 

contents to the cell to initiate viral replication. In a recent high profile paper, TPC 

activity was shown to be a necessary step in Ebola virus fusion, as either 

pharmacological inhibition, molecular blockade, or genetic knockout of TPCs 

prevented infection in both cellular and in vivo models (Sakurai et al., 2015).  

Taken together, TPCs emerge as a novel drug target for diseases including 

cancer, Parkinson’s disease and Ebola infection. 

 

TPCs at the Molecular Level 

After their identification as the target for NAADP, and in light of their growing 

physiological and pathological relevance, it is important to better understand the 

molecular physiology of the TPCs in order to link structure to function.  
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As with many of their most closely related channels, TPCs consist of four 

domains that come together to form a central, ion conducting pore (see below). Each 

domain has six transmembrane spans (S1-S6), with S1-S4 forming the voltage sensor 

and S5-S6 forming the pore region. TPCs are unique in that each subunit contains two 

domains (twelve transmembrane helices total), which come together as a dimer. Each 

subunit has cytosolic N- and C-termini, with a cytosolic linker joining the two 

domains. This topology is confirmed by fluorescence protease protection and antibody 

binding assays (Hooper et al., 2011). The two individual domains within TPCs are 

capable of independently inserting into membranes and oligomerising, forming dimers 

when chemically cross-linked (Churamani et al., 2012). These findings suggest a 

degree of modularity within the TPC domains. Nonetheless, these dimers are not likely 

to form functional channels in their own right as they lack the requisite four domains. 

Western blots probing wildtype and de-glycosylated TPCs suggest that they 

exist in either fully-glycosylated or core-glycosylated states (Zong et al., 2009; Hooper 

et al., 2011). Mutation of the putative glycosylated residues of TPC1 roughly doubles 

the size of NAADP-induced Ca2+ signals (Hooper et al., 2011). These data suggest an 

inhibitory role for glycosylation, potentially because the presence of negatively 

charged oligosaccharides around the luminal mouth of the channel could interfere with 

ionic conductance. 

In one of the original studies linking NAADP to TPCs, TPC1 did not co-

immunoprecipitate with TPC2, suggesting that these channels form homodimers 

(Zong et al., 2009). This would concur with the other initial reports that TPC1 and 

TPC2 localise to distinct endolysosomal compartments (Brailoiu et al., 2009a; 

Calcraft et al., 2009). However, in a subsequent study that contradicted their previous 

findings, Rietdorf et al. showed significant overlap between the localisation of the two 

isoforms (Rietdorf et al., 2011). They demonstrated by co-immunoprecipitation that 

TPCs can form both homo- and hetero-dimers. Experiments harnessing FRET 

between the two isoforms also gave some limited support to this conclusion (Rietdorf 

et al., 2011). The functional relevance of the putative heterodimers remains to be 

established. FRET experiments with the homomeric channels strongly suggested that 

the channels are arranged with rotational rather than reflectional symmetry (Rietdorf 

et al., 2011). Thus the N- and C-termini are adjacent to the C- and N-termini of the 

other subunit, respectively. Nonetheless, ‘like’ termini appear to interact with one 

another. A recent study found that the C-termini from AtTPC1 form a coiled coil 
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together, and that this interaction is key for the correct function of the channel (Larisch 

et al., 2016). Whether this extends to the mammalian homologues is unknown. 

The N-termini are also fundamental to correct channel function. For example, 

the N-terminus of human TPC2 contains a di-leucine motif, the canonical signal for 

lysosomal targeting. Truncating the N-terminus or mutating this di-leucine motif 

redirects the channel to the plasma membrane (Brailoiu et al., 2010b). In this scenario, 

NAADP generates markedly different Ca2+ signals because the triggering acidic stores 

and amplifying ER are ‘uncoupled’, providing further evidence to support the trigger 

hypothesis. The N-terminus of TPC2 also contains a consensus binding site for 

Rab7A, an endolysosomal GTPase. Mutation of this site reveals a role for Rab7 in 

vesicle trafficking, NAADP-induced Ca2+ signalling and cellular pigmentation (Lin-

Moshier et al., 2014). Importantly, N-terminal tagging of TPC1 with GFP renders the 

channel unresponsive to NAADP (Churamani et al., 2013), perhaps explaining why 

an initial report dismissed TPC1 as NAADP-insensitive (Zong et al., 2009). Unlike 

the human isoforms (Brailoiu et al., 2010b; Churamani et al., 2013), N-terminal 

truncation of mouse TPCs does not appear to affect localisation, but instead reduces 

expression and Ca2+ signal magnitude (Ruas et al., 2015). Together, these data suggest 

that the N-termini play an important role in coordinating channel function; far less is 

known regarding the function of the C-termini. 

 

TPC Electrophysiology 

The initial tranche of papers that identified TPCs as the targets for NAADP confirmed 

a vital role for the ER in amplifying NAADP-induced Ca2+ signals (Brailoiu et al., 

2009a; Calcraft et al., 2009; Ruas et al., 2010). When isolated from the ER, NAADP-

induced global Ca2+ signals are small and difficult to characterise. 

Electrophysiological evidence of NAADP-induced Ca2+ currents through TPCs was 

therefore needed to provide additional support for TPCs as NAADP targets. However, 

the vesicular localisation of TPCs substantially hinders such efforts. Three broad 

approaches have been taken to address this, which each have their own advantages 

and disadvantages. First, as described above, N-terminal mutants of TPC2 redirect to 

the plasma membrane, which enables standard patch clamping procedures but 

dissociates the channel from its natural lipid and luminal environment. Second, 

lysosomes can be enlarged with vacuolin and directly patched. However, the 
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molecular target and the effect(s) of vacuolin on lysosomal integrity are not 

understood. Finally, purified channel preparations can be incorporated into lipid 

bilayers, but once again this approach removes the channel from its natural 

environment. The findings of the many electrophysiological studies are summarised 

in Table 1.1. 

By re-directing human TPC2 to the plasma membrane, NAADP-induced Ca2+ 

and Cs+ currents were measured at both the whole cell and single channel level 

(Brailoiu et al., 2010b; Yamaguchi et al., 2011) and could be inhibited by the NAADP 

antagonist Ned-19 (Brailoiu et al., 2010b). Mutating a highly conserved leucine to 

proline ablated NAADP-induced currents (Brailoiu et al., 2010b). The equivalent 

mutation in TPC1 also ablates NAADP-induced Ca2+ signals (Brailoiu et al., 2009a) 

and currents (Rybalchenko et al., 2012). Overexpression of this dominant-negative 

TPC2 mutant was later used to highlight the role of TPCs in physiological and 

pathological processes, where it prevented NAADP-induced autophagic dysfunction 

(Pereira et al., 2011), Ebola virus entry (Sakurai et al., 2015), and pigmentation defects 

in Xenopus oocytes (Lin-Moshier et al., 2014). These leucine to proline mutations 

presumably cause inactivating structural rearrangements to the pore regions of TPCs, 

supporting a key role for TPCs in NAADP function.  

Schieder et al. used a planar patch clamp to analyse vacuolin-enlarged 

lysosomes (Schieder et al., 2010). Using this method, they found that TPC2 was highly 

selective for Ca2+ over K+ (>1000x). By mutating a negatively charged residue in the 

pore loop, the authors could reduce this selectivity to 8x. Subsequently, this non-

selective mutant channel was transfected into cells from TPC1/TPC2 double knockout 

mice and, unlike the wildtype TPC2, could not reinstate NAADP-mediated Ca2+ 

signalling (Ruas et al., 2015). Thus sufficient Ca2+ permeability through TPCs appears 

to be necessary for NAADP-induced responses.  

 Pitt and colleagues have also examined TPC2 by purifying HA-tagged 

channels and introducing them into bilayers (Pitt et al., 2010). They measured a 

relatively small Ca2+ conductance (~15 pS compared to ~120 pS for RyRs under the 

same conditions), consistent with a role for TPCs as a trigger of CICR. Increases in 

luminal Ca2+ potentiated NAADP action, whilst acidic luminal pH lowered channel 

open probability (Pitt et al., 2010). Purified TPC1 microsomes also appear to be 

similarly regulated by luminal Ca2+ and pH (Rybalchenko et al., 2012). However, 

unlike TPC2, TPC1 currents were highly dependent on membrane voltage, with  
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Paper Channel Method Permeability Ionic 
selectivity 

Activation/ Inhibition/ Regulation 

(Pitt et al., 
2010) 

TPC2 Bilayer 
(purified 
channels) 

K+ (300 pS) 
Ca2+ (15 pS) 

Ca2+/K+ = 2.6x • Activated by NAADP 
• Very small Ca2+ conductance 
• NAADP action potentiated by luminal Ca2+ 
• Acid pH lowers channel open probability 
• Voltage insensitive 

(Schieder et 
al., 2010) 

Mouse 
TPC2 

Enlarged 
lysosomes 

K+  
Ca2+ 

Ca2+/K+ >1000x • Activated by NAADP 
• Inhibited at neutral luminal pH 
• Reduced Ca2+/K+ selectivity in E643A mutant (8x) 
• No currents in N257A 
• Voltage insensitive 

(Brailoiu et 
al., 2010b) 

TPC2 Redirected to 
plasma 
membrane 

Cs+ (128-138 
pS) 
Ca2+ (40 pS) 

Not assessed • Activated by NAADP 
• Inhibited by Ned-19 
• Active at neutral “luminal” pH 
• No currents in L265P 
• Slightly inwardly rectifying 

(Rybalchenko 
et al., 2012) 
 

TPC1 Bilayer 
(purified 
microsomes) 

Ba2+ (2 states at 
47 and 200 pS) 
 
 

Ba2+/K+ = 2.2x • Active at hyperpolarised voltages (<-60 mV) 
• Activated at all voltages by NAADP 
• No currents in L273P 
• Inhibited at neutral “luminal” pH 
• NAADP action potentiated by luminal Ca2+ 

 

Table 1.1. Summary of TPC electrophysiological studies. Analyses refer to human TPCs (unless otherwise stated) in chronological order. 
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Paper Channel Method Permeability Ionic 
selectivity 

Activation/ Inhibition/ Regulation 

(Wang et al., 
2012) 

TPC2 & 
some 
TPC1 

Enlarged 
lysosomes/ 
Redirected to 
plasma 
membrane 

Various 
conditions 

Na+>Li+>>Ca2+

>>K+~Cs+ 
 
Na+/Ca2+ = 10x 

• PI(3,5)P2 activates TPCs 
• NAADP does not activate TPCs 
• TPC2 is Na+-selective, low Ca2+ permeability 
• Luminal Ca2+ does not regulate TPC2 
• Both TPCs are active at acidic and neutral pH 
• Ned-19 does not inhibit NAADP 
• Redirected TPC2 behaves similarly to enlarged lysosomes 

(Cang et al., 
2013) 

TPC1 & 
TPC2 

Enlarged 
lysosomes 

Na+ Not assessed • ATP activates a TPC-mediated Na+ current via mTOR 
• ATP action is dependent on basal PI(3,5)P2 levels 
• NAADP does not activate TPC2 or the ATP current 

(Jha et al., 
2014) 

TPC2 Enlarged 
lysosomes/ 
redirected to 
plasma 
membrane 

Na+ 
K+ 

Na+>>K+ 
Not quantified 

• Activated by NAADP 
• Activated by PI(3,5)P2 
• Cytosolic Mg2+ strongly inhibits currents into the 

lysosome 
• TPC2 is regulated by JNK and p38 MAPK 
• NAADP & PI(3,5)P2 concentrations affect 

rectification/voltage dependence 
(Boccaccio et 
al., 2014) 

TPC2 Heterologous 
expression in 
plants & 
yeast 

Na+ 
Ca2+ 
K+ 

Na+>>Ca2+  
Na+>>K+  
Not quantified 

• PI(3,5)P2 activates TPC2 
• NAADP does not activate TPC2 
• NAADP does not activate Arabidopsis TPCs 
• Inwardly rectifying 

 

Table 1.1. continued. 
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Paper Channel Method Permeability Ionic 
selectivity 

Activation/ Inhibition/ Regulation 

(Cang et al., 
2014) 

TPC1 Enlarged 
lysosomes 

Various 
conditions 

Na+/Ca2+ = 232x  • Activated by PI(3,5)P2 
• NAADP does not activate TPC1 
• Voltage gated and slowly inactivating 
• Slightly inhibited at acid pH, activated at pH 5.6 
•  TPC1 underlies membrane excitability 

(Pitt et al., 
2014) 

TPC1 Bilayer 
(purified 
channel) 

K+ (87 pS) 
Na+ (68 pS) 
Ca2+ (19 pS) 
H+ 

K+/Na+ = 1.6x 
K+/Ca2+ = 9x 
Na+/Ca2+ = 1.1x 
H+/Na+ = 67x 
 
H+>>K+>Na+ 

~Ca2+ 

• Activated by NAADP 
• Activated by cytosolic Ca2+ 
• Voltage gated 
• Permeable to H+ in very acidic solutions (pH1/pH2)  
• PI(3,5)P2 does not activate TPC1  
• PI(3,5)P2 changes selectivity ratios making it more 

permeable to Na+ and H+ 
(Grimm et 
al., 2014) 

TPC2 Enlarged 
lysosomes 

Na+ 
Ca2+ 
K+ 

Ca2+/Na+ = 0.7x 
Ca2+/K+ = 340x 

• Activated by NAADP 
• Activated by PI(3,5)P2 

(Ruas et al., 
2015) 

Endogeno
us mouse 

Enlarged 
lysosomes 

Na+ 
Ca2+ 
K+ 

Ca2+/Na+ = 0.8x 
Ca2+/K+ = 286x 

• NAADP currents activated in WT but not knockout cells 
• PI(3,5)P2 currents activated in WT, significant attenuation 

in knockout cells 
(Lee et al., 
2016) 

TPC2 Nuclear 
membrane 
patch 

K+ (220 pS) 
Cs+ (77 pS) 

Not assessed • Activated by NAADP 
• Voltage insensitive 
• Regulated by PKA 

 

  Table 1.1. continued. 
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hyperpolarised potentials (-60 mV) being able to open the channels independently of 

NAADP. Nevertheless, NAADP activated the channels at all voltages (Rybalchenko 

et al., 2012). Thus TPCs may integrate NAADP, luminal pH and Ca2+, with TPC1 also 

integrating membrane voltage. Alternatively, luminal Ca2+ may provide a feedback 

loop for channel activation, with high concentrations potentiating Ca2+ release, 

followed by reduced luminal Ca2+ levels inhibiting the channel. 

 However, the NAADP field was upended in 2012 by an expansive paper from 

Wang and colleagues (Wang et al., 2012). They asserted that TPCs are Na+-selective 

channels activated by PI(3,5)P2 and not NAADP. This group had previously shown 

that PI(3,5)P2 activated TRPML1 (Dong et al., 2010), however substantial PI(3,5)P2-

induced currents were still present when patching vacuolin-swollen lysosomes from 

TRMPL1 knockout mice. Lysosomes overexpressing TPC2, but not a pore mutant, 

recapitulated this inwardly-rectifying current (Wang et al., 2012). By assessing ion 

permeability systematically, Wang et al. determined that TPC2 was Na+-selective and 

poorly Ca2+-permeable, with a Na/Ca2+ selectivity of ~10x. Whilst surprising, this 

result might be consistent with the trigger hypothesis as only small amounts of Ca2+ 

release would be needed to instigate CICR. Indeed, this was the first paper to even 

assess Na+ permeability. Instead, the most confounding result here was that NAADP 

signalling persisted in their TPC1/TPC2 double knockout mice, even though 

PI(3,5)P2-induced TPC currents were abolished (Wang et al., 2012). PI(3,5)P2-

induced Na+ signalling was therefore proposed to maintain endolysosomal membrane 

traffic by control of membrane potential (Wang et al., 2012).  

The Wang study was not an isolated report. ATP signalling via mTOR also 

appeared to generate Na+ currents through TPCs, which was reliant on PI(3,5)P2 as a 

co-factor (Cang et al., 2013). Once again, cell-permeable NAADP-AM appeared to 

have no effect on TPC2 (Cang et al., 2013). A further study looked at endogenous 

currents in vacuolin-enlarged lysosomes. Upon depolarisation, lysosomes generate a 

voltage-independent and voltage-dependent Na+ current (Cang et al., 2014). The 

voltage-independent current appears to be mediated by TPC2, concurring with other 

reports of the relative voltage-insensitivity of TPC2 (Brailoiu et al., 2010b; Pitt et al., 

2010; Schieder et al., 2010). The voltage-dependent Na+ flux was mediated by TPC1. 

Although TPC1 was already proposed to be voltage-regulated (Rybalchenko et al., 

2012), these results conflicted with reports that TPC1 localised mainly to non-

lysosomal vesicles (Calcraft et al., 2009; Ruas et al., 2010; Rietdorf et al., 2011). Cang 
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et al. reiterated their previous findings (Wang et al., 2012; Cang et al., 2013) that 

NAADP does not activate TPCs in whole lysosomal patch clamp (Cang et al., 2014). 

They also demonstrated that TPC1 is highly Na+-selective, with Na+/Ca2+ selectivity 

of 232x. Contradicting previous TPC1 electrophysiology (Rybalchenko et al., 2012), 

alkalising pH activated TPC1 by shifting activation towards hyperpolarised, basal 

lysosomal membrane potentials (Cang et al., 2014). Thus Cang and colleagues 

proposed that TPC1 regulates endolysosomal membrane excitability by integrating pH 

and voltage signals to maintain vesicle morphology (Cang et al., 2014). 

Boccaccio et al. independently examined the PI(3,5)P2/NAADP controversy 

using a different approach (Boccaccio et al., 2014). By heterologously expressing 

human TPC2 in Arabidopsis thaliana and Saccharomyces cerevisiae and patching the 

vacuoles, they measured PI(3,5)P2-induced Na+ currents, with little meaningful K+ or 

Ca2+ permeability. They could not measure NAADP-induced currents through TPC2 

(Boccaccio et al., 2014), thus corroborating the Wang and Cang studies (Wang et al., 

2012; Cang et al., 2013, 2014). 

There are numerous potential explanations for these data. Much of this work 

used lysosomes from macrophages (Wang et al., 2012; Cang et al., 2013, 2014), and 

it is possible that they undergo some unique regulation; HEK cells for example do not 

display the endogenous lysosomal Na+ currents measured by Cang and colleagues 

(Cang et al., 2014). The profound morphological effects of vacuolin are also 

uncharacterised, and the consequent changes may affect TPC regulation. As PI(3,5)P2 

is a permissive endolysosomal membrane lipid, the physiological relevance of high 

PI(3,5)P2 concentrations is doubtful, especially as it appears to be a co-factor in 

mTOR-activated TPC currents (Cang et al., 2013). The elusive NAADP binding 

protein may have been lost during lysosomal purification, and is most probably absent 

in the NAADP-insensitive plants used by Boccaccio and colleagues (Boccaccio et al., 

2014). The use of N-terminally tagged constructs by Wang and colleagues may also 

have inhibited NAADP action (Churamani et al., 2013). Alternatively, contaminants 

in cell-permeable NAADP-AM can have severe effects on Ca2+ and pH homeostasis 

when used at the high concentrations used in the Wang study (Zhang et al., 2013). 

Furthermore, the TPC double knockout mice may not be true knockouts as only the 

first exon was targeted (Wang et al., 2012); truncated channels might instead remain, 

hence the continued NAADP sensitivity in ‘knockout’ mice. This proposal is 

supported by the identification of two splice variants for mouse TPC1 (Ruas et al., 
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2014), one of which excludes the first exon but expresses and functions as normal. 

Indeed no evidence of a successful knockout is provided in the Wang study (Wang et 

al., 2012). This explanation would necessitate that PI(3,5)P2 signalling, which is 

silenced in the Wang double knockouts, works through this N-terminus.  

A number of subsequent studies have sought to address these potential 

shortcomings, and reconcile these studies with the extensive data linking TPCs to 

NAADP-induced Ca2+ signalling. Such follow-ups have largely confirmed that TPCs 

are Na+-permeable and activated by PI(3,5)P2 (Grimm et al., 2014; Jha et al., 2014; 

Ruas et al., 2015). The first study used the same enlarged lysosome technique and 

identified a key role for cytosolic Mg2+ in regulating TPC2 Na+ currents into the 

lysosome (Jha et al., 2014). Moreover, NAADP caused Na+ currents through TPC2 

either in enlarged lysosomes or at the plasma membrane, although currents activated 

by PI(3,5)P2 were 5-15x larger than those generated by NAADP. Indeed, PI(3,5)P2 

enhanced NAADP currents (Jha et al., 2014), perhaps further suggestive of a role as a 

permissive factor in a physiological scenario. Another study, using independent TPC2 

knockout mice, confirmed that the loss of TPC2 ablates both NAADP and PI(3,5)P2 

action, and demonstrated that TPC2 is not selective between Na+ and Ca2+ (Grimm et 

al., 2014). Ruas et al. generated yet more independent double knockout mice and 

provided comprehensive evidence that TPCs knockouts are insensitive to NAADP 

(Ruas et al., 2015). NAADP sensitivity could be rescued by transfecting primary 

knockout cells with TPC1 or TPC2, but not an inactive pore mutant or TRPML1. 

Direct electrophysiological recordings of lysosomes from wildtype animals supported 

the proposition that NAADP currents (presumably through TPCs) are non-selective 

and pass Na+ and Ca2+ (Ruas et al., 2015). Finally, in a DT40 cell line lacking both 

IP3Rs and RyRs, TPC2 is (unconventionally) present on the ER. This enables nuclear 

membrane patching, which again highlights that NAADP activates currents through 

TPCs (Lee et al., 2016).  

In summary, studies into the biophysical properties of TPCs are highly 

contradictory, perhaps because of the artificial interventions required to carry out TPC 

electrophysiology. Thus no study has assessed TPC activity in a native, un-

manipulated environment. In spite of all the contradictions, a few points of consensus 

fall out. First, it appears that TPC1 is voltage-gated (Rybalchenko et al., 2012; Cang 

et al., 2014; Pitt et al., 2014), and that this may have implications for endolysosomal 

membrane excitability (Cang et al., 2014); the voltage sensitivity of TPC2 is contested. 
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Second, TPC2 is relatively non-selective between Na+ and Ca2+ (Grimm et al., 2014; 

Pitt et al., 2014; Ruas et al., 2015) but is selective for both Na+ and Ca2+ over K+ 

(Schieder et al., 2010; Wang et al., 2012; Boccaccio et al., 2014; Grimm et al., 2014; 

Jha et al., 2014; Ruas et al., 2015). However, bilayer studies may disagree with the K+ 

selectivity (Pitt et al., 2010, 2014). Third, PI(3,5)P2 is a TPC activating ligand (Wang 

et al., 2012; Cang et al., 2013, 2014; Boccaccio et al., 2014; Grimm et al., 2014; Jha 

et al., 2014; Ruas et al., 2015), even though the physiological relevance of this finding 

is unknown. Fourth, an extensive body of evidence suggests TPCs probably mediate 

NAADP-induced Ca2+ release (Brailoiu et al., 2010b; Pitt et al., 2010, 2014; Schieder 

et al., 2010; Rybalchenko et al., 2012; Grimm et al., 2014; Jha et al., 2014; Ruas et al., 

2015; Lee et al., 2016), and that reports to the contrary may result from methodological 

differences (see above). Finally, the channels appear to undergo regulation by luminal 

Ca2+ and H+ (Pitt et al., 2010; Schieder et al., 2010; Rybalchenko et al., 2012; Wang 

et al., 2012; Cang et al., 2014). Thus, regardless of the controversy, TPCs have 

emerged as key coordination hubs for PI(3,5)P2, NAADP, Ca2+, H+ and membrane 

potential, as well as regulatory kinases (Cang et al., 2013; Jha et al., 2014; Lee et al., 

2016). 

Other than the methodological problems, the differences between the studies 

may be due to inherent heterogeneity of the channels themselves. For example, ion 

selectivity is an area of contention, and this may result from the variable regulation of 

the ion selection mechanisms within TPCs. These mechanisms depend upon channel 

structure. It is possible to make comparisons with other ion channels to shed additional 

light on TPCs. Furthermore, a better appreciation of the molecular architecture of the 

channels might permit direct inferences about how TPCs select for and pass ions.  
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Voltage-gated Ion Channel Superfamily 

Overview 

TPCs are structurally unique members of the voltage-gated ion channel (VGIC) 

superfamily. The superfamily is defined by its members’ structural similarities, not 

necessarily by their functional gating properties (Yu et al., 2005). Nevertheless, the 

most commonly known and best understood channels are voltage-gated. For example, 

voltage-gated Na+ (NaV) and K+ (KV) channels underlie the depolarisation and 

repolarisation phases of the neuronal action potential, respectively (Bean, 2007). 

Similarly, voltage-gated Ca2+ (CaV) channels have a number of important but 

divergent roles in cell physiology from synaptic transmission to muscle contraction 

and cardiac pace-making (Catterall, 2011). TRP channels have emerged as a major 

VGIC subfamily that are (mostly) not voltage-gated. They have a vast array of 

functional roles, especially in transducing sensory stimuli including temperature, taste, 

somatosensation and pain (Venkatachalam and Montell, 2007). The structural 

similarity of VGICs also extends to cyclic-nucleotide gated (CNG) channels, with 

their key functions in visual transduction and cardiac pace-making (Craven and 

Zagotta, 2006). VGICs are found across all taxonomic kingdoms, including bacteria 

(Martinac et al., 2008). TPCs are thus members of an ancient and multifunctional 

channel superfamily with diverse roles in cell physiology.  

Perhaps unsurprisingly, VGICs are common and useful drugs targets. Local 

anaesthetics, for example, have their analgesic effects by blocking NaV channels and 

therefore action potential generation in nociceptive neurons in the peripheral nervous 

system (Nau and Wang, 2004). Other analgesic drugs are also emerging that block 

TRP channels and therefore the transduction of the pain signal itself (Patapoutian et 

al., 2009). CaV channel antagonists are typically used as antihypertensives by reducing 

vascular smooth muscle contraction (Triggle, 2007). The increasing number of 

pathological roles for TPCs makes them exciting drug targets, especially as their 

pharmacology is poorly developed. 

 

Quaternary Structure 

The pore-forming a subunits of VGICs have a common molecular architecture and 

are primarily responsible for controlling the ion conduction, regulation and 

pharmacology of the channels. However, some VGICs utilise auxiliary subunits to 
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control trafficking and provide additional layers of regulation. For example, the b 

subunits of NaV channels promote cell-surface expression and modulate channel 

gating properties (McCormick et al., 1999). Similarly, the b and a2d subunits of CaV 

channels play major roles in folding, trafficking and gating (Bichet et al., 2000; 

Cassidy et al., 2014; Dolphin, 2016). Some KV channels are also regulated by b-

subunits, which appear to have a physical role in channel inactivation (Zhou et al., 

2001).  

TRP channels tend not to associate with auxiliary subunits, but are instead 

regulated by a range of motifs and structures in their extensive cytosolic N- and C-

termini. These include the conserved C-terminal TRP domains and a variable number 

of N-terminal ankyrin repeats, which coordinate channel assembly and gating (Chang 

et al., 2004; Garcia-Sanz et al., 2007; Gaudet, 2008). In comparison, TPCs have 

relatively short N- and C-termini when compared with TRP channels. Moreover, no 

functional auxiliary subunits have yet been identified, although the recently published 

interactomes may contain such proteins (Grimm et al., 2014; Lin-Moshier et al., 2014). 

Most VGIC subunits have numerous isoforms including many that undergo alternative 

splicing to change their functional properties (Oberwinkler et al., 2005; Lin et al., 

2009; Lipscombe et al., 2013; Dai et al., 2014). This creates a vast constellation of 

possible combinations, generating a high degree of functional diversity that can 

control different cellular processes. 

Over the past twenty years, crystallographic (and lately cryo-electron 

microscopy) structures have provided extensive insight into the molecular structure of 

VGIC a subunits (Doyle et al., 1998; Jiang et al., 2003; Long et al., 2005; Payandeh 

et al., 2011; McCusker et al., 2012; Cao et al., 2013a; Wu et al., 2015; Guo et al., 2016; 

Kintzer and Stroud, 2016). Many of these studies have utilised bacterial ion channels 

as models; structural work requires extensive amounts of purified protein and it is 

notoriously difficult to express animal channels in bacteria, the highest-throughput 

expression system. Many of these structures, including some of those that earned 

Roderick Mackinnon a Nobel Prize (Jiang et al., 2003), confirm a common VGIC 

molecular architecture. Each domain consists of six transmembrane helices 

comprising the voltage sensor (S1-S4) and pore (S5-S6) regions. A ‘re-entrant pore 

loop’ between the S5 and S6 helices penetrates part-way into the membrane and 

contains the ‘selectivity filter’ motif. When assembled, the pore regions create a 
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central cavity that supports ion translocation, whilst the voltage sensors sit 

peripherally. These regions are joined by an S4-S5 linker that transduces voltage 

gating to pore opening.  

In KV, TRP, CNG and prokaryotic NaV channels, the four domains are separate 

subunits that form a tetramer, resulting in symmetrical ion channels. In contrast, 

eukaryotic CaV and NaV channels are single polypeptide chains with four divergent 

domains, giving rise to asymmetric pores. TPCs have a unique architecture as the 

assembled channel is a dimer of two-domain subunits (Zong et al., 2009; Hooper et 

al., 2011; Rietdorf et al., 2011) (Fig. 1.2A-C). This structural organisation identifies 

TPCs as the long-predicted intermediate in the evolutionary trajectory of VGICs 

(Strong et al., 1993; Ishibashi et al., 2000; Hille, 2001; Rahman et al., 2014). By this 

theory, a primordial one-domain channel underwent genetic duplication to form 

ancestral TPCs. The sequences subsequently diverged before undergoing yet another 

duplication event to form ancestral four-domain channels (Fig. 1.2D). This trajectory 

is supported by phylogenetic analyses of individual TPC domains (Rahman et al., 

2014), which demonstrate that both domains within TPCs are more related to their 

cognate descendent domains in CaV and NaV channels than they are to one another 

(see colour-coding in Fig. 1.2D). Bizarrely, NaV channels in aphids also form dimers 

of two-domain subunits (Amey et al., 2015). However, these channels appear to have 

been subject to a highly specific selection pressure that caused a gene fission event, 

degenerating a four-domain channel back into a two-domain channel (Amey et al., 

2015). Thus, TPCs occupy an arguably unique place within the evolution of ion 

channels.  

 

Pore Structure and Ion Selectivity 

Over the past 25 years, various VGIC structures have revealed an array of notable 

features within ion channels. Homomeric pores are symmetrical around a central axis 

along the ion conduction pathway (Fig. 1.2E) (Doyle et al., 1998; Jiang et al., 2003; 

Payandeh et al., 2011; Bagnéris et al., 2013). The S5 and S6 helices from different ion 

channel species largely superpose onto one another, indicating a common structural 

architecture. At the center of the pore sits a small vestibule, bounded at the sides by 

the hydrophobic S5 and S6 helices (Fig. 1.2F). Below the vestibule, the confluence of 

the N-terminal end of S5 and C-terminal end of S6 creates the ‘bundle-crossing’ pore  



 41 

Figure 1.2. Topology, evolution and assembly of VGICs. (A-C) Topology of individual subunits of 

KV channels (A), TPCs (B) and CaV/ NaV channels (C). Transmembrane helices that comprise the 

voltage sensor and pore regions of individual domains are highlighted. (D) Proposed trajectory for 

evolution of one-, two- and four-domain VGICs through two rounds of gene duplication and 

divergence. The extant channels corresponding to these genes are stated (right). Colour coding 

exemplifies the phylogenetic relatedness of individual domains as proposed in (Rahman et al., 2014) 

(E) Planar schematic of an assembled VGIC whereby the four domains congregate to form a central 

ion conducting pore, as exemplified here for TPCs. (F) Cross-section of the ion conduction pathway 

(using AtTPC1  (Guo et al., 2016) as an example) depicting the selectivity filter (SF), vestibule and a 

closed bundle-crossing (BC). 
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gate on the cytosolic face (Fig. 1.2F). To open the channel, these helices articulate 

away from one another and allow ions to pass through (Bagnéris et al., 2015). These 

changes can be caused by voltage-activation via the voltage sensors, or by ligand 

binding. 

The roof of the vestibule is created by the re-entrant pore loops, which contain 

each one or two small helices. The loops also incorporate a short sequence lining the 

narrowest part of the ionic conduction pathway (Fig. 1.2F). This so-called ‘selectivity 

filter’ is responsible for binding to and discriminating between different ionic species. 

A major paradox in the early 1990s was how KV channels could efficiently select for 

K+ ions over smaller but equally charged Na+ ions, and yet still pass K+ ions at a fast 

rate. The KV channel structure showed that the selectivity filter was formed by rings 

of negatively-charged carbonyl oxygen atoms from the protein backbone (Doyle et al., 

1998). These atoms line a narrow ion conduction pathway and effectively displace and 

mimic the hydration shell around K+ ions. Conversely, Na+ ions will not give up their 

more tightly-associated hydration shells to the KV channel and so remain too large to 

pass through. Other than at the selectivity filter, KV channels have very little 

electrostatic interaction with permeating K+ ions, allowing for fast conduction (Doyle 

et al., 1998). The selectivity filter in all K+-selective channels has a canonical sequence 

of VGYG. 

In homomeric, symmetrical prokaryotic NaV channels, Na+ selectivity is 

conferred by a TLESW consensus sequence within each domain, generating an inter-

domain glutamate ring (EEEE) when assembled (Yue et al., 2002; Payandeh et al., 

2011; McCusker et al., 2012). These channels have a wide conduction pathway that 

allows partially hydrated Na+ ions to interact with these glutamates. This mechanism 

preferentially selects for Na+ over hydrated K+ and Ca2+ on a size and electrostatic 

basis (Naylor et al., 2016). Conversely, an EEEE glutamate ring confers Ca2+, not Na+, 

selectivity in eukaryotic VGICs (Yang et al., 1993). Instead, prokaryotic channels can 

be ‘made’ Ca2+-selective by mutating various selectivity filter residues (including the 

key glutamates) to aspartate (Yue et al., 2002; Tang et al., 2014; Naylor et al., 2016). 

A satisfactory explanation is lacking for how the same sequences can confer divergent 

selectivities in pro- and eukaryotes. It is proposed that Ca2+ preferably interacts with 

glutamate residues when in the absence of water, and that eukaryotic channels will use 

other mechanisms to dehydrate Ca2+ (Dudev and Lim, 2012). Instead Na+ 

preferentially interacts with the protein via solvent molecules, hence why the wide 
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filter in prokaryotic channels is Na+-selective (Dudev and Lim, 2014). Such a proposal 

requires further experimental investigation. 

Eukaryotic NaV channels take a different selectivity strategy. Here, the NaV 

channel canonical filter is created by the aspartate-glutamate-lysine-alanine (DEKA) 

ring, with one residue provided by each non-identical domain. In particular, the 

glutamate and lysine residues appear to have the most prominent roles in controlling 

Na+-selectivity (Favre et al., 1996). Paradoxically, the positively charged lysine (K) 

appears to be both necessary and sufficient for conferring Na+ selectivity. Mutations 

of the lysine to polar, hydrophobic or negatively-charged residues confers Ca2+ 

selectivity (Heinemann et al., 1992; Favre et al., 1996), whilst replacing it with an 

alternative positive-charged (arginine) retains the Na+ selectivity (Favre et al., 1996). 

