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Abstract
Two-pore channels (TPCs) are endolysosomal ion channels of physiological and
pathophysiological significance. However, fundamental properties concerning ion
permeability and activation mechanisms are ambiguous. Also, as the likely targets for
Ca2+-mobilizing messenger NAADP, the role of TPCs in cell-wide Ca2+ signalling is
ill-defined. Importantly, their pharmacology is limited to cell-impermeable activators
and a few non-selective inhibitors, which brings challenges for characterizing TPCs.
In this thesis, I address the above issues.
I began by examining the mechanism of action of the lysosomotropic agent, glycyl-Lphenylalanine 2-naphthylamide (GPN), which has long been appreciated for mediating
Ca2+ signals from lysosomes and for probing TPC function. Its action on lysosomes
has recently been questioned. However, using fibroblasts, here I show that GPN
mobilises Ca2+ from acidic organelles.
I move on to characterise two cell-permeable and selective TPC2 activators (A1 and
H07). Additionally, I confirm that approved drugs targeting estrogen and dopamine
receptors are selective TPC2 inhibitors.
I go on to show that A1 and H07 activate TPC2 differentially. A1 induced larger and
quicker Ca2+ signals than H07 but similar Na+ signals. A1 and H07 targeted distinct
sites on TPC2. Besides, H07 but not A1-induced Ca2+ signals were regulated by
external (luminal) pH. The implication is that TPC2 may be regulated in an agonistspecific manner.
Finally, by using GPN and inhibiting TPC activity with novel inhibitors or siRNA
knockdown, I show that TPCs are required for histamine- but not bradykinin-induced
Ca2+ signals. More specifically, histamine-mediated Ca2+ signals were reduced upon
TPC2 but not TPC1 knockdown. Thus, TPCs are implicated in global Ca2+ signalling
evoked by physiological stimuli likely in an isoform-dependent manner.
Collectively, this research has provided novel TPC modulators with which to further
characterize fundamental properties and physiological roles of TPCs.
3

Impact statement
TPCs are in the spotlight in recent literature. TPCs have been associated with a
growing number of diseases, including neurodegeneration (e.g. Parkinson’s disease),
fatty liver disease, cardiac dysfunction and viral infection (e.g. Ebola). It is worth
noting that recent works have also suggested a likely role for TPCs in SARS-CoV2
infectivity. However, the lack of cell-permeable and selective TPC modulators is
impeding characterization of TPCs in the above pathophysiological contexts. In fact,
on the whole, our understanding of TPCs is limited. Even the basic attributes (i.e.
gating mechanism and ion selectivity) are still debated.
In this thesis, the identification of A1 and H07 as cell-permeable and highly selective
TPC2 activators is of major impact to the TPC field. Considering that NAADP and
PI(3,5)P2 are membrane-impermeable, A1 and H07 permit an easy route for
characterization of TPCs. With these new compounds, one can expect that the
physiological and pathophysiological of TPCs can now be studied in detail. My
findings uncover agonist-specific TPC2 activity. This resolves the long-held
controversy surrounding whether TPCs are NAADP-gated non-selective Ca2+permeable channels or are PI(3,5)P2-gated Na+-selective channels. Indeed, in the
collaborative paper published this year (Gerndt et al., 2020), A1 and H07 were shown
to mimic NAADP and PI(3,5)P2, respectively. Importantly, A1 and H07 were
associated with distinct lysosomal functions. This further broadens the impact of this
study to researchers studying the lysosome.
In this thesis, I also confirm that a number of approved drugs targeting estrogen and
dopamine receptors are TPC2 antagonists. These compounds were first introduced
from a drug-repurposing approach designed by our (Patel) lab (Penny et al., 2019).
This new set of tools have facilitated the recognition of the role of TPCs in global Ca2+
signals evoked by physiological agonists (e.g. histamine). This may have implications
of how dysfunction in TPCs contribute to pathologies. Furthermore, the use of drug
repurposing technique to pursue TPC inhibitors is cost-efficient for both research into
pharmacology of TPCs and drug development into clinical use. This is because the
clinical profiles of these approved compounds have already been well-established.
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Overall, developing the pharmacology of TPCs, as I have done here, is essential, not
only for research purposes, but for aiding treatment of TPC-related diseases. The
findings in this thesis thus bring TPCs into a new research stage.
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Chapter 1: Introduction
1.1 Overview
Changes in cytosolic Ca2+ are important for the regulation of a wide array of
physiological processes. Ca2+ signals can be derived from intracellular Ca2+ stores
and/or the extracellular space. The ER is the most well-characterized Ca2+ store.
However, in recent years, acidic organelles, such as lysosomes, have been appreciated
to store and release Ca2+. There are a handful of ion channels that localize to acidic
Ca2+ stores and enable Ca2+ release. Two-pore channels (TPCs), belonging to the
voltage-gated ion channel superfamily, are one class and have been recognized as the
likely principle targets for NAADP, a Ca2+ mobilizing messenger that is central to Ca2+
signalling through acidic stores. TPCs regulate diverse physiological events. For
example, TPCs increase Ca2+ around lysosomes to regulate endocytic trafficking.
Localized lysosomal Ca2+ release can also be propagated into large and global signals
by triggering Ca2+ release from the ER. TPCs are required for NAADP-induced global
Ca2+ signals, but it is less clear as to whether TPCs are involved in physiological Ca2+
signals induced by extracellular stimuli. TPCs have also been linked to a growing
number of pathophysiological events, such as Parkinson’s disease and Ebola infection.
However, compared to other voltage-gated ion channels, our understanding of TPCs
is still superficial. In addition, the activation mechanism and ion selectivity of TPCs
are debated. There is much evidence indicating that TPCs are NAADP-gated Ca2+
permeable channels, whereas other evidence indicates that TPCs are PI(3,5)P2-gated
Na+ selective channels. Further and detailed characterization of the channel is crucial,
but this has been impeded by the lack of selective and cell-permeable TPC activators
and inhibitors. Pharmacology of TPCs has attracted enthusiastic attention in recent
years, starting primarily from 2018. This thesis characterized novel TPC modulators
and explored fundamental (e.g. ion selectivity) and functional properties of TPCs.

1.2 Ca2+ signalling
Ca2+ is a ubiquitous and abundant cation inside the body. It can impact numerous
physiological processes from fertilization to cell death (Berridge et al., 2000). This
versatility is ascribed to findings that Ca2+ signals can display complex patterns that
vary in amplitude, frequency and location (i.e. there are various “Ca signatures”). The
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Ca2+-signalling toolkit forms the basis of the various “Ca2+ signatures” (Berridge et al.,
2003). The toolkit contains components that permit elevation of cytosolic Ca2+ by
mobilizing Ca2+ from intracellular stores and/or the external Ca2+ entry. Also, the
toolkit contains a series of “Ca2+ clearance” components that can buffer, extrude or
compartmentalize Ca2+. Cells make use of these components to precisely regulate the
spatial and temporal features of the Ca2+ signals, allowing specific outcomes (e.g.
transients, waves or oscillations) to be generated upon stimulation. The Ca2+ signature
is then “decoded” by Ca2+-sensitive processes. Dysfunction in any of the components
within the toolkit could remodel the signature, leading or contributing to pathologies
(Karlstad et al., 2012).
At rest, the cytosolic Ca2+ concentration is low at about 100 nM (Berridge et al., 2000).
Maintaining cytosolic Ca2+ is the prerequisite for cells to generate accurate Ca2+ signals
in response to an external stimulus. Thus, the Ca2+ clearance components are vital as
they elicit homeostatic function by maintaining cytosolic Ca2+ and ensure Ca2+ signals
to be tightly controlled in time and space (Clapham, 2007; Karlstad et al., 2012).
Among a number of endogenous Ca2+ binding proteins, some are known to serve as
cytosolic Ca2+ buffers. The buffers can impose restrictions on the diffusion of Ca2+
within the cells and thus are essential for development of local Ca2+ signals.
Prototypical Ca2+ buffers include parvalbumins, calbindin-D28k and calretinin
(Schwaller, 2010). The latter two are fast acting buffers (Berridge et al., 2003; Nägerl
et al., 2000), while parvalbumins slowly binds Ca2+ (Lee, schwaller et al., 2000).
Functionally, fast and slow buffers differentially regulate Ca2+ signals. For example,
in neurons, calbindin-D28k but not parvalbumins reduce the amplitude of the
presynaptic Ca2+ transients (Schmidt et al., 2003). Parvalbumins instead accelerate
Ca2+ decay (Collin et al., 2005; Schmidt et al., 2003). Cytosolic Ca2+ can also be
extruded across the plasma membrane. This is achieved by plasma membrane Ca2+ATPase (PMCA) and Na+/Ca2+ exchanger (NCX) (Brini & Carafoli, 2011). PMCA
employs ATP for Ca2+ transport to the outside of the cells. PMCA is of high affinity
and low capacity for Ca2+. In contrast, NCX has low affinity and high capacity. NCX
exchanges three Na+ for one Ca2+. Notably, depending on the membrane potential and
electrochemical gradient of Ca2+ and Na+, NCX can also function in a reverse mode:
transporting Na+ out for Ca2+ in (Blaustein & Lederer, 1999; Verkhratsky et al., 2018).
Moreover, cytosolic Ca2+ can be sequestered into internal Ca2+ stores. This process,
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for example, allows the ER Ca2+ store refilling (details are discussed in 1.2.2.1 ER
Ca2+ signalling). Together, the Ca2+ clearance components permit cells to transport
Ca2+ into the extracellular space or into the intracellular stores. This capacity of cells
is essential for shaping and terminating Ca2+ signals. Importantly, it maintains low
cytosolic Ca2+, assuring high levels of Ca2+ of the stores and extracellular space, and
thus preparing cells for generation of Ca2+ signals.

1.2.1 Ca2+ entry
In the extracellular milieu, Ca2+ concentration is about 10,000 times higher than that
in the cytoplasm (Berridge et al., 2000). It is therefore unsurprising that one source for
Ca2+ signals is Ca2+ entering from the external space. In excitable cells (e.g. neurons),
voltage-gated Ca2+ channels (VGCCs) offer one important route of Ca2+ entry. VGCCs
are gated by voltage and open after depolarization of the membrane. From a
biophysical perspective, VGCCs can be divided into low-voltage activated (LVA) and
high-voltage activated (HVA) channels (Schampel & Kuerten, 2017). T-type VGCCs
are LVA channels that open by small voltage changes. In comparison, HVA channels,
which include L, N, P/Q and R-type VGCCs, not only require strong depolarization
for activation but also display prolonged opening. Functionally, for instance, L-type
VGCCs regulate synaptic tones in neurons and excitation-contraction coupling in
cardiac and skeletal muscle cells (Zamponi et al., 2015).
Ligand-gated ion channels (LGCCs) also mediate Ca2+ influx. One example is Nmethyl-D-aspartate receptors (NMDARs) which are gated by the excitatory
neurotransmitter glutamate in the central nervous system (Iacobucci & Popescu, 2017).
Functionally, NMDARs are important for synaptic plasticity, learning, and memory
(Hansen et al., 2018). Transient receptor potential (TRP) channels are another family
of ion channels that facilitate Ca2+ entering across the plasma membrane. There are 28
different TRP channels, which can be classified into six subtypes: TRPC, TRPV,
TRPM, TRPA, TRPP and TRPML (Venkatachalam & Montell, 2007). Most TRP
channels are expressed in the plasma membrane, although some have lysosomal
localizations (e.g. TRPML1-3 and TRPM2) (Patel & Cai, 2015). TRP channels are
activated by a variety of stimuli. For example, TRPV channels are gated by change in
temperature, and thus function as thermosensors (Islas, 2017). TRPC channel
activation requires stimulation of phospholipase C (PLC) pathway, with some TRPC
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isoforms specifically activated by diacylglycerol (DAG) (Harteneck & Gollasch, 2011;
Hofmann et al., 1999; Riccio et al., 2002). Moreover, a functional requirement of
TRPC channels in store-operated Ca2+ entry (SOCE) has been extensively reported
albeit controversially (Lopez et al., 2020; Salido et al., 2009). SOCE is a ubiquitous
Ca2+ entry pathway that is activated by ER Ca2+ depletion, serving as a mechanism for
store refilling (details about SOCE are discussed in 1.2.2.1 ER Ca2+ signalling).

Figure 1.1 The Ca2+ signalling network
Ca2+ signals are generated from Ca2+ entering across the plasma membrane (through VGCC,
LGCC, store-operated Orai channels and TRP channels) and Ca2+ release from intracellular
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Ca2+ stores (the ER, Golgi and lysosomes). The latter is mediated by resident Ca2+ channels
(such as IP3Rs, RyRs, TRPML1 and TPCs) that open in response to Ca2+ messengers
(including IP3, cADPR and NAADP), some of which indirectly activate the channels by
binding to an accessory protein. The phosphoinositide PI(3,5)P2 activates lysosomal Ca2+
channels. Ca2+ enters the mitochondria via VDAC and MCU on the outer and inner membrane,
respectively, and leaves via NCLX, Letm1 and PTP. Cytosolic Ca2+ buffers (parvalbumin,
calbindin and calretinin), Ca2+ pumps (PMCA, SERCA and SPCA) and Ca2+ exchangers (NCX)
maintain intracellular Ca2+ homeostasis and modulate Ca2+ signals. (Note: organelles are not
to scale).

1.2.2 Ca2+ release
1.2.2.1 ER Ca2+ signalling
As the largest organelle in the cells, the endoplasmic reticulum (ER) represents a
prominent intracellular Ca2+ pool (Berridge, 2002). The ER stores Ca2+ at a
concentration of 100-800 µM. Inositol-1,4,5- trisphosphate receptors (IP3Rs) and
ryanodine receptors (RyRs) are responsible for releasing Ca2+ from the ER. IP3Rs open
in response to the second messenger IP3 (Streb et al., 1983). IP3 is a product of PLC
pathway which can be activated upon stimulation of G-protein coupled receptors
(GPCRs) or receptor tyrosine kinases (RTK), inducing cleavage of PI(4,5)P2 into
cytosolic IP3 and DAG. In accord, a number of physiological agonists (e.g. histamine
and bradykinin) that work through GPCRs induce ER-dependent global Ca2+ signals
by activating IP3Rs (Cruzblanca et al., 1998; Johnson et al., 1990). There are three
IP3R subtypes expressed in mammals. Although they differ in their affinity to IP3 (Iwai
et al., 2007), all IP3Rs can be additionally regulated by cytosolic Ca2+ in a biphasic
manner (Bezprozvanny et al., 1991; Foskett et al., 2007). Specifically, a modest
increase in cytosolic Ca2+ activates the channel, mobilizing more Ca2+ from the ER
(the so-called “calcium-induced calcium release (CICRs)” mechanism). Conversely,
higher levels of Ca2+ abolish the channel activity and thus terminate Ca2+ release. IP3
primes IP3Rs to be regulated by cytosolic Ca2+, although the exact mechanism is not
very clear (Marchant & Taylor, 1997; Rossi & Taylor, 2018; Thillaiappan et al., 2019;
Vais et al., 2012). RyRs are another important family of ion channels expressed on the
ER to control Ca2+ release. RyRs are regulated by the second messenger, cADPR,
which is produced from nicotinamide adenine dinucleotide (NAD) by a family of
ADP-ribosyl cyclases, including CD38 and CD157 (Galione & Churchill, 2000).
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Unlike IP3, cADPR may indirectly activate the channel requiring initial binding to an
accessory protein (Lee et al., 1994; Walseth et al., 1993). In addition to cADPR, like
IP3Rs, RyRs can also be activated by a small increase in cytosolic Ca2+ so function via
the CICR mechanism (Bezprozvanny et al., 1991). At high Ca2+ levels (e.g. > ~10 µM),
the channel is inhibited. There are three RyR isoforms (RyR1-3) that are found
ubiquitously in mammals. RyR1 and RyR2 are primarily expressed in skeletal and
cardiac muscle, respectively. RyR3 has a broader expression (Mackrill et al., 1997).
Functionally, the L-type VGCCs on the PM communicate to RyRs via CICRs or direct
physical interaction to regulate Ca2+-sensitive muscle contraction. RyRs thus are
implicated in excitation-contraction coupling (Chang et al., 2017; Franzini-Armstrong
et al., 1999).
In addition to regulated Ca2+ release, there is also continuous Ca2+ leak from the ER
(Camello et al., 2002), which is counteracted by sarcoendoplasmic reticulum Ca2+
ATPase (SERCA) that constantly pump Ca2+ back into the ER lumen. The SERCA
functions to maintain the ER Ca2+ concentration. Like PMCA, the SERCA also uses
ATP to effect Ca2+ transport. Uniquely, the SERCA can be inhibited by the lactone
thapsigargin that irreversibly blocks the pump and thus eventually depletes ER Ca2+
through the leak pathway (Michelangeli & East, 2011; Thastrup et al., 1990).
Maintaining ER Ca2+ is critical for the “classical” function of ER in protein folding
and packaging (Berridge, 2002). In the case of IP3/cADPR-induced Ca2+ release which
could deplete the ER stores, a Ca2+-entry mechanism is activated, known as storeoperated Ca2+ entry (SOCE) (Putney, 2005). SOCE sustains the ER Ca2+ signals
allowing refilling of the ER. SOCE is mediated by interaction between STIM (STIM1
and STIM2) proteins on the ER and Orai proteins on the PM. STIM is an ER Ca2+
sensing protein localized to the ER membrane. STIM monitors ER Ca2+ levels by its
luminal EF-hands (Zhang et al., 2005). Upon ER depletion, Ca2+ dissociates from the
EF hand, and consequently, STIM undergoes a conformational change. This drives its
relocation to ER-plasma membrane junctions where it interacts with Orai-1, a plasma
membrane Ca2+ channel. This interaction opens Orai and Ca2+ entry (Hogan & Rao,
2015). SOCE is thus achieved by ER-PM crosstalk. Indeed, the ER does not work
alone and also exchanges Ca2+ information with organelles (e.g. mitochondria and
lysosomes) (Burgoyne et al., 2015). Furthermore, dysfunction of ER Ca2+ has been
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implicated in a number of diseases (e.g. neurodegeneration) (Mekahli et al., 2011;
Popugaeva & Bezprozvanny, 2013). ER is a vital Ca2+ organelle.
1.2.2.2 Golgi Ca2+ signalling
The Golgi apparatus (GA) is known for its function in protein sorting and processing.
Besides, the GA has emerged as a dynamic intracellular Ca2+ store, which is equipped
with relatively similar Ca2+ homeostatic components as those of the ER. For example,
the cis-Golgi subcompartment is endowed with functional IP3Rs and SERCA (Behne
et al., 2003; Pinton et al., 1998), while the trans-Golgi utilize RyRs for releasing Ca2+
and the secretory pathway Ca2+ ATPase (SPCA) for Ca2+ uptake (Lissandron et al.,
2010; Baelen et al., 2003). Compared to SERCA, SPCA is less sensitive to
thapsigargin (Tu et al., 2007). The GA stores a high level of Ca2+ like the ER, but it
contributes a very small percentage of cellular Ca2+. In line with this, upon cell
stimulation (e.g. by ATP), compared to the ER, there is a small drop in GA Ca2+ and
a rapid termination on GA Ca2+ release (Vanoevelen et al., 2004). Nonetheless,
dysregulated GA Ca2+ has been linked to diseases, including Hailey-Hailey syndrome
(a skin disease), neurodegenerative diseases and ischemia and reperfusion injury (a
cardiac disease) (Li et al., 2013).
1.2.2.3 Mitochondrial Ca2+ signalling
Mitochondria were the first organelles linked to Ca2+ signalling (DeLuca & Engstrom,
1961). Mitochondria maintain low Ca2+ levels similar to that in the bulk cytoplasm
(100 nM), but when cells engage in Ca2+-dependent processes, mitochondria sequester
Ca2+ from the cytosol. The Ca2+ buffering capacity of mitochondria endows the
organelle with an important role in shaping Ca2+ signals (Rizzuto et al., 2012). For
example, in neurons, mitochondria buffer Ca2+ resulting from VGCC-induced Ca2+
influx (Tang & Zucker, 1997). In addition, by a close apposition with the ER,
mitochondria manage local Ca2+ release from the ER via IP3Rs, and thus influencing
the extent of subsequent global Ca2+ wave propagation (Jouaville et al., 1995; Tang &
Zucker, 1997). Ca2+ has to cross two membranes, the outer mitochondrial membrane
(OMM) and the inner mitochondrial membrane (IMM), to enter the mitochondrial
matrix. Due to the abundant expression of voltage-dependent anion channels (VDACs),
Ca2+ can easily pass through the OMM (Báthori et al., 2006). The IMM is impermeable
but Ca2+ can be transported through the mitochondrial Ca2+ uniporter (MCU) that
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utilizes the negative potential across the IMM (Baughman et al., 2011; Kirichok et al.,
2004; Perocchi et al., 2010). Ca2+ accumulating inside the mitochondria is essential
for the appropriate intrinsic functions of the organelles, including metabolite transport
and ATP production (Tarasov et al., 2012). However, too much Ca2+ inside
mitochondria can promote cell death. Indeed, mitochondrial Ca2+ overload has been
linked to cardiomyocyte necrosis and neuronal excitotoxicity (Orrenius et al., 2003).
To balance Ca2+ entry, mitochondria can also release Ca2+. This is primarily achieved
by the mitochondria-localized Na+/Ca2+ exchanger NCLX (Palty et al., 2010). Another
Ca2+ extrusion component could be the Ca2+/H+ antiporter Letm1 (Austin et al., 2017;
Jiang et al., 2009). Moreover, the IMM-localized mitochondrial permeability
transition pore (PTP) also permits Ca2+ efflux. Notably, long-lasting PTP opening is
usually observed in pathological conditions where there is a mitochondrial Ca2+
overload. Such opening leads to disruption of membrane potential, cessation of ATP
production, loss of pyridine nucleotides and cytochrome c, and consequent cell death
(Petronilli et al., 2001; Rasola & Bernardi, 2011). In contrast, short-term opening may
allow a physiological regulation on Ca2+ by likely providing a fast Ca2+ release
mechanism (Barsukova et al., 2011; Bernardi & von Stockum, 2012).