These results suggest that eukaryotic NaV channels discriminate between Na+ and Ca2+ 

by the electrostatic repulsion of divalents away from the selectivity filter with this 

positive charge. In summary, both Na+ and Ca2+ selectivity is conferred by (often 

negatively) charged residues. 

Regarding selectivity, TPCs are once again unique. Sequence alignment show 

that the non-canonical TPC selectivity filters are TTANN and VVNNW in DI and DII 

respectively. They therefore lack any charged residues, with ionic selectivity probably 

conferred by the asparagine (N) residues (Rahman et al., 2014). Ion selection by 

multiple asparagines has few precedents. For example, mutating residues in NaV 

channel selectivity filters to asparagine substantially reduces channel conductance 

(Terlau et al., 1991). Interestingly, the unusual aphid NaV channel that degenerated 

into a two-domain protein also contains an asparagine in its selectivity filter, with a 

DENS rather than DEKA ring (Amey et al., 2015). Initial indications are that this filter 

sequence is not particularly Na+-selective (Favre et al., 1996; Amey et al., 2015), 

perhaps indicating that asparagine-based selectivity in TPCs might also confer non-

selectivity between Na+ and Ca2+. Moreover, as Na+ and Ca2+ selectivity appears to be 

defined by pore geometry and ion solvation, flexible side chains within TPC 

selectivity filters may account for the varied reports of ionic selectivity. 

There are only two other identified channels that adopt an equivalent inter-

domain NNNN asparagine ring in their selectivity filters. The structure of Aquaporin-

1 indicates that hydrogen bonding between adjacent asparagine residues within the 

selectivity filter creates a rigid framework to control the orientation of water molecules 

(Murata et al., 2000). This promotes the fast conduction of water whilst excluding 
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protons. Thus four asparagines in TPCs might also form a rigid ring to control 

selectivity by size, perhaps explaining the numerous reports of poor K+ permeability 

(Schieder et al., 2010; Wang et al., 2012; Boccaccio et al., 2014; Cang et al., 2014; 

Grimm et al., 2014; Jha et al., 2014; Ruas et al., 2015).  

Similarly, heteromeric NMDA receptors contain asparagine(s) within their 

selectivity filters (Burnashev et al., 1992; Lee et al., 2014), although they each have 

different functional contributions (Burnashev et al., 1992; Wollmuth et al., 1996). 

Mutations to the asparagine in the NR1 subunit reduces Ca2+- and increases Na+- 

permeability (Burnashev et al., 1992). Because the NR1 asparagine is at the narrowest 

point of the pore, mutations that increase pore diameter reduce ion selectivity 

(Wollmuth et al., 1996). Interestingly, replacing the asparagine with a positively-

charged arginine abolished Ca2+ permeability but greatly enhanced Na+ permeability, 

concurring with the similar effect in the DEKA motif (Burnashev et al., 1992). These 

comparisons further demonstrate that the precise orientation of selectivity filter 

residues can have an acute effect on ion permeability and selectivity. 

This is particularly notable in light of very recent structures of plant TPCs (Guo 

et al., 2016; Kintzer and Stroud, 2016). These structures confirmed the proposition 

(Rahman et al., 2014) that the selectivity filter asparagines form the narrowest 

constriction in the ionic pathway. However, the electron density within this region of 

crystal structures was poor, and the asparagines did not appear to be interact with any 

nearby residues. This indicates that the side-chains are indeed flexible, potentially 

accounting for the variable reports of ionic selectivity in TPCs. 

 

TPC Structure 

Structural models of sea urchin TPC1 (Rahman et al., 2014) speculated upon the 

architecture of TPC pores. However, two studies in 2016 reported congruent crystal 

structures of AtTPC1 at 3.3 Å (Guo et al., 2016) and 2.87 Å (Kintzer and Stroud, 2016) 

resolution, which provided the first direct atomic insight into these channels (Patel et 

al., 2016). 

Plant TPCs, which mediate the slow vacuolar current (Peiter et al., 2005), are 

non-selective VGICs (Hedrich and Neher, 1987; Guo et al., 2016) that lack the charged 

residues that mediate NaV and CaV channel selectivity (see above). Notably, ions were 

not observed within the selectivity filter itself, unlike for open prokaryotic NaV 
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channels (McCusker et al., 2012; Bagnéris et al., 2013; Naylor et al., 2016). Instead, 

ions are found on either side of the selectivity filter, housed within the pore vestibule 

between the selectivity filter and the bundle crossing, and also at the luminal mouth 

of the channel. Asparagine side chains from DII project towards the ion permeation 

pathway in the selectivity filter, creating the narrowest constriction within the pore 

(~4.7 Å). This is likely wide enough for partially hydrated Na+ and Ca2+ ions to pass 

through, although the flexibility of these side-chains may affect selectivity. 

Plant TPCs are co-regulated by both voltage and Ca2+; vacuolar membrane 

depolarisation coupled with cytosolic Ca2+ binding activates the channel (Hedrich and 

Neher, 1987; Schulze et al., 2011; Guo et al., 2016). Cytosolic Ca2+ is proposed to 

bind to the two EF-hands in the cytosolic linker connecting the two domains, 

promoting channel opening by reducing voltage activation towards hyperpolarising 

potentials (Peiter et al., 2005; Schulze et al., 2011). In the crystal structures, the first 

helix of EF-hand 1 is contiguous with an extended DI S6 helix, providing a means of 

conveying Ca2+-dependent conformational changes in the EF-hands to the pore region. 

However, Ca2+ binding to EF-hand 1 is likely structural, with cytosolic Ca2+ binding 

to EF-hand 2 (resolved by (Kintzer and Stroud, 2016)) instead mediating channel 

activation. Intriguingly, EF-hand 2 connects via salt bridges to the C-termini of both 

subunits, which also contribute to Ca2+ coordination. A separate study used co-

immunoprecipitation, bimolecular fluorescence complementation and synthetic 

peptides to show that the unresolved regions of the AtTPC1 C-termini form inter-

subunit coiled-coils (Larisch et al., 2016). A region of the N-terminus harbouring a 

phosphorylation site also interacts with the EF-hands (Kintzer and Stroud, 2016). Such 

intricate intra- and inter-molecular interactions may explain lack of activity of N-

terminally tagged TPC1 in animals (Churamani et al., 2013). 

Despite the presence of two voltage sensors, only the second appears to be 

functionally relevant (Guo et al., 2016; Jaślan et al., 2016; Kintzer and Stroud, 2016). 

Canonically in VGICs, the S4 helix contains positively-charged arginine residues. As 

it is free to move within the membrane, these positive charges articulate the S4 helix 

in a roughly up-and-down motion in response to changes in membrane voltage. This 

movement transduces changes in membrane potential into pore gating through the 

S4/S5 linker. DII of AtTPC1 contains a standard set of arginine residues in S4, 

mutation of which removes voltage sensitivity. On the other hand DI has fewer 

arginines, and mutations to these have no effect on channel function (Guo et al., 2016; 
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Jaślan et al., 2016). Additionally, anionic residues in S2 and S3, which classically 

serve as counter ions for the positively charged residues in S4, are absent in DI. 

Interestingly, the first S4 arginine and two of the four counter ions in DII are not 

conserved in human TPC1 (Guo et al., 2016), despite reported voltage-gating 

(Rybalchenko et al., 2012; Cang et al., 2014; Pitt et al., 2014). The emerging picture 

of AtTPC1 gating is of channel opening achieved by the coordinated movement of S6 

in DI and DII through the actions of Ca2+ and voltage, respectively. 

In contrast to the activating effects of cytosolic Ca2+, luminal Ca2+ inhibits 

plant TPCs (Pottosin et al., 2004; Pérez et al., 2008). The AtTPC1 crystal structures 

reveal three luminal Ca2+ binding sites in the voltage sensors. These are mostly 

conserved in human TPCs (Guo et al., 2016; Kintzer and Stroud, 2016), concurring 

with electrophysiological reports of luminal Ca2+ sensitivity of TPCs (Pitt et al., 2010; 

Rybalchenko et al., 2012). One of these sites is in the inactive DI voltage sensor and 

its functional relevance remains to be established (Kintzer and Stroud, 2016). The 

other two sites are in the active DII voltage sensor, both in proximity to an aspartate 

residue that is substituted by arginine in the well-described Fou2 mutation that 

abolishes Ca2+-dependent inhibition (Bonaventure et al., 2007; Beyhl et al., 2009). 

This key Ca2+ binding site clamps the otherwise dynamic voltage-sensing S4 helix to 

the S1/S2 loop, thereby providing an elegant mechanism for luminal Ca2+ inhibition 

of plant TPCs. 

Intriguingly, one structure (Kintzer and Stroud, 2016) reported AtTPC1 in 

complex with Ned-19, an NAADP antagonist with extensive shape and electrostatic 

similarity to NAADP (Naylor et al., 2009). However, NAADP neither regulates 

AtTPC1 (Boccaccio et al., 2014) nor binds directly to animal TPCs (Lin-Moshier et 

al., 2012; Walseth et al., 2012a). However, it is worth noting that Ned-19 antagonises 

NAADP action in a non-competitive manner (Naylor et al., 2009; Rosen et al., 2009) 

suggesting the presence of additional binding sites, potentially within a subunit 

interface as proposed (Kintzer and Stroud, 2016). In the absence of functional data 

regarding Ned-19 block of AtTPC1, these results should be treated with some 

skepticism. The structure reported by Kintzer and Stroud also reveals a fatty acid 

(modelled as palmitic acid) binding pocket adjacent to the Fou2 site for luminal Ca2+ 

inhibition. Interestingly, plant TPC1 is inhibited by polyunsaturated fatty acids (Gutla 

et al., 2012) and an early report also suggested that NAADP-evoked Ca2+ release was 

inhibited by arachidonic acid (Clapper et al., 1987). However, it is unlikely that this is 
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the binding site for the TPC-activating membrane phospholipid PI(3,5)P2, which 

localises to the cytosolic membrane leaflet (Odorizzi et al., 1998; Ikonomov et al., 

2001). Whether such regulation equates to the site identified in AtTPC1 also requires 

functional verification. 

 

TPC Mutagenesis 

Over the years, a number of mutagenesis studies have been carried out on mammalian 

TPCs to better understand their function. It is now possible to map these mutants onto 

the AtTPC1 structure to predict structure-function relationships (Penny and Patel, 

2015). These are summarised in Table 1.2 and presented in Fig. 1.3. As discussed 

above, mutating a highly conserved leucine to a proline (L271P/L265P in human 

TPC1/TPC2, respectively; Fig. 1.3A) creates dominant-negative TPCs (Brailoiu et al., 

2009a, 2010b; Rybalchenko et al., 2012). These residues map to the spatially restricted 

re-entrant pore loops in DI (Fig. 1.3B). As proline residues cause kinks in the protein 

backbone, these crude substitutions likely cause substantial structural distortions in 

the pore helices that render the channels silent. Another pore-blocking mutant changed 

a negatively-charged aspartate to a positively charged lysine (Wang et al., 2012). This 

D276K mutant in TPC2 reversed the charge near the mouth of the selectivity filter 

(Fig. 1.3B), likely repelling incoming cations; it is important to note that introducing 

a lysine did not generate Na+-selectivity, as it does in NaV channels (Heinemann et al., 

1992; Favre et al., 1996), possibly due to its location outside the selectivity filter.  

Of particular note is a mutation to a selectivity filter asparagine in mouse TPC2 

(N275A), which also ablated channel currents (Schieder et al., 2010; Ruas et al., 

2015). This mutation to a smaller residue will substantially change the geometry 

within the selectivity filter. Perhaps a subtler change to a glutamine or to a CaV 

channel-mimicking glutamate would yield more explanatory results regarding TPC 

selectivity. Only one mutant has changed channel selectivity. E643A in the pore loop 

of DII extensively reduced the high Ca2+/K+ selectivity of mouse TPC2 (Schieder et 

al., 2010). This mutant was chosen to be in the selectivity filter based on alignment 

with Ca2+-selective TRPV5 and TRPV6, but subsequent crystal structures of both 

TPCs (Guo et al., 2016; Kintzer and Stroud, 2016) and TRPV6 (Saotome et al., 2016) 

have shown this alignment to be incorrect. Instead, this glutamate sits outside the 

selectivity filter in the pore helices, and doesn’t even project towards the ion  
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Isoform Organism Mutation Location Effect References 

TPC1 Human 

R219Q/R220Q/R223Q DI S4/S5 linker Loses voltage-sensitivity (Cang et al., 2014) 
L273P DI pore loop Pore-blocking (Brailoiu et al., 2009a; Rybalchenko et al., 2012) 

R539I DII S4/S5 
linker Loses voltage-sensitivity (Cang et al., 2014) 

N599Q/N611Q/N616Q DII pore loop Removes glycosylation; 
Pore-activating (Hooper et al., 2011) 

L740A/L741A C-terminus Not characterised; likely ER 
localised (Brailoiu et al., 2010b) 

TPC2 

Human 

L11A/L12A N-terminus Redirects to plasma membrane (Brailoiu et al., 2010b) 

Q33A/V34A/P36A N-terminus Eliminates Rab7 binding (Lin-Moshier et al., 2014) 

L265P DI pore loop Pore-blocking (Brailoiu et al., 2010b; Pereira et al., 2011; Lin-
Moshier et al., 2014; Sakurai et al., 2015) 

D276K DI pore loop Pore-blocking (Wang et al., 2012) 

M484L* DII voltage 
sensor (S2) Increased likelihood of blonde hair (Sulem et al., 2008) 

S666E DII pore loop PKA phosphomimetic; increases 
open probability (Lee et al., 2016) 

S666A DII pore loop Cannot be phosphorylated; 
decreases open probability (Lee et al., 2016) 

G734E* C-terminus Increased likelihood of blonde hair (Sulem et al., 2008) 

Mouse 

N257A DI selectivity 
filter Pore-blocking (Schieder et al., 2010; Ruas et al., 2015) 

N594Q/N601Q DII pore loop Removes glycosylation (Zong et al., 2009) 

E643A DII pore loop Reduces Ca2+/K+ selectivity (Schieder et al., 2010; Ruas et al., 2015) 

Rat L247P DI pore loop Pore-blocking (Lu et al., 2013) 
Table 1.2. Summary of mammalian TPC mutants. * denotes naturally occurring single nucleotide polymorphisms, not an experimental mutagenesis. See also Fig. 1.3. 
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Figure 1.3. Mammalian TPC mutations mapped onto AtTPC1. (A) Multiple sequence alignment 

using Clustal Omega (Sievers et al., 2011) of Arabidopsis thaliana TPC1 (AtTPC1; pdb: 5E1J), human 

(Homo sapiens) TPC1 (HsTPC1; acc: AAI50204), human TPC2 (HsTPC2; acc: AAH63008.1), Rat 

(Rattus norvegicus) TPC2 (RnTPC2; acc: NP_001101036.1) and mouse (Mus musculus) TPC2 

(MmTPC2; acc: NP_666318.2). Transmembrane (green for voltage sensor; yellow for pore region) and 

L273Hs1
L265Hs2

L247Rn2

E643Mm2

D276Hs2

S666Hs2

N257Mm2 R539Hs1

M484Hs2

R219Hs1 R220Hs1

R223Hs1

A
N-terminus

N-terminus	 &	S1

S4	&	S5

PH1	&	PH2	&	S6

S6	&	Linker

S2	&	S3	&	S4

S4	&	S5

Turret	 loop	&	PH1

PH2	&	S6

AtTPC1      --------------MGGGGTDRVRRSEAITH-------GTPFQK-AAALVDLAEDGIGLP 38 
HsTPC1      MAVSLDDDVPLILTLDEGGSAPLAPSNGLGQEELPSKNGGSYAIHDSQAPSLSSGGESSP 60 
HsTPC2      MAEPQAESEPLLGGARGGGGDWPAGLTTY-------------------------RSIQVG 35 
RnTPC2      ---MAAEAQPLLGRDRGGGQ--------------------------------------AH 19 
MmTPC2      ---MAAEEQPLLGRDRGSGQ--------------------------------------VH 19 
                             .*                                          
AtTPC1      VEILDQ--SS---------FGESARYY------------FIF---TRLDLIWSLNYFALL 72 
HsTPC1      SSPAHNWEMNYQEAAIYLQEGENNDKFFTHPKDAKALAAYLF---AHNHLFYLMELATAL 117 
HsTPC2      PGAAARWDLCIDQAVVFIEDAIQYRSI-NHRVDASSMWLYRRYYSNVCQRTLSFTIFLIL 94 
RnTPC2      SGA--DQELCIDQAVVFIEDAIKYRSI-YHRLDAGSLWLYRWYYSNVCQRVLGFTIFLIL 76 
MmTPC2      SGAAADQELCIDQAVVFIEDAIKYRSI-YHRMDAGSLWLYRWYYSNVCQRVLGFIIFLIL 78 
                                . .                :        .    :     * 
/Truncation/ 
AtTPC1      IFILSIR---ELRDTLVLLSGMLGTYLNILALWMLFLLFASWIAFVMFEDT-------QQ 233 
HsTPC1      IFLVDCRYCGGVRRNLRQIFQSLPPFMDILLLLLFFMIIFAILGFYLFSPN--------P 258 
HsTPC2      FLLQNS---SMMKKTLKCIRWSLPEMASVGLLLAIHLCLFTMFGMLLFAGGKQDDGQDRE 250 
RnTPC2      FLLQNS---SMMKKTLKCIRWSLPEMASVGLLLTIHLCLFTVIGMLLFTIAEKDEAQNKE 232 
MmTPC2      FLLQNS---SMMKKTLKCIRWSLPEMASVGLLLAIHLCLFTIIGMLLFTIGEKDEAQDQE 234 
            ::: .      :: .*  :   *    .:  *  :.: : : :.: :*             
AtTPC1      GLTVFTSYGATLYQMFILFTTSNNPDVWIPAYKSSRWSSVFFVLYVLIGVYFVTNLILAV 293 
HsTPC1      SDPYFSTLENSIVSLFVLLTTANFPDVMMPSYSRNPWSCVFFIVYLSIELYFIMNLLLAV 318 
HsTPC2      RLTYFQNLPESLTSLLVLLTTANNPDVMIPAYSKNRAYAIFFIVFTVIGSLFLMNLLTAI 310 
RnTPC2      RLTYFRNLPEALTSLLVLLTTSNNPDVMIPAYTQNRAYALFFIIFTLIGSLFLMNLLTAI 292 
MmTPC2      RLAYFRNLPEALTSLLVLLTTSNNPDVMIPAYTQNRAFALFFIVFTLIGSLFLMNLLTAI 294 
                * .   :: .:::*:**:* *** :*:*. .   .:**:::  *   *: **: *: 
AtTPC1      VYDSFKEQLAKQVSGMDQMKRRMLEKAFGLIDSDKNG-EIDKNQCIKLFEQLTNYRTLPK 352 
HsTPC1      VFDTFNDIEKRKFKSLLLHKRTAIQHAYRLLISQRRPAGIS----YRQFEGLMRFY-KPR 373 
HsTPC2      IYSQFRGYLMKSLQTSLFRRRLGTRAAFEVLSSMVGEGGAFPQAVGVKPQNLLQVLQKVQ 370 
RnTPC2      IYNQFRGYLMKSLQTSLFRRRLGARAAYEVLTLQAGPNGTTSELVGVNPENFLRVLQKTQ 352 
MmTPC2      IYNQFRGYLMKSLQTSLFRRRLGARAAYEVLASRAGPAGTTPELVGVNPETFLPVLQKTQ 354 
            ::. *.    :...     :*   . *: ::                  : :       : 
/Truncation/ 
AtTPC1      VLEMALKIYTYGFENYWREGANRFDFLVTWVIVIGETATFI---TPD------ENTFFSN 516 
HsTPC1      GVELFLKVAGLGPVEYLSSGWNLFDFSVTVFAFLGLLALAL---NM-------------- 529 
HsTPC2      LLEMLLKVFALGLRGYLSYPSNVFDGLLTVVLLVLEISTLAVYRLPHPGWRPEMVGLLSL 540 
RnTPC2      LLELLFKVFALGLRGYLFYHSNVFDGLLTIILLVLEISTLAVYRLPHPGWKPEQYGPLSL 522 
MmTPC2      LLELLFKVFALGLPGYLSYHSNVFDGLLTIILLVSEICTLAVYRLPHSGWKPEQYGPLSL 524 
             :*: :*:   *   *     * **  :* . .:   .                       
AtTPC1      GEWIRYLLLARMLRLIRLLMNVQRYRAFIATFITLIPSLMPYLGTIFCVLCIYCSIGVQV 576 
HsTPC1      -EPFYFIVVLRPLQLLRLFKLKERYRNVLDTMFELLPRMASLGLTLLIFYYSFAIVGMEF 588 
HsTPC2      WDMTRMLNMLIVFRFLRIIPSMKPMAVVASTVLGLVQNMRAFGGILVVVYYVFAIIGINL 600 
RnTPC2      WDMTRLVNILIVIRFLRIIPSIKPTAVVASTILGLIQNLRAFGGILVVVYYVFAMIGINL 582 
MmTPC2      WDMTRLMNTLIVFRFLRIIPNIKPMAEVANTILGLIPNLRAFGGILVVAYYVFAMIGINL 584 
             :    :     ::::*::   :    .  *.: *:  :      :.     :. :*::. 
AtTPC1      FGGLVNAGN--------------KK-LFETELAEDDYLLFNFNDYPNGMVTLFNLLVMGN 621 
HsTPC1      FCGIVFPNCCNTSTVADAYRWRNHTVGNRTVVEEGYYYLNNFDNILNSFVTLFELTVVNN 648 
HsTPC2      FRGVIVALPGNSSLAPANG------SAPCGSFEQLEYWANNFDDFAAALVTLWNLMVVNN 654 
RnTPC2      FRGVIV-PPGNSSLVPDNS------SAPCGSFEQLGYWPNNFDDFAAALITLWDVMVVNN 635 
MmTPC2      FRGVIV-PPGNSSLVPDNN------SAVCGSFEQLGYWPNNFDDFAAALITLWNVMVVNN 637 
            * *::                          . :  *   **::   .::**::: *: * 
AtTPC1      WQVWMESYKDLTGTWWSITYFVSFYVITILLLLNLVVAFVLEAFFTELDLEEEEKCQGQD 681 
HsTPC1      WYIIMEGVTSQTSH-WSRLYFMTFYIVTMVV-MTIIVAFILEAFVFRMNYSRKNQDSEVD 706 
HsTPC2      WQVFLDAYRRYSGP-WSKIYFVLWWLVSSVIWVNLFLALILENFLHKWDPRSHLQPLAGT 713 
RnTPC2      WQVILEAYKHYSGP-WSMVYFVLWWLVSSVIWINLFLALLLENFLHRWDPQGHKQLLVGT 694 
MmTPC2      WQVILEAYKRYAGP-WSMVYFVLWWLVSSVIWINLFLALLLENFLHRWDPQGHKQLLVGT 696 
            * : ::.    :.  **  **: ::::: :: :.:.:*::** *. . :   . :      
AtTPC1      S---QEKRNR-----------RRSAGSKSRSQRVDTLLHHMLGDE------LSKPECSTS 721 
HsTPC1      GGITLEKEISKEELVAVLELYREARGASSDVTRLLETLSQMERYQQHSMVFLGRRSRTKS 766 
HsTPC2      PEATYQMTV--------ELLFRDILE-EPEEDE------LTERLSQHPHLWLCR------ 752 
RnTPC2      KQITYEMSV--------ELMFRDILE-EPKEEE------LMEKLHKHPHLHLCR------ 733 
MmTPC2      KQ----MSV--------ELMFRDILE-EPKEEE------LMEKLHKHPHLHLCR------ 731 
                                 *     .    .                  * :       
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pore (cyan) helices from the AtTPC1 crystal structure (Guo et al., 2016) are highlighted (on sequence) 

and labelled (right). Mutated residues on the mammalian sequences, corresponding to Table 1.2, are 

coloured red. Green-coloured residues on HsTPC2 refer to the naturally occurring single nucleotide 

polymorphisms (Sulem et al., 2008). Residues 73-183 and 353-465 of AtTPC1 and their aligned 

mammalian counterparts were excluded due to the absence of mutageneses carried out on these regions. 

(B-C) Mutated residues from the mammalian species (red) are mapped onto the AtTPC1 crystal 

structure based on the alignment in (A), viewed from the luminal (B) and lateral/transmembrane (C) 

faces. The N-glycosylated residues from HsTPC2 (R219Q/R220Q/R223Q) and MmTPC2 

(N594Q/N601Q) are not shown due to the absence of homologous residues. The N-terminal and C-

terminal mutants/variants (see Table 1.2) are not shown due to an absence of structural template. 

 

conduction pathway (Fig. 1.3B). The mechanism for the reduced Ca2+ selectivity in 

the E643A mutant is therefore unknown. It is most likely due gross conformational 

and/or electrostatic changes in the luminal pore architecture. Notably, this residue is 

not conserved between species (Penny and Patel, 2015) (Fig. 1.3A). 

Hooper et al. identified that human TPC1 was N-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 mutant displayed exaggerated Ca2+ 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 DII (Fig. 1.3). The first of the glycosylated residues 

is reasonably well conserved between TPC1 and TPC2, and across species (Penny and 

Patel, 2015). Interestingly, this residue lies at the outer luminal reaches of the channel. 

It is possible that 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.  

It is difficult to assign structure-function correlations to the N-terminal mutants 

(Brailoiu et al., 2010b; Churamani et al., 2013; Lin-Moshier et al., 2014) due to an 

absence of either sequence homology or resolved structure. It is possible to address 

three other sets of mutations, however. Cang and colleagues carried out site-directed 

mutagenesis on arginine residues in human TPC1, which abolished voltage sensitivity 

(Cang et al., 2014). They labelled these residues as the gating charges in the S4 helices, 

however by alignment and comparison with the AtTPC1 structures, these residues are 
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instead present on the S4-S5 linker in AtTPC1. This suggests that the reported loss-

of-function in the mutant human TPC1 may be indirect (Cang et al., 2014).  

Second, Lee and colleagues found a consensus protein kinase A (PKA) 

phosphorylation site within the pore loop of DII that is conserved in mammalian TPC2 

(Lee et al., 2016). By mutating S666 to a phosphomimetic glutamate, channel activity 

was markedly increased, whereas a non-phosphorylating alanine mutation reduced 

channel activity. Co-stimulating with cytosolic NAADP and PKA also activated the 

channels (Lee et al., 2016). However, the proposed residue S666 is on the luminal 

face, so it is unclear how cytosolic PKA can work through this residue. TPCs also 

undergo regulation by other kinases including mTOR (Cang et al., 2013), MAPK and 

JNK (Jha et al., 2014), although the target residues are unknown. 

Third, a genome-wide association study in Icelandic and Dutch people linked 

two TPC2 mutants to hair colour (Sulem et al., 2008). This role in pigmentation is 

supported by studies where heterologously expressed human TPC2 generated a 

pigmentation defect in Xenopus laevis oocytes (Lin-Moshier et al., 2014). The 

association study indicated that blonde haired people are substantially more likely to 

possess an M484L mutation, and/or a G734E mutation in TPC2. The G734 residue, 

which has a weaker association with hair colour (Sulem et al., 2008), is not conserved 

in plants and is located in the distal C-terminus where there is no structural data from 

AtTPC1. On the other hand, M484 is conserved in plants and is present in the S2 helix 

of DII. M484 in both humans and plants is adjacent to a glutamate, that provides a 

critical counter-ion site for the gating charges in S4. The M484L mutant might 

therefore alter the local electrostatic or structural environment and affect voltage-

sensing in TPC2, and thus give rise to altered pigmentation. However, voltage gating 

in TPC2 is disputed, and this phenomenon requires further study. 

The freshly published structures of AtTPC1 (Guo et al., 2016; Kintzer and 

Stroud, 2016) largely concur at the gross structural level with previous VGIC 

structures (Jiang et al., 2003; Long et al., 2005; Payandeh et al., 2011; McCusker et 

al., 2012) , and with a structural model of TPCs (Rahman et al., 2014). AtTPC1 is also 

the first crystal structure of a multi-domain ion channel with voltage sensors. Perhaps 

the main difference between it and the homomeric structures is the position of the 

voltage sensors. In the homomeric channels, the voltage sensors sit peripherally to the 

pore and do not interact with one another (Jiang et al., 2003; Payandeh et al., 2011; 

Zhang et al., 2012; Liao et al., 2013; Saotome et al., 2016). Although still peripheral 
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in AtTPC1, the two voltage sensors in each subunit sit more adjacently to one another 

(Fig. 1.3B). Therefore, when viewed from the luminal side, AtTPC1 takes on a more 

rectangular shape than its square homomeric counterparts.  

Whilst these structures are evidently useful for studying human TPCs, there 

are substantial structural and functional differences, not least the insensitivity to 

NAADP (Boccaccio et al., 2014) and the presence of EF-hands (Peiter et al., 2005; 

Schulze et al., 2011). There is therefore considerable merit in better understanding the 

molecular architecture of human TPCs, especially in light of their emerging roles in 

disease (Grimm et al., 2014; Davidson et al., 2015; Hockey et al., 2015; Sakurai et al., 

2015; Favia et al., 2016). 

 

Pore-only Constructs 

Chimeric constructs that successfully mixed-and-matched voltage sensor and pore 

modules from different KV channels lead to the proposition that these two regions 

might be functionally modular (Patten et al., 1999). The subsequent structures of full 

length channels support this assertion as the voltage sensor and pore regions are 

spatially independent. Indeed, in the original NaV channel structure (Payandeh et al., 

2011), the voltage sensor was in an pre-activated conformation but the pore was 

closed, suggesting a degree of structural dissociation. This modularity is also 

supported by the existence of naturally occurring voltage sensor-only proteins. An 

initial report identified an isolated voltage sensor coupled to an intracellular 

phosphatase in Ciona intestinalis, which transduced voltage changes into increased 

phosphoinositide metabolism (Murata et al., 2005). Others also found related voltage 

sensor-only proteins in mammals that act as voltage-gated proton channels (Ramsey 

et al., 2006; Sasaki et al., 2006). The structure of an isolated voltage sensor domain 

from a prokaryotic KV channel has also been solved (Butterwick and MacKinnon, 

2010). Together, these studies suggest that monomeric voltage sensors can function 

independently of their pore region counterparts. 

This phenomenon is not restricted to the voltage sensors as naturally occurring 

‘pore-only’ channels are abundant. For example, inwardly rectifying potassium (Kir) 

channels are a VGIC-related family of ion channels that establish and maintain resting 

membrane potential and are implicated in a range of diseases (Hibino et al., 2010). 

These channels form tetramers where each subunit consists of two transmembrane 
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Channel  Organism Paper(s) Folding/Assembly (technique) Function Subsequent 
Structure 

KVLm Listeria 
monocytogenes 

(Santos et 
al., 2008) 

• Elutes as a tetramer (size exclusion) 
• Folding not tested 

• Electrophysiology of pore 
protein in giant 
proteoliposomes 

• Similar conductance 
properties as full length 

• No voltage gating 

Closed 
tetrameric pore  
(Santos et al., 
2012) 

NaVSp Silicibacter 
pomeroyi 

(McCusker 
et al., 
2011) 

• Elutes as a tetramer (size exclusion) 
• High helical content (CD) indicating 

appropriate folding 
• Denatures cooperatively at a high 

temperature (thermal melt CD) 
suggesting a stable oligomeric protein 

• Radiotracer flux assay 
• Liposomes incorporating 

pore take up substantially 
more 22Na than controls 

Does not appear 
to crystalise 

(Shaya et 
al., 2011)  

• Elutes as a tetramer (size exclusion) 
• Forms a tetramer when crosslinked 

(SDS PAGE) 
• High helical content (CD) indicating 

appropriate folding 
• Denatures cooperatively at a high 

temperature (thermal melt CD) 
suggesting a stable oligomeric protein 

• Electrophysiology of pore 
protein in giant 
proteoliposomes  

• Similar conductance 
properties as full length 

• Similar selectivity 
properties as full length 

 

NaVAe Alkalilimnicola 
ehrlichei 

Closed 
tetrameric pore 
(Shaya et al., 
2014) 

NaVBh 
(aka 
NaChBac) 

Bacillus 
halodurans 

Does not appear 
to crystalise 

NaVMs Magnetococcus 
marinus (aka 
Magnetococcus 
spirillium) 

(McCusker 
et al., 
2012) 

• Elutes as a tetramer (size exclusion) 
• High helical content (CD) indicating 

appropriate folding 
• Forms tetramer in crystal structure! 

• Radiotracer flux assay 
• Liposomes incorporating 

pore take up substantially 
more 22Na than controls 

This paper. Open 
tetrameric pore 
(McCusker et al., 
2012) 

Table 1.3. Summary of pore-only studies.  
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helices punctuated by a re-entrant pore helix, akin to the pore regions of VGICs. 

Bacterial pore-only K+ channels such as KcsA and MthK further demonstrate 

pore/voltage sensor modularity, and have provided insightful- and Nobel prize 

winning!- structures (Doyle et al., 1998; Jiang et al., 2002).  

‘Artificial’ pore-only constructs have been also useful tools for studying both 

the function and structure of symmetrical, prokaryotic VGICs (see Table 1.3). A 

number of groups have examined the pore regions of ion channels using purified 

protein samples from bacteria. These channels include KVLm (Santos et al., 2008), 

NaVSp (McCusker et al., 2011; Shaya et al., 2011), NaVMs (McCusker et al., 2012) 

and NaVAe (Shaya et al., 2011). Circular dichroism, a powerful spectroscopic 

technique that gives insight into the secondary structure and assembly of pure protein 

samples (Miles and Wallace, 2016), demonstrated that the pore proteins were folded 

and stable (McCusker et al., 2011; Shaya et al., 2011). Moreover, when reconstituted 

into lipid bilayers, these symmetrical pores exhibited a similar conductance and 

selectivity when compared with their full length counterparts, but lacked voltage-

regulation, as expected (Santos et al., 2008; Shaya et al., 2011). Together, these data 

suggest that pore-only proteins dissected from bacterial, homomeric and symmetrical 

channels assemble and function independently of their voltage sensors. 

Pore-only proteins have facilitated structural characterisation. The crystal 

structures of KVLm (Santos et al., 2012), NaVAe (Shaya et al., 2014) and NaVMs 

(McCusker et al., 2012) have all been solved, providing extensive insight into the 

gating of VGICs. In contrast to the structures of the full length NaVAb or NaVRh 

channels, which present closed or inactive pores (Payandeh et al., 2011, 2012; Zhang 

et al., 2012), the pore-only structure of NaVMs (McCusker et al., 2012) is open. 

Bagnéris and colleagues have compared the various structural states and proposed a 

detailed model of NaV channel pore-opening and ion conduction (Bagnéris et al., 2015; 

Naylor et al., 2016). 

Thus pore-only constructs can be very useful tools for characterising VGIC 

behaviour. All of this work, however, concerns symmetrical homomeric pores from 

bacteria. Little is known about the functions of individual pore regions from more 

complex channels with highly diverged domains, which are inherently more difficult 

to analyse. 
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VGIC Pores as Drug Targets 

With their extensive roles in cell physiology and disease, it is unsurprising that VGICs 

are common drug targets. Many channel antagonists bind to the pore and block ion 

permeation. Mutagenesis studies have identified residues within S6 that are vital for 

both NaV (Ragsdale et al., 1994, 1996, Yarov-Yarovoy et al., 2001, 2002; Liu et al., 

2003) and CaV (Hockerman et al., 1997) channel antagonism. When coocrystallised 

with a range of channel inhibitors, structures of the NaVMs pore protein highlighted a 

precise binding pocket for channel antagonists (Bagnéris et al., 2014). This site was 

identical to those proposed by the mutagenesis studies. 

 Classically, CaV channel antagonists fit into one of three classes: 

dihydropyridines (such as nifedipine), benzothiazepines (such as diltiazem) and 

phenylalkylamine (such as verapamil). Although selective for CaV channels over NaV 

channels, these drugs do have a diverse pharmacology; diltiazem for example also 

blocks CNG channels (Stern et al., 1986). Some early studies noted that NAADP-

induced Ca2+ release could also be blocked by these drugs (Genazzani and Galione, 

1996; Genazzani et al., 1997), presumably by inhibiting TPCs. Electrophysiological 

experiments have confirmed that verapamil can block PI(3,5)P2 currents through TPCs 

(Wang et al., 2012; Boccaccio et al., 2014; Cang et al., 2014). By combining structural 

modelling of TPCs with functional assays in the sea urchin homogenate, Rahman et 

al. linked TPC inhibition by CaV channel antagonists to the pore region (Rahman et 

al., 2014). They also observed that local anaesthetics (NaV channel antagonists) inhibit 

NAADP-induced Ca2+ release and dock to the same pore region. Thus they propose 

that TPCs contain an ‘ancestral pharmacological site’ that is targeted by both NaV and 

CaV channel blockers (Rahman et al., 2014). Tetrandrine, a compound used in Chinese 

medicine derived from the roots of Stephania tetrandrae, has been recently shown to 

potently block TPC-mediated Ebola infection (Sakurai et al., 2015). However, 

tetrandrine has many diverse targets, including CaV channels, and is not approved for 

use in humans outside of China (Bhagya and Chandrashekar, 2016). Thus TPC 

pharmacology is limited to a selection of non-selective channel antagonists. In light 

of the emergent role for TPCs in a range of diseases (Grimm et al., 2014; Davidson et 

al., 2015; Hockey et al., 2015; Sakurai et al., 2015; Favia et al., 2016), it is crucial to 

find additional specific and potent drugs that target TPCs.  
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Ca2+ Microdomains and Membrane Contact Sites 

Local Ca2+ Signalling and the Trigger Hypothesis 

Cells exercise control over diverse cellular processes by generating specific Ca2+ 

signatures. Ca2+ signals remain local unless they can overcome the action of Ca2+ 

buffers to propagate to global signals. Local signals can function in their own right or 

can be converted into larger signals through interaction with the ER stores. For 

example, CaV channels at the plasma membrane produce small Ca2+ ‘sparklets’ that 

have local effects, as in nascent dendritic spines (Goldberg et al., 2003). IP3Rs and 

RyRs on the ER also produce unitary Ca2+ signals called puffs and sparks, respectively 

(Cheng et al., 1993; Marchant and Parker, 2001). These can remain localised or 

activate CICR from adjacent receptors to generate a larger Ca2+ signal. NAADP also 

causes local Ca2+ signalling events. For example, in cytotoxic T-cells, NAADP 

induces local Ca2+ signals by releasing Ca2+ through TPCs on cytolytic granules 

(Davis et al., 2012). These local signals are exclusively responsible for ‘auto-

secretion’, causing exocytosis of the cytolytic granules and the enzymes contained 

therein. Although independent of granule exocytosis, these local Ca2+ signals also 

trigger subsequent Ca2+ release from IP3Rs to generate global Ca2+ oscillations (Davis 

et al., 2012). This observation concurs with extensive data demonstrating that NAADP 

induces small Ca2+ signals that trigger larger signals through CICR with the ER 

(Cancela et al., 1999; Boittin et al., 2002; Brailoiu et al., 2003, 2006, 2009b, 2010b, 

2010c). Ca2+ release through TRPML1 is also capable of coupling to the ER and 

generating global signals (Kilpatrick et al., 2016). Moreover, directly mobilising 

lysosomal Ca2+ with a lysosomotropic agent generates ER-linked complex Ca2+ 

oscillations (Kilpatrick et al., 2013). Together these data demonstrate that Ca2+ from 

the endolysosomal system can couple local Ca2+ signals to the ER and generate global 

responses. 

 The NAADP trigger hypothesis necessitates questions about functional 

coupling between acidic organelles and the ER. In pancreatic acinar cells, NAADP-

induced Ca2+ signals are undetectable in the presence of ER blockers, suggesting a 

tight functional coupling between the two stores (Cancela et al., 1999). A close 

anatomical association between trigger and amplifier would explain why brief/small 

Ca2+ signals cannot be resolved by standard Ca2+ imaging approaches in some cells. 

Moreover, the relatively low Ca2+ conductance and/or permeability through TPCs in 
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electrophysiological experiments (Pitt et al., 2010, 2014; Wang et al., 2012; Boccaccio 

et al., 2014; Cang et al., 2014; Grimm et al., 2014; Ruas et al., 2015) further indicates 

that TPC Ca2+ flux may be modest. If correct, such properties would require an 

amplification mechanism to produce global signals. Indeed, trigger and amplifier 

events can be dissociated upon cell homogenisation, as evidenced by the insensitivity 

of NAADP-induced Ca2+ signals to ER blockade in homogenised sea urchin eggs 

(Clapper et al., 1987; Chini et al., 1995; Lee and Aarhus, 1995). Such uncoupling may 

also be achieved in live cells. Redirecting TPC2 to the plasma membrane converts the 

fast, ER-dependent NAADP-induced Ca2+ signals in control cells to slow, sluggish 

responses that are independent of the endolysosomal system or the ER (Brailoiu et al., 

2010b). Close functional coupling of the acidic and ER stores therefore appears to be 

key to physiological NAADP action (Fig. 1.4A).  

Curiously, some reports have detailed signalling between lysosomes and the 

ER in the reverse ‘retrograde’ direction, whereby Ca2+ release from the ER modulates 

NAADP signals (Albrieux et al., 1998; Berg et al., 2000; Morgan et al., 2013). In 

ascidian oocytes, IP3-evoked Ca2+ oscillations were completely eliminated following 

pre-treatment with NAADP (Albrieux et al., 1998). NAADP co-injection also blocked 

the actions of IP3 and cADPR in Jurkat T cells (Berg et al., 2000). Morgan and 

colleagues investigated this retrograde signalling by taking advantage of their 

observations that NAADP, but not cADPR or IP3, produces an increase in lysosomal 

pH in sea urchin egg homogenates, which is as coincident with Ca2+ release (Morgan 

and Galione, 2007). However they found that in intact sea urchin eggs, IP3 and cADPR 

were able to generate a similar lysosomal alkalinisation to NAADP (Morgan et al., 

2013). Intriguingly, the alkalinisation events could be blocked by BAPTA, a fast-

acting Ca2+ chelator, but not EGTA, a slower-acting chelator (Morgan et al., 2013). 

This strongly implies a role for local retrograde signalling. As TPCs are thought to be 

insensitive to cytosolic Ca2+ (Table 1.1), it is proposed that these responses may result 

from local Ca2+-sensitive production of NAADP (Fig. 1.4B) (Morgan et al., 2013). 

Additionally, ER Ca2+ release can stimulate lysosomal Ca2+ uptake (López-Sanjurjo 

et al., 2013), potentially by CAX (Melchionda et al., 2016). This H+ antiporting 

mechanism therefore could also contribute to the lysosomal alkalinisation (Fig. 1.4C). 

Local signalling between lysosomes and the ER therefore appear to underpin both 

anterograde and retrograde Ca2+ signalling. These conclusions also raise the 

possibility that these stores are in close proximity to one another and that they 
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Figure 1.4. Ca2+ microdomains between the ER and other membranes. (A) NAADP activates Ca2+ 

release from acidic organelles through TPCs, which initiates CICR from the neighbouring ER through 

IP3Rs and/or RyRs. (B-C) “Retrograde” signalling whereby Ca2+ release from ER stimulates local 

NAADP production and subsequent Ca2+ release from acidic organelles (B) or Ca2+ uptake into the 

lysosomes. (D) Ca2+ influx through CaV channels initiates CICR from the neighbouring SR store via 

RyRs to facilitate excitation–contraction coupling. (E) ER-derived Ca2+ signals are tempered at MAMs 

through the mitochondrial uniporter. 

 

communicate through Ca2+ microdomains. Such an arrangement finds precedents 

elsewhere. 

 Ca2+ microdomains are a specialisation in spatiotemporal Ca2+ signalling that 

can permit high, localised Ca2+ concentrations to be generated. The ER is rather 

promiscuous in forming Ca2+ microdomains with both the plasma membrane and other 

organelles (Fig. 1.4). In cardiomyocytes, Ca2+ influx through plasma membrane CaV 
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channels generates local Ca2+ microdomains that are subsequently amplified by RyRs 

through CICR (Fig. 1.4D). This is critical for excitation–contraction coupling (Bers, 

2002). Similarly, Ca2+ microdomains form between IP3Rs on the ER and Ca2+ 

uniporters on the mitochondria (Fig. 1.4E). The resulting mitochondrial Ca2+ uptake 

not only tempers IP3-evoked Ca2+ signals, but matches energy supply to demand 

(Jouaville et al., 1999). In addition, ER Ca2+ depletion leads to store-operated Ca2+ 

entry and store refilling through Ca2+ microdomains between plasma membrane Orai 

channels and SERCA transporters on the ER (Jousset et al., 2007). Thus, analogous 

functional microdomains between the ER and acidic organelles might support 

triggering of Ca2+ signalling by NAADP and associated downstream Ca2+-dependent 

output. 

 

Membrane Contact Sites 

Membrane contact sites (MCS) are central to the formation of Ca2+ microdomains 

(Penny et al., 2015). MCS are regions of close membrane apposition, typically <30 

nm (Helle et al., 2013; Prinz, 2014; van der Kant and Neefjes, 2014). Given the 

restricted diffusion of Ca2+ in the bulk cytosol, this juxtaposition may facilitate inter-

organellar communication by bringing Ca2+ signalling proteins together. One of the 

best characterised MCS is the dyadic cleft in cardiac muscle cells, which juxtaposes 

the plasma membrane and the SR. It spatially localises the CaV channel trigger and the 

RyR amplifier, and therefore has a key role ensuring the fidelity of excitation–

contraction coupling (Franzini-Armstrong et al., 1999). The close apposition of 

membranes also creates a restricted volume, thus facilitating generation of ‘hot spots’ 

of high Ca2+ concentration. Such a phenomenon occurs at mitochondrial associated 

membranes (MAMs), a specialised MCS that shuttles Ca2+ from the ER to the 

mitochondria (Vance, 2014). Within MAMs, Ca2+ ‘hot spots’ appear necessary for 

mitochondrial Ca2+ uptake due to the low affinity of the mitochondrial Ca2+ uniporter 

(MCU) for Ca2+ (Rizzuto et al., 1993). MCS also appear to coordinate lipid transfer 

between the ER and the Golgi apparatus (Peretti et al., 2008; De Matteis and Rega, 

2015). Equivalent MCS between acidic organelles and the ER could therefore serve 

to position trigger and amplifier channels and facilitate Ca2+ signal transmission 

through Ca2+ microdomains (Patel and Brailoiu, 2012). 
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There is some historical evidence that such structures might exist. In smooth 

muscle cells, type 3 RyRs show a greater degree of colocalisation with lysosomes than 

type 1 and 2 RyRs (Kinnear et al., 2008). Such colocalisation was proposed to 

correspond to a trigger zone for NAADP action (Kinnear et al., 2008). Although store 

colocalisation has been widely reported (Kinnear et al., 2008; López-Sanjurjo et al., 

2013; Morgan et al., 2013), the limited resolution of confocal microscopy has 

precluded to identification of lysosome-ER MCS. Indeed, due to their small size, MCS 

can only be definitively identified using electron microscopy.  

It is now clear from recent ultra-structural work that MCS do indeed exist 

between the endolysosomal system and the ER. The first such MCS to be identified 

were those between endosomes and the ER (Rocha et al., 2009; Eden et al., 2010; Alpy 

et al., 2013; Friedman et al., 2013). These junctions are thought to regulate endosomal 

positioning, morphology, and dynamics (Rocha et al., 2009; Alpy et al., 2013), 

epidermal growth factor (EGF) receptor signalling (Eden et al., 2010) and endosomal 

fission (Rowland et al., 2014). MCS have also been identified between lysosomes and 

the ER in fibroblasts (Kilpatrick et al., 2013) and the SR in smooth muscle (Fameli et 

al., 2014) and cardiomyocytes (Capel et al., 2015). However, the functions of 

lysosome–ER junctions are yet to be elucidated. 

MCS between the endolysosomal system and the ER set a precedent for the 

close association between the ER and other acidic Ca2+ stores such as vacuoles or 

lysosome-related organelles. Indeed, MCS have already been observed between 

phagosomes and the ER (Nunes et al., 2012; Wijdeven et al., 2016). Acidic organelles 

might also form contacts with organelles other than the ER. These might be analogous 

to the ER-independent contacts between mitochondria and both melanosomes 

(Daniele et al., 2014) and yeast vacuoles (Elbaz-Alon et al., 2014; Hönscher et al., 

2014). MCS are thus strong anatomical candidates for facilitating the functional 

crosstalk between acidic and canonical Ca2+ stores. 

Electron microscopy has resolved molecular tethers between the ER and both 

endosomes (Eden et al., 2010) and lysosomes (Kilpatrick et al., 2013). These tethers 

are similar in appearance to those between mitochondria and the ER (Csordás et al., 

2006) and would argue against the proposition that inter-organellar contacts simply 

result from stochastic collisions. Furthermore, some regions of the endolysosomal 

system juxtapose to the ER with no apparent separation (Kilpatrick et al., 2013). Such 

regions might facilitate inter-organellar protein-protein contacts, analogous to those in 
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the triadic cleft of skeletal muscle, where plasma membrane CaV channels directly 

interact with SR RyRs.  

A number of molecular tethers have been proposed to mediate the interactions 

between the ER and the endolysosomal system. For example, MCS are thought to be 

responsible for downregulating EGF signalling by facilitating the dephosphorylation 

of endosomal EGF receptors by the ER-localised phosphatase PTP1B (Eden et al., 

2010). Eden and colleagues observed an enhanced level of MCS when overexpressing 

a substrate-trapping mutant of PTP1B but a reduced number when silencing PTP1B. 

These data suggest that the interaction between EGF receptors and PTP1B tethered 

and stabilised endosome–ER contacts. 

Other proteins have also been identified as ER-endosome tethers (Levine and 

Loewen, 2006). For example, VAPs are ER-localised, promiscuous tethers that are 

implicated in multiple classes of ER-based MCS including with endosomes (Rocha et 

al., 2009; Alpy et al., 2013), mitochondria (De Vos et al., 2012), Golgi bodies (Mesmin 

et al., 2013) and the plasma membrane (Manford et al., 2012). VAPs often partner 

with lipid binding proteins on endosomes such as ORP1L (Rocha et al., 2009) and 

STARD3 (Alpy et al., 2013), linking them to lipid transfer, a key MCS-based process 

(Lev, 2012).  

A recent study found a decrease in lysosome-ER contacts when VAPs were 

knocked down (Eden et al., 2016). Beyond this however, the tethers at ER-lysosome 

MCS are poorly characterised. An analogous MCS in yeast between the ER-linked 

nucleus and the acidic vacuole provides some insight. This nuclear-vacuolar junction 

(NVJ) contains a number of membrane tethering proteins that have homologues in 

mammals. For example, the NVJ is formed by interaction of Nvj1p and Nvj2p on the 

outer nuclear membrane and Vac8p on the vacuole (Pan et al., 2000; Toulmay and 

Prinz, 2012). HT008, the human homologue of Nvj2p, also localises to the NVJ upon 

heterologous expression in yeast (Toulmay and Prinz, 2012), suggesting a potential 

conservation of MCS composition across taxonomic kingdoms. It remains to be seen 

whether HT008 and/or other homologues of NVJ components localise to lysosome–

ER contacts in mammalian cells.  

As TPCs are implicated in local Ca2+ signalling between acidic organelles and 

the ER, and because MCS provide anatomical platforms for similar communications 

between other membranes, it is likely that TPCs are present in endolysosome-ER 

MCS. However, their functional role in this interaction is unknown. It is possible that 
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they act as tethers themselves. In this context, the recent proteomic analyses of TPCs 

identified several proteins connected with vesicular membrane trafficking 

organisation, such as annexins and syntaxins, that might shape MCS (Grimm et al., 

2014; Lin-Moshier et al., 2014). Moreover, other MCS such as the MAMs enable Ca2+ 

microdomains with very high Ca2+ levels, which is functionally necessary to couple 

the low-affinity mitochondrial uniporter. The functional Ca2+ dynamics within 

putative microdomains between lysosomes and the ER are unknown. 
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Aims 
I have taken a highly interdisciplinary approach encompassing computational, 

molecular and cellular techniques to address questions regarding architecture, 

pharmacology and function of TPCs. My aims were to: 

 

1. Probe the molecular architecture of the TPC pores. Many lines of evidence 

suggest that the pore and voltage sensing regions of VGICs are modular. This 

modularity has been harnessed in a number of studies analysing the function and 

structure of isolated pore regions from symmetrical, homomeric prokaryotic 

channels. However, the individual domains in more complex channels are highly 

diverged from one another. Thus I will examine the structure and function of the 

diverged pore regions of human TPC2. 

 

2. Find novel TPC inhibitors. TPCs have emerged as novel and valuable drug 

targets in a range of diseases. However, the pharmacology of these channels is 

limited to CaV and NaV channel inhibitors. Moreover, the most potent TPC 

inhibitor (tetrandrine) is not approved for clinical use. Therefore, I will identify 

novel inhibitors of TPCs by repurposing drugs already certified for use in humans. 

 

3. Model the role of lysosome-ER microdomains in cellular Ca2+ dynamics. MCS 

bring together multiple Ca2+ signalling proteins to support functional Ca2+ 

microdomains. Lysosome-ER MCS have recently been identified, yet their 

function remains unknown. To overcome experimental challenges created by the 

spatial restriction of these MCS, I will generate a computational model of local 

and global Ca2+ dynamics arising from the putative lysosome-ER microdomains. 
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Chapter 2: Isolated Pores Dissected from Human TPC2 are 

Functional 

Introduction 

VGICs perform a plethora of functions, underlie numerous diseases when defective, 

and are clinically relevant drug targets (Yu et al., 2005). They are composed of four 

homologous domains each consisting of six transmembrane helices comprising the 

voltage sensor (S1-S4) and pore (S5-S6) regions, which come together to form the 

ion-permeable pathway (Fig. 1.1). KV, TRP and prokaryotic NaV channels form 

symmetrical tetramers from four separate subunits, whilst eukaryotic CaV and NaV 

channels are single polypeptide chains containing four divergent domains, giving rise 

to asymmetric pores (Yu et al., 2005; Wu et al., 2015). This architectural similarity 

suggests an evolutionary trajectory whereby a primordial gene encoding a one-domain 

channel underwent two rounds of intragenic duplication and divergence to generate 

the extant four-domain channels (Strong et al., 1993; Hille, 2001) (Fig. 1.2D). 

The unique two-domain TPCs are the most likely candidates for this 

intermediate position within ion channel evolution (Ishibashi et al., 2000; Rahman et 

al., 2014). Recent crystal structures of AtTPC1 (Guo et al., 2016; Kintzer and Stroud, 

2016; Patel et al., 2016) have confirmed earlier biochemical reports that they do indeed 

form dimers from two-domain subunits (Zong et al., 2009; Hooper et al., 2011; 

Rietdorf et al., 2011; Churamani et al., 2012). Phylogenetic analyses of the individual 

TPC domains indicates that they are substantially diverged from one another, and are 

instead more related to equivalent domains in four-domain channels (Rahman et al., 

2014) (Fig. 1.1).  

The modularity of the voltage sensor and pore regions in symmetrical, 

prokaryotic channels is established (Santos et al., 2008, 2012, McCusker et al., 2011, 

2012, Shaya et al., 2011, 2014). For example, the isolated pore region of NaVMs forms 

an open, folded tetramer that supports Na+ flux, even in the absence of the voltage 

sensor  (McCusker et al., 2012). These purified pore-only proteins are also useful for 

structural characterisation (Table 1.3) (McCusker et al., 2012; Santos et al., 2012; 

Shaya et al., 2014). However, this work concerns symmetrical homomeric channels 

from bacteria; the functional architecture of isolated pores from more complex 

channels is less clear due to the inherent difficulties analysing larger channels with 

highly diverged domains. 
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With their two-domain architecture, the TPCs offer a tractable opportunity to 

probe the pore functionality of multi-domain channels. Moreover, little is known about 

the pore architecture of TPCs themselves. Here, I characterise pore-only constructs 

dissected from both domains of human TPC2. Despite substantial domain divergence, 

I demonstrate that both pores form structurally and functionally competent channels 

in the absence of the other. These data highlight evolutionary functional redundancy 

within multi-domain voltage-gated ion channel pores and provide a novel and useful 

tool to probe the structure of human TPCs. 
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Materials & Methods 
All reagents are from Sigma unless otherwise stated. 

Bioinformatics 

Relevant protein sequences are shown in Table 2.1. Multiple sequence alignments 

were produced by ClustalOmega (Sievers et al., 2011). Secondary structure 

predictions were carried out using PSIPRED (Buchan et al., 2013) and JPred 

(Drozdetskiy et al., 2015). Disorder predictions were made by PrDOS (Ishida and 

Kinoshita, 2007), DisEMBL (Linding et al., 2003) and DISOPRED (Ward et al., 

2004).  

Channel Organism Accession/ 
PDB code 

Reference(s) 

HsTPC2 Homo sapiens AAH63008 (Brailoiu et al., 2009a) 
AtTPC1  Arabidopsis thaliana 5E1J (Guo et al., 2016) 
NaVSp  Silicibacter pomeroyi AAR26729 (McCusker et al., 2011; 

Shaya et al., 2011) 
NsVBa Bacillus alcalophilus AFV25941 (DeCaen et al., 2014; 

Miller et al., 2016) 
NaVAe  Alkalilimnicola ehrlichei 4LTO (Shaya et al., 2011) 
NaVMs Magnetococcus marinus (also 

known as M. spirillium) 
3ZJZ (McCusker et al., 2012), 

NaVAb Arcobacter butzleri 4EKW (Payandeh et al., 2011) 
NaVRh  Rickettsiales sp. HIMB114 4DXW (Zhang et al., 2012) 
NaVCt Caldalkalibacillus thermarum 4BGN (Tsai et al., 2013) 

Table 2.1. Protein sequences used for sequence alignments. 

 

Plasmids 

For expression in HeLa cells, nucleotide sequences corresponding to the pore regions 

of TPC2 were amplified by PCR using IMAGE Clone 5214862 (BC063008) as the 

template and domain-specific primers (Cloning primers, Table 2.2). The pore regions 

were defined as S212-M344 (DI pore) and L575-R752 (DII pore; see Results for 

justification). To generate C-terminally-tagged constructs, the gene products were 

inserted in frame between EcoRI/XhoI sites of a pCS2+ vector containing the coding 

sequence of GFP or mRFP. The DI pore mutant was generated by site-directed 

mutagenesis using primers previously used to introduce the L265P mutant in the full 

length channel (Brailoiu et al., 2010b) (DI mutant, Table 2.2).  
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For expression in E. coli cells, codon-optimised nucleotide sequences were 

synthesised by MWG Operon and inserted between the NdeI/BamHI sites of pET15b 

to generate N-terminally hexa-histidine-tagged constructs. The initial codon-

optimised construct spanned S212-Q418 and incorporated the entire DI-DII linker. 

Site-directed mutagenesis with mutagenic primers (DI pore trunc., Table 2.2) was used 

to introduce a stop codon in DI pore after initial expression trials at the position 

equivalent to F338 in full-length channel. 

Cloning Primers 

DI pore 
(HeLa) 

Forward 5’-CACCGAATTCTGGATGGCCTCGCTGCCGGAAATG-3’  

Reverse 5’-AGGCTCGAGCATGGAGGATAGGACTTCAAAGG-3’  

DII pore 
(HeLa) 

Forward 5’-CACCGAATTCTGGATGGCCCTGGTGCAGAACATGCGT-3’  

Reverse 5’-AGGCTCGAGCCTGCACAGCCACAGGTG-3’  

Mutagenic Primers 

DI 
mutant 

Forward 5'-GTCTCTGACTTCCCCCCTGGTGCTGCTGA-3'  

Reverse 5'-TCAGCAGCACCAGGGGGGAAGTCAGAGAC-3'  

DI pore  
trunc. 

Forward 5'-GTACTCGCGCAGCCTAGGAGGTTTGCGCTTGTG-3'  

Reverse 5'-CACAAGCGCAAACCTCCTAGGCTGCGCGAGTAC-3'  

Table 2.2. Primer pairs used for cloning. Mutagenic bases are highlighted in red.  

  

DNA sequencing confirmed the correct sequences for all clones. pDsRed2-ER 

was obtained from Clontech Laboratories. Plasmids encoding full length TPC2 with 

C-terminal GFP (Brailoiu et al., 2009a) and LAMP1-mRFP (gifted plasmid) (Sherer 

et al., 2003) were described previously.  

 

Human Cell Culture 

HeLa cells were cultured at 37ºC in a 5% CO2 humidified atmosphere in Ca2+-

containing DMEM Glutamax I media (GIBCO), supplemented with 10% fetal bovine 

serum (FBS) (GIBCO), 100 U/ml penicillin and 100 µg/ml streptomycin (GIBCO). 

Cells were plated onto sterile 10mm coverslips coated with 20 µg/ml poly-L lysine 

(Sigma), or onto either 6- or 24-well tissue culture plates, and transiently transfected 

with Lipofectamine®2000 (Invitrogen), as per the manufacturer’s protocol. 

To prepare lysates for Western blotting, cells in 6-well plates were harvested 

by scraping and lysed in Ripa buffer (150 mM NaCl, 50 mM Tris, 0.5% (w/v) sodium 
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deoxycholic acid, 0.1% (v/v) sodium dodecyl sulphate (SDS), 1% (v/v) Triton X-100, 

pH7.4, supplemented with ethylenediaminetetraacetic acid (EDTA)-free protease 

inhibitors (Roche) and HaltTM phosphatase inhibitor cocktail (Thermo Scientific)) for 

30 min on ice. Samples were centrifuged at 15,000 g at 4ºC for 15 min to harvest the 

resulting supernatant. Protein concentrations were calculated using a bicinchoninic 

acid assay, calibrated to bovine serum albumin protein standards. 

 

Fluorescence Activated Cells Sorting (FACS) 

Cells in 24-well plates were harvested by incubation with 1% trypsin and washed in 

FBS-containing media. Harvested cells were combined with the growth media to 

ensure all cell fragments were retained for FACS analysis. FACS measurements were 

carried out using a BD Accuri C6 Flow Cytometer (BD Bioscience) with a 488 nm 

laser. Emission filters were 533/30 nm (GFP) and >670 nm (mRFP), using the FL1 

and FL3 detectors respectively. Events were plotted on forward and side scattered light 

scales. Controls of untreated and toxin-treated (1 µM thapsigargin, 1 µM FCCP and 

100 nM bafilomycin) cells were used to draw gates for viable and non-viable cells, 

respectively. Data were processed using Accuri CFlow. 

 

Bacterial Cell Culture and Protein Purification 

The DI pore constructs were overexpressed by the addition of 0.5 mM 

isopropylthiogalactoside to C41(DE3) E. coli cells grown in lysogeny broth containing 

100 µg/ml ampicillin at an A600 of 0.7-0.9. Cells were cultured for a further 3h at 37ºC 

or 18hr at 22ºC (for expression trials), pelleted by centrifugation and stored at -80ºC. 

Cell pellets were resuspended at 4 ml/g of cells in lysis buffer (25 mM Tris, 300 mM 

NaCl, 0.2 mM phenylmethylsulfonyl fluoride (PMSF), 1 µg/ml DNAse I (Life 

Technologies), 2.5 mM MgSO4, pH7.4 supplemented with EDTA-free protease 

inhibitor (Roche)) and lysed by pressure homogenisation with an Avestin EmylsiFlex-

C5. The resulting homogenate was centrifuged at 10000 g for 30 mins at 4ºC to pellet 

unlysed cells and inclusion bodies. The supernatant was then centrifuged at 200000 g 

for 2.5 hours at 4ºC to pellet the membrane fraction. The membrane pellets were 

resuspended in solubilisation buffer (25 mM Tris, 500 mM NaCl, 0.2 mM PMSF, 

pH7.4, supplemented with EDTA-free protease inhibitors and an excess of detergent) 

and incubated for 2h at 4ºC. The detergents used (with % (w/v) used for solubilisation 



 69 

in parentheses; all from Anatrace) were: n-decyl β-D-maltopyranoside (DM, 0.87%) 

and in initial expression trials, lauryldimethylamine oxide (LDAO, 0.23%); n-dodecyl 

β-D-maltopyranoside (DDM, 1%) and Cymal-5 (1.2%). Insoluble material was 

removed by centrifugation at 20000 g for 30 mins at 4ºC. To bind His-tagged proteins, 

the soluble fraction was incubated with either Ni-NTA (Qiagen) or TALON® 

(Clontech) affinity resin in the presence of 20 mM imidazole to reduce non-specific 

binding. After ~18 hours at 4ºC, the protein-bound resin bed was washed with 80x bed 

volume of buffer A (25 mM Tris, 500 mM NaCl, 0.174% (w/v) DM, pH7.4) 

containing 20 mM imidazole. Bound protein was eluted with 5x bed volume of buffer 

A containing 500 mM imidazole. The sample was then concentrated using a 50 kDa-

cutoff Amicon Ultracentrifugal filter, diluted with buffer A and re-concentrated to 

remove imidazole.  

For size exclusion chromatography, the concentrated sample (~100 µl) was 

loaded onto a Superdex 200 10/300 GL gel filtration column (GE Healthcare), 

connected to an AKTA FPLC and eluted with buffer A at 0.5 ml/min. The purified 

protein (~300 µg from a 45 l culture) was concentrated to ~10 mg/ml, flash-frozen in 

liquid nitrogen and stored at -80ºC. Gel filtration columns were calibrated using 

protein standards (Sigma). The identity of the purified TPC2 DI pore was confirmed 

by mass spectrometry at the Protein and Nucleic Acid Chemistry Facility, Cambridge 

University, UK. 

The NsVBa pore (A138-Q265) was expressed and purified as previously 

described (Miller et al., 2016).  

 

SDS PAGE and Western Blotting 

HeLa cell lysates (15 µg), raw and solubilised E. coli membranes, affinity and size 

exclusion chromatography fractions, or purified pore proteins (2.2 ng) were separated 

on NuPAGE Novex 4–12% BisTris SDS gels (Life Technologies) and, where 

indicated, stained with Instant Blue Coomassie stain (Expedeon). 

For Western blotting, proteins were transferred to PVDF membranes (BioRad 

or iBlot, Life Technologies) according to standard procedures. The primary antibodies 

used were anti-GFP (rabbit polyclonal a-GFP, A11122 Life Technologies, 1 in 1000), 

anti-TPC2 (rabbit polyclonal a-TPC2, Eurogentec custom antibody, 1 in 1000) 

(Hooper et al., 2011), anti-BiP (rabbit polyclonal a-GRP78/BiP, ab21685 Abcam, 1 
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in 8000) and anti-actin (goat polyclonal a-actin, sc1615 Santa Cruz Biotech, 1 in 500). 

Blots were developed using secondary antibodies conjugated with horseradish 

peroxidase (either goat a-rabbit, 1706515 BioRad; or rabbit a-goat, sc2768 Santa 

Cruz Biotech; 1 in 2000) and the ECL Prime Western Blotting System (GE 

Healthcare). All antibodies were incubated for 1 hr at room temperature. Where 

necessary, blots were stripped by sequential washes in boiling 100 mM glycine, pH 

2.5. His-tagged proteins were detected using a monoclonal a-poly-histidine/alkaline 

phosphatase conjugate antibody (mouse, A5588 Sigma, 1 in 2000, 2hrs at room 

temperature). These blots were developed using SIGMAFAST BCIP/NBT tablets 

(Sigma), as per the manufacturer’s instructions.  

 

Dynamic Light Scattering 

Dynamic light scattering experiments were carried out using a pUNk instrument 

(Unchained Labs) as per the manufacturer’s instructions. Purified protein (5 µl at 5 

mg/ml) was loaded into a blade cell. Using an unbiased approach, optimal traces from 

10 runs were combined to calculate hydrodynamic diameter and polydispersity. 

 

Synchrotron Radiation Circular Dichroism (SRCD) Spectroscopy 

SRCD spectra were measured at the Disco beamline at the Soleil Synchrotron (France) 

by Andrew J. Miles. Data were collected in a 0.1 nm path-length demountable Suprasil 

cell (Hellman Ltd, UK) at 15o C from 270 nm to 180 nm, using a 1 nm step size and a 

dwell time of 1.2 seconds. Spectra (obtained in triplicate) were baseline-corrected 

using protein-free buffer A, calibrated using camphor sulphonic acid, and scaled to 

units of delta epsilon using a mean residue weight value of 113.1. Processing was 

undertaken using the CDtools software (Lees et al., 2004). Resulting spectra were 

analysed for secondary structure content using the DichroWeb analysis server 

(Whitmore and Wallace, 2008) with the CONTIN algorithm and the SMP180 

reference dataset specifically designed for the analysis of membrane proteins (Abdul-

Gader et al., 2011). Thermal melt experiments were performed between 15oC and 

95oC by obtaining triplicate spectra at 222 nm, following 5oC step increments and an 

equilibration period of 5 min. 
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Confocal Microscopy 

Cells were fixed in 4% (w/v) paraformaldehyde (VWR International) for 10 min at 

room temperature. Confocal images were captured using the LSM510 confocal 

scanner attached to an inverted Axiovert 200M microscope (Zeiss) fitted with a Plan-

Apochromat 63x, water immersion objective. The excitation wavelengths (ex) and 

emission filters (em) were as follows: DAPI ex 364 nm/em 385-470 nm; GFP, ex 488 

nm/em 505-530 nm; mRFP, ex 543 nm/em 560-615 nm. Zeiss ZEN2009 and ImageJ 

software were used to acquire and present the images, respectively. Pearson’s 

colocalisation coefficients were calculated using the Coloc2 plugin for ImageJ. 