1.2.2.4 Lysosomal Ca2+ signalling
Lysosomes form the degradation centre of the cell filled with various hydrolytic
enzymes (Xu & Ren, 2015). To carry out their degradative function, lysosomes fuse
with autophagosomes to allow exposure of unwanted intracellular materials (e.g.
proteins, lipids and polysaccharides) to the hydrolases. Lysosomes are thus key for
macroautophagy. Alternatively, cytosolic materials can be directly taken up by
lysosomes during microautophagy or chaperone-mediated autophagy (Parzych &
Klionsky, 2014). Besides, lysosomes are implicated in endocytosis and exocytosis via
fusion with endosomes and the PM, respectively. In addition to aforementioned
functions, lysosomes have also been appreciated as acidic Ca2+ stores that can store
and release Ca2+ (Morgan et al., 2011; Patel & Docampo, 2010). Lysosomal Ca2+
release has been shown to be essential for endo-lysosomal membrane fusion and
fission (Luzio et al., 2007) .
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The extreme acidic and proteolytic environments bring difficulties in directly
measuring lysosomal Ca2+. Nevertheless, using dextran-based indicators, the luminal
Ca2+ has been determined to be 400-700 μM (Christensen et al., 2002; Lloyd-Evans et
al., 2008), similar to that of the ER. Consistent with a small size, the lysosome
generates localized Ca2+ signals. However, such signals are not easy to be detected
given their small and localized nature. Recent techniques therefore have developed
organelle-targeted genetically-encoded Ca2+ indicators (e.g. GCaMP and GECO)
which permit better resolution (Morgan et al., 2015; Shen et al., 2012). In this thesis,
GCaMP6s has been applied to monitor and study lysosomal Ca2+ release. These local
signals, can also be converted into global signals by triggering ER Ca2+ release via
CICRs (Kilpatrick et al., 2013; Kilpatrick, Yates, et al., 2016; Penny et al., 2015). In
accord, a number of physiological agonists (e.g. histamine and ATP) that are thought
to be exclusively coupled to IP3 production induce lysosome-dependent Ca2+ signals
(Pandey et al., 2009; Soares et al., 2007).
To date, GPN is the most widely used tool in probing lysosomal Ca2+ signalling
(Morgan et al., 2020). As a hydrophobic compound, GPN can easily diffuse into the
lysosomes where it is cleaved by the hydrolase, cathepsin C (Jadot et al., 1984). The
generated di-peptides disrupt the lysosomal membrane by inducing osmotic pressure,
resulting in increased cytosolic Ca2+. GPN-induced Ca2+ signals have been noted in
various cell lines (Haller et al., 1996; Kilpatrick et al., 2013; Soares et al., 2007). GPN
pre-treatment abolishes Ca2+ signals mediated by TPCs and TRPML1 (Calcraft et al.,
2009; Kilpatrick, Yates, et al., 2016), which are lysosomal Ca2+ release channels (see
subsequent paragraph and 1.3 Two-pore channels). The capacity of GPN in inducing
lysosomal Ca2+ makes it popular in the lysosomal Ca2+ field, especially given there are
very few cell-permeable lysosomal Ca2+ mobilizing tools. Indeed, GPN has been used
in the context of lysosomal Ca2+ signalling (Faris et al., 2019; Haller et al., 1996;
Kilpatrick et al., 2013), membrane repair (Skowyra et al., 2018) and exocytosis (Liu
et al., 2018; Sivaramakrishnan et al., 2012). Moreover, GPN-mediated Ca2+ signals are
reduced in neurodegenerative diseases (Coen et al., 2012; Kilpatrick, Magalhaes, et al.,
2016; Lloyd-Evans et al., 2008; Visentin et al., 2013) pointing to impaired lysosomal
Ca2+ homeostasis in those diseases. However, quite recently, GPN was proposed to
release Ca2+ directly from the ER and not lysosomes (Atakpa et al., 2019). In chapter
2, I re-examined the mechanisms underlying GPN action.
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Like other Ca2+ stores, lysosomes also sequester Ca2+, but the mechanism is less clear.
The prevailing view is that Ca2+/H+ exchanger (CAX) utilizes the H+ gradient created
by V-type ATPase H+ pump to drive Ca2+ into the lumen (Morgan et al., 2011; Patel
& Docampo, 2010). Favouring this, dissipation of the H+ gradient by bafilomycin A1
that inhibits the V-type ATPase reduces lysosomal Ca2+ (Christensen et al., 2002).
However, notably, CAX appears to be absent in humans (Melchionda et al., 2016).
Therefore, other mechanisms include coupled Na+/Ca2+ and Na+/H+ exchange or H+independent Ca2+ uptake via P-type ATPases (Patel & Docampo, 2010). Further
research is required for understanding the mechanism underlying lysosomal Ca2+
uptake. Functionally, such uptake shapes ER Ca2+ signals (Atakpa et al., 2018; LópezSanjurjo et al., 2013).
To note, lysosomes are the chief acidic Ca2+ stores but others also include endosomes,
secretory granules and lysosome-related organelles (Morgan et al., 2011). To release
Ca2+, acidic stores express several Ca2+-permeable channels, such as TRP
channels. TRP mucolipins (TRPMLs) are the best-characterized TRP channels on
acidic stores. Like other TRP channels, TRPMLs are members of voltage-gated ion
channel superfamily, and consists of six transmembrane domains and a pore region
(Zhang et al., 2017). There are three TRPML isoforms (TRPML1-3) in humans
(Venkatachalam & Montell, 2007). Mutation in TRPML1 causes Mucolipidosis IV
(MLIV) (Dong et al., 2008) that is characterized by severe neurodegeneration.
TRPML1 is primarily localized on lysosomes, which is confirmed in colocalization
study where fluorescent-labelled TRPML1 overlaps with the lysosomal marker
LAMP1 (Kiselyov et al., 2005; Zeevi et al., 2009). Although TRPML2 and TRPML3
have been shown to localize with lysosomes, they also have endosomal and the PM
localization (Kim et al., 2009). The PM localization offers an easy route for
electrophysiological characterization. Indeed, patch-clamp with whole cells uncovers
that TRPML3 is permeable to Ca2+ (Kim et al., 2007). Alternatively, patch-clamp onto
whole endolysosomes that are enlarged with vacuolin1 allows TRPML1 to be
characterized. Compared to TRPML3 that is impermeable to Fe2+, TRPML1 is a nonselective channel that permeable to Fe2+ as well as Ca2+ (Dong et al., 2008). How
TRPML1 is endogenously activated has not been fully addressed. Nonetheless, the
phosphoinositide, phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2) can induce
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TRPML1 currents likely via binding to the N-terminus of the channel (Chen et al.,
2017; Dong et al., 2010). PI(3,5)P2 is a endolysosomal phosphoinositide (PIP).
PI(3,5)P2 uncovers a role of TRPML1 in membrane trafficking (Dong et al., 2010).
This has subsequently been confirmed by the synthetic TRPML1 agonist, ML-SA1, as
ML-SA1 corrected trafficking defects in MLIV (Chen et al., 2014) and Neiman-Pick
disease type C (NPC, Shen et al. 2012) by increasing TRPML1-induced local Ca2+
release. In addition, Ml-SA1 reveals that TRPML1 can induce global Ca2+ signals by
mobilizing Ca2+ from lysosomes (Garrity et al., 2016; Kilpatrick, Yates, et al., 2016).
Other synthetic TRPML1 modulators include the agonist MK6-83 (Chen et al., 2014)
and the antagonist ML-SI3 (Samie et al., 2013).
P2X receptors are important mediators of purinergic signalling at the PM (Khakh &
North, 2012). They are ATP-gated channels that are permeable to both Ca2+ and Na+.
Among seven P2X receptor subtypes, P2X4 is the one that primarily localized to
lysosomes (Qureshi et al., 2007). Notably, lysosomes store high levels of ATP. In
lysosomes, P2X4 was shown to be activated by ATP from the luminal side not the
cytosolic side in a lysosomal pH-dependent manner (Huang et al., 2014). P2X4 tends
to be more active at less acidic pH. Functionally, lysosomal P2X4 Ca2+ signals regulate
membrane fusion (Murrell-Lagnado & Frick, 2019). Finally, in addition to TRPML1,
TRPM2 that belongs to another subfamily of TRP channels has been found on
lysosomes in pancreatic beta cells and dendritic cells to effect Ca2+ release (Lange et
al., 2009; Sumoza-Toledo & Penner, 2011). The primary agonist for TRPM2 is ADPR.
ADPR is a breakdown product of cADPR which has also been reported to activate
TRPM2 (Kolisek et al., 2005; Yu et al., 2019). Functionally, TRPM2 Ca2+ signals have
been linked to apoptosis (Faouzi & Penner, 2014; Lange et al., 2009). TRPM2 is the
least explored lysosomal ion channels, which warrants more investigations.
1.2.2.5 NAADP
Central to lysosomal Ca2+ signalling is the Ca2+ mobilising messenger NAADP.
NAADP can be synthesised from NADP and nicotinic acid via a CD38 catalysed baseexchange reaction (Aarhus et al., 1995). However, it is unclear as to how CD38 with
a catalytic domain facing outside can generate intracellular Ca2+ messengers (Lee,
2000). Recently, the proposal of the existence of Type III CD38 with cytosolic
catalytic domain may offer a route to solve the issue (Lee & Zhao, 2019).
29

NAADP was first characterized in sea urchin egg homogenates. Here, NAADP Ca2+
signalling is different from that by IP3 and cADPR. NAADP responses were
insensitive to IP3 or cADPR inhibition (Lee & Aarhus, 1995). Besides, cytosolic Ca2+
that is known to regulate IP3 and cADPR in a biphasic manner had no effect on
NAADP (Chini & Dousa, 1996). That is, NAADP does not function through a CICR
mechanism. Importantly, thapsigargin which depletes the ER stores did not abolish
NAADP activity (Lee & Aarhus, 1995). Subsequently, using subcellular fractionation
of sea urchin egg homogenates, NAADP responses were shown to be abolished by
perturbing lysosome-related reserve granules (Churchill et al., 2002). Together, it was
thus concluded that NAADP acts on acidic Ca2+ stores, which are different from the
ER. It was this original study which laid the foundations for lysosomal involvement in
Ca2+ signalling. To date, NAADP has been extensively examined in mammalian cells.
Interestingly, NAADP functions differently between species. In the sea urchin, low
concentrations of NAADP (<1 nM) induce little Ca2+ signals but fully suppress
subsequent NAADP responses (Aarhus et al., 1996; Genazzani et al., 1996, 1997).
However, in mammals, NAADP induces bell-shaped concentration-response curves:
low (sub-micromolar) concentrations are associated with activation while higher
concentrations lead to inhibition (Cancela et al., 1999). Moreover, irrespective of
species, in intact cells, the ER is required for NAADP-induced Ca2+ signals (Cancela
et al., 1999; Churchill & Galione, 2000). This is in contrary to the findings that
NAADP does not target at the ER in broken cell systems. To explain this paradox, a
“trigger hypothesis” has been proposed. Namely, NAADP induces lysosomal Ca2+
release, which then trigger Ca2+ release from the ER via CICRs, together amplifying
the signals (Patel et al., 2001).
A few ion channels have been proposed as the molecular targets of NAADP, including
RyRs. This is evidenced by increased RyRs activity in the presence of NAADP and
decreased NAADP Ca2+ signals when reducing RyRs activity (Dammermann & Guse,
2005; Hohenegger et al., 2002; Langhorst et al., 2004). However, this is also in line
with NAADP “trigger hypothesis”. In other words, RyRs are not NAADP targets but
are required for amplifying NAADP-induced lysosomal Ca2+ signals. Notably, there
are also studies that report insensitivity of RyRs to NAADP (Copello et al., 2001;
Ogunbayo et al., 2011; Wagner et al., 2014). Another candidate is TRPML1 as Zhang
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and colleagues have shown that NAADP induced TRPML1-dependent Ca2+ signals
(Zhang et al., 2009, 2011). However, another study failed to link TRPML1 to NAADP
action (Yamaguchi et al., 2011). TRPM2 has also been associated with NAADP action
(Beck et al., 2006), but recent studies dissociate TRPM2 from NAADP signalling
(Tóth et al., 2015; Turlova et al., 2018). In contrast, there is abundant evidence to
support TPCs as likely NAADP targets.

1.3 Two-pore channels
TPCs are members of the voltage-gated ion channel (VGICs) superfamily. As their
name implies, TPCs contain two homologous shaker-like domains (I and II). Each
domain comprises six transmembrane helices (S1-S6) and a pore region formed by S5
and S6 connected by a re-entrant loop (Guo et al., 2016; Hooper et al., 2011; Kintzer
& Stroud, 2016; She et al., 2018, 2019). TPC dimerises to form functional channels
that allow ion fluxes (Churamani et al., 2013; Guo et al., 2016; Kintzer & Stroud, 2016;
Rietdorf et al., 2011; She et al., 2018, 2019), and thus maintains the typical pseudotetramer structure of VGICs (Yu et al., 2005). TPCs are expressed in plant vacuoles
(Peiter et al., 2005) and within the acidic compartments of the endo-lysosomal system
(of animals) (Brailoiu et al., 2009; Calcraft et al., 2009; Zong et al., 2009). TPCs exist
as three isoforms (TPC1-3) in animals. Plants possess TPC1 gene only (Furuichi et al.,
2001). Genes encoding TPCs are absent in key protostomes (e.g. flies or worms)
(Calcraft et al., 2009). Although deuterostomes, such as dogs and sea urchins possess
all three TPC genes, in humans and mice, only TPC1 and TPC2 are expressed and
TPC3 exists as a pseudogene (Brailoiu et al., 2009; Brailoiu, Hooper, et al., 2010;
Calcraft et al., 2009; Zhu et al., 2010). Within the endo-lysosomal system, TPC2
specifically targets to lysosomes via its N-terminal di-leucine motif, while TPC1 has
a wider distribution (Brailoiu et al., 2009; Brailoiu, Rahman, et al., 2010; Calcraft et
al., 2009; Zong et al., 2009) biased to endosomal compartments (Castonguay et al.,
2017).

1.3.1 NAADP and TPCs
In 2009, three independent research groups suggested that TPCs are molecular targets
for NAADP (Brailoiu et al., 2009; Calcraft et al., 2009; Zong et al., 2009). In these
studies, NAADP-induced Ca2+ signals were largely potentiated upon TPC
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overexpression and were abolished upon knockdown of TPC with shRNA. To further
support that TPCs are NAADP likely targets, Brailoiu et al., 2009 generated and
overexpressed dominant-negative mutant TPC1 (TPC1L273P) and subsequently
observed reduced NAADP but not cADPR Ca2+ signals. In a follow-up study by
Brailoiu and colleagues, similar effects was observed with an equivalent dominantnegative TPC2 mutant (TPC2L265P) (Brailoiu, Rahman, et al., 2010). Later, other Ca2+imaging based cellular studies further related NAADP action to TPCs, once again,
showing NAADP Ca2+ signals are modulated by molecular manipulations of TPC
expression (Brailoiu, Rahman, et al., 2010; Brailoiu, Hooper, et al., 2010; Hooper et
al., 2011; Ogunbayo et al., 2011; Ruas et al., 2010; Yamaguchi et al., 2011).
Importantly, TPC expression displays hallmark characteristics of NAADP-induced
Ca2+ signals. For example, Ca2+ signals can be fully blocked by bafilomycin A1,
indicating lysosomal origins (Brailoiu et al., 2009; Calcraft et al., 2009; Ruas et al.,
2010). Concentration-response curves of Ca2+ signals are bell-shaped in mammals
(Calcraft et al., 2009; Zong et al., 2009). Ca2+ signals can be blocked by NAADP
antagonist, Ned-19 (Brailoiu, Rahman, et al., 2010). Finally, Ca2+ signals are generated
via trigger hypothesis, that is, lysosomal Ca2+ release through NAADP-gated TPCs
can be amplified by further ER Ca2+ release (Brailoiu, Rahman, et al., 2010; Calcraft
et al., 2009; Ogunbayo et al., 2011; Ruas et al., 2010). Electrophysiological
characterizations of TPCs have been performed as well. Such characterization is not
easy given the vesicular localization of TPCs. Several approaches have been utilized
to solve this. Functional TPC2 can be re-directed to the PM upon N-terminus mutation,
which offers one approach. Other approaches are directly patch-clamping onto
vacuolin-enlarged TPC positive-endolysosomes and reconstituting TPC into planer
lipid bilayers. These approaches were first performed in 2010 by Brailoiu, Schieder
and Pitt’s teams to study TPC2 (Brailoiu, Rahman, et al., 2010; Pitt et al., 2010;
Schieder et al., 2010), and were later used for TPC1 (Pitt et al., 2014; Rybalchenko et
al., 2012). Each approach uncovers that TPCs are Ca2+-permeable channels that are
gated by NAADP.
Although multiple lines of evidence points towards TPCs as NAADP receptors, the
molecular basis for NAADP action is not very clear. To date, there has been no
evidence suggesting a direct action of NAADP on TPCs. Instead, an indirect action
has been revealed. Photoaffinity labelling studies in mammalian and sea urchins have
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shown that radioligand [32P-5N3]-NAADP labelled proteins are much smaller (22/23
kDa) than TPCs (Lin-Moshier et al., 2012; Walseth et al., 2012). Such NAADP-protein
interaction (i.e. NAADP binding) persists in single and double TPC knockout mice
(Lin-Moshier et al., 2012; Ruas et al., 2015) and the NAADP binding protein coimmunoprecipitated with TPCs in sea urchin egg homogenates (Walseth et al., 2012).
Together, the current idea about NAADP mechanism is that NAADP activates TPCs
indirectly via binding small accessory proteins that form part of a TPC channel
complex. The identity of such proteins is unknown. Nevertheless, TPC2 was found to
co-immuniprecipitate with small GTPase (e.g. Rabs) (Lin-Moshier et al., 2014) and
kinases (e.g. LRRK2 and mTOR) (Cang et al., 2013; Gómez-Suaga et al., 2012). These
proteins regulate TPC2 channel activity. Perhaps, the identity of such NAADP binding
protein lies somewhere within those identified TPC interactomes (Castonguay et al.,
2017; Grimm et al., 2014; Lin-Moshier et al., 2014).
With the aid of NAADP, TPCs have also been shown to be regulated by other
molecules. Both TPC isoforms can be activated by luminal Ca2+ (Pitt et al., 2010;
Rybalchenko et al., 2012). Luminal H+ also favours TPC activity (Rybalchenko et al.,
2012; Schieder et al., 2010), but the pH effects are complicated (Pitt et al., 2010).
Indeed, TPC1 is permeable to H+ (Pitt et al., 2014). Consistent with this, NAADP was
shown to alkalize the acidic stores (Morgan et al., 2007). High Mg2+ (e.g. 2 mM) can
act both luminally or cytosolically to inhibit TPC2 opening (Jha et al., 2014). The Mg2+
effect on TPC1 has not yet been tested. In addition, MAPK kinases, P38 and JNK,
inhibits TPC2 NAADP-induced Ca2+ release (Jha et al., 2014). TPC1 and TPC2 are
N-glycosylated. Such N-glycosylation confers an inhibitory effect on TPC1 activity,
as reflected by potentiated NAADP Ca2+ signals upon mutation of glycosylated
residues (Hooper et al., 2011). Furthermore, aside from NAADP, the endolysosomal
membrane lipid, PI(3,5)P2, has been shown to activate TPC1 and TPC2 (see 1.3.4
PI(3,5)P2 and controversy over activation mechanism and ion selectivity). TPC1 is
additionally gated by membrane potential (Cang et al., 2014; Rybalchenko et al., 2012;
She et al., 2018) and cytosolic Ca2+ (Pitt et al., 2014).
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1.3.2 TPCs in health and disease
As molecular targets for NAADP, TPCs have been widely studied and have been
associated with a range of physiological processes and also diseases. For example,
cellular differentiation requires functional TPCs. This has been noted during
differentation of neuronal and skeletal muscle cells (Aley et al., 2010; Zhang et al.,
2013). TPC2 has also been linked to osteoclastogenesis (Notomi et al., 2017) and
zebrafish myogenesis (Kelu et al., 2019). Moreover, NAADP Ca2+ signalling and
TPC2 is vital for vascular endothelial growth factor (VEGF)-induced angiogenesis
(Favia et al., 2014), a process essential for cancer progression. The role of TPCs in
cancer has been uncovered in recent years (this will be discussed in subsequent
paragraph of this section). Aside from creating blood vessels, NAADP has a dual
regulatory role on vascular tone. Blood vessels are composed of endothelial cells and
vascular smooth muscle cells. In endothelial cells, NAADP is implicated in
acetylcholine and histamine-induced Ca2+ signals (Brailoiu, Gurzu, et al., 2010;
Esposito et al., 2011). Such signals stimulates vasorelaxation in intact blood vessels.
Conversely, in endothelium-denuded vessels, NAADP causes vasoconstriction
(Brailoiu, Gurzu, et al., 2010). In accord, it has been demonstrated that NAADP
induces vascular smooth muscle contractility (Boittin et al., 2002). In a very recent
study, TPC1 was shown to be required for the contractile function of NAADP in rat
aortic smooth muscle (Trufanov et al., 2019).
TPCs also play key roles in endo-lysosomal trafficking, a process that is known to be
mediated by local Ca2+ release from lysosomes (Luzio et al., 2007). A consistent
observation is that overexpression of TPC2 leads to enlarged vesicular structures
(Kilpatrick et al., 2017; Lin-Moshier et al., 2014; Ruas et al., 2010; Wang et al., 2012).
Human TPC1 overexpression has no such effects, but TPC1 knockdown has been
associated with enlargement and clustering of late endosomes and lysosomes
(Kilpatrick et al., 2017). TPC2 is thought to regulate fusion events underlying the
transit of cholesterol and growth factors (e.g. EGF and PDGF) (Grimm et al., 2014;
Ruas et al., 2014). TPC1 mediates retrograde trafficking of cholera toxin from
endosomes to Golgi complex (Ruas et al., 2010, 2014). Moreover, TPCs are also
required for exocytosis, such as secretion of cytolytic granules in cytotoxic T cells
(Davis et al., 2012) and acrosome reaction in mammalian sperm (Arndt et al., 2014).
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Local Ca2+ signals through TPCs are likely mediators of TPC-associated trafficking
effects. Supporting this, for example, it has been found that TPC2 overexpressioninduced pigmentation defects can be reversed by fast Ca2+ chelator BAPTA but not
the slow chelator EGTA (Lin-Moshier et al., 2014). And TPC2 ablation-induced mistrafficking of LDL-cholesterol can be selectively phenocopied by BAPTA (Grimm et
al., 2014). Two independent proteomic screens have revealed a physical association of
TPCs with Rab GTPases (membrane trafficking regulators) and SNAREs (membrane
fusion mediators) (Grimm et al., 2014; Lin-Moshier et al., 2014). Perturbing Rab7
activity abolishes NAADP Ca2+ signals and TPC2 overexpression-induced trafficking
defects (Lin-Moshier et al., 2014), whereas SNAREs-mediated fusion event is Ca2+
dependent (Atlas, 2014). Together, the interaction between TPCs and Rab
GTPases/SNAREs could form the molecular basis for TPCs’ role in membrane
trafficking.
TPCs also regulate autophagy that involves fusion between autophagosomes and
lysosomes for degradation. The nutrient-sensing kinase, mTOR, is a key regulator of
autophagy and associates with TPCs on lysosomes. When cells are replete with energy
(i.e. high level of ATP), mTOR phosphorylates TPCs to keep the channel closed,
which can be reflected by reduced NAADP or PI(3,5)P2-activated TPC activity (Cang
et al., 2013; Ogunbayo et al., 2018). Conversely, upon energy deprivation, mTOR is
inhibited and thus removes the “lock” on TPC activation. mTOR inhibition is known
to drive TFEB nuclear translocation, restoring autophagy function (Martina et al.,
2012). In this regard, TPC activation could be linked to autophagy initiation. However,
whether TPCs affect TFEB subcellular translocation is not very clear, although there
is one case where sphingosine 1 phosphate-induced Ca2+ release through TPC1 leads
to nuclear translocation of TFEB (Höglinger et al., 2015). The role of NAADP/TPCs
on autophagy has been uncovered in various cell lines. In several cell types, it was
shown that functional TPCs are required for autophagy progression (e.g. starvation or
glutamate-induced autophagy) (García-Rúa et al., 2016; Pereira et al., 2011, 2017).
However, the exact role, in fact, could be complex. In skeletal muscle cells that are
devoid of TPC2, increased autophagic flux was observed upon starvation (Lin et al.,
2015). From the same study, TPC2 has been shown to be required for mTOR
reactivation and autophagy termination. Furthermore, it has been shown that LRRK2,
another autophagy regulator, interacts with TPC2. Upon overexpression, LRRK2
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impairs autophagy and induces a persistent increase in autophagosome (Gómez-Suaga
et al., 2012). Such effects have been shown to be caused by LRRK2-activated TPC2
Ca2+ release and subsequent recruitment of CaMKKβ/AMPK signalling. Like TPC2,
LRRK2 is also involved in membrane trafficking by interacting with Rab7 (GómezSuaga et al., 2014). There could be an interplay between these three proteins (TPC2,
LRRK2 and Rab7) in regulating membrane fusion at a late stage of the autophagic
process, but this requires further investigation.
LRRK2 is known as a PD linked gene. G2019S mutation confers increased kinase
activity to LRRK2. Such a mutation is a common genetic cause of PD (Martin et al.,
2014). Impaired autophagy has been found in LRRK2-mediated PD (Manzoni, 2017;
Manzoni et al., 2013; Plowey et al., 2008), implying a role of TPC2 in PD (see above
paragraph). Indeed, in patients’ fibroblasts with LRRK2G2019S PD, the aberrant endolysosomal morphology, including enlarged and clustered lysosomes, can be improved
by molecular silencing of TPC2 (not TPC1), or inhibiting its regulators (NAADP,
PI(3,5)P2 or Rab7) (Hockey et al., 2015). This echoes other studies where TPC2
overexpression is associated with morphology defects (Lin-Moshier et al., 2014; Ruas
et al., 2010). What is more, such phenotypes can be reversed by treatment with
BAPTA and are associated with exaggerated NAADP global Ca2+ signals. Together,
pathogenic LRRK2 may enhance TPC2 Ca2+ functionality to cause dysfunction. TPC2
could be potential druggable target for PD to correct defective autophagy and
membrane trafficking.
TPCs have also been implicated in other diseases, such as non-alcoholic fatty liver
disease (NAFLD). It has been shown that mice deficient in TPC2, which are under
high-cholesterol dietary condition, have cholesterol overload and liver damage,
compatible with NAFLD (Grimm et al., 2014). Mechanistically, this is likely due to
impaired trafficking of LDL-cholesterol and EGF upon TPC2 KO. As mentioned
earlier, there is a functional requirement of TPC2 in fusion between endosomes and
lysosomes. Thus, boosting TPC2 activity could be a treatment for liver disorders.
TPCs are also implicated in infectious viral diseases. Ebola virus (EBOV) is known to
cause haemorrhagic fever with a high mortality rate (Baize et al., 2014). EBOV
invades host cells through macropinocytosis, trafficking through the endo-lysosomal
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system where it binds to NPC1 (Carette et al., 2011), subsequently fusing with late
lysosomes and releasing its viral RNA into the cytoplasm. The significance of TPCs
in EBOV entry was discovered by Sakurai et al (2015). In this study, TPC knockout,
knockdown or overexpression of a dominant-negative TPC2 all prevented EBOV
escape into the cytoplasm. Similarly, Ned-19 (NAADP antagonist) and tetrandrine
(TPC blocker) effectively attenuated EBOV infection. Thus, TPCs are essential for
Ebola infectivity likely via facilitating the late fusion step. Moreover, recently, TPCs
have also been linked to the infectious cycle of another virus, Middle East Respiratory
Syndrome coronavirus (MERS-CoV) (Gunaratne, Johns, et al., 2018; Gunaratne, Yang,
et al., 2018). It was found that TPC knockdown or overexpression reduces MERSCoV pseudovirus translocation through the endo-lysosomal system (Gunaratne, Yang,
et al., 2018). The same inhibitory effect can also be seen in the presence of tetrandrine
or its analogues that block NAADP Ca2+ responses. In addition, it was found that
NAADP-mediated Ca2+ signals through TPCs regulate the activity of proprotein
convertases, such as furin, which are required for MERS-CoV fusion activity and
cytoplasmic translocation (Gunaratne, Yang, et al., 2018). Furthermore, TPCs were
found to participate in the life-cycle of HIV. Perturbing TPC activity inhibits the endolysosomal release of HIV Tat protein, and thus subsequent HIV gene replication and
cell-to-cell infection (Khan et al., 2020). Together, TPCs appear to be common host
factors that regulate a range of viral infections. Pharmacological modulators of TPC
could be clinically beneficial for the treatment of infectivity.
Cancer is another disease that has been associated with TPCs. Expression of TPCs has
been noted in various cancer cell lines (Brailoiu et al., 2009; Jahidin et al., 2016;
Nguyen et al., 2017). Recent evidence have suggested that TPCs are required for
angiogenesis and metastasis. Also, TPCs may play roles in tumorigenesis. This is
because TPC2 is found on chromosome 11, region 13.2, whose amplification is known
to be associated with cancer (Wilkerson & Reis-Filho, 2013). Also, this region has a
cyclin gene, an established driver of oncogenesis. Of relevance, Huang et al (2006)
observed increased TPC2 levels in oral squamous cell carcinoma cell lines (Huang et
al., 2006). Regarding a role in angiogenesis, as mentioned above, VEGF-induced
angiogenesis in endothelial cells relies on NAADP Ca2+ signalling through TPC2
(Favia et al., 2014). This has been demonstrated in both vitro and vivo. Angiogenesis
is essential for tumour growth, and recently, it has been shown that cancer cell
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proliferation requires functional TPCs (Faris et al., 2019). Cell adhesion and migration
are two critical steps for metastatic formation, which were found to be reduced by
perturbing TPC activity via either siRNA or Ned-19 (NAADP antagonist) (Nguyen et
al., 2017). In accord, reduced metastatic tumour formation upon impaired TPC activity
has been noted in an in vivo model. The reduced adhesion and migration are likely to
be caused by defective trafficking of integrins (migration mediator) upon TPC
knockdown (Nguyen et al., 2017). Together, TPCs could be drug targets for cancer
treatment by interfering with tumorigenesis, angiogenesis and metastasis.
The significance of TPCs are not limited to above-mentioned diseases. TPCs are also
mediators of cardiac dysfunction, such as ischemia-reperfusion injury (Davidson et al.,
2015). Besides, TPCs have been linked to diabetes as NAADP/TPCs are required for
glucose-induced Ca2+ signals that are essential for insulin secretion (Arredouani et al.,
2015; Masgrau et al., 2003; Naylor et al., 2009). TPCs also possess roles in obesity
(Lear et al., 2015) and Alzheimer’s disease (Neely Kayala et al., 2012).

1.3.3 TPC pharmacology
As TPCs are important for health and disease, it is essential to find modulators of the
channel to aid research and drug discovery. However, the work in this field is limited
and relatively preliminary. Current TPC activators and inhibitors are summaried in
Table1.1 and Table 1.2, respectively.
Aside from NAADP, another current known endogenous TPC activator is PI(3,5)P2.
This was reported by (Wang et al., 2012) first, and confirmed by other studies later
(Boccaccio et al., 2014; Cang et al., 2013, 2014; Grimm et al., 2014; Ruas et al., 2015).
The activity of NAADP and PI(3,5)P2 is not limited to TPCs, as they have also been
shown to activate TRPML1 (Dong et al., 2010; Zhang et al., 2009), although the action
of NAADP on TRPML1 is not widely accepted (Yamaguchi et al., 2011). NAADP
and PI(3,5)P2 are anionic and thus membrane-impermeable. Complex techniques (e.g.
microinjection or use of isolated lysosomes) have been used for allowing them to reach
the endo-lysosomal targets. Cell-permeable NAADP has been developed and used in
certain studies (Cang et al., 2014; Parkesh et al., 2008; Sakurai et al., 2015; Wang et
al., 2012). However, this version of NAADP requires meticulous care as it is
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notoriously unstable (Parkesh et al., 2008). Besides, synthesis of NAADP-AM
requires diisopropylethylamine (DIEA) which cannot be completely removed in the
final NAADP-AM product. It has been reported that DIEA can inhibit SERCA via a
cytosolic alkalizing effect and thus inducing Ca2+ signals. Therefore, prior to using,
NAADP-AM should be tested to ensure it can induce a bell-shape dose-response curve
for Ca2+ signals which are sensitive to Ned-19 (NAADP antagonnist) (Galione et al.,
2014; Zhang et al., 2013). The cell-permeable TPC activators have only recently been
pursued through Ca2+-imaging based drug screening assay (Zhang et al., 2019). The
novel activators (i.e. tricyclic anti-depressants (TCAs)) have no visible effect on
TRPML1. Structurally, they can be divided into two groups, LyNA-VA1.X and
LyNA-VA2.X (named by the authors). They activate TPC2 at micromolar
concentrations. They also modulate TPC1, but activation or inhibition appears to rely
on TCAs’ chemical structures. From the same study but a separate screen, another
identified TPC modulator is riluzole which is known as an effective drug treatment for
ALS (Liu & Wang, 2018). Riluzole is a activator for TPC2 but a inhibitor for TPC1.
In chapter 3, I further identify cell-permeable TPC activators.
Table 1.1 Summary of TPC activators
Name

(Original/other)

Method (s)

Identity
NAADP

PI(3,5)P2

2+

Ca mobilizing
messenger

Potency (e.g.