 

Live Cell Ca2+ Imaging 

Cytosolic Ca2+ concentration was measured using the ratiometric dye, Fura-2. HeLa 

cells were incubated for 1 hour with 2.5 µM Fura-2-AM (Life Technologies) and 

0.005% (v/v) pluronic (Life Technologies) in HEPES-buffered saline (HBS; 1.25 mM 

KH2PO4, 2 mM CaCl2, 2 mM MgSO4, 3 mM KCl, 156 mM NaCl, 10 mM D-glucose 

and 10 mM NaHEPES, pH 7.4). Cells were washed in HBS and mounted in a 1 ml 

imaging chamber. Fluorescence images were captured with a cooled coupled device 

camera (TILL photonics) attached to an Olympus IX71 inverted fluorescence 

microscope, fitted with a 20x objective and a monochromator light source. At 3 s 

intervals, Fura-2 was excited at 340/380 nm (for Ca2+ imaging) or at 360 nm (the 

isosbestic point of Fura-2, for quench measurements), with emission captured using a 

440 nm long-pass filter. Following baseline recording in HBS, cells were either treated 

with 1 µM ionomycin or were washed into Ca2+ free HBS (CaCl2 replaced with 1 mM 

EGTA) before stimulation with 1 µM thapsigargin (Merck), or into nominally Ca2+ 

free HBS (i.e. without CaCl2) before incubation with 1 mM MnCl2 for quench 

experiments. GFP-transfected cells were identified prior to Ca2+ measurements by 

excitation at 488 nm, capturing emission with a 515 nm long-pass filter.  

 

Radiotracer Flux 

Flux experiments were carried out based on previously validated protocols (Nimigean, 

2006; McCusker et al., 2011) as outlined in Fig. 2.1. 
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Figure 2.1 Radiotracer flux protocol. Purified pore protein was added to lipids that had been 

solubilised in intraliposomal buffer. Solubilised proteoliposomes were then purified into fresh 

intraliposomal buffer (A). To set up an electrochemical gradient, purified proteoliposomes were 

exchanged into extraliposomal buffer, which permitted cation efflux through permeable channels (B). 

This created a lumen negative liposomal membrane potential, which could drive uptake of 

extraliposomal radiotracer (C). The reaction was terminated by washing samples through DOWEX ion 

exchange resin to remove extraliposomal cations, and counting the retained radioactivity (D). 

 

A 3:1 mixture of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 

(POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG, 

both from Avanti Polar Lipids) was sonicated in intraliposomal buffer supplemented 

with 37mM CHAPS (Anatrace). The mixture was incubated at room temperature for 

2 hrs prior to addition of purified pore proteins (20 µg protein/mg lipid). Following a 

further 20 min incubation, proteoliposomes were recovered by sequential 

centrifugation (700 g, 10 s) through partially dehydrated Sephadex G50 columns (1 

ml) pre-soaked in intraliposomal buffer (Fig. 2.1A) and extraliposomal buffer, 

respectively (Fig. 2.1B). The intraliposomal buffer was composed of 10 mM HEPES, 

4 mM NMDG, 0.5 mM EGTA and either 300 mM BaCl2 (for 45Ca experiments) or 

450 mM NaCl (for 22Na experiments). Ba2+ was used instead of intraliposomal Ca2+ 

due to the expected permeability of Ba2+ (Rybalchenko et al., 2012) and possible 

effects of very high concentrations of Ca2+ (Pitt et al., 2010; Rybalchenko et al., 2012). 

The extraliposomal buffers contained 400 mM D-sorbitol, 10 mM HEPES, 4 mM 

NMDG, with 0.5 mM EGTA for 22Na experiments only. All buffers were at pH7.4 to 

prevent potential proton gradients from driving radiotracer flux, and because the 

orientation of pore proteins within the liposomes is unknown (likely random).  

To initiate flux, proteoliposomes were diluted into extraliposomal buffer 

supplemented with 2 µCi/ml 45Ca (specific activity: 25.6 mCi/mg) or 0.5 µCi/ml 22Na 

(specific activity: 633.8 mCi/mg) (both from Perkin Elmer) (Fig. 2.1C). For 
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pharmacology experiments, the extraliposomal buffer also contained either 100 µM 

diltiazem or 1 mM bupivacaine. Unincorporated radiotracer was removed by passing 

triplicate samples (60 µl) through NMDG-charged DOWEX cation exchange columns 

(0.5 ml), pre-soaked in 400 mM sorbitol (Sigma), at the stated time points (Fig. 2.1D). 

Samples were eluted with 1 ml of 400 mM sorbitol and radioactivity determined by 

liquid scintillation counting. Reaction termination took 15-30s. 2.5±0.4% of the 

radiotracer was retained in the liposome-only condition at t=60 min.  To reduce non-

specific binding, the DOWEX columns were sequentially washed with 400 mM 

sorbitol containing 5 mg/ml bovine serum albumin and 10 mg/ml POPE/POPG prior 

to use.  

 

Homology Modelling 

Homology modelling of the human TPC2 DI pore monomer was carried out using the 

Phyre2 server (Kelley et al., 2015) with the crystal structure of AtTPC1 (pdb: 5E1J) 

as a template (Guo et al., 2016), according to the alignment in Fig. 2.7F. Residues 

D245-R251 in the putative turret loop between S5 and the first pore helix were 

excluded due to lack of suitable template. Energy minimisations were carried out with 

GalaxyRefine (Ko et al., 2012). The model with the lowest MolProbity score (Chen et 

al., 2010) was assembled into a tetramer by structural alignment with AtTPC1 and 

further refined using GalaxyRefineComplex (Ko et al., 2012). The interior cavity of 

the pore was visualised using HOLE (Smart et al., 1996). Images are presented using 

VMD (Humphrey et al., 1996) or PyMOL. Ligand-protein interactions were predicted 

using LigPlot+64. 

 

Electrostatics Calculations 

Electrostatic potential energy calculations using the Poisson-Boltzmann equation were 

carried out using APBSmem (Callenberg et al., 2010), as described previously (Naylor 

et al., 2016). The homology model of the DI pore was aligned along the z-axis and 

centered at 0,0,0. Partial charges and atomic radii were assigned to the homology 

model by PDB2PQR (Dolinsky et al., 2007) using the CHARMM parameter set (Best 

et al., 2012). A 300 x 300 x 300 Å3 map with 97 x 97 x 97 gridpoints was used within 

APBSmem. The 40 Å-thick hydrophobic membrane slab ranged between -25 Å and 

15 Å in the z-axis, with a water-containing exclusion of 18 Å diameter through the 
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pore. The dielectric constants for water, membrane and protein were 80, 2 and 2, 

respectively, whilst the ionic strength was set at 0.1 M with columbic charges of ±1 

and radius of 2 Å. The water probe radius was 1.4 Å, and the temperature was 298.15 

K. The charge and surface models were Spl2 and Mol respectively. Energy 

calculations were made for Ca2+, Na+ and Cl- (with final Born radii of 1.73 Å, 1.68 Å 

and 1.88, Å respectively) at 3 Å intervals along the z-axis.  

 

Docking 

Structures of diltiazem and bupivacaine were downloaded from the ZINC database 

(Irwin et al., 2012) and were docked to the structural model using Autodock4.2 

(Morris et al., 2009) as previously described (O’Reilly et al., 2006; Rahman et al., 

2014). Docking was performed in a blind fashion using a 50 x 50 x 50 Å grid with 

0.375 Å spacing. 100 docking runs were carried out using a Lamarkian genetic 

algorithm (Morris et al., 1998) using default parameters. The top ranked pose for each 

compound was selected for presentation. 
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Results 

Design of TPC2 Pore-only Constructs 

I tested the hypothesis that the two divergent pore regions of TPCs (S5-S6 from both 

domains) would form stand-alone channels (Fig. 2.2A). Such channels would mimic 

the ancestral pores of TPCs. To define the pore boundaries, I focused on human TPC2 

and performed multiple sequence alignments with the pore regions of previously 

characterised pore-only and full-length bacterial NaV channels (Fig. 2.2B). The N-

termini were defined as midway between the previous pore-only constructs, just 

upstream of the S5 regions in NaV channels (Fig. 2.2B, arrow). For the C-termini, there 

appears to be little homology between the TPCs and the pore-only or structurally-

resolved NaV channels (Fig. 2.2B). I resolved this complication in construct design for 

the second pore domain (DII) by including the entire C-terminus of TPC2. For the first 

pore domain (DI), I used secondary structure and disorder predictions to determine the 

C-terminal boundary. These predictions indicated an extended and uninterrupted 

helical region downstream of the equivalent end of S6 in NaV channels (Fig. 2.2C). I 

therefore designated the C-terminus of the DI pore at the end of this extended helix. 

The pore regions for human TPC2 were thus defined as residues S212-M344 (DI pore) 

and L575-R752 (DII pore). 

 

Expression of TPC2 Pore-only Constructs 

I generated C-terminally GFP-tagged constructs, as well as an mRFP-tagged construct 

for DI, for cell biology studies. Both TPC2 pores expressed readily in HeLa cells, as 

assessed by Western blotting against GFP (Fig. 2.3A; expected monomeric sizes: 42 

kDa (DI) and 48 kDa (DII)). The DII pore (but not the DI pore) was resolved as a 

doublet, likely reflecting full and core N-glycosylation, similar to the full length 

channel (Hooper et al., 2011). I also generated and expressed a mutant DI pore 

construct (Fig. 2.3A); the equivalent mutation in the full length channel (L265P) 

abrogates channel activity (Brailoiu et al., 2010b). Coexpression of the DI-RFP and 

DII-GFP pore regions gave a very low transfection efficiency, potentially due to 

extensive cell death (data not shown). 

Large quantities of pure protein are required for biophysical and structural 

studies. E. coli can be a useful tool for protein production, however this is notoriously 

challenging for human constructs, particular those encoding membrane proteins. I 
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Figure 2.2. Design of TPC2 pores. (A) Schematics of human TPC2 pores shown in full length context 

including N-glycosylation (left), and in their predicted assembly when isolated (right). (B) Multiple 

sequence alignment of the pore regions of human TPC2 (HsTPC2) domain I (DI) and domain II (DII) 

pores with the previously characterised pore-only bacterial channels (NaVSp, NsVBa, NaVAe and 

NaVMs) and the pore regions of the structurally-resolved full length Na+ channels (NaVAb, NaVRh and 

NaVCt). For channels where the structure has been solved, the transmembrane helices and re-entrant 

pore helices are highlighted in yellow and cyan, respectively. For HsTPC2 DII, a short 18-residue turret 

loop was removed, denoted by ^. Arrow indicates the first residue in the DI and DII pores. (C) Helical 

(dark blue) or ordered (light blue) sections of sequence at the putative end of S6 of DI from human 

HsTPC2_DI  ---SLPEMASVGLLLAIHLCLFTMFGMLLFAGGKQDDG-QDRERLTYFQNLPESLTSLLV 267
NaVSp FITALPGMASVFLLMTIIFYIGAVIATKLFAASF----------PDWFGDLGLSAYTLFQ 171
NsVBa ------ALGNILILMSIIFYIFAVLGTMLFANVA----------PEYFANLQLSMLTLFQ 188
NaVAe LLRAIPGIAWIALLLLVIFYVFAVMGTKLFAQSF----------PEWFGTLGASMYTLFQ 191
NaVMs ------GVGSVAALLTVVFYIAAVMATNLYGATF----------PEWFGDLSKSLYTLFQ 171
NaVAb ------GMLSVIALMTLFFYIFAIMATQLFGERF----------PEWFGTLGESFYTLFQ 190
NaVRh -----RRVFFVSLLLFIILYIYATMGAILFGNDD----------PSRWGDLGISLITLFQ 175
NaVCt --------GNIMLLMGLIFYIFGVMGTFLFRDVA----------PEYFGSLHLSLITLFQ 187
HsTPC2_DII      ---LVQNMRAFGGILVVVYYVFAIIGINLFRGVIVALP^QLEYWANNFDDFAAALVTLWN 648

:: :   :   :   *:                 :  :  :  :*  
HsTPC2_DI   LLTTAN-NPDVMIPAYSKNRAYAIFFIVFTVIGSLFLMNLLTAIIYSQFRGYLMKSLQTS 326
NaVSp IMTLESWSMGIVRPVMQVYPYAWLFFVPFIMITTFAVVNLLVGLIVNSMQDAHHAEDGER 231
NsVBa IVTLDSWGSGVMRPILVDIPWAWTYFIAFVLVGTFIIFNLFIGVIVNNVEKANEDEVKDK 242
NaVAe VMTLESWSMGIARPVIEAYPWAWIYFVSFILVSSFTVLNLFIGIIIESMQSAHWEAEDAK 251
NaVMs VMTLESWSMGIVRPVMNVHPNAWVFFIPFIMLTTFTVLNLFIGIIVDAMAITKEQEEEAK 232
NaVAb VMTLESWSMGIVRPLMEVYPYAWVFFIPFIFVVTFVMINLVVAICVDAMAILNQKEEQHI 250
NaVRh VLTLSSWET-VMLPMQEIYWWSWVYFFSFIIICSITILNLVIAILVDVVIQKKLE----- 229
NaVCt VVTLESWASGIMRPIMAEVFWSWIYFVAFILVGTFVIFNLFVGVIVSNVERAETEDAEQE 247
HsTPC2_DII LMVVNNWQVFLDAYRRYSGPWSKIYFVLWWLVSSVIWVNLFLALILENFLHKWDPRSHLQ 708

::        :             :*  :  : :    **   :                
HsTPC2_DI   LFR--RRLG------TRAAFEVLSSM--------------------------------- 344
NaVSp TDAYRDE-----------VLARLEQIDQRLNALGETKK--------------------- 258
NsVBa VKEKEEA-----------AQKQMDSLHEELKEIKQYLKSIEKQNRSS------------ 278
NaVAe RIEQEQR-----------AHDERLEMLQLIRDLSSKVDRLERRSGKR------------ 287
NaVMs TG-------------------HHEPISQTLLHLGDRLDRIEKQLAQNNELLQRQQPQKK 274
NaVAb IDE---------------VQSHEDNINNEIIKLREEIVELK-------ELIKTSLKN-- 139
NaVRh ----------------------------------------------------------- 99
NaVCt EGQREERQGLFEGDGSSVSAEEIAKLRQEIKELRQLLKELKDHHSQSST---------- 151
HsTPC2_DII  PLA---------GTPEATYQMTVELLFRDILEEP-EEDELTERLSQHPHLWLCR----- 752
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TPC2, as predicted by the stated programme. Arrows indicate the last residues of the two DI pore 

constructs (M344 for the HeLa expression, and A337 for final E. coli expression). For comparison, the 

sequences of the C-termini of NaVMs and NaVAe are shown (unaligned), with S6 highlighted in yellow. 

 

focused on the DI pore because it has a shorter intraluminal loop without N-

glycosylation sites (Fig. 2.2A). I generated a DI pore construct with an N-terminal 

hexa-histidine tag, which was codon-optimised for expression in E. coli. As the 

effectiveness of protein expression in E. coli can be highly dependent on the construct 

length (Gräslund et al., 2008a, 2008b), I initially used a DI pore construct that included 

the entire DI-DII linker (DI pore-long; expected size 20 kDa). This longer sequence 

would enable stop codons to be introduced by simple mutagenesis, if required. In the 

first instance, I carried out expression and purification trials of this DI pore-long 

construct in C41(DE3) cells, which are optimised for expressing membrane proteins 

(Wagner et al., 2008). Western blot analysis of isolated E. coli membranes indicated 

that the cells expressed the protein optimally at 37ºC, with little expression at 22ºC 

(Fig. 2.3B). The protein solubilised efficiently in the detergents DM, DDM and 

Cymal-5 but not in LDAO, as assessed by Western blotting (Fig. 2.3C). I initially 

employed affinity chromatography with the high-affinity Ni-NTA resin to purify the 

protein, but this approach produced a high level of impurities (Fig. 2.3D). This 

contamination was substantially reduced by replacing Ni-NTA with Co2+-conjugated 

TALON resin (Fig. 2.3D).  

Purifications of this long construct consistently contained impurities (Fig. 

2.3C-D). For example, Western blots from the solubilisation trial indicated a number 

of His-tagged proteins of a smaller molecular weight (Fig. 2.3C), likely corresponding 

to C-terminal proteolytic cleavage products. I addressed this by generating constructs 

with shorter linkers. The most effective expression was achieved at 37ºC for the S212-

A337 pore construct, as assessed by Western blotting of isolated E. coli membranes 

(Fig. 2.3E; expected size 14.6 kDa). This truncation roughly corresponds to the end of 

the extended S6 helix from secondary structure and disorder predictions (Fig. 2.2C, 

arrow). I therefore settled upon an expression and purification strategy with this 

construct, expressing the protein in E. coli for 3 hours at 37ºC, solubilising in DM 

detergent, purifying by affinity chromatography with TALON resin and polishing with 

size exclusion chromatography. This process produced a highly pure protein sample  
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Figure 2.3. Expression of TPC2 pores. (A) Western blot analysis using a a-GFP antibody against 

lysates of HeLa cells transfected with plasmids encoding the indicated GFP-tagged pore-only proteins 

(expected sizes: 42 kDa for DI pore and 48 kDa for DII pore). (B-D) Expression, solubilisation and 

purification trials of E. coli cells transformed with a plasmid encoding the hexa-histidine-tagged TPC2 

DI pore-long construct (S212-Q418) (expected size: 20 kDa). Western blot analysis using an a-poly-
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histidine antibody against membrane fractions isolated from E. coli cells during expression trials at 

37ºC and 22ºC (B) and against membranes solubilised in DM, DDM, Cymal5 and LDAO (C). (D) 

Coomassie-stained SDS PAGE analysis of the proteins eluted by 500 mM imidazole from washed Ni-

NTA or TALON resin beads during affinity chromatography purification trials. (E) Expression trial of 

TPC2 DI pore (S212-A337) (expected size: 14.6 kDa) using methods detailed in (B). (F) Coomassie-

stained SDS PAGE analysis of fractions obtained during purification of TPC2 DI pore by size exclusion 

chromatography. (G) Western blot analysis using a a-TPC2 antibody against purified TPC2 DI and 

NsVBa pores (expected sizes: 14.8 kDa for TPC2 and 15 kDa for NsVBa). Molecular weight calibration 

markers (in kDa) are highlighted throughout. (H) Size distribution of the purified pore using dynamic 

light scattering. (I) SRCD spectrum of purified TPC2 DI pore at 20ºC. (J) Thermal denaturation of 

purified TPC2 DI pore, monitored using SRCD spectroscopy at 222 nm. 

 

(Fig. 2.3F) in sufficient quantities to allow biophysical analysis (~300 µg from a 45-

litre culture). 

The identity of the protein was confirmed by Western blotting using an anti-

TPC2 antibody targeted to an epitope within the first pore helix (Fig. 2.3G). As a 

negative control against non-specific antibody binding, I also probed the equivalent 

pore region of NsVBa, a non-selective prokaryotic VGIC from Bacillus alcalophilus 

(DeCaen et al., 2014), which I purified in parallel (Fig. 2.3G; expected size 15 kDa). 

Mass spectrometry results concur with the identity of the protein (data not shown).  

Ordinarily, it is possible to ascertain the oligomeric size of a protein during 

size exclusion chromatography by the UV absorbance of tryptophan residues. By an 

unusual biochemical quirk, the DI pore contains no tryptophans. Instead, I estimated 

the oligomeric size of the purified protein as ~60 kDa by comparing the elution 

fraction during size exclusion chromatography with known calibration standards (Fig. 

2.3F; individual subunit 14.6 kDa). I independently estimated the oligomeric size by 

dynamic light scattering, which indicated that the purified protein sample contained a 

single species (39% polydispersity) with a hydrodynamic diameter of 6.1 nm (Fig. 

2.3H). To probe the secondary structure of the protein, I used SRCD spectroscopy 

(Miles and Wallace, 2016). This demonstrated a well-ordered structure comprising 59 

± 3% helix (Fig. 2.3I), in agreement with the 58% helical content expected from the 

secondary structure prediction. Furthermore, the purified protein underwent a 

substantial and cooperative loss of helical secondary structure upon thermal melting 

(Fig. 2.3J).  
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Together, these data demonstrate that both pores of human TPC2 can be 

expressed in isolation to form stable homo-tetrameric complexes that are correctly 

folded and processed. 

 

Activity of TPC2 Pore-only Constructs 

Next, I assessed the functionality of the pores. Confocal microscopy of HeLa cells 

expressing the GFP-tagged pores revealed colocalisation with an ER- but not a 

lysosomal- marker (Fig. 2.4A). Because the ER is a store of Ca2+, I reasoned that if  

 
Figure 2.4. Characterisation of isolated TPC2 pores in HeLa cells. (A) Confocal images of HeLa 

cells co-expressing the ER marker pDsRed2-ER (red, top) or the lysosomal marker LAMP-1 (red, 

bottom) with the indicated GFP-tagged pore (green). Nuclei (blue) were stained with DAPI. Scale bar 
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is 10 µm. Colocalisation traces calculated between white arrowheads (below respective panels). 

Pearson’s colocalisation coefficients between the pores and the ER/lysosomal markers were 0.74/ 0.28 

(DI), 0.76/0.33 (DII), and 0.78/0.21 (DI mutant). (B) Representative experiments detailing cytosolic 

Ca2+ levels of individual HeLa cells expressing the indicated pore-only construct, stimulated with 1 µM 

thapsigargin in the absence of extracellular Ca2+. (C) Bar graphs quantifying the magnitude of the Ca2+ 

signal. n=9 from 3 independent cell platings; * denotes p<0.01, as assessed by one-way ANOVA with 

a Bonferroni post hoc correction.  

 

the pores were functional, Ca2+-permeable and constitutively-active they might 

deplete ER Ca2+ levels. To test this, I estimated ER Ca2+ content by measuring Ca2+ 

leaks into the cytosol upon treatment with thapsigargin, a SERCA inhibitor. Cytosolic 

Ca2+ signals were substantially reduced in cells expressing either the DI or DII pore, 

but not the mutant DI pore (Fig. 2.4B-C). This was despite comparable expression 

levels (Fig. 2.3A) and localisation (Fig. 2.4A).  

 

Figure 2.5. Effects of direct mobilisation of ER Ca2+. (A) Representative experiments detailing 

cytosolic Ca2+ levels of individual HeLa cells expressing the indicated pore-only construct, stimulated 

with 1 µM ionomycin. (B-C) Bar graphs quantifying the magnitude of the ionomycin-induced Ca2+ 

signal (B) and the baseline Ca2+ level (C). n=9 from 3 independent cell platings. 
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Nevertheless, reduced cytosolic Ca2+ signals in response to thapsigargin may 

result from a secondary interference with the ER Ca2+ leak pathway. To more directly  

assess ER Ca2+ content, I monitored cytosolic Ca2+ upon treatment with ionomycin, a 

Ca2+ ionophore (Fig. 2.5A). Again, cells expressing either the DI or DII pores 

displayed decreased Ca2+ signals compared with untransfected cells (Fig. 2.5B), 

although the DI pore mutant also showed reduced responses. As the thapsigargin and 

ionomycin responses indicate that ER Ca2+ levels are decreased upon pore expression, 

I investigated whether there was a concomitant increase in basal cytosolic Ca2+ levels. 

I found only a very modest increase in all of the transfected conditions (Fig. 2.5C). 

I hypothesised that the putative ER Ca2+ depletion might lead to cell death, 

which would concur with anecdotal evidence during cell culture (data not shown). 

FACS experiments showed that HeLa cells transfected with either the DI or DII pores 

were substantially less viable than their untransfected counterparts (Fig. 2.6A). It is 

possible that the observed depletion of ER Ca2+ may initiate- or be initiated by- the  

 
Figure 2.5. Consequences of ER-localisation of isolated TPC2 pores in HeLa cells. (A) FACS 

analysis of cell viability in untransfected HeLa cells or cells expressing either DI pore-RFP or DII pore-

GFP. n=3 independent experiments, ** denotes p<0.001 versus untransfected cells as assessed by one-

way ANOVA with a Bonferroni post hoc correction. (B) Western blot analysis using an a-BiP (top) or 
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a-actin (bottom) antibody against HeLa cells transfected with a mock protocol, pore only constructs, 

or full length TPC2 (FL). Molecular weight calibration markers (in kDa) are highlighted. (C-D) Mn2+ 

quench experiments with cells expressing the indicated pores or pDsRed2-ER, monitoring Fura-2 

emission at 360 nm excitation. Data represent average traces normalised to the fluorescence intensity 

in Ca2+ free media (C) and quantification of the loss of fluorescence after 120 s of Mn2+ challenge (D). 

n=6-8 from 3-4 independent experiments, statistical significance assessed by one-way ANOVA with a 

Bonferroni post hoc correction.  

 

unfolded protein response (UPR) and lead to the increased cell death. A Western blot 

probing the expression of BiP, an ER chaperone upregulated during the UPR 

(Oslowski and Urano, 2011), indicated equivalent expression levels in both pore-only 

and control conditions (Fig. 2.6B). 

Recent work in the lab has suggested that although GFP-tagged TRPML1 

seems to localise exclusively to the endolysosomal system by confocal microscopy, 

an ‘invisible’ proportion of the channels express on the plasma membrane and permit 

substantial divalent ion influx (Kilpatrick et al., 2016). I therefore examined whether 

the TPC2 pore proteins might have adopted a similar ‘invisible’ expression, which 

would enable electrophysiological characterisation. To test this, I harnessed the ability 

of Mn2+ ions to quench the fluorescence of the Ca2+ dye, Fura-2 (Merritt et al., 1989). 

Cells expressing either pore were challenged with Mn2+ and displayed a substantial 

Fura-2 quench compared with cells expressing a control ER marker (Fig. 2.6C-D). 

However, a significant quench was also observed in cells expressing the DI pore 

mutant (Fig. 2.6C-D). 

To independently measure pore functionality, I carried out liposomal 

radiotracer flux assays. In these experiments, I incorporated the purified DI pore 

protein into liposomes containing metal ions. Upon placing these liposomes in 

radiotracer-containing extraliposomal buffer, intraliposomal ions leak out and set up 

an electrochemical gradient, leading to the accumulation of radiotracer over time (Fig. 

2.7A; Fig. 2.1) (Nimigean, 2006). The reconstituted TPC2 DI pore supported 45Ca flux 

to a significantly greater extent than control liposomes (Fig. 2.7B). Additionally, 

diltiazem (a CaV blocker) and bupivacaine (a NaV blocker) both reduced 45Ca uptake 

by the DI pore (Fig. 2.7B) but had little effect on pore-free liposomes (data not shown), 

thereby attesting to specificity.  
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Figure 2.6. Functional characterisation of purified TPC2 DI pore. (A) Schematic summarising the 

radiotracer flux method for assessing pore functionality, see Fig. 2.1 for further details. (B) 

Intraliposomal 45Ca signal in counts per minute after 1hr incubation with control liposomes (red) or 

liposomes incorporating the purified TPC2 DI pore (green; n=9 independent experiments; * represents 

p<0.05, as assessed by unpaired Student’s t-test). Similar experiments were also carried out in the 
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presence of 100 µM diltiazem (stripes) or 1 mM bupivacaine (spots) (n=3-4 independent experiments). 

(C) As (B), but instead monitoring intraliposomal 22Na signal. * represents p<0.05, as assessed by 

unpaired Student’s t-test for n=6 independent experiments. (D-E) Time course of 45Ca (D) and 22Na (E) 

accumulation in control liposomes (red) or those incorporating TPC2 DI pore (green) or the NsVBa 

pore (orange). Data (n=3-4) are normalised to the parallel NsVBa signal at t=60 minutes. (F) Alignment 

of human TPC2 (HsTPC2) and TPC1 from Arabidopsis Thaliana (AtTPC1) used to generate the DI 

pore structural model, 30% sequence identity. For AtTPC1, structurally resolved transmembrane 

(yellow) and re-entrant pore helices (cyan) are highlighted. For HsTPC2, a short 7-residue turret loop 

was not modelled, denoted by ^. (G) Structural model of DI pore (grey), displaying the solvent-

accessible putative ion conduction pathway displayed as a surface plot. Blue indicates cavity diameters 

>5 Å, and green diameters between 2.3 and 5Å. (H-I) Calculated electrostatic potential energies for 

Ca2+, Na+ and Cl- (I) at the highlighted points throughout the selectivity filter of the DI pore (H). Blue 

spheres reflect the diameter of Ca2+ ions used within the calculation. (J) Zoomed view of diltiazem 

(cyan) and bupivacaine (magenta) docked to the structural model in (G), with a single monomer 

removed for clarity. Residues predicted to form hydrogen bonds with drugs (N305 from three chains, 

T308 from one chain) are highlighted (yellow). 

 

In light of conflicting reports concerning cation permeability of TPCs (see 

Table 1.1), I also examined 22Na uptake and again found that the DI pore was able to 

support Na+ flux above the liposome-only background (Fig. 2.7C). As an independent 

comparator for DI pore activity, I carried out parallel radiotracer experiments with the 

purified NsVBa and TPC2 DI pores. These demonstrated that the TPC2 DI pore passes 

a similar level of Ca2+ to NsVBa (Fig. 2.7D), but a substantially smaller fraction of Na+ 

(Fig. 2.7E).  

To rationalise these findings, I generated a structural model using a recently 

published plant TPC crystal structure as a template (Fig. 2.7F) (Guo et al., 2016; 

Kintzer and Stroud, 2016). A solvent-accessible cavity spanned the entire length of 

the putative ion conduction pathway of this model pore (Fig. 2.7G). Moreover, 

electrostatics calculations indicated negative (i.e. favourable) potential energies for 

both Ca2+ and Na+ but not Cl- at intervals within the selectivity filter (Fig. 2.7H-I), 

consistent with observed constitutive activity (Fig. 2.4B-C; 2.6A; 2.6C-D; 2.7B-E). I 

also performed molecular docking studies with diltiazem and bupivacaine. Both drugs 

bound within the pore cavity approximately midway between the selectivity filter and 

the bundle crossing (Fig. 2.7J). These drugs are predicted to form hydrogen bonds 

with asparagines residues in S6 from multiple chains (N305 in full length TPC2), with 

diltiazem forming an additional contact with T308 from a single chain (Fig. 2.7J). The 



 86 

predicted free energies of interaction were commensurate with drug block (Fig. 2.7B). 

In silico analyses thus support the experimental findings. 

Collectively, these data provide evidence that TPC pore regions form 

functional Ca2+- and Na+-permeable pores.  
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Discussion 
TPCs are the probable evolutionary intermediates between the better-characterised 

one- and four-domain VGICs (Fig. 1.2D). Individual domains of TPCs have 

undergone substantial divergence such that they are more related to equivalent 

domains in four-domain channels than to one another (Rahman et al., 2014). Yet, as 

shown here, individual homomeric TPC pore regions express readily and are 

functional. These constructs therefore appear to embody the minimum required unit 

for ionic flux. 

I defined the boundaries of the TPC2 pores guided by previous pore-only 

studies (Fig. 2.2B) (Santos et al., 2008; McCusker et al., 2011, 2012; Shaya et al., 

2011). However, although these prokaryotic channels align well with the TPC 

transmembrane segments, the regulatory C-termini appear to have little homology 

(Fig. 2.2B) suggesting they have been subjected to highly diverse selection pressures. 

Whilst the S6 helices of prokaryotic NaV terminate at the phospholipid head-groups 

(Payandeh et al., 2011; McCusker et al., 2012; Zhang et al., 2012; Shaya et al., 2014), 

secondary structure predictions indicated that the equivalent helices in TPC2 extended 

well beyond the membrane leaflet (Fig. 2.2C). This finding concurs with the 

subsequent plant TPC structures that also show extended helices, particularly for DI 

(Guo et al., 2016; Kintzer and Stroud, 2016). 

I expressed these pores in HeLa cells where they localised to the ER (Fig. 

2.4A). It is unlikely that this ER retention is the result of protein misfolding for a 

number of reasons. First, the DII pore appears to undergo the appropriate post-

translational processing (Fig. 2.3A), akin to the N-glycosylated full-length channel 

(Hooper et al., 2011). Second, the pores appear to deplete ER Ca2+ and are thus 

functional and constitutively active (Fig. 2.4B-C; 2.5), presumably due to the absence 

of their regulatory voltage sensors. This constitutive activity is similar to their 

prokaryotic counterparts (Santos et al., 2008; Shaya et al., 2011; McCusker et al., 

2012). Third, protein misfolding would initiate UPR, and I detected no up-regulation 

of a key UPR marker (Fig. 2.6B). Although the ER Ca2+ depletion appears to lead to 

a decrease in cell viability (Fig. 2.6A), this occurs through a UPR-independent 

mechanism, potentially Ca2+-induced cell death (Zhivotovsky and Orrenius, 2011). 

Together, my results suggest that the pores assemble and forms functional, Ca2+-



 88 

permeable channels rather than being a dysfunctional aggregate accumulating in the 

ER. 

Instead, the ER localisation is potentially due to the absence of the di-leucine 

lysosomal targeting motif from the N-terminus of full length TPC2 (Brailoiu et al., 

2010b). However, it is notable that both a di-leucine mutant and an N-terminal 

truncation send TPC2 to the plasma membrane, not the ER (Brailoiu et al., 2010b). 

Instead, the pore-only proteins have an intracellular expression pattern reminiscent of 

TPC1 di-leucine mutants and N-terminal truncations (Brailoiu et al., 2010b). Such an 

intracellular location precludes standard electrophysiological analyses that require 

surface expression. However, recent data from the lab suggests that the lysosomal 

channel TRPML1-GFP expresses an ‘invisible’ proportion of channels at the plasma 

membrane that have an outsized functional role in agonist-induced Ca2+ signals 

(Kilpatrick et al., 2016). A similar expression pattern for the TPC2 pores would 

substantially aid characterisation by enabling use of electrophysiology. I tested 

whether the loss of the lysosomal targeting motif in the TPC2 pores lead to a similar 

‘invisible’ surface expression by utilising the Fura-2 quenching properties of Mn2+ 

(Merritt et al., 1989). I recorded an extensive quench in cells expressing either pore 

domain but not in those expressing an ER marker (Fig. 2.6C-D). However, this quench 

was also present in cells expressing the DI pore mutant, suggesting the quench is 

independent of pore integrity. It is possible, however, that that this mutant remains 

partially active, unlike in the full-length mutant channel (Brailoiu et al., 2010b). In 

support, although the ER Ca2+ content in cells expressing the mutant pore was higher 

than for the un-mutated DI pore, it was nonetheless lower than in untransfected cells 

(Fig. 2.4C; 2.5). This might result from distinct subpopulations of pore-mutant 

expressing cells (Fig. 2.4B; 2.5A). Any depletion of ER Ca2+ may have triggered store-

operated Ca2+ entry, which could therefore be responsible for the equivalent Mn2+ 

quench responses (Merritt et al., 1989). Regardless, more evidence is required to 

conclude that ‘invisible’ TPC2 pores express at the plasma membrane. Instead, the 

pores could be characterised electrophysiologically by alternative approaches.  For 

example, I generated a chimeric construct of the full length channel whereby the DII 

pore is replaced with that of DI, giving the channel the same pore configuration as 

isolated DI pore (data not shown). This construct is amenable to future 

characterisation, although it may be necessary to make a di-leucine motif mutant to 

direct it the plasma membrane (Brailoiu et al., 2010b) for electrophysiology. 
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In a separate approach, I succeeded in expressing one of the pores in E. coli 

(Fig. 2.3B-G). This is not trivial for human membrane proteins. I focused on the DI 

pore because it has a shorter intraluminal loop that, unlike DII, is not N-glycosylated 

(Fig. 2.2A; 2.3A), a post-translational modification not supported by E. coli. After 

extensive optimisation (Fig. 2.3B-E), I created a protocol that reliably generates very 

pure samples of TPC2 DI pore protein at a reasonably high yield (Fig. 2.3F-G). 

Notably, the protein solubilised efficiently in the maltoside-based detergents DM, 

DDM, and Cymal-5, but not in LDAO, which has a substantially smaller polar head-

group (Fig. 2.3C). I used a range of biophysical techniques to provide insight into the 

architecture of this purified protein. First, dynamic light scattering results indicate that 

the protein exists as a single, highly-purified species with a hydrodynamic diameter 

of 6.3 nm (Fig. 2.3H). This diameter indicates the DI pore is equivalent to the 

dimensions of the pore-only tetramer in NaVMs (McCusker et al., 2012). Second, 

SRCD measurements highlight that the protein is largely helical and suggest it is 

appropriately folded (Fig. 2.3I). Moreover, the cooperative loss of secondary structure 

upon thermal melting suggests the protein assembles into a stable and well-folded 

oligomer (Fig. 2.3J), similar to that seen for tetrameric Na+ channel pores (Powl et al., 

2010; McCusker et al., 2011). Taken together, my biophysical analyses confirm that 

the purified pore forms a tetrameric, helical and stable pore protein.  

To test its functionality, I reconstituted the purified DI pore into liposomes and 

carried out radiotracer flux experiments (Fig. 2.7A-E). These experiments indicated 

that the TPC2 DI pore did indeed function as a channel-like entity as it was permeable 

to both Ca2+ (Fig. 2.7B) and Na+ (Fig. 2.7C). Ca2+ uptake appeared to be particularly 

rapid and was substantial even in the liposome only condition (Fig. 2.7D). As divalents 

promote liposome formation by binding to lipid headgroups (Akashi et al., 1998), it is 

possible that the large and rapid initial signal results from 45Ca binding to the lipids 

on the extraliposomal leaflet. Moreover, the t=0 timepoint reflects a ~15-30 s 

termination process, potentially providing enough time for rapid 45Ca uptake into 

proteoliposomes. In these experiments, I used EGTA to ‘capture’ 45Ca upon uptake, 

however the high concentrations of Ba2+ will likely have rendered the EGTA 

redundant.  

The purified pore also acted as a target for the channel antagonists, diltiazem 

and bupivacaine (Fig. 2.7B), further supporting the assertion that the purified pore acts 

as a channel-like entity. Docking analyses using a structural model of the DI pore (Fig. 
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2.7F-G) predict a drug binding site centered within the pore cavity (Fig. 2.7J; also see 

Chapter 3). This region corresponds to the ancestral binding site proposed in previous 

in silico work using a wildtype TPC pore (Rahman et al., 2014), and to a major drug 

binding site in prokaryotic channels (Bagnéris et al., 2014; Tang et al., 2016). 

Specifically, the drugs are predicted to form hydrogen bonds with asparagine residues 

in S6 from multiple subunits (Fig. 3.6J). These asparagines are highly conserved in 

prokaryotic and eukaryotic NaV channels, and their mutagenesis reduces sensitivity to 

local anaesthetics (Wang and Wang, 1997; Yarov-Yarovoy et al., 2002; Nau and 

Wang, 2004). Thus it is likely that the ancestral drug binding site is also present in the 

artificial DI pore tetramer. 

Although it is not possible to directly compare the Ca2+/Na+ selectivity using 

these radiotracer flux assays, relative permeabilities can be inferred by benchmarking 

the uptake results to the previously characterised pore from NsVBa (DeCaen et al., 

2014; Miller et al., 2016) (Fig. 2.7D-E). The Ca2+ permeability of TPC2 DI pore is 

roughly equivalent to the NsVBa pore (if not slightly larger; Fig. 2.7D), but the NsVBa 

pore passes substantially more Na+ (Fig. 2.7E). Electrophysiological studies of the 

full-length NsVBa indicates that the channel is non-selective, with a PCa/PNa ratio of 

~1.6 (DeCaen et al., 2014). Through comparison of NsVBa and the DI pore, I would 

suggest that the DI pore is more permeable to Ca2+ than Na+, in contrast to some 

reports that suggest TPC2 is Na+-selective (Table 1.1) (Wang et al., 2012). Indeed, 

this view is also supported by the electrostatics calculations I carried out on the model 

of the DI pore, which show that Na+ and Ca2+ interact with the selectivity filter with 

similar potential energies (Fig. 2.7H-I). Heginbotham and colleagues carried out 

radiotracer flux experiments that indirectly measured ion selectivity in purified K+ 

channel pores by assessing how different extraliposomal ions ‘competed’ with K+ ions 

and reduced radiotracer uptake (Heginbotham et al., 1998). Whilst a similar approach 

might work for the TPCs, it is only strictly possible to determine ionic selectivity using 

direct electrophysiological recordings of the individual TPC pores. This could be 

addressed by incorporating the purified DI pores into bilayers, or by utilising the 

chimeric construct discussed above. 

My work indicates that essential elements of pore functionality are retained in 

both domains of TPCs. Thus the contribution of DII within the wildtype pore can be 

substituted by DI, as exemplified by both the structural integrity (Fig. 2.3H-J), 

functionality (Fig. 2.4B-C; 2.5; 2.6; 2.7B-E) and drug block (Fig. 2.7B) of the DI pore-
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only protein. Equally, the contribution of the DI pore can be substituted by DII as 

exemplified by the functionality of the DII pore (Fig. 2.4B-C; 2.5; 2.6), although 

further and biophysical, biochemical and pharmacological characterisations are 

required for confirmation. This suggests that there is a certain degree of functional and 

architectural ‘redundancy’ in the pore make-up of multi-domain VGICs i.e. either pore 

domain can assemble and function without the other. This parallels the observed 

functionality of the chimeric pores from K2P and heteromeric KV channels (Ben-Abu 

et al., 2009; Syeda et al., 2016). In contrast, the two voltage sensors in TPCs appear 

to have distinct functions. For example, recent studies with plant TPCs indicate that 

the voltage sensor in DII is the sole contributor to voltage gating; mutations in the DI 

voltage sensor have no functional effect (Guo et al., 2016; Jaślan et al., 2016). These 

findings point to divergent selection pressures upon the pore and voltage sensor during 

the evolution of VGICs. 

Here, I have outlined a cell-based assay that assesses the Ca2+ content of the 

ER to infer the Ca2+ permeability of proteins that do not traffic to the plasma 

membrane. This is akin to experiments by Tu and colleagues who monitored 

thapsigargin-induced global Ca2+ signals to probe ER leak pathways (Tu et al., 2006). 

Indeed, an alternative explanation for the absence of substantial thapsigargin-induced 

Ca2+ signals in cells overexpressing the pores (Fig. 2.4B-C) is that the stores are full 

and that pore overexpression has somehow ablated the native leak pathway. However, 

the Ca2+ ionophore ionomycin also produces lower signals in pore-expressing cells 

than in untransfected cells (Fig. 2.5), indicating that the stores are indeed partially 

depleted. ER store depletion should initiate store-operated Ca2+ entry, which would 

raise cytosolic Ca2+ to potentially pathological levels if persistently leaked out of the 

ER. This may explain the higher level of cell death in the pore-expressing cells (Fig. 

2.6A). Those cells that survive have likely developed compensation mechanisms such 

as an upregulation of plasma membrane Ca2+ ATPase activity and/or large scale 

uptake into other stores. The upregulation of sequestration mechanisms could account 

for why the increase in basal Ca2+ concentration in pore-expressing cells is so modest 

(Fig. 2.5C). 

Pore-only constructs have provided both functional- and eventually structural- 

information on the workings of prokaryotic KV and NaV channels (Santos et al., 2008, 

2012, McCusker et al., 2011, 2012, Shaya et al., 2011, 2014). Successful purification 

of a functional, stably folded, tetrameric TPC2 pore therefore provides a suitable 
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preparation for structural investigation of human TPCs, for which atomic information 

is currently lacking. Structural information regarding this ‘homomeric’ human TPC 

pore could also be used to guide drug development work, and aid out understanding 

of the ancestral drug binding site within TPCs (Rahman et al., 2014). Drug 

development is of particular importance as human TPCs have been recently linked to 

a number of diseases (Grimm et al., 2014; Davidson et al., 2015; Hockey et al., 2015; 

Sakurai et al., 2015; Favia et al., 2016). 
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Chapter 3: Expanding the Pharmacology of TPCs 

Introduction 

TPCs have been linked to a growing number of diseases. For example, TPC2 knockout 

mice have a high susceptibility of non-alcoholic hepatitis when fed a high cholesterol 

diet, resulting from a dysregulation of intracellular membrane traffic (Grimm et al., 

2014). Lysosomes are similarly enlarged and aggregated in familial (LRRK2) 

Parkinson’s disease, and this defect can be reversed by molecular silencing of TPC2, 

or by inhibiting NAADP or PI(3,5)P2 (Hockey et al., 2015). NAADP and TPC2 also 

mediate VEGF-induced angiogenesis (Favia et al., 2014), with NAADP inhibition 

starkly reducing the vascularisation, growth and metastasis of cancerous tumours 

(Favia et al., 2016). Inhibiting NAADP signalling also protects cardiac tissue against 

damage from ischemia reperfusion injury (Davidson et al., 2015). Finally, NAADP 

inhibition and TPC silencing vastly reduce Ebola virus infection in both cellular and 

mouse models (Sakurai et al., 2015). It is therefore of great clinical importance to find 

drugs that modulate TPCs.  

 NAADP mobilises Ca2+ release from the endolysosomal system, likely 

through TPCs (Hooper and Patel, 2012; Patel, 2015). To generate an NAADP 

antagonist, Naylor and colleagues undertook a ligand-based drug screening approach 

to find compounds with a similar three-dimensional shape and electrostatic profile to 

NAADP (Naylor et al., 2009). This approach produced the NAADP antagonist Ned-

19, which has been widely used to probe NAADP-mediated function and dysfunction 

(Brailoiu et al., 2010b; Pitt et al., 2010; Esposito et al., 2011; Lu et al., 2013; Favia et 

al., 2014, 2016; Hockey et al., 2015; Sakurai et al., 2015). However, NAADP likely 

exerts its effect on TPCs indirectly through a hitherto unknown NAADP binding 

protein (Lin-Moshier et al., 2012; Walseth et al., 2012a). Moreover, TPCs appear to 

undergo multimodal regulation, for example through the membrane phospholipid 

PI(3,5)P2 (Wang et al., 2012; Jha et al., 2014). Drug discovery efforts for TPC-linked 

diseases should therefore focus on the channels themselves, rather than on their 

regulatory cofactors.  

 Some basic TPC pharmacology is already understood. Early studies identified 

classical CaV channel antagonists including diltiazem, nifedipine, and verapamil as 

selective inhibitors of NAADP-induced Ca2+ release in sea urchin egg homogenates, 

with IC50 values between 10 µM and 50 µM (Genazzani et al., 1996, 1997). These 
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drugs had no effect on NAADP binding, indicating that their effects were not due to 

direct antagonism at the level of the NAADP binding protein (Genazzani et al., 1997). 

Instead, these results raise the possibility that CaV channel antagonists may be acting 

through the TPCs directly. Later, Rahman and colleagues generated a structural model 

of sea urchin TPC1 based on the NaVAb crystal structure (Payandeh et al., 2011; 

Rahman et al., 2014). Through an unbiased blind docking approach, they found that 

CaV channel antagonists targeted the pore vestibule of TPCs. This is the major site of 

action of phenylalkylamine and benzodiazepine CaV channel antagonists on CaV 

channels (Peterson et al., 1996; Hockerman et al., 1997; Yamaguchi et al., 2003; 

Tikhonov and Zhorov, 2009; Tang et al., 2016), as well as NaV channel antagonists on 

NaV channels (Ragsdale et al., 1996; Yarov-Yarovoy et al., 2001, 2002; Liu et al., 

2003; O’Reilly et al., 2006; Tikhonov and Zhorov, 2012; Bagnéris et al., 2014). 

Indeed, Rahman and colleagues also found that NaV channel blockers such as 

bupivacaine and lidocaine block NAADP-induced Ca2+ release likely by docking to 

this same region. The commonalities between the drug binding sites in TPCs, CaV and 

NaV channels led Rahman and colleagues to suggest that TPCs have ‘ancestral’ 

pharmacological properties (Rahman et al., 2014). They proposed that the ancestral 

binding site developed prior to the gene duplication event that led to the creation of 

CaV and NaV channels (Fig. 1.2), where it subsequently diverged to confer extant 

antagonist selectivity. This drug binding pocket may also be the target for other 

pharmacological agents.  

 As part of the study that identified a fundamental role for TPCs in Ebola 

infection, Sakurai et al. found that tetrandrine potently inhibited human TPCs and 

thereby blocked Ebola infection (Sakurai et al., 2015). Tetrandrine is a large (623 Da), 

cyclic alkaloid derived from the roots of Stephania tetrandra that has been used in 

Chinese medicine for centuries (Bhagya and Chandrashekar, 2016). It works on a 

variety of targets including inflammatory cytokines (Choi et al., 2000), cell cycle 

proteins (Meng et al., 2004), reactive oxygen species (Shi et al., 1995) and Ca2+-

activated K+ channels (King et al., 1988). Notably, tetrandrine can also produce 

antihypertensive effects by blocking multiple CaV channel isoforms (Liu et al., 1991; 

Wang and Lemos, 1994). Tetrandrine is therefore a highly promiscuous molecule that 

acts on multiple targets. Moreover, it is not approved for use in humans anywhere 

outside China and is therefore many years away from deployment in a clinical setting. 
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Although tetrandrine is a potent inhibitor of TPCs, its promiscuity and the absence of 

regulatory approval highlight a need for alternative inhibitors of TPCs. 

As all of the currently known TPC inhibitors are non-selective channel 

antagonists, I searched for novel TPC inhibitors using a drug repurposing approach. 

To do this, I generated a model of human TPC2 based on the recent plant TPC 

structures (Guo et al., 2016; Kintzer and Stroud, 2016) and computationally screened 

a library of FDA-approved drugs against the model. Similar structure-based virtual 

screening of homology models has been successfully deployed to identify new drugs 

for a variety of targets (Villoutreix et al., 2009), including potassium channels (Liu et 

al., 2007). My screening identified a number of novel compounds that inhibit 

NAADP-induced Ca2+ release with reasonable potency and selectivity, likely through 

docking to the common ancestral binding site within the TPC pore vestibule. I also 

initiated a process to search for TPC inhibitors with novel chemical structures using 

structure-based screening of diverse chemical libraries.  
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Materials & Methods 

Structural Modelling 

Modelling of human TPC2 (accession code: AAH63008) was carried out using the 

Phyre2 server in normal mode (Kelley et al., 2015) with the crystal structure of 

AtTPC1 (pdb: 5E1J (Guo et al., 2016)) as a template, according to the alignment in 

Fig. 3.1. Residues D245-R251 and I605-N617 in the putative turret loops between S5 

and the first pore helix of both domains were excluded due to lack of suitable template. 

Phyre2 could not model the S1/S2 loop of full length human TPC2, so residues 1-123 

(encompassing the N-terminus and S1) were excluded for refinement. Initial energy 

minimisations of this model were carried out with GalaxyRefine (Ko et al., 2012). The 

model with the lowest MolProbity score (Chen et al., 2010) was assembled into a 

dimer by structural alignment with AtTPC1. The pore regions (S212-F315 and L575-

F697) were extracted and further refined using GalaxyRefineComplex (Ko et al., 

2012). The model with the lowest MolProbity score was selected as the final model 

for virtual screening. Models are presented using PyMOL. 

 

Preparation of Conformer Libraries 

Conformer libraries are required to carry out the virtual screening. OMEGA (Hawkins 

et al., 2010) was used to convert ligands into a conformer library for the Enamine 3D 

diversity set (362654 conformers). Dr. Taufiq Rahman kindly provided the conformer 

libraries (similarly derived) for eDrugs3D-2015 (3879 conformers; (Pihan et al., 

2012)), Specs worlddiversity (165383 conformers), Maybridge HitFinder (34728 

conformers) and Chembridge DIVERSet-EXP (40526 conformers). 

 

Virtual Screening 

MakeReceptor (McGann, 2011) was used to generate the active site ‘negative image’ 

used for virtual screening. The active sites were centred on the pore vestibule. The 

default active site was 17.51 Å x 17.93 Å x 14.94 Å and used molecular cavity 

detection and a default contour of 600 Å3. The enlarged active site was 23.3 Å x 23.3 

Å x 23.3 Å and was defined with molecular cavity detection and a 698 Å3 contour. 

Virtual screening of the conformer libraries was carried out with FRED (McGann, 

2011) using default parameters, returning the top 10000 conformers ranked by the 

Chemgauss4 score. 
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Figure 3.1. Template alignment for structural model. Alignment of human TPC2 (HsTPC2) and 

TPC1 from Arabidopsis Thaliana (AtTPC1) used to generate the full length TPC2 structural model, 

23% sequence identity. The excised pore regions are highlighted in blue (DI pore) and green (DII pore). 

The S1/S2 loop that could not be modelled is highlighted in red. For HsTPC2, short turret loops of 7 

residues (DI pore) or 13 residues (DII pore) were not modelled, denoted by ^. 

 

Molecular Docking 

Candidate compounds for molecular docking were downloaded from the ZINC 

database (http://zinc.docking.org/) (Irwin et al., 2012) and were docked using 

Autodock4.2 (Morris et al., 2009). The molecules were docked into a 156 Å x 152 Å 

x 153 Å grid with 0.375 Å spacing, encompassing the entire pore model. 100 blind 

docking runs were carried out using a Lamarkian Genetic Algorithm (Morris et al., 

1998) with a population size of 150, a mutation rate of 0.02 and a crossover rate of 

HsTPC2        DQAVVFIEDAIQYRSINHRVDASSMWLYRRYYSNVCQRTLSFTIFLILFLAFIETPSSLT  106  
              ++|||++|||++||++..+..+   +++.++++.++.+.++++++++  ++++|.|+++. 
AtTPC1        QKAAALVDLAEDGIGLPVEILD---RYYFIFTRLDLIWSLNYFALLF--LNFFEQPLWCE   94  
 
HsTPC2        STADVRYRAAPWEPPCG-------LTESVEVLCLLVFAADLSVKGYLFGWAHFQKNLWLL  159  
              .....+..+...+...+       ....+|.+|++++++|+++|+...|++.|+||+||+ 
AtTPC1        KNPKPSCKDRDYYYLGELPYLTNAESIIYEVITLAILLVHTFFPISYEGSRIFWTSRLNL  154  
 
HsTPC2        GYLVVLVVSLVDWTVSLSLVCHEPLRIRRLLRPFFLLQNSSMMKKTLKCIRWSLPEMASV  219  
              +|++++++++++.+.     .++.+|++|+|||+|++++.|+||.+++++.+++|+++++ 
AtTPC1        VKVACVVILFVDVLV-----DFLYFRIAPYVRVIIFILSIRELRDTLVLLSGMLGTYLNI  219  
 
HsTPC2        GLLLAIHLCLFTMFGMLLFAGGKQD^LTYFQNLPESLTSLLVLLTTANNPDVMIPAYSKN  285  
              ++++++++++||++|+++|+|+.++ |++|||++++++++|+++|++||||+|+|+++++ 
AtTPC1        LALWMLFLLFASWIAFVMFEDTQQG LTVFTSYGATLYQMFILFTTSNNPDVWIPAYKSS  278  
 
HsTPC2        RAYAIFFIVFTVIGSLFLMNLLTAIIYSQFRGYLMKSLQTSLFRRRLGTRAAFEVLSSMV  345  
              +|+++||+.++++|+|+++|+++|+++++|+++.+++.++...+++.+.+++++.++.+. 
AtTPC1        RWSSVFFVLYVLIGVYFVTNLILAVVYDSFKEQLAKQVSGMDQMKRRMLEKAFGLIDSDK  344  
 
HsTPC2        GEGGAFPQAVGVKPQNLLQVLQKVQLDSSHKQAMMEKVRSYGSVLLSAEEFQKLFNELDR  405  
              ++. ...................+...+.+........+++++++.+.+++.++++.... 
AtTPC1        NGE-IDKNQCIKLFEQLTNYRTLPKISKEEFGLIFDELDDTRDFKINKDEFADLCQAIAL  397  
 
HsTPC2        SVVKEHPPRPEYQSPFLQSAQFLFGHYYFDYLGNLIALANLVSICVFLVLDADVLPAERD  465  
              +..++      ++++.++.++++++|++|++++.++|++|++.++++++.++.....    
AtTPC1        RFQKE------YHSALSQQLRAFVRSPNFGYAISFILIINFIAVVVETTLDIEESSA---  460  
 
HsTPC2        DFILGILNCVFIVYYLLEMLLKVFALGLRGYLSYPSNVFDGLLTVVLLVLEISTLAVYRL  525  
              +..+.++|++|+++|++|+++|++|+|+++|++++||+||+++++.+++..+......   
AtTPC1        QKPWQVAEFVFGWIYVLEMALKIYTYGFENYWREGANRFDFLVTWVIVIGETATFITP--  517  
 
HsTPC2        PHPGWRPEMVGLLSLWDMTRMLNMLIVFRFLRIIPSMKPMAVVASTVLGLVQNMRAFGGI  585  
                          ......+++++++|++|++|+++.+++++.++.++.+++|++.+++++ 
AtTPC1        ------------FSNGEWIRYLLLARMLRLIRLLMNVQRYRAFIATFITLIPSLMPYLGT  571  
 
HsTPC2        LVVVYYVFAIIGINLFRGV^IVALPGNSSLGSFEQLEYWANNFDDFAAALVTLWNLMVVN  653  
              +++++++||++||++|||+ .+.+    ..++..++.++.+|||||++|++|+|+++|+| 
AtTPC1        IFCVLCIYCSIGVQVFGGL NKKL----FETELAEDDYLLFNFNDYPNGMVTLFNLLVMG  630  

  
HsTPC2        NWQVFLDAYRRYSG-PWSKIYFVLWWLVSSVIWVNLFLALILENFLHKWDPRSHLQ      708  
              ||+++|++++++++ +|+.+||++|+++++++++|||+|+++|+|..++|++++++ 
AtTPC1        |WQVWMESYKDLTGTWWSITYFVSFYVITILLLLNLVVAFVLEAFFTELDLEEEEK      686  
 

	

N
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0.8. The top ranked pose (i.e. lowest energy) for each compound was selected for 

presentation. Two-dimensional chemical structures were downloaded from DrugBank 

(http://www.drugbank.ca/) or Molport (https://www.molport.com/shop/find-

chemicals-by-smiles).  

 

Fluorimetry 

50% (v/v) Lytechinus pictus sea urchin egg homogenates samples were prepared as 

previously described (Dickinson and Patel, 2003). These samples were sequentially 

diluted 2-fold every 30 minutes to a final concentration of 2.5% (v/v) in GluIM (250 

mM potassium gluconate, 250 mM NMDG, 1 mM MgCl2, 20 mM HEPES, pH7.2 

with acetic acid), supplemented with an ATP-regenerating system (1 mM MgATP, 10 

units/ml creatine phosphokinase and 10 mM phosphocreatine). Final samples were 

incubated with 3 µM Fluo4 free-acid, a fluorescent Ca2+ dye. Fluo4 was excited at 505 

nm and fluorescence emission measured at 525 nm using a Perkin Elmer LS50B 

luminescence spectrophotometer. A stable baseline was established in the presence of 

the test compound or vehicle before adding either 1 µM NAADP or 5 µM cADPR. 

All test compounds were made up in DMSO and used from 100x stock solutions. Ca2+-

mobilising messengers were made up in water. 
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Results  

TPC Modelling and Virtual Screening 

To expand the pharmacology of the TPCs, I took a structure-based drug discovery 

approach focusing on the common drug binding site within the vestibule of VGIC 

pores (Ragsdale et al., 1996; Yarov-Yarovoy et al., 2001; Bagnéris et al., 2014; 

Rahman et al., 2014).  

Due to the absence of structural information regarding human TPCs, I began 

by generating a model of human TPC2 (Fig. 3.2A) using the AtTPC1 structure as a 

template (Guo et al., 2016) (Fig. 3.1). This model encompassed the majority of TPC2 

(residues L124-Q708), excluding some regions due to the absence of continuous 

homology with the template (see Materials & Methods; Fig. 3.1). Upon assembly of 

the refined model, I excised and re-refined the pore regions (S212-F315 for DI; L575-

F697 for DII), to generate the final structure for drug screening (Fig. 3.2B).  

 Tetrandrine, the most potent human TPC inhibitor to date is a non-specific CaV 

channel antagonist and is, crucially, not certified for use in humans (Sakurai et al., 

2015; Bhagya and Chandrashekar, 2016). I carried out in silico drug screening against 

the vestibule of my pore model with a conformer library of FDA-approved drugs 

(Pihan et al., 2012). This could highlight potential TPC antagonists that have already 

achieved regulatory approval. To test the FRED screening software (McGann, 2011), 

I defined two different-sized binding sites centred on the pore vestibule (default: 17.51 

Å x 17.93 Å x 14.94 Å, or 4689 Å3; enlarged: 23.3 Å x 23.3 Å x 23.3 Å, or 12649 Å3). 

These screens returned 3099 and 3328 poses for 1346 and 1376 unique molecules, 

respectively. The Chemgauss4 scores given to equivalent ligands in the two active 

sites were strongly correlated (R2=0.72; Fig. 3.2C). I continued with the larger of the 

two active sites, which encompasses the whole vestibule area including the selectivity 

filter and bundle crossing regions. 

 To probe this dataset for ‘hit’ compounds, I began by excluding all but the top 

ranked conformer for each ligand. Conformer scoring functions tend to assign higher 

(i.e. more negative) scores to larger molecules as they can form more hypothetical 

interactions with a protein backbone (Kitchen et al., 2004). However, there was no 

statistical correlation between molecular weight and Chemgauss4 score in my screen 

(R2=0.18; Fig. 3.2D). I also assessed the distribution of Chemgauss4 scores by their 

rank, which was linear for much of the data (Fig. 3.2E). However, the top and bottom  
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Figure 3.2. Structural model and FRED virtual screening. (A) Refined model of full-length human 

TPC2, excluding the N-terminus and S1 from DI, from a luminal (left), side/transmembrane (middle) 

and cytosolic (right) perspective. The pore region is highlighted. (B) Re-refined model of the human 

TPC2 pore, excised from the full length structure in (A), presented from the same perspectives. (C) 

Chemgauss4 scores given by FRED to compounds from the eDrugs3D conformer library screened 

against the TPC2 pore with a default (17.51 Å x 17.93 Å x 14.94 Å) or enlarged (23.3 Å x 23.3 Å x 

23.3 Å) active site. Trendline and R2 values are shown. (D-E) Chemgauss4 scores of top scoring 

conformers from FRED screening of eDrugs3D using the enlarged active site, plotted against the 

ligand’s molecular weight (D) or the rank (E), with CaV (red) and NaV (green) channel antagonists 
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highlighted. (F) Chemgauss4 scores for CaV (red circles) and NaV (green circles) channel antagonists. 

The median CaV/NaV antagonist score is displayed (solid lines), along with and the score of the cut-off 

compound, #200 (dashed black line). 

 

~200 ranked compounds obtained scores that deviated from this linear trend. CaV and 

NaV channel antagonists, which are likely TPC inhibitors, are found exclusively within 

the top two thirds of the dataset, with CaV channel antagonists having a higher median 

score (Fig. 3.2F). Notably, the highest scoring NaV channel antagonist was 

propafenone, whereas the local anaesthetics were clustered around the median. 

I focused on the top 200 ranked compounds within the dataset as they obtained 

‘outlier’ scores that deviated from the linear trend (Fig. 3.2E). I assigned phenotypic 

classifications to these drugs through an extensive literature search (Appendix A). 

These data reveal a number of common groupings (Table 3.1), most notably steroids 

and antipsychotics. However, additional analyses were required to identify a more 

manageable number of ‘hit’ compounds for further analysis. 

Phenotypic class Frequency in top 200 
Steroid 26 
Antipsychotic 17 
Anticancer 11 
Muscarinic antagonist 11 
Antifungal 11 
Channel Blocker 9 
Adrenergic modulator 9 
Angiotensin II inhibitor 8 
Prostaglandin 7 
Opioid modulator 6 
Antiretroviral 6 
Antihistamine 6 
SERM 6 
Antihyperglycemic 6 
Acetylcholinesterase inhibitor 6 
Statin 4 
Antibiotic 4 
Serotonin receptor antagonist 4 
Other 43 
Total 200 

Table 3.1. Phenotypic classification of virtual screen. Top 200 ranked drugs from the eDrugs3D 

library upon FRED screening against the TPC2 pore model, classified according to drug effect. Colour-

coding corresponds the full compound list in Appendix A. 

 

Cross-referencing with wet Ebola screens 

In the wake of the 2014 Ebola epidemic, a number of groups carried out high-

throughput repurposing screens to identify FDA-approved drugs as novel candidate 
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antivirals that might be quickly mobilised for clinical use (Gehring et al., 2014; 

Kouznetsova et al., 2014; Cheng et al., 2015; Johansen et al., 2015). I reasoned if drugs 

that block TPCs prevent Ebola infection (Sakurai et al., 2015), some drugs that prevent 

Ebola infection might do so by blocking TPCs. I focused on two studies that listed the 

IC50 of compounds against Ebola infection (Kouznetsova et al., 2014; Johansen et al., 

2015). I cross-referenced these values with the Chemgauss4 scores for drugs present 

in both the wet and dry screens (Fig. 3.3A; Table 3.2). Some compounds were not 

common to both screens and so were excluded from the analyses (Table 3.2, ‘Not 

Present’). Others, including the cell cycle inhibitors vinblastine and vincristine, were 

present within the virtual screening library but did not achieve an acceptable pose 

within the pore model (Table 3.2, ‘Didn’t Dock’). For drugs that were common, I 

focused on the most potent inhibitors of Ebola infection that ranked within the top 200 

compounds in the virtual screen. The selected drugs (with their phenotypic class in 

brackets) were: clomiphene (selective estrogen receptor modulator; SERM), 

raloxifene (SERM), sunitinib (anti-cancer; kinase inhibitor), pimozide (antipsychotic), 

fluphenazine (antipsychotic) and bepridil (CaV channel blocker) (Fig. 3.3B). Two 

additional high-ranking SERMs (bazedoxifene and toremifene) and one antipsychotic 

(thiothixene) were not selected due to phenotypic similarity with other chosen drugs.  

  To obtain an independent measure of where these ligands might bind, I carried 

out blind docking to the TPC2 pore model using Autodock4. This programme docked 

the selected drugs within the vestibule of the pore model, adjacent to the selectivity 

filter (Fig. 3.3C). Having ascertained that these drugs target the pore in silico, I carried 

out experiments to assess whether these drugs might target the TPCs in vitro. TPCs 

are the likely target for NAADP (Brailoiu et al., 2009a; Calcraft et al., 2009; Zong et 

al., 2009), which generates reproducible and robust signals in sea urchin eggs (Chini 

et al., 1995; Perez-Terzic et al., 1995). I therefore tested whether the selected drugs 

blocked NAADP-induced Ca2+ release from sea urchin egg homogenates, a ‘gold-

standard’ preparation used previously to illustrate blockade of NAADP signalling by 

CaV and NaV channel antagonists (Genazzani et al., 1997; Rahman et al., 2014). Each 

of the selected drugs blocked NAADP-induced Ca2+ release at 100 µM (Fig. 3.3D). 

Concentration-response curves (Fig. 3.3E) indicate that raloxifene was the most potent 

blocker (IC50 of 15 µM), whilst the other SERM clomiphene was the least potent (IC50 

of 95 µM). The remaining drugs blocked with similar IC50 values (34 µM to 42 µM).    

In summary, these drugs likely represent novel TPC inhibitors.
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(Kouznetsova et al., 2014)  (Johansen et al., 2015) 
Drug Name CG4 IC50  Drug Name Docked? IC50  Drug Name CG4 IC50  Drug Name Docked? IC50 
Bitolterol -12.3586 6.11  Vinblastine Didn't Dock 0.048  Pimozide -13.0299 3.12  Strophanthin Not Present 0.03 
Bazedoxifene -12.2141 3.43  Vinorelbine Didn't Dock 0.066  Clomiphene -12.1188 2.42  Quinacrine Not Present 5.71 
Clomiphene -12.1188 1.72  Vincristine Didn't Dock 0.141  Fluphenazine -11.383 5.54  Flupentixol Not Present 5.78 
Raloxifene -11.796 1.84  Nocodazole Not Present 0.402  Toremifene -11.3365 0.16  Astemizole Not Present 6.17 
Toremifene -11.3365 0.566  Carfilzomib Not Present 0.432  Piperacetazine -11.0134 12.3  Teicoplanin Not Present 7.28 
Propafenone -11.3199 6.25  Deslanoside Didn't Dock 0.485  Bepridil -10.851 5.08  Terconazole Didn't Dock 8.26 
Nilotinib -11.3099 24.3  Maduramicin Not Present 0.611  Prochlorperazine -10.611 5.96  Hycanthone Not Present 10.9 
Thiothixene -11.1989 1.92  Digoxin Didn't Dock 0.763  Thioridazine -10.5817 6.24  Lomerizine Not Present 11.4 
Sunitinib -11.084 1.91  Cepharanthine Not Present 1.53  Atovaquone -10.5038 0.43  Dasatinib Didn't Dock 16.5 
Piperacetazine -11.0134 9.68  Oxibendazole Not Present 1.72  Maprotiline -10.454 9.63     
Trifluoperazine -11.0098 4.48  Daunomycin Not Present 2.63  Simvastatin -10.4467 44.6     
Chloroquine -10.6667 15.3  Azithromycin Didn't Dock 2.79  Clemastine -10.1845 5.44     
Tamoxifen -10.6077 0.734  Tilorone Not Present 3.43  Benztropine -10.0931 8.07     
Maprotiline -10.454 2.44  Mibefradil Not Present 4.32  Aripiprazole -9.7477 8.1     
Amodiaquine -10.395 4.43  Spiramycin Not Present 4.32  Paroxetine -9.6715 7.45     
Clemastine -10.1845 1.1  Thioproperazine Not Present 4.32  Clomipramine -9.5402 11.4     
Benztropine -10.0931 2.64  Clarithromycin Didn't Dock 4.53  Sertraline -8.9151 3.13     
Gefitinib -9.8093 9.68  Bifemelane Not Present 4.85  Efavirenz -7.6927 10.7     
Imipramine -9.804 13.7  Nitrovin Not Present 4.85  Azacitidine -6.0985 8.97     
Mebendazole -9.786 3.44             
Clomipramine -9.5402 4.99             
Daunorubicin -9.4715 2.43    
Salmeterol -9.4015 9.68   Table 3.2. Cross-referencing of virtual and wet screens. Drugs possessing anti-Ebola activity from the two 

high-throughput wet screen (Kouznetsova et al., 2014, left hand side) and (Johansen et al., 2015, right hand side), 

cross-referenced with the Chemgauss4 (CG4) score from the eDrugs3D virtual screen. IC50 values for inhibition 

of Ebola infection are given in µM. For each screen, some drugs were either absent from eDrugs3D (Not Present) 

or were present but returned no acceptable poses (Didn’t Dock); these compounds are listed separately from 

cross-referenced compounds. The six hits selected for in vitro testing are in bold, colour-coded to Fig. 3.3. 