Paper (s)

EC50)
2+

Ca measurements
in sea urchin egg
homogenate

EC50= 20-30 nM.
Self-inactivation if
concentration ≤1
nM

i) Genazzani
et al., 1996
ii) Aarhus et
al., 1996

Ca2+ measurements
in mammalian cells

Bell-shape
concentrationresponse curve:
maximal
response at 100
nM, no
response > 1 µM

i) Cancela et
al., 1999
ii) Galione,
2011

Endolysosomal

Patch-clamp recording

EC50= 0.39µM

Wang et al.,

membrane lipid

in enlarged

2012

endolysosomes
transfected with TPC1
or TPC2
LyNA-VA1.X

Tricyclic

i) EC50= 43-112

Zhang et al.,

1.1 Amitriptyline

antidepressants

µM for TPC2

2019
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1.2 Clomipramine

i) Ca2+ measurements

ii) EC50= 10-27

1.3 Desipramine

in cells transfected with

µM for TPC1

1.4 Imipramine

TPC2

1.5 Nortriptyline

ii) Patch-clamp
recording in enlarged

LyNA-VA2.X

endolysosomes

i) EC50= ~60 µM

2.1 Chlorpromazine

transfected with TPC1

for TPC2

2.2 Triflupromazine

or TPC2

ii) Block of TPC1

iii) Patch-clamp

activity at ~70 µM

recording in whole-cells
Riluzole

Glutamate

transfected with PM

i) EC50= ~180 µM

receptor

TPC2 (TPC2LL/AA)

for TPC2

antagonist

ii) Block of TPC1
activity at ~150
µM

NAADP mobilizes Ca2+ through TPCs (Patel, 2015). Early studies centered around
NAADP signalling have resulted in identification of a few NAADP antagonists. The
most classical and widely-used one is Ned-19, which is identified from NAADP-based
virtual screening (Naylor et al., 2009). Ned-19 exhibits high degree of similarity to
NAADP in terms of its three-dimensional shape and electrostatic properties. Since its
discovery, Ned-19 has been widely used and has facilitated our understanding on the
role of NAADP/TPCs in a number of physiological and pathophysiological events (Ali
et al., 2016; Favia et al., 2014; Hockey et al., 2015; Rah et al., 2017; Sakurai et al.,
2015; Suárez-Cortés et al., 2017). PPADS and BZ194 were identified as NAADP
antagonists around the same time as Ned-19 (Billington & Genazzani, 2007;
Dammermann et al., 2009). PPADS is a competitive P2 receptor antagonist. PPADS
blocked NAADP-induced Ca2+ signals in both sea urchin eggs and mammalian cells
but requiring 100 µM (Billington & Genazzani, 2007; Singaravelu & Deitmer, 2006).
BZ194 is a N-alkalyted nicotinic acid derivative. Like PPADS, BZ194 also required
high micromolar concentrations to affect NAADP signalling (Dammermann et al.,
2009). In comparison, Ned-19 appears to be more potent as functional studies in sea
urchin egg homogenate revealed its IC50 within nanomolar range (Naylor et al., 2009;
Rosen et al., 2009). Regarding their mechanism of action, given that NAADP activates
TPCs via binding to an accessory protein (Lin-Moshier et al., 2012; Walseth et al.,
2012), the NAADP analogue, Ned-19, is likely to act via similar indirect and complex
mechanism. BZ194 might be the same as it also has some structural similarity of
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NAADP. For PPADS, it reversibly competes with [32P]-NAADP binding which means
it could also function indirectly on TPCs (Billington & Genazzani, 2007). Such indirect action on TPCs could raise concern given that NAADP also appears to target
other receptors (e.g. TRPML1 and RyRs) (Dammermann et al., 2009; Hohenegger et
al., 2002; Langhorst et al., 2004; Zhang et al., 2009) although this is still contested
(Ogunbayo et al., 2011; Wagner et al., 2014; Yamaguchi et al., 2011). BZ194 was
shown to block NAADP-activated RyR activity (Dammermann et al., 2009).
Aside from the above-mentioned antagonists, in another early study, a number of Ltype voltage-gated Ca2+ channel antagonists (e.g. nifedipine, diltiazem and verapamil)
were shown to selectively block NAADP-induced Ca2+ signals in sea urchin egg
homogenates at low micromolar concentrations (Genazzani et al., 1997). None of these
compounds affected NAADP binding. Therefore, it is possible that they work at the
level of TPCs. In 2014, through molecular docking against a structural model of sea
urchin TPC1, Cav antagonists as well as Nav antagonists were found to target the poreregion of TPCs (Rahman et al., 2014). This similarity in drug binding sites between
TPCs and Cav/Nav channels is likely due to a common ancestry shared between these
channels. As suggested by Rahman and colleagues, the binding site could have been
formed before a duplication event that was required for the formation of both Cav and
Nav. After molecular docking, functional studies followed. Rahman and colleagues
noted that there is a positive correlation between Cav and Nav antagonists’ docking
capacity and their capacity in inhibiting NAADP-induced Ca2+ signals. Rahman’s
team therefore identified a number of Cav and Nav antagonists as TPC pore blockers
(Rahman et al., 2014). The pore-region could be the target for other TPC blockers.
In 2015, along with studying the role of TPCs on Ebola infectivity, tetrandrine was
yielded as a potent TPC blocker (Sakurai et al., 2015). Tetrandrine is a
bisbenzylisoquinoline alkaloid (BBIQ) isolated from the plant Stephania tetrandra
(Bhagya & Chandrashekar, 2016). In the study, tetrandrine effectively inhibited Ebola
release by blocking TPC activity (Sakurai et al., 2015). Tetrandrine is very potent in
terms of its action on TPCs. At 500 nM, it blocked NAADP and PI(3,5)P2-induced
TPC currents. And at 2 µM, it blocked NAADP-AM induced Ca2+ release. Although
potent, tetrandrine has multiple targets, including Rasip-cAMP-PKA pathway (Zhao
et al., 2013) and Ca2+-activated K+ channels (King et al., 1988; Wang & Lemos, 1994).
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Importantly, tetrandrine is also a well-defined Cav antagonist (King et al., 1988; Liu
et al., 1991; Wang & Lemos, 1994). There has been no study looking into the
molecular basis of tetrandrine inhibition. Given its identity as a Cav antagonist,
tetrandrine is predicted to target the pore-region of TPCs like it did to the
evolutionarly-linked Cav (King et al., 1988; Rahman et al., 2014). Two years later,
another TPC antagonist, naringenin, was published (Pafumi et al., 2017). Naringenin
is a flavonoid that can be found in fruits and herbs. Naringenin blocked PI(3,5)P2induced TPC channel activity and NAADP-induced Ca2+ release but requiring
concentrations up to 1 mM. In addition to that, like tetrandrine, naringenin also has
targets other than TPCs, such as TRPM3 (Straub et al., 2013), TRPP2 (Waheed et al.,
2014), N-type Cav channels (Zhou et al., 2019) and Ca2+-activated K+ channels
(Saponara et al., 2006; Yang et al., 2014). In a later study, through molecular docking,
a direct action of naringenin on TPCs has been predicted, likely by interacting with the
hydrophobic residues that constitute the gate of the pore (Benkerrou et al., 2019).
In 2018/2019, research into pursuing inhibitors of TPC continued given there are few
selective TPC inhibitors and some indirectly affect TPCs (e.g. BZ194, PPADS and
Ned-19). Using sea urchin egg homogenate as a screening platform, Guanratne and
colleagues identified 18 compounds as selective NAADP inhibitors (Gunaratne, Johns,
et al., 2018). Some of the compounds were further characterized. At low micromolar
concentration, they inhibited NAADP Ca2+ signals in mammalian cells as well as TPCdependent MERS-CoV infectivity. SKF96365, PF-543 and racecadotril have been
highlighted as they are the most effective ones in all three testing systems. Notably,
this is not the first paper to link SKF96365 to NAADP, in fact, in Moccia et al., 2004,
it has been shown that SKF96365 blocks NAADP-dependent starfish oocyte activation
at fertilization at low micromolar concentration (Moccia et al., 2004). Moreover,
SKF96365 is also a T-type voltage-gated Cav channel blocker (Singh et al., 2010). PF543 is a sphingosine kinase inhibitor (Schnute et al., 2012), and racecadotril is a neutral
endopeptidase inhibitor used to treat diarrhea (Matheson & Noble, 2000; Schwartz,
2000). The mechanism of action of these novel inhibitors are unclear, but given that
they have no effect on NAADP binding, perhaps they directly act on TPCs, warrenting
further investigation. In a companion paper, tetrandrine analogues (e.g. fangchinoline)
were also identified as inhibitors of NAADP Ca2+ signalling and MERS translocation
(a step required for virus entry into the cells) (Gunaratne, Yang, et al., 2018).
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To expand the pharmacology of TPCs in the context of clinically used drugs, our lab
screened a library of FDA-approved drugs against a model of the human TPC2 pore
(Penny et al., 2019). The model was generated based on the mouse TPC1 structure
published in 2018 (She et al., 2018). The results were then cross-referenced with data
from two previous high-throughput Ebola screens. Use of the latter was because if
TPCs are required for Ebola infection, then anti-Ebola drugs may be inhibitors of
TPCs. Such a screening strategy yielded a number of novel TPC blockers, including
dopamine receptor antagonists (e.g. fluphenazine) and estrogen receptor modulators
(e.g. raloxifene). They blocked NAADP- and PI(3,5)P2-induced TPC2 channel activity
at low micromolar concentrations. Single channel analysis uncovered that they act via
the TPC2 pore. In chapter 3, I further characterize these novel inhibitors.
To summarise, the study on pharmacology of TPCs is far from mature, although in
recent years, efforts have been made to identify novel TPC activators and inhibitors.
Table 1.2 Summary of TPC inhibitors
Name

(Original/other)

Method (s)

Identity
Ned-19

N/A
(identified from
NAADP-based
virtual screen)

PPADS

P2 receptor
antagonist

BZ194

N-alkylated
nicotinic acid
derivative

Potency (e.g.

Paper (s)

IC50)
i) Test on NAADP Ca2+
responses in sea
urchin egg
homogenate
ii) Test on NAADP
Ca2+ responses in
mammalian cells

Test on NAADP Ca2+
responses in
mammalian cells

(Table 1.2 continued in next page)
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i) IC50= 65 nM in
homogenate
ii) Complete
suppression of
NAADP
responses at 100
µM in
mammalian cells

i) Naylor et
al., 2009
ii) Rosen et
al., 2009

Partial
suppression of
NAADP
responses at 100
µM

i) Billington &
Genazzani,
2007
ii) Singaravelu
& Deitmer,
2006

Partial
suppression of
NAADP
responses at 100
µM

Dammermann
et al., 2009

Nifedipine;
Diltiazem;
Verapamil;
Isradipine

Cav antagonists

Test on NAADP Ca2+
responses in sea urchin
egg homogenate
(Note: nifedipine,
lidocaine and
veratridine were also
tested on NAADPinduced Ca2+ signals in
mammalian cells
expressing TPC1)

i) IC50= 8-20 µM in
homogenate
ii) IC50 = 4 µM (Nif.
in TPC1expressing cells)

i) Genazzani
et al., 1997
ii) Rahman
et al., 2014

IC50= 30 µM in
homogenate

Genazzani
et al., 1997

i) IC50= 100 µM
(Lido.) or 1 mM
(Bupi.) in
homogenate
ii) Complete
suppression of
NAADP
responses at 100
µM (Lido. in
TPC1-expressing
cells)

Rahman et
al., 2014

BayK 8644

Cav agonist

Lidocaine;
Bupivacaine

Nav antagonists

Veratridine

Nav agonist

Tetrandrine

i)
Bisbenzylisoquin
-oline (BBIQ)
cyclic alkaloid
ii) Cav
antagonist

i) Test on PI(3,5)P2
currents in cells
transfected with TPCs
ii) Test on NAADP Ca2+
release in mammalian
cells

Effective at 0.5-2
µM

Sakurai et
al., 2015

Naringenin

Plant flavonoid

Test on PI(3,5)P2
currents in cells
transfected with TPCs

Effective at 1 mM

Pafumi et al.,
2017

SKF96365

T-type Cav
antagonist
Sphingosine
kinase inhibitor

i) IC50= 2-16 µM
(in homogenate)
ii) Effective at 10
µM (in cells)

Gunaratne,
Johns, et al.,
2018

PF-543

i) Test on NAADP Ca2+
responses in sea urchin
egg homogenate
ii) Test on NAADP Ca2+
responses in
mammalian cells

Racecadotril

Endopeptidase
inhibitor

i) IC50= 52 µM in
homogenate
ii) Complete
suppression of
NAADP
responses at 100
µM (Vera. in
TPC1-expressing
cells)

(Table 1.2 continued in next page)
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Fangchinoline;
Thaligine

Bisbenzylisoquin
oline (BBIQ)
cyclic alkaloids

Test on NAADP Ca2+
responses in
mammalian cells

Effective at 10 µM

Gunaratne,
Yang, et al.,
2018

Fluphenazine;
Pimozide;
Thioridazine;
Trifluoperazine

Dopamine
receptor
antagonists

Test on NAADP Ca2+
responses in sea urchin
egg homogenate

i) IC50= 28-94 µM
(in homogenate)

Penny et al.
2019

Raloxifene;
Clomiphene;
Tamoxifen;
Toremifene;
Bazedoxifene

Selective
estrogen
receptor
modulators

Amodiaquine

Antimalarial
reagent

(Note: fluphenazine
and raloxifene were
also tested on NAADPmediated channel
activity of TPC2 redirected to the PM or
on PI(3,5)P2 currents in
cells transfected with
TPC2)

ii) Effective at 100
µM to block TPC2
channel activity
mediated by
NAADP (Ralo.
and Flu.)
iii) IC50= 0.63 µM
(Ralo. on
PI(3,5)P2
currents)
iiii) IC50= 8.2 µM
(Flu. on PI(3,5)P2
currents)