Sertraline -8.9151 2.73   
Topotecan -8.7047 3.85   
Colchicine -8.3569 0.238   
Albendazole -8.3307 4.9   
Mefloquine -8.2271 2.73   
Niclosamide -7.772 2.66   
Bosutinib -7.2137 3.85   
Dronedarone -6.9877 2.2   
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Figure 3.3. Cross-referencing virtual and wet screens to identify lead compounds. (A) Plots cross-

referencing the Chemgauss4 score given by the FRED virtual screen of the eDrugs3D conformer library 

and the IC50 against Ebola infection in high-throughput wet screens from the stated studies 

(Kouznetsova et al., 2014; Johansen et al., 2015). Top-scoring potent drugs are highlighted, as 

indicated. Drugs with a similar phenotypic role to the lead drugs (Bazedoxifene, toremifene and 

thiothixene) are depicted as open black circles. (B) Chemical structures of the six lead compounds. (C) 
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Zoomed view of the lead compounds docked to the TPC2 pore structural model using Autodock4, with 

a DI monomer removed for clarity. Compounds are colour-coded consistent with labels in (A). (D) 

Representative NAADP-induced Ca2+ signals in sea urchin egg homogenates in the presence of DMSO 

(black) or 100 µM of the stated compound. (E) Concentration dependence of stated compounds on 

NAADP-induced Ca2+ signals in the sea urchin egg homogenate. Error bars denote SEM based on n=3-

4 independent experiments. 

 

Other Novel FDA-approved Inhibitors of TPCs 

Further comparison of the wet and virtual screens may yield novel anti-Ebola drugs. 

For example, prostaglandin analogues make up a common class within the top 200 

unique compounds from the virtual screen (Table 3.1). Notably, the prostaglandin 

precursor, arachidonic acid, is a potent inhibitor of NAADP-induced Ca2+ release 

(Clapper et al., 1987). I discounted testing the highest ranked prostaglandin analogue, 

latanoprost, as it was only available in an unconventional solvent. Instead I assessed 

bimatoprost, a synthetic analogue of prostaglandin F2a, which ranked #104 in the 

virtual screen (Appendix A). This compound docked into the pore vestibule of TPCs 

(Fig. 3.4A), and blocked NAADP-induced Ca2+ release with an IC50 of 45 µM (Fig. 

3.4B). 

Steroids are highly prevalent within the top 200 drugs from the virtual screen 

(Table 3.1). Although achieving only a middling rank within my virtual screen (#596), 

reports have indicated that progesterone modulates CatSper channels (Strünker et al., 

2011), which are closely related to TPCs. I therefore assessed whether progesterone 

might also affect TPCs. As with the other tested compounds, progesterone docked to 

the pore vestibule (Fig. 3.4C) and inhibited NAADP-induced Ca2+ release (Fig. 3.4D; 

IC50 of 28 µM).  

Finally, the anticancer kinase inhibitor dabrafenib was the top scoring 

compound from the virtual screen by some margin, obtaining a Chemgauss4 score of 

-14.6, compared with -13.7 for rank #2 (Appendix A; Fig. 3.2D-F). Dabrafenib has 

only recently achieved regulatory approval and so was absent from the wet Ebola 

screens (Kouznetsova et al., 2014; Johansen et al., 2015). I therefore carried out 

Autodock4 analyses with this molecule, finding that it too docked to the pore (Fig. 

3.4E). However, in wet screens using the sea urchin egg homogenate, dabrafenib was 

not a particularly potent inhibitor of NAADP-induced Ca2+ release (Fig. 3.4F; IC50 of 

247 µM).  
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Figure 3.4. Analysing additional lead compounds from virtual screening. (A) Chemical structure 

of bimatoprost (top) docked into a zoomed view of the TPC2 pore structural model by Autodock4 

(bottom), with a DI monomer removed for clarity. (B) Representative NAADP-induced Ca2+ signals in 

sea urchin egg homogenates in the presence of DMSO (black) or 100 µM bimatoprost (top) and 

concentration dependence of bimatoprost block of NAADP-induced Ca2+ signals in the sea urchin egg 

homogenate (bottom). (C-F) As (A-B), but regarding progesterone (C-D) and dabrafenib (E-F). Error 

bars denote SEM based on n=3-4 independent experiments. 

 

Compound Selectivity 

The sea urchin egg homogenate offers an initial opportunity to test the selectivity of 

these putative TPC blockers. Other Ca2+-mobilising messengers such as cADPR evoke 

substantial signals in this preparation. I therefore assessed the effect of maximal drug 

concentrations (100 µM, or 1 mM for dabrafenib) on cADPR-induced Ca2+ release in 

the sea urchin egg homogenate (Fig. 3.5A). All drugs blocked cADPR-induced Ca2+ 

release (from ER vesicles) to a significantly lesser extent than NAADP-induced Ca2+ 

release, except dabrafenib which was non-selective (Fig. 3.5B). Nevertheless, many 
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drugs partially attenuated cADPR-induced Ca2+ signals (Fig. 3.5B). Bimatoprost and 

progesterone were the most selective drugs tested, with only 10% and 19% reduction 

in the cADPR signal, respectively, when used at the maximal concentration (Fig. 

3.5B). 

 

  
Figure 3.5. Selectivity of tested compounds. (A) Examples of cADPR-induced Ca2+ signals in sea 

urchin egg homogenates in the presence of DMSO (black) or 100 µM of the stated drug or 1 mM 

dabrafenib. (B) Normalised Ca2+ signal in response to NAADP (solid bars) or cADPR (patterned bars) 

in the presence of 100 µM of the stated drugs, or 1 mM dabrafenib. * represents p<0.05, ** represents 

p<0.005, *** represents p<0.0005, as assessed by unpaired Student’s t-test for n=3-4 independent 

experiments. 

 

Cross-referencing Specificity 

Testing a sample of compounds that score highly in virtual screening and potently 

block Ebola infection has potentially yielded a number of novel TPC blockers (Fig. 

3.3-3.4). This raises the possibility that the wet Ebola screens contain a broader 

subpopulation of drugs that work through TPCs. To examine this, I analysed the 

frequency distribution of Chemgauss4 scores for all compounds common to the TPC 

virtual screen and Ebola wet screens (Fig. 3.6A). Compounds from both screens 

(Kouznetsova et al., 2014; Johansen et al., 2015) showed a shift to higher scores, when 

compared to the scores within the whole TPC virtual screen (Fig. 3.6A). To assess 

whether this leftward shift in score distribution was specific to Ebola screens, I 

compared the TPC virtual screen with a high-throughput antiviral repurposing screen 
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against the Zika virus (Barrows et al., 2016). Zika virus, which is currently epidemic 

in the Americas, has no known link with TPCs and is from a separate viral class to 

Ebola (Petersen et al., 2016). The distribution of scores for compounds identified in 

the anti-Zika screen was broadly similar to the full virtual screen (Fig. 3.6B), 

suggesting specificity in this analysis. Middle East respiratory syndrome coronavirus 

(MERS-CoV) belongs to yet another viral class and also has no known links to TPCs. 

However, Chemgauss4 scores assigned to drugs that block MERS-CoV infection 

(Dyall et al., 2014) had a left-shifted distribution (Fig. 3.6B), similar those within the 

Ebola screens (Fig. 3.6A). In accordance, the median scores for the Ebola and MERS-

CoV screens are similar, whilst the median score in the Zika screen is lower and very 

similar to that of the full virtual screening library (Fig. 3.6C). 

 
Figure 3.6. Specificity of cross-referencing analyses. (A-B) Frequency distribution of Chemgauss4 

scores (bin size of 1) from the full FRED virtual screen (left hand axis) and compounds highlighted as 

potent inhibitors of (A) Ebola (Kouznetsova et al., 2014; Johansen et al., 2015), or (B) Zika (Barrows 

et al., 2016) and MERS-CoV (Dyall et al., 2014) (right hand axis). (C) Chemgauss4 scores of novel 

antiviral from the screens in (A-B), with the median score for the wet screen (solid bars) and full virtual 

screen (dashed black line) highlighted. 

 

Screening with Novel Compound Diversity Libraries  

Although tetrandrine is a potent inhibitor of human TPCs, it is non-selective and thus 

potentially of limited clinical use. To address this shortcoming, I searched for novel 

compounds that might act as selective TPC inhibitors. I used FRED to screen libraries 

of diverse compounds provided by commercial vendors (Specs, Enamine, Maybridge 
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Figure 3.7. Screening of compound diversity libraries. (A) Top 10000 Chemgauss4 scores given by 

FRED screening of compounds from the Specs (blue), Enamine (yellow), Chembridge (orange) and 

Maybridge (gray) diversity libraries, screened against the TPC2 pore model with the enlarged active 

site, plotted against the ligand’s molecular weight. (B) Frequency distribution of Chemgauss4 scores 

given to compounds from the four diversity libraries (bin size of 1). (C) Chemical structures of the top 

six ranked compounds from diversity library screening, all from Specs. (D) Zoomed view of compounds 
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A-C (left) or D-F (right) docked to the TPC2 pore structural model by Autodock4, with a DI monomer 

removed for clarity. (E) Values of the four parameters assessed in Lipinski’s rule of fives (Lipinski et 

al., 1997) for compounds A-F, with violating parameters highlighted in red. (F) Normalised NAADP-

induced Ca2+ signal in the presence of 100 µM of the stated compound. Error bars depict the range of 

the data from n=2 experiments. 

 

and Chembridge). FRED returns the 10000 highest-scoring conformers for each 

library, which show little correlation between Chemgauss4 score and molecular 

weight (Fig. 3.7A; R2<0.2 for all libraries). Although libraries from the different 

vendors are largely dissimilar, there are some common compounds. As FRED uses a 

deterministic algorithm, I verified that these common compounds obtained the same 

Chemgauss4 score (Table 3.3), which thus enables direct comparison between the 

screens. On this basis, the four libraries segregate based on their Chemgauss4 scores, 

with the Specs library generally containing higher scoring compounds followed by 

Enamine, Chembridge then Maybridge (Fig. 3.7B).  

Chemical Name Chemgauss4 score 
Specs Chembridge Maybridge 

N-{2-methyl-4-[(1-naphthylmethyl)amino]phenyl}-
2-furamide -13.315 -13.315  

2-{[4-(4-fluorophenyl)-1-piperazinyl]methyl}-1,5-
dimethyl-1H-benzimidazole -13.0756 -13.0756  

3-methyl-N-{4-[(phenylacetyl)amino]phenyl} 
benzamide -12.8533 -12.8533  

2-{4-[4-(4-fluorophenyl)-1-piperazinyl]-4-
oxobutyl}-1H-benzo[de]isoquinoline-1,3(2H)-dione -12.8069 -12.8069  

1-(4-chlorophenyl)-4-{5-[(2,3,5,6-
tetrafluorophenoxy)methyl]-2-furoyl}piperazine -12.6964 -12.6964  

N-[2-(4-acetyl-1-piperazinyl)phenyl]-5-(2,4-
dichlorophenyl)-2-furamide -12.6378 -12.6378  

1-[4-(4-chlorophenyl)-1,3-thiazol-2-yl]-4-(4-
fluorophenyl)piperazine -12.6073  -12.6073 

2-{[4-(benzyloxy)benzylidene]amino}-1H-isoindole-
1,3(2H)-dione -12.5271 -12.5271  

N-[3-(1,3-benzothiazol-2-yl)-4-hydroxy-5-
methylphenyl]-2-methylpropanamide -12.5101 -12.5101  

4-isobutoxy-N-[2-(1-piperidinylcarbonyl)phenyl] 
benzamide -12.5094 -12.5094  

N-methyl-5-[(2-naphthyloxy)methyl]-N-phenyl-2-
furamide -12.5013 -12.5013  

N'-{[3-(4-methylphenyl)-1-phenyl-1H-pyrazol-4-yl] 
methylene}isonicotinohydrazide  -10.8789 -10.8789 

N-benzyl-N-isopropyl-5-methyl-3-phenyl-4-
isoxazolecarboxamide  -10.4133 -10.4133 

Ethyl 1-(2-naphthylsulfonyl)-4-piperidinecarboxylate  -10.0467 -10.0467 
Table 3.3. Chemgauss4 scores assigned to compounds common to multiple libraries. Enamine 

compounds were excluded as their proprietary ID numbers are not comparable with the other libraries. 
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I focused on the top 6 scoring drugs, all from the Specs library, and labelled 

them Compounds A-F (Fig. 3.7C). In Autodock4 screening, each of these molecules 

docked to the vestibule of the TPC2 pore (Fig. 3.7D). As the ultimate aim would be to 

generate drugs that are suitable for use in humans, I assessed whether the top six 

ranked molecules adhered to Lipinski’s rule of fives for drug-like compounds 

(Lipinski et al., 1997). Only compound D fulfilled each of the specified criteria (Fig. 

3.7E). The remaining compounds all had excessive logP values, with compounds A, 

B and E also having large molecular weights (Fig. 3.7E). I nonetheless obtained all of 

these compounds for initial screening in the sea urchin egg homogenate. Compound 

D was insoluble in multiple solvents, and preliminary experiments (n=2) revealed that 

the remaining compounds had no effect on NAADP-induced Ca2+ release (Fig. 3.7F). 

Additional investigation of the diversity library screening is therefore warranted. 
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Discussion 
TPCs play a role in growing number of diseases, including Ebola infection (Grimm et 

al., 2014; Davidson et al., 2015; Hockey et al., 2015; Patel, 2015; Sakurai et al., 2015; 

Favia et al., 2016). However, the pharmacology of these channels is limited. I therefore 

aimed to find novel inhibitors of TPCs by identifying ‘hit’ compounds from in silico 

virtual screening to test in in vitro assays.  

 I generated a structural model of human TPC2 that excluded the N-terminus 

and S1 of the first domain, the pore ‘turret loops’ and a portion of the C-terminus 

(Figs. 3.1; 3.2A). Modelling the majority of TPC2 allows for the interactions between 

DI and DII to be accommodated during energy minimisation. From this model, I 

extracted and further refined the pore region (Fig. 3.2B), which contains the major 

pharmacological sites in VGICs (Alexander et al., 2015). Some VGIC inhibitors, 

particularly animal venoms such as tetrodotoxin or conotoxins, bind to the 

extracellular surface of the pore regions (Lipkind and Fozzard, 1994; Stevens et al., 

2011). The equivalent site in TPCs faces the lysosomal lumen, where the effect(s) of 

low pH on drug binding kinetics and pore loop structure are unknown. I therefore 

carried out in silico drug screening by focusing on the more common VGIC binding 

site within the pore vestibule. This binding site has been extensively characterised in 

NaV and CaV channels by mutagenesis studies (Ragsdale et al., 1994, 1996; Peterson 

et al., 1996; Hockerman et al., 1997; Yarov-Yarovoy et al., 2001, 2002; Liu et al., 

2003; Yamaguchi et al., 2003; Tang et al., 2016). A similar, ‘ancestral’ site for CaV 

and NaV antagonists has been identified by molecular docking experiments with a 

model of sea urchin TPC1 (Rahman et al., 2014) and in my docking experiments 

against the DI pore from human TPC2 (Fig. 2.7J).  

 I used the FRED software suite to carry out virtual screening, which scores the 

shape and electrostatic complementarity of ligands within a binding site (McGann, 

2011). To carry out screening, FRED requires a ‘negative image’ of the binding 

pocket. During validation of the software, I found that results with different-sized 

negative images were strongly correlated (Fig. 3.2C), suggesting that FRED is a robust 

and internally consistent virtual screening programme. I continued all further 

screening with the larger of the two binding sites, which permits more extensive 

ligand-protein interactions throughout the whole vestibule. FRED uses a deterministic 

algorithm to assign a Chemgauss4 score. Thus, two identical compounds screened 
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against the same binding site return identical scores (Table 3.3), as expected. In 

general, conformer scoring functions such as Chemgauss4 tend to assign higher (i.e. 

more negative) scores to larger molecules as they can form more hypothetical 

interactions with a protein backbone (Kitchen et al., 2004). However, I observed no 

such statistical correlation for any of the screens I carried out (Fig. 3.2D; 3.7A). 

 Tetrandrine is currently the most potent TPC inhibitor (Sakurai et al., 2015), 

however it is not approved for human use outside of China and is extremely non-

selective (Bhagya and Chandrashekar, 2016). Tetrandrine is therefore not viable for 

clinical deployment in the short to medium term. However, drug repurposing can be 

an immensely powerful technique to find novel indications for approved compounds, 

and save the research costs of taking a new drug to market (Ashburn and Thor, 2004). 

Perhaps the most famous example of successful drug repurposing is sildenafil 

(Viagra), which was originally developed as an angina treatment but is now used to 

treat erectile dysfunction (Boolell et al., 1996), generating billions of dollars of yearly 

sales revenue for Pfizer. Other repositioning successes include thalidomide, going 

from its tragic role in alleviating morning sickness to a modern use in cancer therapy 

(Singhal et al., 1999). Similarly nelfinavir, which was originally conceived to treat 

HIV, now also has anticancer indications (Gills et al., 2007).  

I took a similar repurposing approach with the TPC model, screening a library 

of FDA-approved drugs to find novel compounds. Structure-based virtual screening 

of protein models has previously been successfully applied to generate novel GPCR 

and KV channel modulators (Villoutreix et al., 2009) and is therefore a valid approach 

for drug screening. Encouragingly, my virtual screening efforts returned many classic 

VGIC inhibitors, with CaV channel antagonists scoring slightly higher than NaV 

channel blockers (Fig. 3.2F). This perhaps reflects the respective potencies of these 

drugs as TPC inhibitors (Rahman et al., 2014). Notably, the lowest scoring CaV 

channel antagonist was nifedipine, which agrees with previous in vitro experiments 

showing nifedipine to be the least potent CaV channel blocker of NAADP-induced 

Ca2+ release (Genazzani et al., 1997; Rahman et al., 2014). For the full virtual screen, 

I assessed the distribution of Chemgauss4 scores relative to the rank within the screen. 

This showed a linear trend for much of the data (Fig. 3.2E), consistent with a roughly 

normal distribution (Fig. 3.6A). The top ~200 ranked compounds achieved ‘better’ 

(i.e. more negative) scores than a linear regression would predict (Fig. 3.2E). I 
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anticipated that this outlier region might therefore be ‘enriched’ with TPC blockers, 

and I focused much of my efforts on these top 200 compounds. 

 Sakurai and colleagues recently showed that TPCs were necessary for Ebola 

entry into cells (Sakurai et al., 2015). The NAADP antagonist Ned-19, CaV channel 

blockers (including tetrandrine), molecular knockdown of TPCs, and overexpression 

of a dominant-negative TPC construct all blocked Ebola entry into cells. Moreover, 

cells from TPC1 and TPC2 knockout mice had markedly reduced infection rates, 

which could be ‘rescued’ by overexpression of TPCs (Sakurai et al., 2015). I reasoned 

that if blockade of TPCs prevents Ebola infection, perhaps drugs that block Ebola 

infection might do so by blocking TPCs. To identify ‘hit’ compounds from the virtual 

screen dataset, I cross-referenced the drugs with previous high-throughput wet screens 

for Ebola antivirals (Kouznetsova et al., 2014; Johansen et al., 2015). These 

comparisons highlighted clomiphene, raloxifene, sunitinib, fluphenazine, pimozide 

and bepridil as high-scoring compounds with potent anti-Ebola action (Fig. 3.3A-B; 

Table 3.2). In independent and unbiased docking, whereby ligands may dock 

anywhere within the pore model, each of these ligands docked to the ancestral binding 

site (Fig. 3.3C) (Rahman et al., 2014). Encouraged, I tested the functionality of these 

drugs in the sea urchin egg homogenate. This preparation is highly reproducible and 

forms the “gold-standard” assay for testing NAADP-induced Ca2+ release (Galione et 

al., 2014). NAADP signals were markedly reduced in a concentration-dependent 

manner by all of the identified drugs (Fig. 3.3E), whereas cADPR signals were only 

moderately reduced, even at maximal concentrations (Fig. 3.5). Each of these drugs is 

therefore relatively selective for NAADP over cADPR, likely reflecting acute 

inhibition of TPCs. 

The selected drugs merit closer analyses. Ebola entry is a multi-step process 

where the virus is internalised by macropinocytosis and trafficked through the 

endolysosomal system where it fuses with the membrane, releasing its viral RNA into 

the cell for replication (Messaoudi et al., 2015). TPCs are proposed to inhibit this final 

fusion step (Sakurai et al., 2015). Although the target is unknown, bepridil also inhibits 

infection at a similarly late stage (Johansen et al., 2015). Like tetrandrine, bepridil has 

long been appreciated as a non-selective CaV channel blocker (Cohen et al., 1992) that 

is structurally distinct from the three main classes of CaV antagonist 

(phenylalkylamine, benzothiazepine or dihydropyridine). The antipsychotics 

fluphenazine and pimozide also inhibited NAADP-induced Ca2+ release (Fig. 3.3D-
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E). These drugs have a wide polypharmacology (Peters, 2013), which includes 

multiple dopamine receptor isoforms and neurotransmitter uptake mechanisms. 

Electrophysiological recordings indicate that both of these compounds can also act on 

CaV channels (Enyeart et al., 1990; Sah and Bean, 1994). It is therefore likely that 

bepridil, pimozide, fluphenazine, tetrandrine and other non-selective drugs that block 

CaV channels also inhibit TPCs and thereby prevent Ebola infection. I did not test the 

antipsychotic thiothixene, a potent anti-Ebola drug (Table 3.2), due to its phenotypic 

similarity with fluphenazine and pimozide (Table 3.1). However, a literature search 

revealed no reports of thiothixene acting as a channel antagonist, tentatively 

highlighting this compound as a selective TPC inhibitor. 

The SERMs raloxifene and clomiphene were the most and least potent 

blockers of NAADP-induced Ca2+ release, respectively (Fig. 3.3E). In 2013, many 

different SERMs were identified as potent inhibitors of Ebola infection both in vitro 

and in vivo (Johansen et al., 2013). Like tetrandrine and bepridil, they also blocked 

infection after viral internalisation, likely through an estrogen receptor-independent 

mechanism. This raises the possibility that TPCs are non-canonical targets of these 

SERMs. Additional high-ranking SERMs from my virtual screen included 

bazedoxifene, tamoxifen and toremifene (Table 3.2). However, a recently solved 

crystal structure found Ebola virus glycoproteins in complex with toremifene (Zhao et 

al., 2016), potentially undermining a role for TPCs in SERM action. However, 

toremifene was used at a concentration of 10 mM during crystallisation studies, far 

above the necessary concentration of the drug (Johansen et al., 2013), raising the 

possibility that this site is non-specific. Furthermore, toremifene is chemically distinct 

from raloxifene, which has been previously shown to block both NaV (Liu et al., 2010) 

and KV channels (Liu et al., 2010; Chae et al., 2015). Raloxifene may therefore work 

through a separate pathway to toremifene, perhaps involving ion channels. 

Nevertheless, toremifene is chemically similar to clomiphene, which blocked 

NAADP-induced Ca2+ release with a low potency (Fig. 3.3E). However, one study 

suggested that clomiphene can also block a plethora cardiac channels, including CaV, 

NaV, KV and even Cl- channels (Borg et al., 2002). Thus clomiphene and toremifene 

may have multiple targets in their anti-Ebola action, including the viral glycoprotein 

and TPCs. Indeed, such polypharmacology might actually be an asset in combatting 

Ebola infection. Additional analyses of the untested SERMs from the virtual screen is 

warranted, and may permit investigation of a structure-activity relationship. 
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Sunitinib produced a relatively potent (Fig. 3.3E) and mildly selective (Fig. 

3.5) inhibition of NAADP-induced Ca2+ release. It is a non-selective receptor tyrosine 

kinase inhibitor used to treat renal and gastrointestinal tumours (Demetri et al., 2006; 

Motzer et al., 2007). Intriguingly, sunitinib exerts its anticancer effects by preventing 

tumour vascularisation through inhibition of VEGF receptors, amongst others 

(Roskoski, 2007). NAADP action through TPCs has also been implicated in VEGF-

linked neoangiogenesis and tumour vascularisation (Favia et al., 2014, 2016), raising 

the possibility that sunitinib has multiple anti-neoangiogenesis targets. It is unlikely 

that the inhibitory effect of sunitinib on NAADP-induced Ca2+ release results from 

upstream inhibition of an unidentified kinase due to the acute time-scales and the use 

of a broken, non-vascular cell preparation. Similarly, although mTOR modulates 

TPCs (Cang et al., 2013), sunitinib’s mechanism of action appears independent of 

mTOR (Lane et al., 2009) supporting a role for direct action. There are no documented 

direct effects of sunitinib on VGICs, and therefore radioligand binding assays and 

electrophysiology would be useful ways of confirming the direct action of sunitinib, 

as well as the other drugs identified here. 

These drugs all block NAADP-induced Ca2+ release, dock to a structural model 

of the TPC2 pore (Fig. 3.3C) and block Ebola infection (Kouznetsova et al., 2014; 

Johansen et al., 2015). These results suggest that these drugs are likely novel TPC 

inhibitors, defining their anti-Ebola mechanism of action (Table 3.4A). Notably, 

tetrandrine has a reported IC50 against Ebola infection of 55 nM (Sakurai et al., 2015) 

and is therefore much more potent than the drugs tested here. However, unpublished 

data in our lab suggests that tetrandrine is vastly less potent in the sea urchin egg 

homogenate than in intact human cells, causing only 40% block of NAADP-induced 

Ca2+ release at 100 µM. This disparity may be due to interspecies differences between 

sea urchin and human TPCs.  

Further cross-referencing my TPC screen with wet Ebola screens may generate 

other novel conclusions (summarised in Table 3.4). Ebola infection is a complex and 

extensive process (Saeed et al., 2010; Messaoudi et al., 2015) and it is likely that many 

anti-Ebola drugs exert their effect through mechanisms unrelated to TPCs. These 

drugs probably include those that block Ebola infection but don’t dock to the TPC 

model, such as the cell cycle inhibitors vinblastine and vincristine (Table 3.4B). These 

drugs would form important negative controls for selectivity studies of TPCs. 

Furthermore, there are some drugs that block Ebola infection but were not present in 
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the virtual screening library, including the potent inhibitors nocodazole and 

carfilzomib (Table 3.4C). It is not possible to draw conclusions about their action- or 

lack thereof- on TPCs at this stage.  

 
Ebola wet screen library 

Blocks Doesn’t block Not present 

eD
ru

gs
3D

 S
cr

ee
ni

ng
 L

ib
ra

ry
 Docks 

(A)  
 

Positive results  
e.g. Clom, Ralox, 

Sun, Flu, Pim, Bep 
 

(D) 
Virtual screening 
false positive, or 
methodological 

issue in wet screen  
e.g. Bim, Prog 

(G) 
 
Novel anti-Ebola?  

e.g. Dab 
 
 

Doesn't 
dock 

(B) 
Ebola inhibitor 

through non-TPC 
pore mechanism. 

See Table 3.2 
e.g.Vinb, Vinc 

(E) 
 

Unrelated 
compound 

 
 

Unrelated 
compound 

Not 
present 

(C) 
 

No information. 
See Table 3.2 
e.g. Noc, Carf 

 

(F) 
 

Unrelated 
compound 

 
 

No information 

Table 3.4. Summary of the possible virtual screen and wet screen cross-references. Abbreviations: 

Clom (clomiphene), Ralox (raloxifene), Sun (sunitinib), Flu (fluphenazine), Pim (pimozide), Bep 

(bepridil), Bim (bimatoprost), Prog (progesterone), Dab (Dabrafenib), Vinb (vinblastine), Vinc 

(vincristine), Noc (nocodazole), Carf (carfilzomib). 

 

Drugs that do not block Ebola infection are probably compounds that bear little 

relevance to TPCs (Table 3.4D-F). This is because all TPC blockers should block 

Ebola infection. Compounds that dock to the TPC model but do not block Ebola 

infection must therefore be ‘false positives’ in the virtual screen, potentially with 

lower Chemgauss4 scores (Table 3.4D). Alternatively, the wet screen may have used 

an inappropriate concentration, or perhaps an inactive drug analogue. This might be 

the case for both bimatoprost, a prostaglandin analogue, and progesterone, a steroid. I 

tested both of these molecules when attempting to find novel anti-Ebola drugs because 

they were members of common drug classes within the virtual screen (Table 3.1). 

Prostaglandins derive from arachidonic acid, which was shown in the initial NAADP 
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study to selectively block of NAADP-induced Ca2+ release (Clapper et al., 1987). 

Aside from their canonical actions affecting gene expression, steroids have many other 

‘fast’ targets (Simoncini and Genazzani, 2003), including ion channels (Nakajima et 

al., 1995; Strünker et al., 2011). Although not the highest ranking steroid in my screen, 

progesterone modulates CatSper channels (Strünker et al., 2011), close relatives of 

TPCs. I therefore identified both bimatoprost and progesterone as potential ‘hits’. Both 

compounds docked to the pore vestibule and were reasonably potent and highly 

selective inhibitors of NAADP-induced Ca2+ release (Fig. 3.4A-D; Fig. 3.5). However, 

a further investigation of the literature indicated that bimatoprost failed to inhibit 

Ebola infection in a cellular model (Johansen et al., 2015). This may be a concentration 

effect, as the maximum bimatoprost concentration used was 850 nM, which would be 

subthreshold for NAADP-antagonism based on my observations (Fig. 3.4B). 

Similarly, progesterone inhibited Ebola infection by ~30% at 10 µM (Johansen et al., 

2015), which also roughly corresponds to the IC50 observed here (Fig. 3.4D). Testing 

of additional- and perhaps more highly ranked- steroids is warranted. 

 Drugs that dock to the TPCs, but which are absent from the wet Ebola screens, 

are potentially novel anti-Ebola drugs (Table 3.4G). For example, dabrafenib was 

approved for use in humans in January 2014, and was not present in the wet Ebola 

screens. Its clinical target is B-Raf, a signalling kinase that is dysregulated in many 

cancer aetiologies (Huang et al., 2013). Anticancer drugs were common within the top 

200 compounds within my virtual screen (Table 3.1), and although dabrafenib is in 

the same phenotypic class as sunitinib, they have distinct chemical structures and 

molecular targets. Indeed, the qualitative classification system I used is relatively 

arbitrary. Perhaps more ‘useful’ commonalities between drugs could be found by 

searching for chemical similarity. Nevertheless, dabrafenib was the top scoring drug 

in my virtual screen, by some margin (Appendix A), which justified testing. Although 

dabrafenib docked to the pore of the TPC2 model in the independent docking 

experiments (Fig. 3.4E), it inhibited NAADP-induced Ca2+ release with a very low 

potency (Fig. 3.4F). Moreover, dabrafenib was completely non-selective, 

demonstrating an equal block of cADPR and NAADP at 1 mM (Fig. 3.5B).  

This raises some interesting questions regarding the in silico methods I have 

used. First, it demonstrates that, like all in silico work, the results are not directly 

predictive. For comparison, Naylor and colleagues searched for NAADP antagonists 

by testing 21 compounds identified through ligand-based virtual screening. They 
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found only four that antagonised NAADP action in the sea urchin eggs homogenate, 

where the nineteenth compound, Ned-19, was the most potent (Naylor et al., 2009). 

Thus although my virtual screen does not have 100% accuracy in predicting selective 

and potent TPC inhibitors, 8 out of 9 ‘hit’ drugs identified through my virtual screen 

of eDrugs3D were both relatively potent (<100 µM IC50) and selective (Figs. 3.3-3.5). 

This high rate of success indicates that the data mining and cross-referencing approach 

I used was relatively effective. Indeed, dabrafenib was the only drug I selected solely 

based on its score, and this turned out as the least potent and least selective inhibitor. 

Selecting the top ranking compounds also proved unsuccessful during my 

screening of commercial compound diversity libraries (Fig. 3.7). Although potent, 

tetrandrine is highly non-selective (Bhagya and Chandrashekar, 2016). Outside of 

drug repurposing, which by its nature looks at drugs that have alternative targets, drug 

discovery efforts developing unapproved compounds should focus on target 

selectivity, a key hurdle in the drug approval process. I therefore screened my model 

of the human TPC2 pore against four commercial compound libraries, chosen for their 

chemical diversity. This approach would allow me to identify ‘hit’ chemical scaffolds 

for further drug development efforts. Although FRED’s deterministic algorithm 

returned the same Chemgauss4 scores for equivalent compounds (Table 3.3), the four 

libraries obtained distinct scoring distributions (Fig. 3.7B). This might be due to the 

methods used to select the compounds within the diversity library. For instance, 

Chembridge selects its library for novelty, diversity and ‘lead’-like properties, 

adhering with as many of Lipinski’s rules of five as possible (Lipinski et al., 1997). 

Lipinski’s rules state that an orally-available drug-like molecules will satisfy at least 

three out of the following four criteria: <5 hydrogen bond donors, <10 hydrogen bond 

acceptors, a molecular weight of <500 Da and a logP partition coefficient of <5. Thus 

some vendors exclude most molecules with a molecular weight >500 kDa (Fig. 3.7A). 

On the other hand, Specs appears not to take an equivalently restrictive approach to 

library design. As with the eDrugs3D library (Fig. 3.2D), there is no statistical 

correlation between Chemgauss4 score and molecular weight of diversity library 

compounds, although many of top scoring compounds did have a molecular weight 

>500 Da (Fig. 3.7A; 3.7E). I examined the top six ranked compounds, all from the 

Specs library (Fig. 3.7B-C), and although each docked to the TPC2 pore model (Fig. 

3.7D), none of the five soluble compounds produced any inhibition of NAADP-

induced Ca2+ release in the sea urchin egg homogenate (Fig. 3.7F). These results are 
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comparable to dabrafenib, which also scores highly in the virtual screen, docks to the 

TPC2 pore but ineffectively blocks NAADP-induced Ca2+ release (Fig. 3.4E-F). 

Because the structural model relates to human TPC2, not sea urchin, this disparity 

between in silico and in vitro experiments might be due to a fantastic level of 

interspecies specificity for the docked drugs, as seems to be the case for tetrandrine. 

Although this specificity is worth testing, it is more likely that the docking carried out 

by Autodock4 cannot produce predictive results. Nevertheless, Autodock4 docked 

every drug to binding site screened independently by FRED, suggesting that these 

programmes come to similar conclusions by different methods. 