1.3.4 PI(3,5)P2 and controversy over activation mechanism and ion
selectivity
The endolysosome-specific phosphoinositide PI(3,5)P2 is synthesized from PI(3)P
through a PI5 kinase, PIKfyve, which is localized on the endolysosomes (McCartney
et al., 2014). In mammals, PIKfyve is the sole lipid kinase that phosphorylates PI(3)P
to generate PI(3,5)P2 (Zolov et al., 2012). PIKfyve regulates PI(3,5)P2 levels through
association with proteins Fig4 and Vac14 (Hasegawa et al., 2017). PI(3,5)P2
deficiencies caused by mutations in PIKfyve and its associated proteins have been
linked to neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS) and
Charcot-Marie-Tooth disease (Chow et al., 2007, 2009). Physiologically, insulin,
growth factors and hyperosmotic shock have been shown to induce a transient increase
in PI(3,5)P2 level (Sbrissa et al., 1999; Sbrissa & Shisheva, 2005; Zolov et al., 2012),
suggesting that PI(3,5)P2 is required for cellular homeostasis and adaption. Moreover,
PI(3,5)P2-deficient cells exhibit enlarged endolysosomes. PI(3,5)P2 thus plays a role
in membrane trafficking (Dong et al., 2010; Dove et al., 2009; Zhang et al., 2007).
Such aberrant morphology can be reversed by TRPML1 overexpression, consistent
with that TRPML1 as a likely target for PI(3,5)P2 (Chen et al., 2017; Dong et al., 2010).
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As briefly mentioned above, TPCs have also been reported to be the molecular targets
for PI(3,5)P2 . In the study by Wang and colleagues (Wang et al., 2012), PI(3,5)P2
induced inward-rectifying currents from vacuolin-enlarged lysosomes overexpressing
WT TPC2 but not the inactive pore-mutant (TPC2D273K). PI(3,5)P2 also activated
currents from lysosomes overexpressing TPC1 or in cells overexpressing TPC2 redirected to the PM. Importantly, PI(3,5)P2-induced TPC currents were abolished in
pancreatic ß-cells from TPC double knockout mice. However, what was suprising was
that in parallel tests, there was no sensitivity of TPCs to NAADP, and NAADPinduced Ca2+ signals were not affected upon TPC double KO. In addition to that, when
examining the relative ion permeability, Wang and colleagues noted that TPC2 is
highly Na+ selective with little Ca2+ permeability. This therefore was in contrast with
early electrophysiological analysis, where TPCs were demonstrated to act as NAADPgated channels that are permeable to Ca2+ (Na+ was not tested) (Brailoiu, Rahman, et
al., 2010; Pitt et al., 2010, 2014; Rybalchenko et al., 2012; Schieder et al., 2010).
Wang’s study is not isolated. In fact, since the initial controversy, certain studies
agreed with Wang et al., 2012. For example, through directly patch-clamping onto
TPC1-positive lysosomes, Cang’s team observed TPC1 currents activated by PI(3,5)P2
but not NAADP (Cang et al., 2014). Furthermore, they noted that TPC1 is highly Na+
selective with PNa/PCa of 232. In another study by Cang’s team, TPC has been shown
to function as a nutrient sensor linked to mTOR. ATP regulates TPC-mediated Na+
currents via mTOR. ATP action is dependent on PI(3,5)P2 levels. In the same study,
in contrast to PI(3,5)P2, NAADP does not activate TPC2 (Cang et al., 2013). In the
study of Boccaccio et al., 2014 and Guo et al., 2017, PI(3,5)P2 but not NAADP elicited
currents in human TPC2 expressing plant and yeast vacuoles and in cells expressing
PM TPC2. In addition, both studies noted the channel is highly Na+ selective with little
Ca2+ permeability when activated by PI(3,5)P2 (Boccaccio et al., 2014; Guo et al.,
2017). Data from the aforementioned labs thus consistently link PI(3,5)P2 and Na+
selectivity but not NAADP and Ca2+ permeability to TPC activation. In a recent study
exploring the structure of mouse TPC1, the channel was once again shown to be highly
selective to Na+ in the presence of PI(3,5)P2 (She et al., 2018).
However, since the initial controversy, there have also been a number of studies
supporting that NAADP-dependent activation of TPCs. Also, these studies confirmed
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the action of PI(3,5)P2 on TPCs. (Grimm et al., 2014; Hockey et al., 2015; Jha et al.,
2014; Lee et al., 2016; Penny et al., 2019; Ruas et al., 2015; Sakurai et al., 2015). In
several of these studies, the Na+ currents through TPCs have also been assessed along
with Ca2+ currents. For example, Jha’s team used the same enlarged lysosomal
technique as (Cang et al., 2014; Wang et al., 2012), and found that both NAADP and
PI(3,5)P2 activated TPC Na+ currents (Jha et al., 2014). In comparison, the current
magnitude for NAADP was smaller than that of PI(3,5)P2. Grimm et al (2014) used
cells from TPC2 KO mice and confirmed that NAADP and PI(3,5)P2 activate
endogenous TPC2, and also indicated that NAADP-activated TPC2 is not selective
between Na+ and Ca2+ with PCa/PNa close to unity (Grimm et al., 2014). In 2015,
Ruas’s team generated an independent TPC double KO mice in which both NAADP
and PI(3,5)P2 currents were lost (Ruas et al., 2015). Ruas’s team subsequently
performed rescue experiments, showing that NAADP regained its activity in the KO
cells when TPC1 or TPC2 were re-expressed, but not TPCs with mutated pore or
TRPML1. Additonally, Ruas’s team found that NAADP currents are non-selective and
thus TPCs have relative equal permeability to Ca2+ and Na+. Quite recently (2019),
through single channel recording on TPC2 targeted to the PM or directly patchclamping onto TPC2-positive enlarged lysosomes, our lab’s work has further
confirmed that NAADP and PI(3,5)P2 activate TPCs (Penny et al., 2019). Using Na+
as the major permeant ion, the single channel analysis indicates that TPC2 Na+
conductance is 87pS. Comparing this with the Ca2+ conductance of TPC2 (40pS)
(Brailoiu, Rahman, et al., 2010), which was obtained previously in the presence of
NAADP, firmly points out that TPC2 is a non-selective Ca2+-permeable channel.
Together, the aforementioned studies, this body of work supports the notion that both
NAADP and PI(3,5)P2 are TPC activators, and that the channel is permeable to both
Ca2+ and Na+.
For those that failed to report TPC sensitivity to NAADP, several possible
explanations have been proposed. It has been reported that N-terminally GFP-tagged
TPC1 is insensitive to NAADP (Churamani et al., 2013) and Wang et al., 2012 used
such a TPC1 construct (Wang et al., 2012). NAADP has been shown to activate the
channel via putative small binding proteins which might have been accidentally
removed when isolating lysosomes from the cells for patch-clamp recording.
Regarding the maintained NAADP activity upon TPC double KO, this could be due
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to the concentration of the cell-permeable NAADP-AM used being too high, and its
DIEA contaminats causing undesired effects on Ca2+ and pH homeostasis (Zhang et
al., 2013). Additonally, the KO might have been incomplete. The KO involved the
deletion of the first 69 amino acids of TPC1. Such deletion was shown to lead to the
generation of a variant TPC1 isoform, TPC1B (Ruas et al., 2014). In Ruas et al., 2015,
TPC1B was found to be sensitive to NAADP (Ruas et al., 2015). However, it is hard
to explain why in some cases, TPCs are highly Na+ selective (little Ca2+ permeability),
while in the others, TPCs are non-selective between Ca2+ and Na+.
A co-regulation TPC model has been proposed (Patel, 2015), but there is only a limited
amount of evidence directly supporting this. For example, PI(3,5)P2 levels have been
shown to associate with NAADP-induced TPC-dependent Ca2+ signals (Jha et al.,
2014). Increasing PI(3,5)P2 by expression of PIKfyve potentiated NAADP-induced
Ca2+ signals, and inhibiting PI(3,5)P2 synthesis by YM201636 (an inhibitor of PIKfyve)
abolished NAADP responses. In another study, PI(3,5)P2 was found to alter the ion
selectivity of NAADP-activated TPC1, such that the channel was more Na+- and H+permeable (Pitt et al., 2014).
To summarise, both NAADP and PI(3,5)P2 have received abundant and independent
electrophysiological evidence as TPC activators. Nevertheless, the gating mechanism
of TPCs remain equivocal. Furthermore, the ion selectivity of TPCs remain
controversial. In chapter 4, I address the above issues using novel activators from
chapter 3.
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1.4 TPC structure and mutagenesis
As with other VGICs, TPCs also possess a pseudo-tetrameric structure where four
domains come together to form a central pore allowing ion fluxes. Specifically, the
assembled TPC channel is a dimer of two-domain subunits (Churamani et al., 2013;
Guo et al., 2016; Kintzer & Stroud, 2016; Rietdorf et al., 2011; She et al., 2018, 2019).
Accordingly, TPCs are considered to hold an intermediate position in the evolution of
VGICs. The gene encoding one-domain channels (e.g. Kv and TRP) underwent one
round of duplication to form TPCs, the TPC gene then underwent another round of
duplication to evolve into four-domain channels (e.g. Cav and Nav). Phylogenetic
analyse confirmed this by showing that each domain of TPCs is closely related to the
respective domain of Cav and Nav (Rahman et al., 2014). The physical structure of
TPCs was first resolved in 2016. In that year, using X-ray crystallography, the
structure of TPC1 from Arabidopsis thaliana (AtTPC1) was determined at 3.3 Å and
2.87 Å resolution (Guo et al., 2016; Kintzer & Stroud, 2016). Recently, using electron
cryo-microscopy, the 3D structures of mouse TPC1 (MmuTPC1) and human TPC2
(HsaTPC2) were determined as well (She et al., 2018, 2019). Although there is low
sequence similarity between plant and mammalian TPCs, the overall architecture is
maintained (see Figure 1.2). Each subunit has two six-transmembrane domains, 6TM1 (IS1-IS6) and 6-TM2 (IIS1-IIS6), connected by a cytosolic linker. Two termini
(N/C-terminus) face the cytosolic side. The first four helices (S1-S4) form voltage
sensor domain (VSD), and S5-S6 forms the pore region (Guo et al., 2016; Kintzer &
Stroud, 2016; She et al., 2018, 2019). The ion selectivity filter motif is situated within
the re-entrant pore loop between S5 and S6, which determines the identity of the
permeating ions (Guo et al., 2017; She et al., 2018, 2019). When two subunits
assembled into a functional TPCs, the pore-regions form a central pore that permit ion
fluxes, and the VSD sits peripheral via S4-S5 linker (Penny & Patel, 2015).
Interestingly, MmuTPC1 has a β-Hairpin structure at the pore-region formed between
IIS5 and IIS6 and a longer C-terminus compared to HsaTPC2 (She et al., 2018, 2019).
These recent resolved TPC structures together with the previous mutagenesis studies
have provided a molecular basis for understanding the channel. These are discussed
(below) and illustrated (in Figure 1.3).
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Figure 1.2 Topology and assembly of TPCs
(A) Topology and domain arrangement of an individual subunit of TPCs. The differences in
structures between mouse TPC1 (MmuTPC1) and human TPC2 (HsaTPC2) are labelled with
dashed circles and are compared on the right (arrow). Compared to TPC2, TPC1 has a βHairpin structure at the pore-region formed between IIS5 and IIS6 (top panel) and a longer Cterminus (bottom panel).
(B) Cartoon representation of an assembled TPC, from a luminal view (Protein Data Bank
(PDB) ID: 6NQ1 (She et al., 2019)). The central TPC pore is labelled with a white square.
VSD refers to voltage sensor domain.
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1.4.1 Targeting
The N-terminus of TPCs is required for channel trafficking to the endo-lysosomal
system. The N-terminus contains a di-leucine (LL) motif, mutation of which
(L11A/L12A) can re-direct TPC2 to the plasma membrane (Brailoiu, Rahman, et al.,
2010) without affecting the channel’s gating mechanism and ion selectivity (Wang et
al., 2012). As mentioned earlier, this PM TPC2 offers one route for
electrophysiological characterization on the channel. At the PM, NAADP-induced
Ca2+ signals were unaltered by the inhibition on the ER Ca2+ release (Brailoiu, Rahman,
et al., 2010), supporting the trigger hypothesis and indicating that a close physical
association between lysosomes and the ER are essential for Ca2+ coupling. TPC1’s
endo-lysosomal localization is independent of such motif (Brailoiu, Rahman, et al.,
2010). Indeed, TPC1 isoform, TPC1B, which has an N-terminal truncation of the first
69 amino acid residues, also has endo-lysosomal localizations (Ruas et al., 2014, 2015).
However, in Churamani et al. 2013, TPC1 was found on the ER upon full truncation
of its N-terminus (Churamani et al., 2013). This thus suggests that TPC1 may require
a segment of N-terminus for targeting, but this segment is unlikely to be within the
first 69 residues.

1.4.2 PI(3,5)P2-gating
The recent cryo-EM MmuTPC1 structure revealed that PI(3,5)P2 binds to the channel
via residues from 6-TM1 (Fig.1.2A). The most important residues are a cluster of
arginines (R220, R221 and R224) on the IS4–IS5 linker (She et al., 2018). Mutating
any arginines into alanine (A) largely abolished PI(3,5)P2-induced channel currents.
Interestingly, the three arginines have also been shown to be required for NAADPinduced TPC1-dependent Ca2+ signals (Patel et al., 2017). However, given NAADP
activates the channel through interaction with an accessory binding protein (LinMoshier et al., 2012; Walseth et al., 2012), the study pointed that NAADP is unlikely
to directly bind to the linker (Patel et al., 2017). PI(3,5)P2 binds to the same region in
TPC2, but notably the binding residues on IS4-IS5 linker are three lysines (K203,
K204 and K207) instead of arginines (She et al., 2019). Mutation of any lysines largely
reduced PI(3,5)P2 activity. The IS4-IS5 linker region thus provides a binding pocket
for PI(3,5)P2 activation. Moreover, certain IS6 residues were found to be critical for
PI(3,5)P2 activity as well, such as the K331 on TPC1 (She et al., 2018). Mutation of
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K331 completely abolished PI(3,5)P2 activity. IS6 and IIS6 contain gating residues
that control the opening and closing of the pore. The interaction between K331 and
PI(3,5)P2 causes a conformational change in IS6 helix leading to rotation of the gating
residues to “expose” the pore, a similar motion of IIS6 helix concurrently occurs, and
together triggering the pore (channel) open (She et al., 2018). On TPC2, such residues
are S322 and R329 (She et al., 2019). R329 interacts with PI(3,5)P2 to stimulate
conformational change of IS6 helix, while S322 interacts with PI(3,5)P2 to maintain
such a change. Together, compared to NAADP, PI(3,5)P2 has a direct action on TPCs
via interaction with residues from IS4-IS5 linker and IS6.

1.4.3 Voltage-gating
TPC1 is both ligand- and voltage-gated (Cang et al., 2014; She et al., 2018), although
NAADP activates the channel at all voltages (Rybalchenko et al., 2012). There are two
VSDs (VSD1 and VSD2), both contain a set of positively charged arginine residues in
the S4 helix. However, only the arginine residues at position R3 and R5 on IIS4 of
VSD2 have been reported to be functionally relevant (She et al., 2018). Mutation of
R3 arginine into glutamate (E) or isoleucine (I) has been shown to result in a voltageindependent channel (Cang et al., 2014; She et al., 2018). Mutation of R5 arginine into
glutamate also abolished voltage-gating alongside the channels sensitivity to PI(3,5)P2
(She et al., 2018). These two arginine residues might confer TPC1 voltage-gating via
different mechanisms. In contrast to TPC1, TPC2 has been shown to have a voltageindependent activation (Pitt et al., 2010; Rybalchenko et al., 2012; Schieder et al., 2010;
She et al., 2019). One consideration is that in TPC2, the residue that is equivalent to
R3 arginine of TPC1 is isoleucine (I554). Indeed, replacing isoleucine with arginine
yields a voltage-dependent TPC2 channel that requires both PI(3,5)P2 and a positive
membrane potential for activation (She et al., 2019). This isoform-specific voltagedependence has allowed TPC1, but not TPC2, to confer endo-lysosomes with electrical
excitability (Cang et al., 2014). Like mammalian TPC1, plant TPC1 is also voltagegated, but it does not respond to NAADP/PI(3,5)P2. The sensitivity of plant TPC1 to
voltage also relies on arginine residues of VSD2 while VSD1 is voltage insensitive
(Guo et al., 2016).
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Figure 1.3 Molecular basis of TPC functionality
(A-H) Functional residues of TPCs associated with lysosomal targeting (A), PI(3,5)P2 gating
(B), voltage-gating (C), ion selectivity (D), protein regulation (E) and glycosylation (F). TPCs
with L273P/L265P or D273K are pore-mutant TPCs (G). TPCs with M484L and/or G734E
are naturally occurring gain-of-function TPCs (H).
(I) A topology diagram of TPC subunit with residues from (A-H). Residues of different
functions are annotated with their respective symbols.
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1.4.4 Ion selectivity
The pore region of TPCs consists of S5, S6 and a re-entrant pore loop (i.e. two pore
helices: P1 and P2). Between P1 and P2, there are a number of conserved residues that
form the filter (filter 1 and filter 2). In assembled channels, the filter residues embrace
the central ion conducting pathway to impart ion selectivity (Guo et al., 2017; She et
al., 2018, 2019). In addition to the filter residues, the gating residues on S6 helix also
contributes to the ion selectivity. They are in charge of pore open and close while also
restrain the size of permeating ions (She et al., 2018, 2019). As discussed earlier, the
ion selectivity of TPCs is hotly debated. In some studies, TPCs are highly Na+ selective
and poorly Ca2+ permeable (Boccaccio et al., 2014; Cang et al., 2014; Guo et al., 2017;
Wang et al., 2012), while in others, TPCs possess equal permeability to both Ca2+ and
Na+ (Grimm et al., 2014; Jha et al., 2014; Ruas et al., 2015). Consistent with the latter
notion, structurally, TPCs have asparagine (N) residues within filter 2 (Rahman et al.,
2014; She et al., 2018, 2019), similar to N-methyl-D-aspartate (NMDA) receptors that
are known to be both Ca2+ and Na+ permeable. Nonetheless, notably, it has been shown
that exchanging residues in filter 2 of plant TPC1 (methionine (M629) and glycine
(G630)) for mammalian TPC2 (valine (V652) and asparagine (N653)) increases plant
TPC1 Na+ permeability (PNa/PCa changes from 0.2 to 2.5) (Guo et al., 2017). The
residues from filter 2 of TPCs have been proposed as determinants of channel Na+
selectivity (Guo et al., 2016; She et al., 2018, 2019).

1.4.5 Pharmacology
As discussed above, the pharmacology of TPCs is limited. There is a very limited
amount of research exploring the mechanism responsible for the effects of TPC
blockers. Nevertheless, the pore-region of the channel has emerged as a potential
action site. The majority of current available TPC blockers have been found to work
through the pore (e.g. Cav channel blockers). In the recent study by Penny et al., 2019,
the pore structure has successfully facilitated the identification of novel direct TPC
blockers. This is not surprising given that TPCs are pore-forming channels and
mutation of a conserved leucine residue within the pore can abrogate TPC
functionality (Brailoiu et al., 2009; Brailoiu, Rahman, et al., 2010). However, what
remains unclear is how the pore-region and the blockers interact structurally to render
a functional inhibition on TPCs. The answer perhaps can be found from the
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evolutionally linked Cav and Nav channels. As mentioned earlier, there is a
pharmacological overlap between TPCs and Cav/Nav channels. The antagonists for
either Cav or Nav block TPC activity via binding to the cytosolic end of TPC pore
(Rahman et al., 2014). This is also the action site for the antagonists on their respective
Cav or Nav channels. The interacting residues on TPC1 for these antagonists has been
identified as L315 and V318 of IS6 and V675 of IIS6 (Rahman et al. 2014), but
whether these residues are functionally involved in the effects of antagonists at TPCs
require further investigations. Nonetheless, these residues are equivalent to the
residues on Cav and Nav channels that are required for the effects of phenylalkamines
and local anaesthetics on Cav and Nav channels, respectively (Hockerman et al., 1997;
Yarov-Yarovoy et al., 2001). However, it is also important to note that certain Cav or
Nav agonists (e.g. BayK 8644 and Veratridine) also blocked TPC activity with
relatively similar potency as Cav/Nav antagonists (Rahman et al., 2014), the poreregion, presumably the pharmacological site of TPCs, therefore is not entirely similar
to Cav/Nav channels.

1.4.6 Channel regulation by proteins
TPCs are known to be regulated by a number of proteins, which associate with TPCs.
Rab7 is one of those proteins. Molecularly, the regulation of Rab7 on TPC2 is via
binding to the N-terminus of the channel that contains a Rab GTPase binding motif
(Lin-Moshier et al., 2014). Mutation of the motif (i.e. residues 33-37) was shown to
abolish TPC2-Rab7 physical association, reduce NAADP-induced Ca2+ signals and
reverse TPC2 overexpression-induced pigmentation defects. Other TPC regulators
include a number of kinases (e.g. PKA, mTOR and LRRK2). It has been found that
there is a Protein kinase A (PKA) phosphorylation site on the pore-region of 6-TM2
of TPC2, (Lee et al., 2016). Mutation of S666 into phosphomimic glutamate (S666E)
was shown to potentiate TPC2 open probability, whereas a non-phosphorylating
alanine mutation (S666A) reduced channel open probability. However, notably, S666
is on the luminal side. This brings into questions as to how cytosolic PKA affect TPC2
via this residue. mTOR has been shown to negatively regulate TPCs via
phosphorylation (Cang et al., 2013; Ogunbayo et al., 2018), however, the molecular
basis for this process is unclear. LRRK2 can activate TPC2 Ca2+ signals to regulate
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autophagy (Gómez-Suaga et al., 2012), but again, the underlying mechanism remains
unexplored.

1.4.7 Other loss-of-function and gain-of-function mutations
The pore-region of TPCs contains a conserved leucine residue that is critical for
maintaining the normal function of the channel. This leucine residue (i.e. L273 in
TPC1 and L265 in TPC2) maps to the re-entrant pore loop of 6-TM1. Substitution of
the leucine into proline (P) can block NAADP Ca2+ signals and channel activity,
turning the channel into a dominant-negative version (Brailoiu et al., 2009; Brailoiu,
Rahman, et al., 2010; Rybalchenko et al., 2012). These pore-mutant TPCs are useful
in that they facilitate the identification of a role of TPCs in EBOV infectivity (Sakurai
et al., 2015). Wang et al., 2012 identified another pore-dead TPC2 by replacing a
negatively charged aspartate (D) for a positively charged lysine (K). TPC2 with the
D276K mutation abolishes PI(3,5)P2-activated channel currents. Besides, it was shown
that overexpression of wild-type but not TPC2D273K enlarges the structures of
lysosomes, reflecting the role of TPC2 in membrane trafficking (Wang et al., 2012).
Regarding gain-of-function mutation, both TPC1 and TPC2 can be N-glycosylated
(Hooper et al., 2011; Zong et al., 2009). This is through several luminal-faced
asparagine residues within the pore domain of 6-TM2. In TPC1, they are N599, N611
and N616 (Hooper et al., 2011). Mutation of these residues potentiates NAADPinduced Ca2+ signals through TPC1 (Hooper et al., 2011). Deglycosylation therefore
enhances channel activity. Furthermore, in a genome-wide association study, two hair
colour-related TPC2 variants, M484L and G734E, have been identified (Sulem et al.,
2008). The role of TPC2 in pigmentation has subsequently been confirmed. For
example, in Xenopus oocytes, overexpression of TPC2 (not TPC1) induces
pigmentation defect (Lin-Moshier et al., 2014). Another two studies have noted that
TPC2 regulates melanosomal pH and size, and thus in control of melanin production
(i.e. pigmentation) (Ambrosio et al., 2016; Bellono et al., 2016). Chao et al., 2017 has
specifically examined M484L and G734E mutation in relation to TPC2 channel
activity and function. The results indicate that these mutations confer a gain-offunction activity to TPC2 (Chao et al., 2017). In M484L (found in IIS2) channel, there
is an increased sensitivity to PI(3,5)P2 activation. In the presence of G734E (found in
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C-terminus) mutation, TPC2 displays a reduced sensitivity to inhibition by ATP and
an increased responsiveness upon mTOR inhibition.
In summary, our molecular understanding on TPCs is broadening. In addition,
mutagenesis studies provide research tools. In chapter 3, for example, I employed
pore-mutant TPCs for characterisation of putative TPC agonists.

1.5 Ca2+ coupling between stores
1.5.1 Membrane contact sites
Membrane contact sites (MCSs) are regions of close membrane apposition (< 30 nm)
that are stabilized by tethering complexes (Prinz, 2014). They are central for interorganelle communications. Through MCSs, the ER interacts with the PM and other
organelles to regulate a range of cellular processes, including cellular survival,
membrane trafficking and lipid exchange (Prinz et al., 2020). Importantly, the contact
sites between the ER and multiple organelles are also platforms for Ca2+ exchange,
facilitating the regulation of Ca2+ signalling events and associated downstream Ca2+dependent pathways. For example, in cardiac muscle cells, the SR-PM junctions
allows Ca2+ influx through L-type Cav to be amplified by RyRs via CICRs, and thus
to initiate contraction (Chang et al., 2017; Franzini-Armstrong et al., 1999). In nonexcitable cells, the ER-PM junctions underpins SOCE, a process required to refill the
ER store following Ca2+ depletion (Chang et al., 2017). ER-mitochondria MCSs,
which are also known as mitochondria-associated membranes (MAMs), facilitates
mitochondria Ca2+ uniporter to sequester Ca2+ released from the ER (typically through
IP3 receptors), allowing regulation on both IP3 Ca2+ signalling and energy supply
(Csordás et al., 2006; Rizzuto, 1998). The ER also forms MCSs with endo-lysosomal
organelles. The role of these MSCs on Ca2+ signalling is unfolding (see 1.5.2 ERlysosomes).

1.5.2 ER-lysosomes
The ER and lysosomes are functionally connected. NAADP signalling serves a good
example. In intact cells, NAADP Ca2+ signals are not only sensitive to bafilomycin A1,
but can also be largely reduced by inhibition of ER Ca2+ release. The latter observation
has been noted in a number of studies (Brailoiu, Rahman, et al., 2010; Cancela et al.,
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1999; Kim et al., 2010; Kinnear et al., 2004). This was initially surprising given that
NAADP action in homogenized sea urchin egg relies on acidic stores only (Genazzani
et al., 1997). Soon after, the “trigger hypothesis” was defined to explain this (Patel et
al., 2001; Patel & Brailoiu, 2012). That is, NAADP induces a “trigger” release of Ca2+
from lysosomes (local and small), which is then amplified by ER Ca2+ channels via
CICRs to generate global signals. To note, the crosstalk between lysosomes and the
ER is bi-directional. Aside from lysosomes-to-ER Ca2+ coupling, ER Ca2+ release by
IP3 and cADPR can also evoke lysosomal Ca2+ release as reflected by an increase in
lysosomal pH (a feature of NAADP activation) (Morgan et al., 2013). Alternatively,
lysosomes have been shown to take up Ca2+ released from the ER, likely via CAX, to
function as Ca2+ buffers (Atakpa et al., 2018; López-Sanjurjo et al., 2013). The
lysosome-ER Ca2+ coupling has been illustrated in Figure1.4.
The realization of above-mentioned functional connections is conditional. In broken
cell preparations (e.g. homogenised sea urchin egg), NAADP signals were maintained
upon ER inhibition (Lee & Aarhus, 1995). In mammalian cells, this can also be
observed when re-directing TPC2 to the PM by mutating its N-terminal di-leucine
motif (Brailoiu, Rahman, et al., 2010). Thus, for “channel chatter” to occur,
TPC/lysosomes must be placed in a region that is close to the ER (Fig.1.4). Electron
microscopy identified MCSs between lysosomes and the ER in fibroblasts (Kilpatrick
et al., 2013). This region is < 20 nm. 80%-100% of lysosomes are estimated to have
ER contacts. Echoing such extensive contacts, in fibroblasts, direct mobilization of
lysosomal Ca2+ by osmotic permeabilization (i.e. use of GPN) initiated ER/IP3sensitive Ca2+ signals (Kilpatrick et al., 2013). Subsequent computational modelling,
where lysosomes and the ER leak models were assembled, recaptured GPN responses
(Penny et al., 2014). Through adapting this model to NAADP signalling, the lysosomeER contact sites have been proposed to be responsible for driving local (lysosomes) to
global (ER) transition (Penny et al., 2014, 2015). In addition, the MCSs also appear to
play roles in reverse Ca2+ coupling. Recently, through proximity ligation assays,
Taylor’s team noted a close association between lysosomes and IP3 receptors from the
ER in HEK cells (Atakpa et al., 2018). This close physical association is maintained
by low lysosomal pH. Increasing lysosomal pH disrupts the contacts and potentiates
IP3-forming agonist-induced Ca2+ signals (indicative of failure in Ca2+ uptake). The
lysosome-ER MCSs therefore have been proposed to be the platform for ER Ca2+
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sequestration by lysosomes (Atakpa et al., 2018). Favouring this, lysosomes take up
Ca2+ released from the ER but not those from the PM SOCCs (Atakpa et al., 2018).
Lysosomes have also been found to form MCSs with the sarcoplasmic reticulum (SR)
in smooth muscle and cardiac muscle (Capel et al., 2015; Fameli et al., 2014).
1.4

Ca2+

communication

between

Figure

lysosomes and ER
(A)

Lysosome-to-ER

Ca2+

signalling. NAADP induces
local lysosomal Ca2+ release
through TPCs, which is then
amplified by ER Ca2+ channels
IP3Rs/RyRs via CICRs.
(B and C) ER-to-lysosome Ca2+
signalling. ER Ca2+ release
induces further lysosomal Ca2+
release (B) or is sequestered by
lysosomes (C).

The molecular compositions of these junctions, however, are ill-characterized.
Nevertheless, VAP could be a potential candidate. VAP is an ER-localized protein and
functions as a tether at MCSs formed between the ER and other organelles (e.g. the
PM, mitochondria and endosomes) (Alpy et al., 2013; De Vos et al., 2012; GomezSuaga et al., 2017; Manford et al., 2012; Rocha et al., 2009). In one recent study,
knocking down VAP reduced lysosome-ER contacts (Eden et al., 2016). Moreover,
consistent with the idea that ER Ca2+ release through IP3Rs is sequestered by
lysosomes, Taylor’s lab recently found that IP3Rs are present at lysosome-ER MCSs.
Notably, however, functionally, IP3Rs are not required for the assembly of the contacts
(Atakpa et al., 2018). Similarly, given that TPCs are implicated in local signals from
lysosomes to the ER, TPCs may also be present at the contact sites. But whether TPCs
function as tethers is hard to predict. In one recent study, this may have been answered
given that molecularly silencing of TPC2 (but not TPC1) modestly reduced lysosomeER MCSs (Kilpatrick et al., 2017). NAADP-mediated Ca2+ signals however were not
characterized (Kilpatrick et al., 2017).
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In comparison, more has been revealed regarding the molecular compositions of late
endosomes-ER MCSs. For example, the contacts have been found to be mediated by
the interaction between VAP (ER-localized protein) and sterol-binding proteins of
endosomes, including ORP1L and STARD3 (Alpy et al., 2013; Rocha et al., 2009).
To note, the VAP-ORP1L interaction is cholesterol sensitive and only occurs at low
cholesterol levels to promote MCSs formation (Rocha et al., 2009). At high cholesterol
levels, ORP1L dissociates from VAP, and instead binds to a Rab7 complex on the
endosomes. As a result, late endosomes are trafficked away from the ER where
presumably fusion between endosomes and lysosomes is promoted (Rocha et al.,
2009). Moreover, the endosomes-ER contact sites have been shown to be stabilized by
interaction between internalized EGF receptors and ER-localised phosphatase, PTP1B
(Eden et al., 2010). PTP1B dephosphorylates EGFRs at the MCSs, leading to
downregulated EGFR signalling which is known to play roles in a number of key
cellular functions (e.g. migration) (Eden et al., 2012). Like lysosomes-ER MCSs, the
endosomes-ER MCSs may also facilitate Ca2+ exchange. However, little is known
about this at the moment. Nevertheless, TPC1 and NAADP Ca2+ signalling have been
shown to be required for the formation of the contacts between endosomes and the ER
(Kilpatrick et al., 2017).

1.5.3 Global TPC Ca2+ signalling
In accord with the Ca2+ coupling between lysosomes and the ER, it has long been
appreciated that NAADP and lysosomes are required for physiological Ca2+ signals
evoked by a large number of extracellular stimuli (e.g. histamine, carbachol, glucose
and angiotensin II) (Aley et al., 2013; Favia et al., 2014; Pandey et al., 2009; Soares et
al., 2007; Wang et al., 2012). In these studies, NAADP involvement was reflected by
a reduced Ca2+ signal in the presence of self-inactivating concentrations of NAADP
and/or Ned-19 (NAADP antagonist). Lysosome involvement was reflected by a
reduced Ca2+ signal when lysosomal store is perturbed by GPN and/or bafilomycin A1.
Extracellular stimuli that require NAADP/lysosomes for Ca2+ signalling has been
summarised in dissertation by (Yates, 2017).
Given the above, it is likely that TPCs are physiologically employed to communicate
with IP3R and/or RyRs, and thus allow regulations on Ca2+-sensitive cellular processes.
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These could include fertilization (Churchill et al., 2003), cardiac (Macgregor et al.,
2007) and vascular smooth muscle contraction (Boittin et al., 2002; Brailoiu, Gurzu et
al., 2010; Trufanov et al., 2019) , insulin secretion (Arredouani et al., 2015; Masgrau
et al., 2003), autophagy (Pereira et al., 2017), neurite outgrowth (Brailoiu et al., 2005),
angiogenesis (Favia et al., 2014), von Willebrand factor secretion (Esposito et al., 2011)
and nitric oxide release (Brailoiu, Gurzu et al., 2010; Zuccolo et al., 2019). However,
direct evidence implicating the involvement of TPCs in global Ca2+ signals evoked by
physiological stimuli is limited. Thus far, very few stimuli have been tested in TPC
KD/KO cells (see Table1.3). Notably, although glucose was shown to induce TPCdependent Ca2+ signals (see Table1.3, (Arredouani et al., 2015)), this has been
questioned (Wang et al., 2012). In chapter 5, I explore the contribution of TPCs to
physiological agonist-evoked Ca2+ signalling.
Table 1.3 Inferred Involvement of TPCs in physiological stimuli-induced Ca2+
signals
Stimulus

Concentration Cell type

Method(s)

Paper(s)

VEGF

100 µg/L

Umbilical

TPC2 shRNA

Favia et al.,

vein

knockdown

2014

Pancreatic β

TPC1/TPC2

Arredouani et

cells

knockout

al., 2015

Mouse bone

TPC2 miRNA Notomi et al.,

marrow

knockdown

2012

Metastatic

TPC1 siRNA

Faris et al.,

colorectal

knockdown

2019

endothelial
cells
Glucose

RANKL

100 mM

1 nM

macrophage
Fetal calf
serum

20% (v/w)

cancer cells
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Norepinephrine 100 µM

Rat aortic

TPC1 siRNA

Trufanov et

smooth

knockdown

al., 2019

muscle cells

1.6 Aims
TPCs are important endo-lysosomal ion channels that have been linked to a growing
number of physiological and pathophysiological events. However, our understanding
of the channels is limited. Importantly, there are few effective pharmacological tools
that can manipulate the channels to aid research and drug discovery. In this thesis, I
identify and characterize novel TPC modulators with which I explore the basic
attributes and the physiological functions of TPCs. My aims are as follows:
1. GPN is a cathepsin C substrate that can disrupt acidic stores by inducing
osmotic pressure, and thus deplete Ca2+. For this reason, GPN has been used
for decades for probing lysosome Ca2+ signaling (i.e. indirect probing of TPCs).
However, a recent paper has questioned GPN in regard to its mechanism of
action. To confidently use GPN for functional studies in this thesis, I therefore
re-examined the mode of action of GPN using fibroblasts where GPN induces
robust Ca2+ signals.
2. The pharmacology of TPCs is limited. Through high throughput screening, our
collaborator Christian Grimm’s team identified two candidate TPC2 activators,
A1 and H07. In addition, our recent published data in Penny et al., 2019
identified a number of putative TPC2 pore inhibitors. I therefore validated and
characterized these compounds.
3. Thus far, the ion selectivity and gating mechanism of TPCs are hotly debated.
Through characterizing the effects of A1 and H07 on TPC2, I addressed these
shortcomings.
4. A number of physiological agonist-induced global Ca2+ signals are NAADPdependent. However, there is little direct evidence that TPCs are involved in
such signalling. Using GPN, novel TPC pore inhibitors and TPC siRNA, I
explored the importance of TPCs in physiological Ca2+ signals evoked by
extracellular stimuli.
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Chapter 2: GPN mobilizes Ca2+ from acidic
organelles - a re-examination.
2.1 Introduction
Acidic organelles, including lysosomes, are intracellular Ca2+ stores that regulate a
number of physiological and disease-related events. Pharmacological tools for probing
Ca2+ signalling through acidic stores are available, but rather limited. They can be
grouped into two types: those that mobilize Ca2+ (e.g. TRPML and TPC activators)
and those that disrupt acidic stores via dissipation of the pH gradient (e.g. bafilomycin
A1) or permeabilization of the membrane (e.g. cathepsin C substrates). The
lysosomotropic agent, GPN, is an example of the latter. GPN is thought to freely
diffuse into acidic organelles where it is then cleaved by cathepsin C. Upon cleavage,
it stimulates osmotic lysis of acidic compartments and subsequent leakage of small
molecules and ions, including Ca2+ (Haller et al., 1996; Jadot et al., 1984). GPN is
rather unique in that it ruptures acidic stores and mediates significant Ca2+ signals. For
this reason, GPN has been extensively used for probing lysosome Ca2+ signalling for
decades. Physiologically, for example, GPN revealed a role of lysosome Ca2+ in
exocytosis (Liu et al., 2018; Sivaramakrishnan et al., 2012), also, it revealed that
lysosomal Ca2+ can communicate with the ER Ca2+ to generate global Ca2+ signals
(Kilpatrick et al., 2013; Penny et al., 2014, 2015). Patho-physiologically, it’s uses
suggested that Parkinson’s disease and Niemann-Pick disease type C1 are accompnied
with dysregulated lysosomal Ca2+ content (Kilpatrick, Magalhaes, et al., 2016; LloydEvans et al., 2008). In addition, evidence that the TRPML1 synthetic activator,
MLSA1, and the TPC activator, NAADP, mediate lysosome-dependent Ca2+ signals
stem from the use of GPN (Churchill et al., 2002; Kilpatrick, Yates, et al., 2016; Shen
et al., 2012). All in all, GPN is a valuable tool for acidic compartments. However, a
recent study has challenged the long-held understanding of how GPN mediates
changes in cytosolic Ca2+ (Atakpa et al., 2019). The study first showed that GPN is
unable to permeabilize the lysosomal membrane, a characteristic of cathepsin C
substrate, such as l-leucyl-l-leucine methyl ester (LLOMe) (Repnik et al., 2017; Thiele
& Lipsky, 1990). Following this, it provided evidence that GPN-induced Ca2+ signals
were independent of cathepsin C. Having questioned the role of lysosomes in GPN-
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evoked Ca2+ signalling, the study pointed out that GPN is a weak base and provided
evidence that GPN actually induces Ca2+ release from the ER via alkalizing the cytosol.
To confidently utilize GPN to probe lysosome Ca2+ and thus to facilitate functional
studies, I re-examined the effects of GPN in human dermal fibroblasts where GPN
mediates robust Ca2+ signals (Kilpatrick et al., 2013).