I have tested only 6 of the ~600000 screened conformers from the diversity 

libraries, and more sophisticated analyses of these screens are needed. These might 

include fragment analyses, or clustering compounds with similar chemistry. It might 

also be possible to generate pharamacophore(s) by finding common docking poses for 

chemically distinct compounds. To test more compounds, the screening methods 

detailed here will need to be scaled up, ideally by using a high-throughput assay. 

Miniaturisation into 384-well plates was previously applied the sea urchin egg 

homogenate and led to the discovery of Ned-19 (Naylor et al., 2009). However, a more 

appropriate method would assay human TPCs. LAMP-1 is a lysosomal marker and 

has been previously used to reveal an extensive lysosomal aggregation in fibroblasts 

from Parkinson’s disease patients (Hockey et al., 2015). This phenotype can be 

reversed by pharmacological and genetic blockade of TPC2, so automated image 

analysis of drug-treated cells may reveal drug action on human TPCs. Other automated 

imaging experiments could measure the block of cellular differentiation (Notomi et 

al., 2012; Zhang et al., 2013; Park et al., 2015), or of TPC-mediated Ca2+ signals, such 

as those induced by VEGF (Favia et al., 2014). Although comparison with cADPR-

induced Ca2+ release is a reasonable and convenient selectivity test in the sea urchin 

egg homogenate, VGICs such as NaV and CaV channels are more appropriate targets 

for selectivity analyses. Such experiments could also be carried out in a multi-well 

format, monitoring Ca2+ influx upon cell depolarisation (for CaV channels) or the 

effect of NaV agonists such as veratradine on membrane potential (for NaV channels). 

Drugs that are absent from the anti-Ebola screens but block human TPCs could also 

be tested in cellular assays of Ebola infection (Johansen et al., 2013; Sakurai et al., 

2015).  
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Ebola virus, Zika virus and MERS-CoV are each from distinct from viral 

classes (filovirus, flavivirus and coronavirus respectively) with separate pathogenic 

processes. Although Zika enters cells through the endocytic pathway (Smit et al., 

2011; Hamel et al., 2015) in an equivalent way to the Ebola virus, the mediators of 

cellular infection are poorly characterised and there is no known link to TPCs. MERS-

CoV can enter cells by either direct fusion with the plasma membrane or by 

endocytosis (Qian et al., 2013), and again there is no established link to TPCs. The 

distribution of Chemgauss4 scores for compounds found within either anti-Ebola 

screen is substantially left shifted compared to the full virtual screening dataset (Fig. 

3.6A), which would be consistent with the Ebola screens containing a number of TPC 

inhibitors. Indeed the larger of the two Ebola screens (Kouznetsova et al., 2014) 

displays a non-normal distribution (Fig. 3.6A), potentially indicative of distinct target 

subpopulations. The MERS-CoV screen (Dyall et al., 2014) also displayed a leftward 

shift in score distribution (Fig. 3.6B), suggesting that this screen also contains TPC 

inhibitors and therefore that MERS-CoV infection might be partly mediated by TPCs. 

Accordingly, this MERS-CoV screen highlighted fluphenazine as a potent inhibitor of 

MERS-CoV infection (Dyall et al., 2014). On the other hand, the score distribution of 

compounds from a screen against Zika virus infection (Barrows et al., 2016) was 

largely similar to the whole virtual screen (Fig. 3.6B-C), implying that Zika infection 

is independent of TPCs. The TPC-dependence of MERS-CoV and Zika infection 

remains to be established. Intriguingly, a study from the early 1970s also found that 

fluphenazine and a range of local anaesthetics blocked herpes virus-induced 

polynucleation (Poste and Reeve, 1972). This raises the possibility that TPCs might 

also be implicated in herpes infection, and that TPCs may be a relatively common 

mediator of viral infection. 

In summary, TPCs are implicated in an expanding number of diseases (Grimm 

et al., 2014; Davidson et al., 2015; Hockey et al., 2015; Patel, 2015; Sakurai et al., 

2015; Favia et al., 2016), but a role for TPCs as a useful clinical target is hampered by 

the relative lack of inhibitors. Here, I have identified eight novel, chemically distinct, 

and relatively selective inhibitors of NAADP-induced Ca2+ release that dock to the 

pore region of a human TPC2 model. These compounds should form the basis for 

further potency and selectivity trials with a view to potential clinical usage.  
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Chapter 4: A Computational Model of Lysosome-ER Ca2+ 

Microdomains 

Introduction 

Changes in cytosolic Ca2+ concentration form the basis of a ubiquitous signalling 

pathway responsible for regulating a multitude of disparate cellular events ranging 

from fertilisation to cell death (Berridge et al., 2000). Specificity is realised through 

temporal and spatial complexities in the Ca2+ signals, which can be achieved by 

controlled mobilisation of canonical and acidic Ca2+ stores (Fig. 1.1) (Patel and 

Docampo, 2010). ER-resident IP3Rs and RyRs are major intracellular Ca2+ release 

channels (Clapham, 2007) that are principally regulated by IP3 and cADPR, 

respectively, and by cytosolic Ca2+ in a biphasic manner. These receptors are therefore 

platforms for CICR, where modest rises in Ca2+ concentration generate a Ca2+ spike 

(Roderick et al., 2003). Subsequent negative feedback terminates the spike, allowing 

clearance by ‘off’ mechanisms, including SERCA pumps (Berridge et al., 2000). 

NAADP mobilises Ca2+ from lysosomes and other acidic organelles (Churchill 

et al., 2002), generating functional global signals. However, the insensitivity of 

NAADP-induced Ca2+ release to CICR and the low lysosomal volume (~1-2% of a 

cell) precludes NAADP from producing the regenerative global Ca2+ spikes that 

characterise IP3Rs and RyRs (Chini and Dousa, 1996; Genazzani and Galione, 1996). 

Such observations led to the NAADP trigger hypothesis whereby NAADP-induced 

Ca2+ release from acidic organelles triggers CICR through IP3Rs and/or RyRs 

(Cancela et al., 1999). Importantly, these putative NAADP trigger events cannot 

always be resolved in the presence of IP3R and RyR inhibitors, suggesting that the 

NAADP-induced signals are modest and/or highly localised (Cancela et al., 1999; 

Marchant and Patel, 2013). This proposition is supported by biophysical analyses of 

TPCs, the putative NAADP targets, which indicate the channels have a low maximal 

open probability (Pitt et al., 2010) and are probably non-selective (Table 1.1). 

Furthermore, local but not global NAADP responses in sea urchin eggs persist in the 

presence of EGTA, a slow Ca2+ chelator (Morgan et al., 2013). Whilst EGTA cannot 

reverse TPC2-mediated lysosomal aggregation defects observed in Parkinson’s 

disease, the fast chelator BAPTA restores endolysosomal ‘health’ (Hockey et al., 

2015). Moreover, functional coupling between NAADP and the ER is disrupted by 

dissociating the trigger and amplifier by homogenisation (Churchill et al., 2002), or 
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by rerouting TPC2 to the plasma membrane (Brailoiu et al., 2009a). Together these 

data strongly imply a role for localised functional coupling between acidic and 

canonical Ca2+ stores.  

MCS are regions of close inter-organellar membrane apposition (<30 nm), 

allowing the congregation of Ca2+ signalling proteins in a restricted space. They form 

the anatomical basis for the encoding and decoding of functional Ca2+ microdomains 

(Berridge, 2006; Helle et al., 2013). This localised Ca2+ signalling via MCS is a well-

characterised constituent of the Ca2+ signalling network (Helle et al., 2013). For 

example, mitochondria form tight (~10 nm) physical junctions with the ER in many 

cell types (so-called mitochondria associated membranes, MAMs). MAMs house high 

concentration Ca2+ microdomains that permit mitochondrial uptake of ER-released 

Ca2+, thereby matching mitochondrial ATP production to cellular demand (Csordás et 

al., 2006; Szabadkai et al., 2006; Tarasov et al., 2012). Furthermore, in the dyadic cleft 

MCS within cardiac muscle (~15 nm), a strongly coupled Ca2+ microdomain between 

L-Type CaV channels on the plasma membrane and clusters of RyRs on the SR is 

critical for excitation-contraction coupling (Franzini-Armstrong et al., 1999; Bers, 

2002; Schendel et al., 2012). ER-mitochondria and SR/ER-plasma membrane 

associations provide a precedent for ER associations with other organelles such as 

those within the endolysosomal system (Fig. 1.4). Accordingly, analogous MCS 

between lysosomes and the ER (Kilpatrick et al., 2013) or SR (Fameli et al., 2014; 

Capel et al., 2015) have recently been identified using electron microscopy. It is 

possible that like their brethren, these MCS might also support functional Ca2+ 

microdomains and thus be the anatomical correlate for local coupling between 

lysosomal and ER/SR channels.  

The spatial and temporal scales involved in studying microdomains impede 

full experimental characterisation due to the relatively low spatial resolution of light 

microscopy (~200 nm) and the static nature of electron microscopy. However, when 

used in tandem with mathematical modelling, such techniques can capture essential 

features of Ca2+ microdomain signalling. Computational modelling of Ca2+ 

microdomains in Interstitial cells of Cajal (Means and Sneyd, 2010) provided insight 

into the Ca2+-dependent ‘slow waves’ that drive gastrointestinal smooth muscle 

contraction (Sanders et al., 2006), whilst models of the cardiac muscle dyadic cleft 

accurately describe the behaviour of Ca2+ during excitation-contraction coupling (Jafri 

et al., 1998; Rice et al., 1999; Greenstein et al., 2006; Cannell et al., 2013). Such 
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approaches allow prediction of the Ca2+ dynamics within microdomains and of the 

behaviour of both microdomain and non-microdomain targets in response to applied 

signals. 

To address the functional Ca2+ dynamics within putative lysosome-ER 

microdomains, I built a simple two-compartment computational model of lysosome-

ER microdomains and the contiguous bulk cytosol. The model is capable of 

qualitatively describing experimentally observed cellular Ca2+ signalling induced by 

the lysosomotropic compound glycyl-L-phenylalanine 2-naphthylamide (GPN). I 

adapted this model to a more physiological scenario by generating the first 

computational model of NAADP action at TPCs. The model demonstrates that small 

NAADP-induced Ca2+ leaks couple with IP3Rs at lysosome-ER microdomains to 

either drive or modulate global Ca2+ oscillations, depending on the relative distribution 

and density of TPC ‘expression’. Interestingly, these microdomains do not require 

high Ca2+ concentrations for their activity. 
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Materials and Methods  

Live Cell Experiments 

Live experiments (Fig. 4.2; 4.2B-D) were carried out by Dr. Bethan S. Kilpatrick 

according to published protocols (Penny et al., 2014a). Briefly, primary human 

fibroblasts were cultured similarly to HeLa cells (see Chapter 2). Cells were plated on 

glass coverslips (without poly-L-lysine) and imaged between passages 9-13. 

Lysosomes were labelled by incubating fibroblasts with 100 nM Lysotracker red 

(Invitrogen) for 30 minutes in HBS prior to imaging. Cells were stimulated with 20-

200 µM GPN (SantaCruz Biotech), made in DMSO. Live cell Ca2+ imaging was 

carried out using the same procedure as detailed in Chapter 2. Lysotracker red was 

imaged using a similar procedure, but where the fluorophore was excited at 568 nm, 

with emission captured using a 590 nm filter. 

 

Modelling 

I constructed a model with two contiguous compartments (Fig. 4.1), the bulk cytosol 

and the microdomain, each containing two variables, the Ca2+ and IP3 concentrations, 

! or !" and # or #", respectively. Simulations were carried out using xppaut 

(Ermentrout, 2002). Model parameters are given in Table 4.1. 

 

 
Figure 4.1 Model summary diagram.  A schematic of the model depicting the two compartments C 

and Cm for the cytosol and microdomain (MD) respectively, with Ca2+ fluxes (J) shown in blue and IP3 

metabolism (V) in green. 
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Parameters Definition Values 
$

* Rate of IP3-generating agonist stimulation 0.0189 %M s-1 
&'()

* IP3R flux coefficient 0.21 s-1 
&*

* Cytosolic TPC flux coefficient 0.0324 s-1 
+&*

* Microdomain TPC flux coefficient 0.0324 s-1 

,-.)/0
1 Maximal SERCA uptake 4.9 µM s-1 

1-.)/0

1 SERCA EC50 0.3 %M 
1(2/

2 Phospholipase C EC50 0.2 %M 
&31

* Maximal IP3 degradation rate 2.8 µM s-1 
&456

* IP3 kinase EC50 1 %M 
/.)

3 Luminal ER Ca2+ concentration 300 %M 
/2

3	 Luminal lysosomal Ca2+ concentration 500 %M 
7/

* Ca2+ diffusion constant 1 s-1 
7(

* IP3 diffusion constant 50 s-1 
,/

# Cytosol volume 2000 %89 
,+

# Microdomain volume 1 %89 
0.)/

# ER surface area in cytosol 300 %8: 
02/

# Lysosomal surface area in cytosol 50 %8: 
0.)+

# ER surface area in microdomain 1 %8: 
02+

# Lysosomal surface area in microdomain 1 %8: 
Table 4.1 Model parameters. 1taken from (Dupont and Swillens, 1996). 2taken from (Politi et al., 

2006). 3taken from reported ranges (Miyawaki et al., 1997; Lloyd-Evans et al., 2008) and chosen to 

give acceptable steady-state solutions. *fitted to replicate experimental GPN-induced Ca2+ oscillations. 
#estimated from experimental images (Kilpatrick et al., 2013). 

 
Ca2+ fluxes 

In the model, Ca2+ is released from the ER through IP3Rs. The fluxes (;) into the 

cytosol and microdomain are defined as: 

 ;<=> = 	A<=>#B !C> − !   ( 1 ) 

 ;"<=> = 	A<=>8#B !C> −	!"   ( 2 ) 

respectively, where A<=> is related to the density of the IP3Rs, which is assumed 

uniform across the ER. The IP3R open probabilities within the cytosol (#B) and 

microdomain (8#B) compartments are set by the IP3 and Ca2+ concentrations within 

these compartments, based on a previously validated model (Cao et al., 2013b). Ca2+ 

uptake into the ER through the SERCA pumps is modelled by Hill functions: 

 ;EC>FG = 	
HIJKLMF

N.PQ

R
IJKLM
N.PQ

S	FN.PQ
		 ( 3 ) 
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 ;"EC>FG = 	
HIJKLMFT

N.PQ

R
IJKLM
N.PQ

S	FT
N.PQ

  ( 4 ) 

As lysosome-ER crosstalk signals persists in the absence of extracellular Ca2+ (Perez-

Terzic et al., 1995; Cancela et al., 1999; Boittin et al., 2002; Kilpatrick et al., 2013; 

Penny et al., 2014a), I assume there is no flux across the plasma membrane- a ‘closed 

cell’ model. 

Lysosomal leaks of Ca2+ are modelled based on either GPN-induced depletion 

of lysosomal Ca2+ or on NAADP-induced Ca2+ leaks. In the first instance, the fluxes 

due to GPN into the cytosol and microdomain, respectively a 

 ;UV = 	AUV(!U − !)  ( 5 ) 

 ;"UV = 	AUV !U −	!"   ( 6 )	

whereby AUV is related to the maximum rate of flux at a given concentration of GPN 

and !U is the luminal lysosomal Ca2+ concentration. !U is fitted to the exponential 

decreases of Lysotracker fluorescence in response to GPN (Fig. 4.2A). As the 

diffusion, catalysis and osmotic effects of GPN take an ill-defined period of time,	AUV 

linearly increases from zero to maximum to mimic its time-dependent action (Fig. 

4.2D). In the NAADP model, no such assumption is included because !U is assumed 

to remain constant- this is due to the low magnitude of flux induced by NAADP (Pitt 

et al., 2010) and the lack of experimental parameters from which to define lysosomal 

uptake. The NAADP-induced Ca2+ fluxes from the lysosome to the cytosol and 

microdomain are defined by: 

 ;UV = 	AY#Z[=F(!U − !)  ( 7 ) 

 ;"UV = 	8AY#Z[=F(!U − !)  ( 8 ) 

respectively. #Z[=F  is the TPC2 open probability at a given concentration of NAADP. 

#Z[=F  is based upon the biophysical data from Fig. 4 in (Pitt et al., 2010), which was 

fitted using the following double Hill equation to replicate the biphasic dose response 

curve: 

 #Z[=F =
\.\]^_`

\.\\9^`S_`
1 −

_`

\.]^`	S	_`
  ( 9 ) 

 where b is the NAADP concentration.  
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IP3 dynamics 

Due to the long period of oscillations induced by GPN (Kilpatrick et al., 2013; Penny 

et al., 2014a) and NAADP (Cancela et al., 1999; Churchill and Galione, 2001), the 

model included mechanisms for Ca2+-dependent production and degradation of IP3 

(Dupont and Erneux, 1997; Politi et al., 2006). Production of IP3 is governed by a 

function of a fixed agonist concentration, %, and Ca2+: 

 c=UF = 	%	
F`

F`S	RdeL
`

  ( 10  ) 

IP3 (#) is removed through phosphorylation by IP3 kinase, modelled as: 

 cfgh = 	 A9R
F`

F`	S	R
ijk
`

	#  ( 11 ) 

It is assumed there is no production or degradation of IP3 in the microdomain due to 

the restricted volume.  

 

Model summary 

Ca2+ and IP3 diffuse between the contiguous cytosol and microdomain compartments 

with estimated rate constants lF  and lm, respectively. The equations governing Ca2+ 

and IP3 dynamics, ! or !" and # or #", within the cytosolic and microdomain 

compartments respectively are:  

 fF

fY
= 	 ;<=> +	;UE −	;EC>FG +	lF !" − !   ( 12 ) 

 fFT

fY
= 	o:oH(;"<=> −	;"EC>FG) +	o9oH;"UE +	oHlF(! − !") ( 13 ) 

 f=

fY
= 	c=UF −	cfgh +	l= #" − # 	  ( 14 ) 

 f=T

fY
= 	oHl= # −	#" 	  ( 15 ) 

The surface of the ER that adjoins the cytosol has a larger area, pC>F , than the surface 

that adjoins the microdomain,	pC>". o: represents the ratio of surface areas, o: =

	
GJKT

GJKL
. Similarly, o9 is the surface area ratio of the lysosome to the microdomain, 

o9 = 	
GeT

GeL
. The relative difference in volume between the microdomain and cytosol 

is represented by the ratio: 

 oH = 	
[ZYqr	stYZVZrus	vZrw"g

[ZYqr	"usxZfZ"quy	vZrw"g
=

HL

HT
  ( 16 ) 
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Results 

GPN-induced Signals in Live Cells 

Stimulation of primary cultured human fibroblasts with GPN elicits complex Ca2+ 

signals that are IP3R-dependent (Kilpatrick et al., 2013) and persist in the absence of 

extracellular Ca2+ (Penny et al., 2014a). Hydrolysis of GPN is thought to cause a 

swelling in lysosomes that leads to the leak of small molecular weight molecules, 

including ions (Kilpatrick et al., 2013; Penny et al., 2014a). To visualise such 

responses, cells were labelled with Lysotracker, a lysosomotropic dye, or Fura-2, a 

Ca2+ probe. GPN treatment generated a near total loss of Lysotracker fluorescence, 

with an exponential kinetic (Fig. 4.2A). The rate of decrease of Lysotracker 

fluorescence was concentration-dependent, with lower concentrations having longer 

half-lives (Fig. 4.2B). These responses were concomitant with the generation of 

complex Ca2+ signals (Fig. 4.2C). Ca2+ responses in cell treated with 100 µM GPN 

displayed longer latencies and smaller magnitudes when compared with 200 µM GPN 

(Fig. 4.2D). Moreover, at the lowest concentration of GPN tested (20 µM), fewer cells 

responded (despite complete loss of Lysotracker in all cells) and the latency was 

further increased (Fig. 4.2D). These variable responses further characterise coupling 

between lysosomal and ER stores (Kilpatrick et al., 2013; Penny et al., 2014a). Thanks 

are due to Dr. Bethan S. Kilpatrick for carrying out these live cell experiments, on 

which the following model is based. 

 

Generating a Model Based on GPN-induced Signals 

To gain mechanistic insight into functional coupling between lysosomes and the ER, 

I developed a simple computational model of Ca2+ dynamics in both the cytosol and a 

contiguous lysosome-ER microdomain (see Materials & Methods). This model 

incorporated lysosomal leaks and ER fluxes based on IP3Rs (Cao et al., 2013b) and 

SERCA pumps. At rest, both compartments were at a stable steady state, with Ca2+ 

and IP3 concentrations of 0.03 µM and 0.17 µM, respectively. Ca2+ fluxes across the 

plasma membrane were assumed to be negligible due to the persistence of complex 

Ca2+ signals in the absence of extracellular Ca2+ (Penny et al., 2014a). A schematic 

summarising the model is shown in Fig. 4.1.  

In the first instance, I modelled the effects of GPN. Lysotracker fluorescence 

was taken as a proxy for the luminal lysosomal Ca2+ concentration (!U), whereby !U 
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Figure 4.2. Lysosomal leaks and cytosolic Ca2+ signals in response to GPN are concentration-

dependent. (A-B) Representative Lysotracker fluorescence imaging upon addition of 200 µM, 100 µM 

or 20 µM GPN to fibroblasts (A), with pooled data summarising the time to taken to achieve half-

maximal loss of fluorescence (B). (C-D) Representative Fura-2 Ca2+ imaging experiments (C) and 

pooled data (D) summarising the effects of GPN on Ca2+ response latency (top) and magnitude 
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(middle), or on % cells that have a Ca2+ increase (>0.4 ratio; bottom). Results are from 37 (20 µM), 64 

(100 µM) and 48 (200 µM) cells from 2-3 independent experiments. Experiments here were carried out 

by Dr. Bethan S. Kilpatrick. 

 

is an exponential function fitted to the data in Fig. 4.2A. Initial computations produced 

rapid oscillations (<5 s; data not shown) inconsistent with the experimentally observed 

oscillatory period (>50 s; Fig. 4.2C) (Cancela et al., 1999; Kilpatrick et al., 2013). I 

therefore introduced functions representing Ca2+-sensitive IP3 metabolism (Fig. 4.1), 

which increase the oscillatory period both in silico and in vitro (Politi et al., 2006). 

When I simulated treatment with 200 µM or 100 µM GPN, this finalised model 

demonstrated oscillatory behaviour qualitatively similar to the responses observed in 

the experimental system (Fig. 4.3A-B). Removing inter-compartment diffusion from 

the model isolated the microdomain, demonstrating that the microdomain was not 

necessary to drive cytosolic responses to GPN (computations not shown). For some 

GPN concentrations the mathematical model exhibited an additional early spike, 

which is caused by the rapid addition of GPN and is thus most likely to be a model 

artifact (see Discussion). In the case of 20 µM GPN, the model produced a single 

spike, which again is similar to the observed data (Fig. 4.3C; black traces). 

Interestingly, by slightly altering the parameter corresponding to maximal lysosomal 

Ca2+ flux (AUV) for 20 µM GPN, it was possible to ablate these responses, suggesting 

that this concentration of GPN is at the threshold for Ca2+ spike generation. 

Importantly, setting the IP3R flux to 0 (A<=> = 0) abolished the spikes (Fig. 4.3A-B; 

red traces), indicating that they are driven by the IP3Rs. The model is therefore capable 

of qualitatively describing Ca2+ responses in fibroblasts with the expected 

‘pharmacology’ (Kilpatrick et al., 2013). 

 

Adjusting the Model to NAADP-induced Ca2+ Leaks 

GPN is a synthetic compound that causes complete loss of Lysotracker fluorescence 

(Fig. 4.2A) and, by inference, luminal Ca2+. However, more ‘physiological’ lysosomal 

Ca2+ fluxes- such as those induced by NAADP- are likely to be highly regulated and 

smaller in magnitude in order to prevent lysosomal Ca2+ depletion. As TPC2 is a 

lysosomal ion channel that acts as a target for NAADP (Calcraft et al., 2009; Zong et 

al., 2009; Jha et al., 2014), I generated a model of TPC based on previously published 

biophysical data (Pitt et al., 2010) (Fig. 4.4A). The particular dataset I modelled was 
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Figure 4.3. Model simulations of GPN-induced Ca2+ oscillations. (A-C) Typical Ca2+ responses of 

fibroblasts (left), and corresponding simulations (right) at the indicated concentration of GPN. 

Responses without IP3R flux (A<=> = 0) are in red.  AUV values were 0.015 s-1 and 0.0075 s-1 in A and 

B, with time lags of 200 s and 320 s, respectively. At 20 µM (C) two cells are shown, with corresponding 

simulations at AUV values of 0.002 (black) and 0.0019 (red) respectively (time interval 390 s). 

 

acquired under conditions that mimicked the lysosomal lumen (low pH, high Ca2+)  

and demonstrated the characteristic bell-shaped concentration-effect relationship for 

NAADP. To adapt my model, I replaced the GPN-induced lysosomal leak with a 

model of NAADP-induced Ca2+ release. In this, NAADP dictated TPC2 open 

probability (Fig. 4.4A; c.f. Fig. 4 in (Pitt et al., 2010)), which in turn determined the 

magnitude of the lysosomal Ca2+ flux (see Materials & Methods). Because the 

magnitude of TPC-mediated Ca2+ flux is low, and because the kinetics of the putative  
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Figure 4.4. Model simulations of NAADP-induced Ca2+ oscillations. (A) Relationship between the 

concentration of NAADP and open probability (Po) of TPC2 based on data in (Pitt et al., 2010). The 

range of NAADP concentrations (b) that produce microdomain-driven, global oscillations is shown in 

grey. Inset depicts the equal density of TPCs (cylinders) in the endoplasmic reticulum (ER)-lysosome 

(Lyso) microdomain (MD, hatched area) and the non-microdomain region (arc). (B) Model simulations 

at the optimal NAADP concentration (23 nM). The first spike is an artifact resulting from the fast 

addition of NAADP. (C-D) Model responses to NAADP (15 nM) in the bulk cytosol (C) and the 

microdomain (D). Responses without microdomain lysosomal leak (8AY = 0) are shown in red. 

 

Ca2+-uptake mechanism remain undefined (Melchionda et al., 2016), I simplified the 

model by assuming that !U remains constant.  

For simulations at the optimal NAADP concentration, persistent Ca2+ 

oscillations were observed within the cytosol (Fig. 4.4B-C). These cytosolic signals 

follow equivalent oscillations in the microdomain, with a lag-time of ~2 s during the 

pacemaker phase (Fig. 4.4 C-D). Interestingly, the Ca2+ concentration within the 

microdomain upon NAADP stimulation was almost identical to that in the cytosol 

(Fig. 4.4C-D). Nevertheless, by setting the TPC flux within the microdomain 

compartment to 0 (8AY = 0), oscillations ceased (Fig. 4C; red trace). Oscillatory 

lysosome-ER microdomains are therefore capable of driving global Ca2+ signals even 

in the absence of high microdomain Ca2+ concentrations. 
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Further Probing of the NAADP Model 

In the model, coupling between lysosomes and the ER by NAADP took place over a 

relatively limited range of NAADP concentrations (Fig. 4.4A, shaded area). In this 

scenario, the relative TPC flux density into both the microdomain (8AY) and bulk 

cytosol (AY) were assumed equal. However, channels are known to cluster within other 

microdomains such as those between the plasma membrane and the SR in 

cardiomyocytes (Schendel et al., 2012). In order to simulate potential TPC clustering, 

I examined the effect of increasing TPC flux density into the microdomain relative to 

the cytosol (8AY = 10AY). The concentration range over which NAADP could 

generate global Ca2+ signals was expanded under these conditions (Fig. 4.5A). The 

frequency of Ca2+ oscillations also showed a clear dependence on the NAADP 

concentration (Fig. 4.5B), giving rise to the diagnostic bell-shaped concentration-

effect relationship (Fig. 4.5C).  

I then compared these ‘clustering’ effects to increasing Ca2+ flux in both 

compartments – a scenario akin to a higher expression level of TPCs. Increasing the 

flux density in this uniform manner had a similar effect to clustering in widening the 

range of NAADP concentrations that elicit a response (Fig. 4.5D). However, unlike 

the ‘clustering’ scenario (Fig. 4.5A-C), global Ca2+ signals persisted in the absence of 

microdomain TPC flux (Fig. 4.5E). Indeed, comparing the signals in the absence and 

presence of the microdomain TPC flux revealed a stimulatory effect of the 

microdomain on oscillatory frequency (Fig. 4.5E-F). Microdomain flux is therefore 

not a prerequisite for the generation of global signals, but rather serves a modulatory 

role when the magnitude of the lysosomal leak is increased uniformly. Taken together, 

the simulations depicted in Fig. 4.5 suggest that both the distribution and density of 

TPCs can regulate IP3R-dependent global Ca2+ signals through microdomains. 

 

 

 

 

 
Figure 4.5 cont (overleaf). (B, top), 9 nM (E, top), 23 nM (B, E, middle) and 50 nM (B, E, bottom) 

NAADP. Responses without microdomain lysosomal leak (8AY = 0) are in red. (D, F) Resulting 

concentration-effect relationships for NAADP and oscillation frequency depicted in (B, F).  
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Figure 4.5. Distribution and density of TPC flux modulates NAADP-induced Ca2+ oscillations. 

Model simulations where TPC flux density was either selectively increased in the microdomain (8AY =

10AY;	A-C) or uniformly increased into both compartments (8AY = AY = 	0.0364s-1; D-F) as 

schematically depicted in A and D (insets; see Fig. 4.4). (A, D) NAADP/TPC2 Po relationship, with 

the range of NAADP concentrations that generate global Ca2+ oscillations highlighted (grey). (B, E) 

Model simulations at increasing concentrations of NAADP. Example traces show responses to 7 nM  
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Discussion 
Accumulating evidence points towards an intimate functional and physical coupling 

between acidic and ER Ca2+ stores (Patel and Brailoiu, 2012; Kilpatrick et al., 2013). 

Similar Ca2+ microdomain signalling at MCS occurs within plasma membrane/ER 

junctions (Franzini-Armstrong et al., 1999) and mitochondria/ER junctions (MAMs) 

(Csordás et al., 2006; Szabadkai et al., 2006). Recently identified lysosome-ER MCS 

(Kilpatrick et al., 2013) and their putative Ca2+ microdomains remain poorly 

characterised. Due to the experimental challenges presented by these spatially 

restricted compartments, I generated a computational model based on experimentally 

observed parameters to describe the Ca2+ dynamics between these two organelles. 

Direct mobilisation of lysosomal Ca2+ using GPN is sufficient to evoke 

complex and persistent Ca2+ signals that are independent of extracellular Ca2+ (Penny 

et al., 2014a) and require coupling with ER IP3Rs (Kilpatrick et al., 2013). GPN is a 

dipeptide substrate for cathepsin C (Jadot et al., 1984) and has been widely used to 

investigate Ca2+ signalling through acidic stores in a range of contexts (Berg et al., 

1994; Haller et al., 1996; Churchill et al., 2002; Duman et al., 2006; López-Sanjurjo 

et al., 2013). Hydrolysis of GPN generates an increase in luminal osmolarity that is 

followed water ingress down the osmotic gradient, producing a swelling and a 

depletion of lysosomal content. As cathepsin C has a relatively broad pH optimum 

(McDonald et al., 1969), the putative increase in lysosomal pH is unlikely to affect 

hydrolytic activity, explaining complete loss of Lysotracker during GPN treatment 

(Fig. 4.2A).  

It has been suggested that GPN induces lysosomal ‘permeabilisation’, 

‘bursting’ or ‘destruction’, and that GPN-induced Ca2+ signals are non-specific 

responses to the release of lysosomal hydrolases (Berg et al., 1994; Gerasimenko et 

al., 2006). However, endocytosed dextrans (~10 kDa) do not leak from lysosomes in 

GPN-treated cells (Penny et al., 2014a), making it highly unlikely that the lysosomes 

‘burst’ and release lysosomal hydrolases (~35 kDa) in an unregulated manner. Instead, 

the concentration-dependent exponential loss of Lysotracker (~0.4 kDa) fluorescence 

in response to GPN (Fig. 4.2A-B) strongly suggests a controlled but rapid loss of small 

molecular weight molecules (including ions), perhaps through a non-selective and/or 

mechanosensitive channel. Notably, P2X4 purinergic receptors localise to lysosomes 

and are capable of passing large molecules such as NMDG (~0.2 kDa) (Huang et al., 
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2014), and are modulated by mechanical force (Yamamoto et al., 2000; Kessler et al., 

2011; Forst et al., 2016). Taken together, these analyses suggest that GPN produces a 

graded leak of low molecular weight solutes from lysosomes, including Ca2+, 

potentially through lysosomal ion channels. These results provide experimental 

background on which to build a computational model. 

Although local signalling between acidic organelles and the ER is a long 

standing proposal (Churchill and Galione, 2001; Patel et al., 2001), the putative 

anatomical correlates (i.e. lysosome-ER/SR MCS) have only been identified relatively 

recently (Kilpatrick et al., 2013; Fameli et al., 2014; Capel et al., 2015). These MCS 

potentially bring together Ca2+ signalling proteins into a spatially restricted zone to 

create Ca2+ microdomains. As the size of these regions renders them largely 

experimentally intractable, I developed a computational model to understand potential 

microdomain behaviour. The model simulated the Ca2+ concentration within two 

compartments, the microdomain and the bulk cytosol, in response to various 

intracellular Ca2+ fluxes (Fig. 4.1). The overall magnitude of fluxes into the 

microdomain was substantially smaller than into the cytosol because these fluxes are 

scaled by both surface area and volume ratios (see Methods). Plasma membrane Ca2+ 

fluxes were excluded due to the ability of lysosome-ER crosstalk to proceed in the 

absence of extracellular Ca2+ (Perez-Terzic et al., 1995; Cancela et al., 1999; Boittin 

et al., 2002; Kilpatrick et al., 2013; Penny et al., 2014a). I employed a model of the 

IP3R that draws from an extensive biophysical dataset to define the in silico open 

probability of the channel based on IP3 and Ca2+ concentration (Cao et al., 2013b). 

This biophysical data and my initial computations indicated that at a given IP3 

concentration, Ca2+ drives short-period oscillations (<5 s). However, the period of 

lysosome-ER crosstalk signals within cells are much longer, typically >50s (Fig. 4.2C) 

(Cancela et al., 1999; Kilpatrick et al., 2013). I therefore built dynamic, Ca2+-sensitive 

IP3 metabolism into the model, an approach known to extend the period of IP3R-driven 

oscillations both computationally and physiologically (Politi et al., 2006). When 

assembled, the stable steady-state of this simple model is perturbed by a leak of 

lysosomal Ca2+, and the ensuing Ca2+ responses provide insight into functional 

coupling between lysosomes and the ER. 

To fine tune the parameters for this model, GPN was used to initiate a 

lysosomal Ca2+ leak. GPN produced concentration-dependent Ca2+ signals in cells, 

with lower concentrations causing fewer, smaller and slower responses (Fig. 4.2D). 
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Using Lysotracker fluorescence as a proxy for the lysosomal Ca2+ concentration, I 

modelled the GPN-induced lysosomal leak at a range of concentrations. GPN is 

thought to selectively target lysosomes but this assumption is based on broken cell 

preparations. Like other lysosomal hydrolases, cathepsin C traffics through pre-

lysosomal compartments upon exit from the Golgi complex (Ghosh et al., 2003). This 

raises the possibility that GPN might mobilise Ca2+ from both lysosomal and 

endosomal compartments in intact cells. Nevertheless, the resulting lysosomal model 

is capable of qualitatively describing IP3R-driven Ca2+ spikes in the cytosol, which 

have a similar period to those observed experimentally (Fig. 4.3A-C). The validity of 

this model is supported by simulations where small changes to the maximum leak 

parameter (AUV) do not generate signals, mimicking the threshold nature of the 

response at 20 µM GPN (Fig. 4.3C).  

Like GPN, NAADP can recruit the IP3R (Soares et al., 2007; Calcraft et al., 

2009), so I therefore modelled this more physiological scenario. Since their initial 

identification as likely NAADP targets (Brailoiu et al., 2009a; Calcraft et al., 2009; 

Zong et al., 2009), much evidence has accumulated implicating TPCs as NAADP-

activated Ca2+ channels (Hooper and Patel, 2012). Nevertheless, ensuing controversy 

suggested that these channels might not be particularly Ca2+-selective and/or Ca2+-

permeable (see Chapter 1; Table 1.1). I used previous biophysical data (Pitt et al., 

2010) to generate the first computational model of TPC function, whereby a given 

concentration of NAADP sets the channel open probability (Fig. 4.4A). These data 

were derived from single channel measurements in artificial bilayers, with high 

luminal Ca2+ and a low luminal pH, to mimic intralysosomal physiological conditions 

(Pitt et al., 2010). Because the magnitude of the Ca2+ leak was small, and because 

CAX, the putative lysosomal Ca2+ uptake mechanism (Fig. 1.1) (Melchionda et al., 

2016), remains poorly defined biophysically, I simplified the model by assuming that 

luminal lysosomal Ca2+ (!U) was constant (c.f. unidirectional transport observed in the 

GPN data, whereby !U depletes). When assembled, the model couples small, NAADP-

induced lysosomal Ca2+ leaks to the IP3R, causing regular spikes in the cytosol (Fig. 

4.4B-C). 

My models of both NAADP and GPN action contain instantaneous ‘Ca2+ 

spikes’ (dotted lines, Fig. 4.3-4.4). In the models, increases in stimulus intensity are 

rapid. However, the biological actions of NAADP, and in particular GPN, include 
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several time-dependent steps that are difficult to model. Early spikes in the simulations 

are likely artifacts of this time-based simplification. Indeed, these early spikes are 

eliminated by gradually ramping lysosomal flux to its maximum value using an 

arbitrary, unparameterised function (computations not shown). To ablate these 

artifacts, further work would be required to extend this model to a full spatial model 

using finite elements and partial differential equations (Means and Sneyd, 2010). 

Indeed, such elaborate computational models of Ca2+ microdomains are relatively 

common (Jafri et al., 1998; Rice et al., 1999; Greenstein et al., 2006; Means and Sneyd, 

2010; Cannell et al., 2013; van Breemen et al., 2013; Fameli et al., 2014). For example, 

one study simulated putative lysosome-SR junctions in smooth muscle cells and 

produced an almost excessively detailed model of TPC2 and RyR microdomain Ca2+ 

dynamics (Fameli et al., 2014). However, the issue of how to couple such detailed 

microdomain models – which are highly computationally intensive – to the rest of the 

cell remains a challenging multi-scale problem, and often relies on the assumption that 

coupling just happens (Fameli et al., 2014). This is because it is not technically feasible 

at present to compute the whole cell at the same level of detail as the microdomain. 

This problem has been partially solved by using a homogenisation approach, which 

assumes that cytoplasm and ER occupy the same space (Higgins et al., 2007). It is 

likely that similar methods would be necessary to incorporate the lysosome/ER 

microdomain in a whole-cell model at a greater level of detail. Nevertheless, despite 

its simplicity, my model demonstrates the principle that small NAADP-induced Ca2+ 

leaks can couple to global Ca2+ signals. 

The NAADP model also demonstrates the principle that lysosome-ER 

microdomains are capable of driving global Ca2+ oscillations (Fig. 4.4C). Thus global 

Ca2+ signals were ablated by selectively eliminating the lysosomal leak into the 

microdomain only. This is in contrast to the GPN model where isolating the 

microdomain did not prevent GPN-evoked cytosolic signals. This disparity is likely 

due to the large difference in the amount of Ca2+ released in response to NAADP and 

GPN. Contrary to expectations, the simulations indicate that microdomains do not 

achieve substantially higher Ca2+ concentrations than the cytosol, even though the 

signals were kinetically distinct (Fig. 4.4C-D). Previous models of the dyadic cleft, 

which bring together L-type CaV channels on the ‘source’ plasma membrane and RyRs 

on the ‘target’ SR membrane, predicted a higher Ca2+ concentration within the 

microdomain than within the bulk cytosol (Jafri et al., 1998). Similarly in MAMs, 
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IP3Rs on the ‘source’ membrane neighbour the very low affinity MCU on the ‘target’ 

mitochondrial membranes (Spät et al., 2008; Rizzuto et al., 2012). In this case, a high 

Ca2+ microdomain is necessary to overcome the barrier to Ca2+ uptake into the 

mitochondria. 

So why might the lysosome-ER microdomains modeled here differ? First, the 

‘target’ protein in this model is the IP3R, which has a much higher affinity for Ca2+ 

(~0.3 µM) (Wagner and Yule, 2012) than does the MCU (>10 µM) (Spät et al., 2008; 

Rizzuto et al., 2012), or the even the RyR (~1 µM) (Fill and Copello, 2002). 

Consequently, a trickle of Ca2+ through TPCs is enough to coax the IP3R into action; 

CICR by the IP3Rs amplifies the small NAADP-induced signal and generates the 

global responses. Thus, the affinity of the protein on the ‘target’ membrane may be 

matched to the magnitude of the ‘source’ of Ca2+. Second, unlike RyRs and MCU that 

can be activated by Ca2+ alone, IP3Rs are co-activated by IP3 and Ca2+. This 

necessitated a basal IP3 concentration in the model, which induced a leak of ER Ca2+. 

To generate a steady state at rest, this basal Ca2+ leak was balanced through Ca2+ 

uptake by SERCA pumps. However, the high efficiency of SERCA as an uptake 

mechanism prevents the microdomain from reaching a high Ca2+ concentration when 

NAADP is added to the model (Fig. 4.4D). Notably, partial SERCA inhibition with 

low concentrations of thapsigargin can substantially increase spike frequency in 

pancreatic acinar cells (Petersen et al., 1993), supporting a key role for SERCA in 

tuning global Ca2+ responses. Microdomain models utilising RyRs do not need 

SERCA pumps in their microdomains as there is no basal Ca2+ flux to balance, thus 

allowing high Ca2+ concentrations to accumulate (Jafri et al., 1998; Fameli et al., 

2014). Similarly, structural isolation of MAMs has shown that both IP3Rs and MCUs 

are enriched at these sites, whereas SERCA is not (Chami et al., 2008). This potential 

absence of SERCA in MAMs may lead to the generation of the necessary high Ca2+ 

microdomains. Indeed the absence of SERCA might permit IP3Rs to be basally active, 

a phenomenon that appears necessary to maintain mitochondrial bioenergetics 

(Cárdenas et al., 2010). Thus, in addition to matching the affinity of the ‘target’ protein 

to the ‘source’ release mechanism, different Ca2+ transport processes may be mixed 

together to generate a functionally heterogeneous microdomain population (Penny et 

al., 2014b). Together, these results suggest that microdomain behavior is highly 

dependent on the spatial distribution of Ca2+ release and reuptake pathways and their  
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Figure 4.6. Heterogeneity of Ca2+ microdomains at membrane contact sites. MCS between the 

source (top) and target (bottom) membranes allow functional Ca2+ microdomains to form between them. 

(A) Ca2+ influx through CaV channels in the plasma membrane (PM)-SR MCS of the dyadic cleft forms 

a high Ca2+ microdomain (dark shading) to initiate Ca2+ release from low-affinity ryanodine receptors 

(RyR). (B) Ca2+ release through IP3Rs in MAMs (center) also forms a high Ca2+ microdomain to 

facilitate mitochondrial Ca2+ uptake by the low-affinity MCU. (C) Ca2+ release through TPCs in 

lysosome-ER MCS (right) forms a low Ca2+ microdomain (light shading) due to the presence of SERCA 

(S), but which is nevertheless able to activate high-affinity IP3Rs. 

 

affinity for Ca2+ (Fig. 4.6), and that these Ca2+ signalling proteins can be ‘mixed-and-

matched’ to generate functionally heterogeneous responses (Penny et al., 2014b).  

The concentration-effect relationship for NAADP-evoked Ca2+ signalling in 

mammalian cells is unusual in that it is bell-shaped (Berg et al., 2000; Johnson and 

Misler, 2002). This biphasic behavior has also been observed at the single channel 

level for TPC2 (Pitt et al., 2010). By assessing the global oscillatory frequency, my 

model recapitulated the biphasic concentration-effect relationship of NAADP (Fig. 

4.5). The range of concentrations over which NAADP produced global responses 

could be widened by selectively increasing the density of TPC2 Ca2+ flux into the 

microdomain (Fig. 4.5A-C). Although there is no direct evidence for such TPC 

‘clustering’, other MCS such as MAMs (Chami et al., 2008) and the dyadic cleft 

(Rahman, 2012; Schendel et al., 2012) are enriched with Ca2+ signalling proteins when 

compared to the surrounding ER/SR.  

Uniformly increasing the ‘density’ of TPCs- a scenario akin to increased TPC 

expression- also broadened the concentration range of NAADP action (Fig. 4.5D-F). 

However, in contrast to the clustering simulations, the microdomains were no longer 

absolutely required to initiate global signals (Fig. 4.5E). Instead, microdomain activity 

PM ER Lysosome 

SR Mitochondria ER 

RyR 

Cav 

MCU 

IP3R 

IP3R 

TPC 

S S 

S S 

S 

Source Membrane 

Target Membrane 

A B C

So
ur
ce

Ta
rg
et



 142 

served to increase the frequency of global oscillations (Fig. 4.5E-F). This raises the 

possibility that expression levels of lysosomal channels may alter the mode of 

coupling between lysosomes and the ER. As many effector proteins decode Ca2+ 

signals based on their oscillatory frequency (Smedler and Uhlén, 2014), these 

simulations have implications for both functional studies of overexpressed 

recombinant TPCs and for endogenous TPCs, which show tissue- and developmental 

stage-specific differences in expression (Ishibashi et al., 2000; Aley et al., 2010; 

Notomi et al., 2012; Zhang et al., 2013; Kelu et al., 2015). In particular, early stage 

neuronal differentiation requires low TPC2 levels, which must increase during 

development to prevent cells from being trapped at as neural progenitors (Zhang et al., 

2013). My simulations might suggest that these observations would be driven by 

different ‘modes’ of microdomain function, and the global Ca2+ signals they control.  

Regardless of TPC distribution and density, the range over which NAADP 

induces global responses remained narrow in the model relative to observed cellular 

responses. Cooperative regulation of IP3 receptors by Ca2+ likely contributes to these 

‘switch’-like responses upon breach of threshold Ca2+ concentration by NAADP. The 

model also assumes a homogeneous microdomain population. However, in a cellular 

context, progressive recruitment of architecturally distinct microdomains with 

marginally differing NAADP sensitivities may act to enhance the concentration range 

of NAADP action. Such differences may contribute to the heterogeneity seen in the 

complex global signals induced by GPN (Fig. 4.2C).  

In conclusion, I used newly observed and historical experimental data to 

develop a simple computational model of lysosome-ER Ca2+ microdomains. The 

model is capable of qualitatively describing the Ca2+ responses to the lysosomotropic 

agent GPN, which induces a substantial but controlled solute leak from the lysosome. 

Probing more physiological leaks through the Ca2+-mobilising messenger NAADP 

and its likely target channel demonstrates the potential for lysosome-ER 

microdomains to drive global Ca2+ responses through the IP3R.  
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Chapter 5: Future Directions and Conclusions 
 

TPCs occupy a key position within the evolutionary trajectory of the VGIC 

superfamily (Fig. 1.2). Over the past 7 years, they have emerged as a major component 

of the intracellular Ca2+ signalling milieu (Fig. 1.1). As the target for the Ca2+-

mobilising second messenger NAADP (Brailoiu et al., 2009a; Calcraft et al., 2009; 

Zong et al., 2009), they facilitate Ca2+ release from acidic organelles. These signals 

often couple with the larger ER Ca2+ stores to generate local and global Ca2+ responses, 

potentially at specialised MCS (Penny et al., 2015). NAADP, and now the TPCs, have 

been implicated in a wide number of physiological and pathological functions (Patel, 

2015) (see Chapter 1). However, TPCs are relatively poorly understood at a molecular 

level when compared to KV, NaV and CaV channels. The pharmacology of the TPCs is 

also limited to non-selective CaV and NaV channel antagonists (Genazzani et al., 1997; 

Rahman et al., 2014). Furthermore, the interplay between TPC-mediated local and 

global Ca2+ signalling remains ill-defined. I therefore set out to better characterise the 

molecular architecture, pharmacology and signalling function of the TPCs using a 

highly interdisciplinary approach. 

VGICs consist of four homologous domains that congregate to form an ion 

conducting pore with peripheral voltage sensors (Fig. 1.2) (Yu et al., 2005). Previous 

studies of homotetrameric prokaryotic channels have provided insight into the 

channel’s architecture and function by isolating the pore regions (Santos et al., 2008, 

2012, McCusker et al., 2011, 2012, Shaya et al., 2011, 2014). I tested whether a similar 

channel dissection approach could be applied to the multi-domain eukaryotic TPCs. I 

defined and isolated the pore regions of human TPC2 (Fig. 2.2), which expressed at 

the ER and depleted it of Ca2+ (Fig. 2.4), likely the result of constitutive activity. 

Moreover, after extensive optimisation (Fig. 2.3), I created a protocol to purify large 

amounts of stable, folded, tetrameric and functional TPC2 DI pore protein (Fig. 2.3; 

2.7). Its spontaneous tetramerisation into functional pores advances a previous 

observation that the TPC1 DI pore forms tetramers when artificially cross-linked 

(Churamani et al., 2012). The pore proteins illustrate a degree of structural and 

functional redundancy between the separate pore regions of TPCs, even though their 

sequences are highly diverged (Chapter 2). I have characterised this extensively for 

DI, and many of the same biochemical approaches could be applied to the DI pore 
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mutant and to DII. This might also include the characterisation of chimeric constructs 

whereby the DII pore is replaced by that of DI and vice versa. 

The absence of structural information is a major limitation in understanding 

human TPCs, particularly for rationalising their disputed selectivity (Table 1.1). 

Although used widely in this thesis, comparison with the plant TPC structures has its 

limitations due to the distinct functional differences between mammalian and plant 

TPCs, not least the divergent actions of both NAADP and cytosolic Ca2+ (Schulze et 

al., 2011; Boccaccio et al., 2014). The purified DI pore protein may be a useful initial 

tool to gain direct structural insight into human TPCs using X-ray crystallography; at 

present cryo-electron microscopy is not sufficiently advanced to provide atomic 

resolution for proteins smaller than ~200 kDa, such as the tetrameric DI pore (Glaeser 

and Hall, 2011). A construct where the DI and DII pores are artificially fused together, 

perhaps using a flexible glycine-rich linker (Reddy Chichili et al., 2013), would 

recreate the ‘wildtype pore’. If this protein could be expressed, purified, and 

structurally characterised, it would provide the ideal platform from which to carry out 

structure-function analyses aided by mutagenesis, providing more direct insight into 

ion selectivity and drug binding.   

TPCs are linked to a number of diseases (Patel, 2015), yet the extant TPC 

blockers are limited to non-selective CaV and NaV channel antagonists (Genazzani et 

al., 1997; Rahman et al., 2014; Sakurai et al., 2015). I searched for new molecules that 

might target TPCs by screening compound libraries against a model of the TPC2 pore 

(Fig. 3.2), which contains the major drug binding site in VGICs (Ragsdale et al., 1996; 

Yu et al., 2005; O’Reilly et al., 2006). My drug repurposing approach led to the 

identification of 8 novel putative TPC inhibitors, which all possessed reasonable 

potency and selectivity (Fig. 3.3-3.5). I also screened ‘diversity libraries’ of novel 

compounds, which did not produce any TPC inhibitors in preliminary tests (Fig. 3.7), 

but which may form a useful resource for further drug development efforts.  

According to mutagenesis and structural studies, channel blockers have similar 

binding sites within the pore vestibule of their respective target channels (Hockerman 

et al., 1997; Yarov-Yarovoy et al., 2001, 2002; Liu et al., 2003; Bagnéris et al., 2014; 

Tang et al., 2016). Previous docking studies mapped CaV and NaV channel antagonists 

to the equivalent site in a model of sea urchin TPC1 (Rahman et al., 2014). This 

ancestral binding site likely developed prior to the duplication event that led to CaV 

and NaV channels (Fig. 1.2). Notably, my blind docking studies against the human 
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TPC2 pore model placed each of the eight novel compounds within this ancestral site 

(Fig. 3.3-3.4). Diltiazem and bupivacaine, which blocked Ca2+ flux through the 

purified DI pore (Fig. 2.7B), also docked to this same region within the homomeric 

DI pore model (Fig. 2.7J). Although the homomeric nature of the TPC pores clearly 

distinguishes them from the wildtype pore (Fig. 2.2A), symmetrical pores are 

nonetheless providing substantial insight into the properties of their asymmetric 

counterparts. For example, homomeric prokaryotic NaV channels bind to- and are 

regulated by- the same antagonists that target asymmetric eukaryotic NaV channels 

(Bagnéris et al., 2014). Furthermore, a mutant prokaryotic NaV channel engineered to 

be Ca2+-selective (so-called ‘CaVAb’) is targeted by eukaryotic CaV channel 

antagonists, with dihydropyridines binding to external face of the pore fenestrations 

(Tang et al., 2016). My results show that both NaV and CaV channel antagonists can 

block Ca2+ uptake by the DI pore (Fig. 2.7B), suggesting that essential 

pharmacological features are preserved upon simplification of the TPC2 pore. 

Therefore this deconstructed pore likely has a similar pharmacological site to full-

length TPCs (Rahman et al., 2014). Structural information regarding these DI pore 

homomers could directly aid drug development for the wildtype pore through a 

combination of docking, medicinal chemistry, mutagenesis and co-crystallisation 

approaches. The purified pore preparation might also be a useful tool with which to 

test drug function and binding. 

NAADP action through TPCs drives both local and global Ca2+ signals of 

physiological and pathological importance (Cancela et al., 1999; Morgan et al., 2013; 

Galione, 2014; Grimm et al., 2014; Lin-Moshier et al., 2014; Hockey et al., 2015). 

Local NAADP responses generate global signals by coupling with the ER stores 

thorough CICR (Cancela et al., 1999; Boittin et al., 2002; Brailoiu et al., 2003, 2006, 

2009b, 2010b, 2010c). Recently identified lysosome-ER MCS (Kilpatrick et al., 2013) 

might bring together the two Ca2+ stores to facilitate this tight functional coupling 

through functional Ca2+ microdomains. However, these regions are notoriously 

difficult to characterise due to their small size. Guided by experimental observations, 

I addressed this by creating a computational model that qualitatively recapitulated in 

vitro Ca2+ signals (Fig. 4.3). By adapting the model to one of NAADP signalling, I 

found that lysosome-ER Ca2+ microdomains were capable of driving global Ca2+ 

oscillations (Fig. 4.4) but that these signals varied based on the distribution and density 

of TPCs (Fig. 4.5). For example, in models where TPC ‘expression’ was uniformly 



 146 

increased, microdomains no longer directly drove global Ca2+ signals but instead 

modulated the oscillatory frequency (Fig. 4.5D-F). In future, it might be possible to 

validate these findings by monitoring NAADP-evoked Ca2+ signals in cells expressing 

varying levels of TPC2. This approach might be aided by use of a lysosome-targeted 

cytosolic Ca2+ sensor (McCue et al., 2013), in a similar manner to mitochondria-

targeted Ca2+ sensors that have provided insight into local Ca2+ signalling at MAMs 

(Csordás et al., 2010). 

Although the restricted volume of MCS generates high Ca2+ microdomains 

elsewhere (Jafri et al., 1998; Csordás et al., 2006), the Ca2+ concentration in the 

modelled lysosome-ER microdomains was barely greater than in the bulk cytosol (Fig. 

4.4C-D). This was due to efficient microdomain SERCA pumps preventing the 

accumulation of Ca2+. However, IP3Rs have a high affinity for Ca2+ and therefore do 

not require high Ca2+ microdomains. This contrasts with MAMs where the low affinity 

MCU necessitates a high Ca2+ concentration (Rizzuto et al., 1993; Kirichok et al., 

2004). I therefore propose that cells create functionally heterogeneous responses at 

different MCS by mixing Ca2+ signalling proteins to match their relative affinities 

(Fig. 4.6) (Penny et al., 2014b). In some cells types such as smooth muscle, local 

NAADP responses couple through RyRs (Boittin et al., 2002; Kinnear et al., 2008), 

where the microdomain concentration might indeed reach high concentrations due to 

the absence of SERCA (Fameli et al., 2014). 

I have created a model that is relatively modular in design, which allows other 

Ca2+ signalling mechanisms to be substituted. For instance, the model could be 

adapted to TRPML1 signalling by replacing the TPC functions with a TRPML1 

model. Furthermore, replacing the IP3R with an RyR model would mimic the coupling 

mechanism in smooth muscle. In this scenario, SERCA levels could also be 

manipulated to assess the effects of different microdomain Ca2+ concentrations. The 

model system might also be adapted to account for additional variables. For instance, 

I assume a constant lysosomal Ca2+ concentration due to the low magnitude of 

NAADP-induced Ca2+ leaks and the poor characterisation of uptake mechanisms. 

However, as CAX is emerging as the putative lysosomal Ca2+ uptake mechanism 

(Melchionda et al., 2016), it would be possible to parameterise a model of lysosomal 

Ca2+ uptake and allow lysosomal Ca2+ to vary. In light of this, it might also be possible 

to add a lysosomal pH variable, driven by CAX alkalinisation and H+ ATPase 

acidification. This would allow effects of pH on TPCs (Table 1.1) to be modelled. 
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Finally, NAADP metabolism appears to be Ca2+ sensitive and driven by local Ca2+ 

signals from the ER (Morgan et al., 2013). It may therefore be possible to create an 

NAADP variable based on Ca2+ sensitive metabolism, in addition the equivalent Ca2+-

dependent IP3 metabolism presented here. The modular model (Chapter 4) could thus 

form the basis for further investigation of local Ca2+ dynamics. 

In summary, this thesis has provided novel insight into the architecture, 

pharmacology and function of the TPCs by using a combination of computational, 

bioinformatic, biochemical, biophysical and cellular techniques. I have produced a 

number of new experimental tools that include models of the human TPC2 structure 

and of microdomain-driven signalling, a novel imaging procedure for constitutively 

active proteins on the ER, a protocol for generating large quantities purified TPC pore 

protein and an array of potentially novel TPC inhibitors. These tools will be of use in 

further characterisation of the molecular physiology of the TPCs. 
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Appendix A 
Phenotypic classification of the top 200 compounds from the eDrugs-3D virtual 

screen, detailed in Chapter 3. 

Adrenergic modulator Antihistamine Antiretroviral Prostaglandin 
Antibiotic Antihyperglycemic Channel Blocker SERM 
Anticancer Antihypertensive Muscarinic antagonist Steroid 
Antifungal Antipsychotic Opioid modulator Vitamin 

 

Rank Drug name CG4 score Phenotypic Class 
1 Dabrafenib -14.6049 Anticancer 

2 Tolvaptan -13.7526 Vasopressin antagonist 

3 Hexafluorenium -13.4574 Acetylcholinesterase inhibitor 

4 Ezetimibe -13.255 Anticholesterol 

5 Latanoprost -13.1889 Prostaglandin 

6 Buclizine -13.1594 Antihistamine 

7 Olaparib -13.14 Anticancer 

8 Estradiol cypionate -13.057 Steroid 

9 Lumefantrine -13.0477 Antimalarial 

10 Pimozide -13.0299 Antipsychotic 

11 Umeclidinium -12.8811 Muscarinic antagonist 

12 Irbesartan -12.7523 Angiotensin II inhibitor 

13 Nandrolone phenpropionate -12.6616 Statin 

14 Sacubitril -12.6424 Angiotensin II inhibitor 

15 Menaquinone -12.6401 Vitamin K 

16 Diphenoxylate -12.6223 Opioid modulator 

17 Phytonadione -12.6188 Vitamin K 

18 Difenoxin -12.6057 Opioid modulator 

20 Indacaterol -12.5357 Adrenergic modulator 

21 Linagliptin -12.5164 Antihyperglycemic 

22 Carvedilol -12.4939 Adrenergic modulator 

23 Conivaptan -12.4694 Vasopressin antagonist 

24 Darifenacin -12.4395 Muscarinic antagonist 

25 Alvimopan -12.4227 Opioid modulator 

26 Bitolterol -12.3586 Adrenergic modulator 

27 Meclizine -12.3308 Antihistamine 

28 Alpha-tocopherol -12.3198 Vitamin E 

29 Probucol -12.3023 Anticholesterol 

30 Azilsartan -12.2661 Angiotensin II inhibitor 

31 Amiodarone -12.2645 Channel Blocker 

32 Bazedoxifene -12.2141 SERM 

33 Triamcinolone hexacetonide -12.2126 Steroid 
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34 Bedaquiline -12.2011 Anti-TB 

35 Aclidinium -12.1879 Muscarinic antagonist 

36 Nelfinavir -12.1741 Antiretroviral 

37 Lurasidone -12.1394 Antipsychotic 

38 Loperamide -12.1317 Opioid modulator 

39 Halofantrine -12.1189 Antimalarial 

40 Clomiphene -12.1188 SERM 

41 Axitinib -12.1155 Anticancer 

42 Iloperidone -12.0867 Antipsychotic 

43 Hydrocortisone -12.0671 Steroid 

44 Calcifediol -12.0628 Vitamin D analogue 

45 Ciclesonide -12.0624 Steroid 

46 Clocortolone pivalate -12.0621 Steroid 

47 Haloperidol -12.0465 Antipsychotic 

48 Perampanel -12.0222 AMPA antagonist 

49 Nebivolol -12.0056 Adrenergic modulator 

50 Alpha-tocopherol acetate -11.9843 Vitamin E 

51 Oxiconazole -11.9811 Antifungal 

52 Pyrvinium -11.9497 Anti-worm 

53 Testosterone cypionate -11.9444 Steroid 

54 Dapiprazole -11.9138 Adrenergic modulator 

55 Bosentan -11.9061 Endothelin inhibitor 

56 Suvorexant -11.8585 Orexin antagonist 

57 Raloxifene -11.796 SERM 

58 Panobinostat -11.7509 Anticancer 

59 Lansoprazole -11.7442 Proton pump inhibitor 

60 Canagliflozin -11.736 Antihyperglycemic 

61 Haloperidol lactate -11.7272 Antipsychotic 

62 Testosterone enanthate -11.7226 Steroid 

63 Paliperidone -11.7168 Antipsychotic 

64 Ezogabine -11.7028 Channel Blocker 

65 Argatroban -11.6814 Anticoagulant 

66 Spirapril -11.6543 Acetylcholinesterase inhibitor 

67 Crizotinib -11.6431 Anticancer 

68 Candesartan -11.6368 Angiotensin II inhibitor 

69 Oxybutynin -11.6317 Muscarinic antagonist 

70 Flumethasone pivalate -11.6207 Steroid 

71 Nefazodone -11.6138 Antidepressant 

72 Prednisolone -11.6048 Steroid 

73 Tipranavir -11.5979 Antiretroviral 

74 Azelastine -11.5586 Antihistamine 
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75 Risperidone -11.5407 Antipsychotic 

76 Clofazimine -11.5316 Antibiotic 

77 Vemurafenib -11.5231 Anticancer 

78 Valsartan -11.5145 Angiotensin II inhibitor 

79 Pitavastatin -11.5074 Statin 

80 Prednicarbate -11.5064 Steroid 

81 Maraviroc -11.4972 Antiretroviral 

82 Abiraterone acetate -11.4784 Steroid 

83 Eszopiclone -11.4728 GABA agonist 

84 Ivacaftor -11.4705 CFTR potentiator 

85 Aprepitant -11.4626 Substance P antagonist 

86 Calcipotriene -11.4615 Vitamin D analogue 

87 Idelalisib -11.4509 Anticancer 

19 Losartan -11.447 Angiotensin II inhibitor 

88 Losartan -11.447 Angiotensin II inhibitor 

89 Quetiapine -11.4418 Antipsychotic 

90 Sulfinpyrazone -11.4219 Uricosuric 

91 Unoprostone -11.3859 Prostaglandin 

92 Fluphenazine -11.383 Antipsychotic 

93 Dolutegravir -11.3603 Antiretroviral 

94 Trospium -11.342 Muscarinic antagonist 

95 Toremifene -11.3365 SERM 

96 Desoxycorticosterone -11.3248 Steroid 

97 Propafenone -11.3199 Channel blocker 

98 Droperidol -11.317 Antipsychotic 

99 Nilotinib -11.3099 Anticancer 

100 Cabergoline -11.3079 Dopamine agonist 

101 Sulconazole -11.2944 Antifungal 

102 Butenafine -11.2901 Antifungal 

103 Fexofenadine -11.2814 Antihistamine 

104 Bimatoprost -11.2731 Prostaglandin 

105 Levocabastine -11.2576 Antihistamine 

106 Travoprost -11.2552 Prostaglandin 

107 Beclomethasone dipropionate -11.239 Steroid 

108 Repaglinide -11.2243 Antihyperglycemic 

109 Acebutolol -11.22 Adrenergic modulator 

110 Retapamulin -11.2136 Antibiotic 

111 Estramustine -11.2085 SERM 

112 Sertaconazole -11.2017 Antifungal 

113 Thiothixene -11.1989 Antipsychotic 

114 Trazodone -11.1881 Antidepressant 
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115 Elvitegravir -11.186 Antiretroviral 

116 Testosterone undecanoate -11.1758 Steroid 

117 Buprenorphine -11.1721 Opioid modulator 

118 Perphenazine -11.1681 Antipsychotic 

119 Spiraprilat -11.1471 Acetylcholinesterase inhibitor 

120 Eletriptan -11.1361 5-HT antagonist 

121 Eslicarbazepine acetate -11.1347 Channel Blocker 

122 Bumetanide -11.1238 Diuretic 

123 Bortezomib -11.0923 Proteasome inhibitor 

124 Sunitinib -11.084 Anticancer 

125 Flavoxate -11.0765 Muscarinic antagonist 

126 Carbenicillin indanyl -11.0763 Antibiotic 

127 Betamethasone dipropionate -11.0535 Steroid 

128 Ranolazine -11.051 Channel Blocker 

129 Omeprazole -11.0496 Proton pump inhibitor 

130 Cholecalciferol -11.0395 Vitamin D analogue 

131 Ciclesonide -11.0393 Steroid 

132 Cinacalcet -11.0365 Calcimimetic 

133 Rotigotine -11.0365 Dopamine agonist 

134 Pioglitazone -11.0332 PPAR inhibitor 

135 Acetophenazine -11.0317 Antipsychotic 

136 Alclometasone dipropionate -11.0169 Steroid 

137 Piperacetazine -11.0134 Antipsychotic 

138 Trifluoperazine -11.0098 Antipsychotic 

139 Nicardipine -11.0062 Channel Blocker 

140 Econazole -10.9962 Antifungal 

141 Terbinafine -10.9842 Antifungal 

142 Fesoterodine -10.972 Muscarinic antagonist 

143 Methysergide -10.9703 5-HT antagonist 

144 Glyburide -10.9495 Antihyperglycemic 

145 Difluprednate -10.9332 Steroid 

146 Nandrolone decanoate -10.9326 Steroid 

147 Ospemifene -10.9274 SERM 

148 Olmesartan -10.927 Angiotensin II inhibitor 

149 Gentian violet -10.9146 Antibiotic 

150 Miconazole -10.9132 Antifungal 

151 Tafluprost -10.9068 Prostaglandin 

152 Ziprasidone -10.8996 Antipsychotic 

153 Moricizine -10.8976 Channel Blocker 

154 Mometasone furoate -10.8928 Steroid 

155 Rilpivirine -10.8858 Antiretroviral 
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156 Isavuconazole -10.8838 Antifungal 

157 Empagliflozin -10.8671 Antihyperglycemic 

158 Anileridine -10.8553 Opioid modulator 

159 Buspirone -10.8538 5-HT antagonist 

160 Bepridil -10.851 Channel Blocker 

161 Arbutamine -10.8477 Adrenergic modulator 

162 Ambenonium -10.8444 Acetylcholinesterase inhibitor 

163 Masoprocol -10.8402 Anticancer 

164 Butoconazole -10.8364 Antifungal 

165 Ethynodiol diacetate -10.8346 Steroid 

166 Fluticasone furoate -10.8315 Steroid 

167 Tafluprost -10.8279 Prostaglandin 

168 Oxaprozin -10.799 Non-steroidal anti-inflammatory 

169 Naftifine -10.799 Antifungal 

170 Ruxolitinib -10.7975 Anticancer 

171 Nabilone -10.7903 Cannabinoid 

172 Gallamine -10.7879 Muscarinic antagonist 

173 Fluvastatin -10.7869 Statin 

174 Dinoprostone -10.7772 Prostaglandin 

175 Glycerol phenylbutyrate -10.7667 Nitrogen binding agent 

176 Hydroxyzine -10.7525 Antihistamine 

177 Carphenazine -10.7512 Antipsychotic 

178 Omacetaxine mepesuccinate -10.7495 Protein synthesis inhibitor 

179 Fesoterodine -10.7495 Muscarinic antagonist 

180 Formoterol -10.7361 Adrenergic modulator 

181 Alosetron -10.7341 5-HT antagonist 

182 Isopropamide -10.7248 Muscarinic antagonist 

183 Estradiol valerate -10.7156 Steroid 

184 Clidinium -10.7154 Muscarinic antagonist 

185 Ramipril -10.7056 Acetylcholinesterase inhibitor 

186 Quinapril -10.6936 Acetylcholinesterase inhibitor 

187 Tioconazole -10.693 Antifungal 

188 Eltrombopag -10.6882 Thrombopoetin antagonist 

189 Hydrocortamate -10.681 Steroid 

190 Lovastatin -10.6793 Statin 

191 Doxapram -10.6751 Channel Blocker 

192 Ulipristal -10.6727 SPRM 

193 Chloroquine -10.6667 Antimalarial 

194 Dobutamine -10.6528 Adrenergic modulator 

195 Hydroxyprogesterone caproate -10.6471 Steroid 

196 Bisacodyl -10.6449 Laxative 
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197 Mifepristone -10.6301 Steroid 

198 Thiethylperazine -10.622 Dopamine antagonist 

199 Prochlorperazine -10.611 Dopamine antagonist 

200 Glipizide -10.6092 Antihyperglycemic 
 

  



 

 