2.2 Methods
2.2.1 Cell culture
Human dermal Fibroblasts were maintained in Dulbecco's Modified Eagle Medium
(DMEM), supplemented with 10% (v/v) Fetal Bovine Serum (FBS), 100 μg/mL
streptomycin and 100 units/mL penicillin (all from invitrogen). They were kept at 37oC
in a humidified atmosphere with 5% CO2. Cells were fed with fresh media every 4-5
days. Cells were passaged by scraping at 1 in 3 ratio (about 50,000 cells/ml) and plated
onto coverslips in a 24 well-plate (0.5 ml/well). Cells were used for imaging when
they were 80-90% confluent.

2.2.2 Live-cell imaging
Live-cell imaging experiments were performed at room temperature in HEPESbuffered saline (HBS) containing 10 mM HEPES, 1.25 mM KH2PO4, 2 mM MgSO4,
3 mM KCl, 156 mM NaCl, 2 mM CaCl2 and 10 mM glucose (modified pH to 7.4 with
HCl). Where indicated (in figures), some experiments were performed in nominally
Ca2+-free HBS which had the same compositions as HBS except for the addition of
CaCl2.
To measure cytosolic Ca2+, cells were incubated with 2.5 µM Fura-2 AM and 0.005%
pluronic acid (Invitrogen) for 1 hour in HBS at room temperature. To measure
lysosomal pH (i.e. acidity), cells were incubated with 100 nM Lysotracker red
(Invitrogen) for 15 minutes in HBS at room temperature. To measure cytosolic pH,
cells were incubated with 5 µM BCECF AM and 0.005% pluronic acid (Invitrogen)
for 30 minutes in HBS at room temperature. After loading, cells were washed three
times in HBS and then were mounted into an imaging chamber (i.e. coverslip holder)
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with HBS for imaging. For experiments conducted in Ca2+-free HBS, Ca2+-free HBS
replaced HBS 60 seconds after imaging/recording started.

2.2.3 Epifluorescence microscopy
Epifluorescence images were captured every 3 seconds with a cooled coupled device
camera (TILL photonics) attached to an Olympus IX71 inverted fluorescence
microscope, fitted with a 20x objective and a monochromatic light source. The Ca2+
probe, Fura-2, was excited at 340/380 nm and emitted fluorescence was captured using
a 440 nm long pass filter. The pH probes, Lysotracker red and BCECF, were excited
at 568 nm and 490/440 nm, respectively. Emitted fluorescence was captured with a
590 nm filter (Lysotracker red) and a 515 nm long pass filter (BCECF). Cells were
stimulated with 0.1 % (v/v) DMSO (stock solution from Sigma), 1 mM LLOMe (Santa
Cruz Biotechnology), 200 µM GPN (Santa Cruz Biotechnology), 5 mM NH4Cl
(Sigma), 1 µM thapsigargin (Santa Cruz Biotechnology) or 1 µM bafilomycin A1 (Cell
Signalling). All compounds were prepared in DMSO except NH4Cl which was
prepared in H2O.

2.2.4 Bafilomycin A1 treatment
Cells were either acutely treated with 1 µM bafilomycin A1 during recording or pretreated for a period of time. In the case of the latter, for Fura-2 measurements, the
treatment with bafilomycin A1 was maximally 2 hours at room temperature or 4 hours
in culture followed by another 1 hour at room temperature. Cells were loaded with
Fura-2 in the final 1 hour of bafilomycin A1 treatment at room temperature. For
Lysotracker red measurements, the treatment with bafilomycin A1 was maximally 2
hours at room temperature or 5 hours in culture. After that, cells were loaded with
Lysotracker red for 15 minutes at room temperature in the presence of bafilomycin A1.

2.2.5 Analysis
To quantify change in fluorescence, regions of interest (ROIs) were drawn around each
cell and an area without cells for background subtraction. The ratio of Fura-2 (ex: 340
nm/380 nm) and BCECF (ex: 490 nm/440 nm) was calculated using TILLvisION
software. Prior to stimulation, the basal ratio was established by averaging
fluorescence from a 90 second recording. In the case of performing experiments in
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Ca2+-free medium, the basal ratio was acquired after cells were immersed in Ca2+-free
HBS. In rare cases where the baseline drifted (i.e. spontaneous increase in fluorescence)
upon immersing cells into Ca2+-free HBS, the basal ratio was acquired before Ca2+
removal. The magnitude of response (ΔCa2+ or Δcytosolic pH) was calculated by
subtracting basal ratio from the peak ratio. For Lysotracker, after background
subtraction, the fluorescence was normalised to basal (F/F0) that obtained before
stimulus addition.

2.2.6. Data presentation
Data are presented as representative results from single experiments or as mean +/S.E.M. from several experiments. One coverslip was used per experiment. There were
about 20-40 cells analysed per coverslip. Statistical analysis was performed using
Prism 9 on datasets where there were three or more experiments per group/condition
(i.e. n >=3, n refers to number of coverslips). Independent-Samples T-tests and oneway ANOVA were applied to test significance (as indicated in figures). P<0.05 was
regarded as statistically significant.

2.3 Results
2.3.1 The cathepsin C substrates, GPN and LLOMe, reduce LTR
staining
GPN is thought to work via proteolysis by cathepsin C (Jadot et al., 1984). I began by
comparing the activity of GPN with that of LLOMe, another cathepsin C substrate, to
investigate whether the two work in a similar way. Previous work using fibroblasts has
shown that GPN increases lysosomal pH and mediates complex Ca2+ signals
(Kilpatrick et al., 2013; Penny et al., 2014). Does LLOMe possess similar properties?
In the first set of experiments, I examined the effects of GPN and LLOMe on
lysotracker red (LTR). LTR is a fluorescent dye that is “trapped” within lysosomes
through acidic pH-mediated protonation. This property allows LTR to label lysosomes
and monitor their acidity (Kilpatrick et al., 2015). As shown in Fig.2.3.1A-C, GPN
(200 µM) and LLOMe (1 mM) reduced LTR fluorescence compared to the vehicle
DMSO control, indicative of their effects on lysosomes. In comparison, the reductions
were at distinct rates; GPN mediated a rapid loss of LTR fluorescence, while LLOMe
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reduced its fluorescence more slowly. These data are quantified in Fig.2.3.1D by
calculating LTR fluorescence after 15 minutes of addition of DMSO, GPN or LLOMe.

2.3.2 GPN and LLOMe mediate cytosolic Ca2+ signals
Cathepsin C substrates induce lysosomal membrane permeabilization (LMP), a
process characterized by damage to the membrane and leads to the release of luminal
contents (e.g. Ca2+ and hydrolases). Consistent with this, LLOMe induces release of
molecules with molecular weight of 4.4K from lysosomes (Repnik et al., 2017).
However, in contrast to GPN, it is unclear as to whether LLOMe mediates Ca2+ signals.
I therefore tested GPN and LLOMe on cytosolic Ca2+ levels of fibroblasts loaded with
Fura-2, a cytosolic ratio-metric fluorescent Ca2+ indicator. Compared to the DMSO
control, GPN mediated complex Ca2+ signals (Fig.2.3.2A and B). LLOMe also
mediated complex Ca2+ signals (Fig.2.3.2C), although they were smaller in magnitude
than those evoked by GPN. These data are quantified in Fig.2.3.2D where I calculated
the magnitude of Ca2+ signals in response to DMSO, GPN or LLOMe by subtracting
basal Ca2+ ratio from peak Ca2+ ratio.

Figure 2.3.1 The cathepsin C substrates, GPN and LLOMe, reduce LTR staining
(A-C) Changes in lysotracker red fluorescence of individual fibroblasts stimulated with the
vehicle DMSO control (A), 200 µM GPN (B) or 1 mM LLOMe (C). Lysotracker fluorescence
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values have been normalized to basal levels (i.e. F/F0). The bars above graphs indicate the time
of addition of compounds, which was at 90s. Gray traces represent recordings of all individual
cells and black traces represent the population average from a typical experiment.
(D) Summary data quantifying fluorescence of lysotracker 15 minutes following acute
treatment with DMSO, GPN or LLOMe. Each plot point represents average results from an
individual experiment such as the example shown in (A-C) (n=3-4); **** P<0.0001 was
determined by one-way ANOVA.

Figure 2.3.2 GPN and LLOMe mediate cytosolic Ca2+ signals
(A-C) Cytosolic Ca2+ levels of individual fibroblasts stimulated with DMSO (A), 200 µM
GPN (B) or 1 mM LLOMe (C). The bars above graphs indicate the time of addition of
compounds, which was at 90s. Gray traces represent recordings of all individual cells and
black traces represent the population average from a typical experiment.
(D) Summary data quantifying magnitudes of Ca2+ responses to DMSO, GPN or LLOMe.
Each plot point represents average results from an individual experiment such as the example
shown in (A-C) (n=3-4); ** P<0.01 and **** P<0.0001 were determined by one-way ANOVA.
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2.3.3 GPN but not LLOMe mediates Ca2+ signals in the absence of
extracellular Ca2+
Ca2+ signals are generated in two ways: extracellular Ca2+ influx and intracellular Ca2+
release. To investigate the contribution of each component to GPN- and LLOMemediated Ca2+ signals, I examined their Ca2+ signals in the absence of extracellular
Ca2+. As shown in Fig.2.3.3A and B, GPN mediated complex Ca2+ signals upon
removal of extracellular Ca2+, showing GPN mediates Ca2+ release. In contrast,
LLOMe mediated few Ca2+ signals under the same cellular environment (Fig.2.3.3C);
the magnitude of Ca2+ signals in the presence of LLOMe was not different from that
in the presence of DMSO (Fig.2.3.3D). The Ca2+ signals by LLOMe therefore arise
predominantly from Ca2+ influx.

Figure 2.3.3 GPN but not LLOMe mediates Ca2+ signals in the absence of extracellular
Ca2+
(A-C) Cytosolic Ca2+ levels of individual fibroblasts stimulated with DMSO (A), 200 µM
GPN (B) or 1 mM LLOMe (C). Cells were immersed into Ca2+-free HBS at 60s (B and C).
The bars above graphs indicate the time of addition of compounds, which was at 90s (A) or
150s (B and C). Gray traces represent recordings of all individual cells and black traces
represent the population average from a typical experiment.
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(D) Summary data quantifying magnitudes of Ca2+ responses to DMSO, GPN or LLOMe
without extracellular Ca2+. Each plot point represents average results from an individual
experiment such as the example shown in (A-C) (n=3-8); n.s. not statistically significant
*** P<0.001 were determined by one-way ANOVA.

2.3.4 GPN and NH4Cl have similar effects on cytosolic pH but
dissimilar effects on cytosolic Ca2+
There is no doubt that GPN mediates Ca2+ signals, but the question is what the
underlying mechanism is. The recent study by Atakpa has suggested that such Ca2+
signals are caused by GPN-mediated changes in cytosolic pH (Atakpa et al., 2019). To
explore this possibility, I first studied whether GPN altered cytosolic pH in fibroblasts
loaded with a cytosolic ratio-metric pH indicator, BCECF. As shown in Fig.2.3.4A,
immediately after GPN addition, the cytosolic pH promptly increased. In the same
recording period, GPN also increased lysosomal pH and cytosolic Ca2+, as measured
by LTR and Fura-2, respectively (Fig.2.3.4C and E). Next, I explored the relationship
between pH and Ca2+. Comparison of the kinetics of the Ca2+ and pH responses to
GPN reveals that the increase in cytosolic pH occurred and peaked faster than the
increase in cytosolic Ca2+ and lysosomal pH (Fig.2.3.4G). In comparison, the increase
in cytosolic Ca2+ and the increase in lysosomal pH proceeded at a similar pace
(Fig.2.3.4H).
To further explore the relationship between pH and Ca2+. I utilized NH4Cl. Like GPN,
NH4Cl is also a weak base. In fibroblasts, I observed that NH4Cl increased cytosolic
pH (Fig.2.3.4B). Also, it increased lysosomal pH as reflected by a gradual reduction
in LTR fluorescence (Fig.2.3.4D). However, NH4Cl induced negligible Ca2+ signals
(Fig.2.3.4F). Comparison of the kinetics of the Ca2+ and pH responses to NH4Cl is
shown in Fig.2.3.4I and J.
Finally, the responses induced by GPN and those by NH4Cl were quantified and
compared. As shown in Fig.2.3.4K-M, NH4Cl and GPN alkalized cytosolic pH to the
same level, but compared to GPN, NH4Cl has a smaller effect on lysosomal pH and
little effect on cytosolic Ca2+.
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Collectively, these data indicate that changes in cytosolic Ca2+ are unlikely to be a
result of changes in cytosolic pH as there are discrepancies in kinetics and
pharmacology.
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Figure 2.3.4 GPN and NH4Cl have similar effects on cytosolic pH but dissimilar
effects on cytosolic Ca2+
(A, C and E) Changes in cytosolic pH (A), lysotracker fluorescence (a proxy for lysosomal
pH) (B) and cytosolic Ca2+ (C) of individual fibroblasts stimulated with 200 µM GPN. The
bars above graphs indicate the time of addition of compounds, which was at 90s. Gray traces
represent recordings of all individual cells and black traces represent the population average
from a typical experiment.
(B, D and F) Similar to A, C and E but cells were stimulated with 5 mM NH4Cl.
(G and H) Comparison of various responses to GPN. Cytosolic pH changes versus cytosolic
Ca2+ changes (G). Lysosomal pH changes versus cytosolic Ca2+ changes (H). Data are
expressed as mean ± S.E.M (n=3-4).
(I and J) Similar to G and H but comparison of various responses to NH4Cl.
(K-M) Summary data quantifying the changes in cytosolic pH (K), lysosomal pH (L) and
cytosolic Ca2+ (M) by GPN or NH4Cl. Each plot point represents average results from an
individual experiment such as the example shown in (A-F) (n=3-4); n.s. not statistically
significant *** P<0.001 **** P<0.0001 were determined by independent-samples t-tests.
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2.3.5 Bafilomycin A1 tends to reduce LTR staining in a timedependent manner
Bafilomycin A1 is one of the limited pharmacological tools for disrupting lysosomes.
It is a V-ATPase inhibitor, which dissipates the proton gradient which is likely crucial
for Ca2+ uptake (Christensen et al., 2002). In this context, bafilomycin A1 is thought
to indirectly deplete lysosomal Ca2+. However, Atapka has shown that bafilomycin A1
potentiated GPN-mediated Ca2+ signals, as it did to thapsigargin-mediated Ca2+ signals
(Atakpa et al., 2018; López-Sanjurjo et al., 2013). I therefore examined the effects of
bafilomycin A1 on GPN Ca2+ signals in fibroblasts. To start, I characterized the effects
of bafilomycin A1 on lysosomal pH.
As shown in Fig.2.3.5A and B, acute addition of 1 µM bafilomycin A1 (up to 15
minutes) appeared to have little effect on LTR fluorescence, similar to the DMSO
control. Considering that inhibition of V-ATPase by bafilomycin A1 might slowly
affect lysosomal pH, the cells therefore were pre-treated with DMSO or bafilomycin
A1 for 1-2 hours before LTR loading. As shown in Fig.2.3.5C and D, compared to
DMSO control, a 1 hour treatment tended to reduce LTR fluorescence by about 50%,
and a 2 hour treatment tended to reduce LTR fluorescence by about 70-80%. Thus,
bafilomycin A1 appeared to affect lysosomal pH upon prolonged treatment. However,
the LTR staining was still detectable.
To obtain a complete loss of LTR staining, the cells therefore might need to be exposed
to bafilomycin A1 for an even longer time (>2 hours). The above treatments were
implemented in HEPES buffered saline at room temperature (RT) that might have an
impact on cell viability under longer treatment. Thus, I performed experiments where
cells were pre-incubated with DMSO or bafilomcyin A1 for 1 to 5 hours in cultured
media, prior to LTR loading. As shown in Fig.2.3.5E and F, interestingly, both 1 hour
and 2 hour treatment in culture appeared to eliminate almost all LTR staining. This
implies that bafilomycin A1 could be more active in culture conditions than at RT.
Finally, LTR staining appeared to be completely eliminated upon 3 hour, 4 hour and
5 hour treatments with bafilomycin A1 in culture (Fig.2.3.5G-I). In Fig.2.3.5J, I
quantified LTR fluorescence in bafilomycin A1-treated cells as a percentage (%) of
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that in DMSO-treated cells. Collectively, these results suggest that bafilomycin A1
gradually increase lysosomal pH, which is likely to be promoted by culture conditions.

Figure 2.3.5 Bafilomycin A1 tends to reduce LTR staining in a time-dependent
manner
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(A and B) Changes in lysotracker red fluorescence of individual fibroblasts stimulated with
the vehicle DMSO control (A) or 1 µM Bafilomycin A1 (B). The bars above graphs indicate
the time of addition of compounds, which was at 90s. Gray traces represent recordings of all
individual cells and black traces represent the population average from a typical experiment.
(C-I) Representative images of lysotracker red fluorescence of fibroblasts pre-treated with
DMSO or 1 µM Bafilomycin A1 (BAF.) for the indicated time. Treatments were performed
at room temperature in HBS (C and D) or at 37oC under culture conditions (E-I).
(J) Summary data quantifying fluorescence of lysotracker following Bafilomycin A1 as
percentage (%) of that following DMSO. Each point represents a dataset (i.e. one DMSO test
to control for one bafilomycin A1 test) (n=1-5).

2.3.6 Acute treatment with Bafilomycin A1 appears to potentiate
GPN- and thapsigargin-mediated Ca2+ release
Having defined the effect of bafilomycin A1 on lysosomes via LTR, I went on to
examine its effect on GPN-mediated Ca2+ signals. In parallel, I examined thapsigargin
Ca2+ signals after bafilomycin A1 treatment. Thapsigargin is a well-defined SERCA
blocker that induces ER Ca2+ release.
All Ca2+ tests with bafilomycin A1 were conducted without extracellular Ca2+ to
ensure recording of Ca2+ release only. I first examined the effects of acute treatment
with bafilomycin A1 (for about 15 minutes) on GPN-mediated Ca2+ signals. As shown
in Fig.2.3.6A and B, compared to the DMSO control, bafilomycin A1 potentiated
GPN-mediated complex Ca2+ signals. It is noteworthy that the magnitude of Ca2+
responses were unchanged (Fig.2.3.6C). Rather, bafilomycin A1 increased the area
under the Ca2+ curve (AUC) (Fig.2.3.6D). Next, I assayed thapsigargin under the same
condition and noticed that following DMSO, thapsigargin mediated small and
transient Ca2+ signals in the absence of extracellular Ca2+, consistent with its action on
the ER (Fig.2.3.6E). While following bafilomycin A1, such Ca2+ signals tended to be
larger (Fig.2.3.6F). Similar to GPN, this apparent potentiation was reflected by a
tendency for the AUC to increase whereas the magnitude of responses appeared
similar (Fig.2.3.6G and H). Upon acute treatment, although bafilomycin A1 enhanced
GPN-mediated Ca2+ signals and tended to enhance thapsigargin- mediated Ca2+ signals,
it had no apparent effect on LTR staining (Fig.2.3.5A, B and J). Therefore, this
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potentiation in Ca2+ responses by bafilomycin A1 is not likely due to its lysosomal
alkalizing effect.

Figure 2.3.6 Acute treatment with Bafilomycin A1 appears to potentiate GPNand thapsigargin-mediated Ca2+ release.
(A and B) Cytosolic Ca2+ responses to 200 µM GPN, following DMSO (A) or 1 µM
Bafilomycin A1 (B), in the absence of extracellular Ca2+ in individual fibroblasts. Cells were
immersed into Ca2+-free HBS at 60s. The bars above graphs indicate the time of addition of
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compounds, DMSO or bafilomycin A1 (BAF.) was added at 150s, thapsigargin or GPN was
added at 900s. Gray traces represent recordings of all individual cells and black traces
represent the population average from a typical experiment.
(C and D) Pooled data quantifying magnitudes of Ca2+ responses (C) and AUC (D) after GPN
stimulation (between 900s and 1500s) in the presence of DMSO or Bafilomycin A1. Each plot
point represents average results from an individual experiment such as the example shown in
A and B (n=4); n.s. not statistically significant * P<0.05 were determined by independentsamples t-tests.
(E-H) Similar to A-D but cells were stimulated with 1 µM thapsigargin, replacing GPN (n=2).

2.3.7 Prolonged treatment with Bafilomycin A1 appears to potentiate
GPN- and thapsigargin-mediated Ca2+ release
Previous data indicated an apparent potentiating effect of bafilomycin A1 on GPNand thapsigargin-mediated Ca2+ signals that appeared to be independent of lysosomes
as this occurred when there was no obvious change in lysosomal pH by bafilomycin
A1. To investigate the effects of lysosomal pH on GPN-mediated Ca2+ signals, I
therefore examined the effects of prolonged bafilomycin A1 treatment, such as 1 hour
at RT, which tended to induce a moderate alkalization of lysosomal pH (Fig.2.3.5C
and J). As shown in Fig.2.3.7A, GPN-mediated Ca2+ signals appeared to be potentiated
in cells pre-treated with bafilomycin A1 for 1 hour at RT relative to cells treated with
DMSO. This was reflected by a tendency for the AUC to increase (Fig.2.3.7B). To
note, however, this did not reach statistical significance given that there was one case
where bafilomycin A1 reduced GPN-mediated Ca2+ signals. Similarly, the 1 hour
treatment enhanced thapsigargin-mediated Ca2+ signals (Fig.2.3.7C) as there was a
significant increase in AUC (Fig.2.3.7D), while the magnitude remained unchanged
(Fig.2.3.7B and D) like GPN. The 1 hour treatment hence tended to affect both GPN
and thapsigargin-mediated Ca2+ signals in a similar way as the acute treatment did
(Fig.2.3.6).
Next, I assayed GPN and thapsigargin in cells pre-treated with bafilomycin A1 for 2
hours at RT as this treatment appeared to have a greater alkalizing effect on lysosomal
pH than the 1 hour treatment (Fig.2.3.5C, D and J). As shown in Fig.2.3.7 (E-H), the
2 hour treatment tended to enhance both GPN and thapsigargin-mediated Ca2+ signals
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through an increase in AUC. The results of the 2 hour treatment hence appeared to be
no different from those of the 1 hour treatment.
Taken together, the apparent potentiation effects of bafilomycin A1 on Ca2+ responses
to GPN and thapsigargin are likely to be independent of lysosomal pH.

Figure 2.3.7 Prolonged treatment with Bafilomycin A1 appears to potentiate
GPN- and thapsigargin-mediated Ca2+ release
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(A) Cytosolic Ca2+ responses to 200 µM GPN, following 1 hour treatment at room temperature
with DMSO or 1 µM Bafilomycin A1 (BAF.), in the absence of extracellular Ca2+ in individual
fibroblasts. Cells were immersed into Ca2+-free HBS at 60s. The bars above graphs indicate
the time of addition of compounds, which was at 150s. Gray traces represent recordings of all
individual cells and black traces represent the population average from a typical experiment.
(B) Pooled data quantifying magnitudes of Ca2+ responses and AUC after GPN stimulation in
the presence DMSO or Bafilomycin A1 (for 1 hour). Each plot point represents average results
from an individual experiment such as the example shown in A (n=4); n.s. not statistically
significant was determined by independent-samples t-tests.
(C and D) Similar to A and B but cells were stimulated with 1 µM thapsigargin, replacing
GPN (n=3); n.s. not statistically significant ** P<0.01 were determined by independentsamples t-tests.
(E and F) Similar to A and B but cells were pre-treated with DMSO or Bafilomycin A1 for 2
hours (rather than 1 hour) at room temperature before GPN stimulation (n=2).
(G and H) Similar to E and F but cells were stimulated with 1 µM thapsigargin, replacing GPN
(n=2).

2.3.8 Chronic treatment with Bafilomycin A1 appears to inhibit GPNbut potentiate thapsigargin- mediated Ca2+ release
To further investigate the effects of lysosomal pH on GPN-mediated Ca2+ signals, I
next assayed GPN and thapsigargin under conditions where bafilomycin A1 caused a
demonstrable increase in lysosomal pH (Fig.2.3.5).
To achieve, the cells were pre-incubated with bafilomycin A1 for 1-4 hours in culture,
followed by another 1 hour during Fura-2 loading at RT. As shown in Fig.2.3.8A, the
2 hour (1+1) treatment with bafilomycin A1 appeared to reduce GPN-mediated Ca2+
signals relative to DMSO pre-treated cells. To be precise, there was a tendency for the
magnitude of responses to reduce, and AUC appeared to be unaltered (Fig.2.3.8B). In
contrast, thapsigargin-mediated Ca2+ signals were potentiated following bafilomycin
A1 treatment (Fig.2.3.8C) as reflected by an increase in the AUC (Fig.2.3.8D). The
magnitude also tended to be larger (Fig.2.3.8D), but statistically, this was not
significant as in one experiment bafilomycin A1 had no visible effect on thapsigargin
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responses. Similar to the 2 hour treatment, following the 3 hour (2+1) treatment, there
was a trend for GPN-mediated Ca2+ signals to be reduced (Fig.2.3.8E and F) and a
significant increase in thapsigargin-mediated Ca2+ signals (Fig.2.3.8G and H). Finally,
the 5 hour (4+1) treatment with bafilomycin A1 also appeared to reduce GPNmediated Ca2+ signals (Fig.2.3.8I and J). This did not reach statistical significance, but
in all experiments GPN responses were reduced upon bafilomycin A1 treatment. In
comparison, there was a trend for thapsigargin-mediated Ca2+ signals to increase upon
a 5 hour treatment (Fig.2.3.8K and L)
Collectively, pronounced alkalization of lysosomal pH appeared to selectively inhibit
GPN-evoked Ca2+ signals.
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Figure 2.3.8 Chronic treatment with Bafilomycin A1 appears to inhibit GPN- but
potentiate thapsigargin-mediated Ca2+ release
(A and C) Cytosolic Ca2+ responses to 200 µM GPN (A) or 1 µM thapsigargin (C), following
2 hour treatment with DMSO or 1 µM Bafilomycin A1, in the absence of extracellular Ca2+ in
individual fibroblasts. Cells were immersed into Ca2+-free HBS at 60s. The bars above graphs
indicate the time of addition of compounds, which was at 150s. The 2 hour treatment refers to
1 hour under culture conditions followed by 1 hour at room temperature with Fura-2.
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(B and D) Pooled data quantifying magnitudes of Ca2+ responses and AUC after GPN (B) or
thapsigargin (D) stimulation in the presence of DMSO or Bafilomycin A1 (for 2 hours). Each
plot point represents average results from an individual experiment such as the example shown
in A and C (n=2, (B)) (n=4, (D)); n.s. not statistically significant, **P<0.01 were determined
by independent-samples t-tests.
(E-H) Similar to A-D but cells were pre-treated with DMSO or Bafilomycin A1 for 3 hours
rather than 2 hours before GPN (E and F) or thapsigargin (G and H) stimulation (n=2, (F) (n=3,
(H)); * P<0.05 *** P<0.001 were determined by independent-samples t-tests.
(I-L) Similar to A-D but cells were pre-treated with DMSO or Bafilomycin A1 for 5 hours
rather than 2 hours before GPN (I and J) or thapsigargin (K and L) stimulation (n=3, (J)) (n=2,
(L)); n.s. not statistically significant was determined by independent-samples t-tests.

2.4 Discussion
GPN is thought to mediate Ca2+ signals from lysosomes upon its cleavage by cathepsin
C followed by rupture of the lysosomal membrane. However, this view has recently
been challenged in the study by Atakpa (Atakpa et al., 2019). Based on a series of
observations, the study suggested that GPN mediates Ca2+ signals from the ER through
its cytosolic alkalizing effects (Atakpa et al., 2019). In this chapter, using fibroblasts,
I investigated how GPN mediates Ca2+ signals. My data dissociated GPN-evoked
cytosolic pH changes from its Ca2+ responses and are consistent with the original
assumption that GPN targets acidic organelles to mediate Ca2+ signals.
GPN is a cell-permeable substrate for cathepsin C (Jadot et al., 1984). Upon hydrolysis
by cathepsin C, GPN is thought to evoke lysosomal membrane permeabilization (LMP)
through generating osmotic stress. GPN-mediated increases in lysosomal pH and
cytosolic Ca2+ therefore have been ascribed to leakage of H+ and Ca2+ out of lysosomes.
However, the study by Atakpa reveals that cathepsin C is not required for GPNinduced pH change and Ca2+ signals with compelling evidence (Atakpa et al., 2019).
First, GPN responses persisted in cathepsin C knockout cells. Second, GPN’s isomer,
D-GPN, a non-cathepsin C substrate, was also able to increase cytosolic Ca2+. Even
so, it is still possible that GPN ruptures lysosomal membranes to induce Ca2+ and H+
leak independently of cathepsin C. Generally, loss of endocytosed fluorophores, such
as sulforhodamine B and Lucifer yellow, is regarded as a sign of LMP. In the study by
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Atakpa, GPN was unable to cause loss of Lucifer yellow (Atakpa et al., 2019).
However, in other studies, GPN was capable of releasing Lucifer yellow and also
sulforhodamine B (Bright et al., 2016; Haller et al., 1996; Steinberg et al., 2010).
Irrespective of this “inconsistency” between studies, it is possible that GPN-induced
permeabilization is “mild” only permitting small ions to pass, while current assays (e.g.
luminal dye loss or ESCRT-induced membrane repair (Skowyra et al., 2018)) can only
detect moderate to severe degree of LMP. More importantly, although the noncathepsin C substrate, D-GPN, can induce Ca2+ signals (Atakpa et al., 2019), it also
reportedly mediates LMP (Jadot et al., 1990). Overall, while it is clear that the effects
of GPN do not require cathepsin C, the study by Atakpa cannot firmly rule out a
permeabilising effect of GPN on lysosomes. In this chapter, I only examined GPN’s
effects on LTR staining of lysosomes. Considering LTR staining more serves as a
proxy of pH change rather membrane permeabilization, it is therefore crucial to apply
appropriate test to study the effects of GPN on lysosomal integrity in fibroblasts, for
example, by assaying the effect of GPN on endocytosed fluorophores.
LLOMe is another cathespin C substrate and mediates LMP (Repnik et al., 2017;
Thiele & Lipsky, 1990). This was confirmed by Atakpa (Atakpa et al., 2019). Using
fibroblasts, I therefore compared activity of GPN with that of LLOMe. Similar to GPN,
LLOMe induced an increase in cytosolic Ca2+ in the presence of extracellular Ca2+
(Fig.2.3.2B and C). Upon removal of extracellular Ca2+, GPN Ca2+ responses were still
detectable (Fig.2.3.3B), in agreement with previous research (Kilpatrick et al., 2013;
Penny et al., 2014). In stark contrast, however, there was little Ca2+ signalling induced
by LLOMe by such modification of the external environment (Fig.2.3.3C). Atakpa and
colleagues only assayed LLOMe in the absence of extracellular Ca2+, similarly, they
observed only very small Ca2+ response. (Atakpa et al., 2019). GPN and LLOMe
therefore behave differently in increasing cytosolic Ca2+ with GPN-mediated Ca2+
signals deriving predominantly from Ca2+ release, whereas the Ca2+ signals induced
by LLOMe relies on Ca2+ influx only. GPN-evoked Ca2+ signals were accompanied by
an increase in lysosomal pH as reflected by a reduction in LTR staining (Fig.2.3.1B),
which has been noted in previous researches as well (Kilpatrick et al., 2013). LLOMemediated Ca2+ signals were also accompanied with an increase in lysosomal pH
(Fig.2.3.1C), although the effect on lysosomal pH was less pronounced compared to
GPN (Fig.2.3.1D). This implies that lysosomes could be implicated in GPN and
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LLOMe Ca2+ responses, but also raises a question of how lysosomes contribute to
LLOMe-induced Ca2+ influx. In cells, lysosomes are widely distributed throughout the
cytoplasm. A majority of them have perinuclear localizations, but there are also
peripheral lysosomes that are in close proximity to the plasma membrane (Johnson et
al., 2016; Jongsma et al., 2016; Pu et al., 2016). In light of this, LLOMe-induced Ca2+
influx might be a result of the crosstalk between lysosomes and the plasma membrane.
Indeed, recently, the PM-lysosome crosstalk has been noted in hippocampal pyramidal
neurons where back-propagating action potential-induced Ca2+ influx through VGCCs
triggered lysosomal Ca2+ release (Padamsey et al., 2017). But on the other hand, the
Ca2+ influx might be mediated via some of LLOMe’s lysosome-independent activities.
The mechanism by which LLOMe mediates Ca2+ signals is worth further investigation.
With evidence showing that the effects of GPN on Ca2+ were independent of cathespin
C, Atapka et al. 2019 pursued other possible mechanisms. They found that GPN was
capable of increasing cytosolic pH in a cathepsin C-independent manner. And
strikingly, that inhibition of such increases reduced GPN-mediated Ca2+ signals
(Atakpa et al., 2019). This thus led to a reasonable assumption that GPN mediated
Ca2+ signals via its effect on cytosolic pH. In fibroblasts, I observed the increase in
cytosolic pH by GPN (Fig.2.3.4A). However, this alkalization happened very rapidly
compared to GPN-mediated Ca2+ signals (Fig.2.3.4G). This led me to question the
causal relationship between changes in cytosolic pH and Ca2+. I therefore examined
NH4Cl, another weak base. In the study by Atakpa using HEK cells, NH4Cl resembled
GPN in changing cytosolic pH and Ca2+ level (Atakpa et al., 2019). In fibroblasts,
again, NH4Cl increased cytosolic pH to a similar level as GPN (Fig.2.3.4A, B and K),
however, it mediated weak Ca2+ signals which were not comparable to those evoked
by GPN (Fig.2.3.4E, F and M). NH4Cl could induce Ca2+ signals in a cell-type
dependent manner. Favouring this, NH4Cl induced small Ca2+ responses in PC12 cells
(Fasolato et al., 1991) but large Ca2+ responses in endothelial cells (Danthuluri et al.,
1990). The lack of correlation between changes in cytosolic pH and Ca2+, both
kinetically and pharmacologically, therefore suggests that GPN-mediated Ca2+ signals
are unlikely to be a result of its cytosolic alkalizing effect.
As weak bases, aside from increasing cytosolic pH, in fibroblasts, GPN and NH4Cl
also increased lysosomal pH (Fig.2.3.4C and D). GPN-mediated Ca2+ signals
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somewhat correlated with the lysosomal pH change, these two activities appeared to
occur simultaneously and at a similar rate (Fig.2.3.4H). This is consistent with our
lab’s previous study where cytosolic Ca2+ and lysosomal pH were measured in the
same cell (Kilpatrick et al., 2013). Moreover, GPN had a stronger alkalizing effect on
lysosomal pH than NH4Cl (Fig.2.3.4L), and correspondingly, GPN mediated greater
Ca2+ responses than NH4Cl (Fig.2.3.4M). These analyses therefore raise the possibility
that GPN mediated Ca2+ signals are a result of its lysosomal alkalizing effect. It is
worth noting, however, in the study by Atakpa, GPN-mediated Ca2+ signals were
largely reduced by NaP (Atakpa et al., 2019). As a weak acid, NaP prevented GPNinduced cytosolic pH change leaving lysosomal pH untouched. According to this,
alkalization of the cytosol but not lysosomes is essential for GPN Ca2+ responses, quite
the opposite of the results in fibroblasts. Nevertheless, the use of weak acid is a clever
way of exploring the relationship between changes in pH and Ca2+. Therefore, it is
worth considering examining the effects of NaP or NaP-like compound on GPN Ca2+
responses in fibroblasts. On the whole, the cytosolic pH mechanism is not tenable in
my opinion, especially given that there is a weak correlation between cytosolic
alkalization and cytosolic Ca2+ increase.
Although GPN appears to work independently of cathepsin C (Atakpa et al., 2019),
there are empirical evidences that lysosomes are the sources of GPN Ca2+ signals. For
example, there is a concomitant increase in lysosomal pH and cytosolic Ca2+ by GPN
(Kilpatrick et al., 2013), as discussed above. GPN blocked Ca2+ responses to NAADP
but not those to IP3 and cADPR (Churchill et al., 2002; Pandey et al., 2009; Soares et
al., 2007). In addition, GPN Ca2+ signals were reduced in diseases associated with
lysosomal Ca2+ defect or lysosomal morphology defect (Kilpatrick, Magalhaes, et al.,
2016; Lloyd-Evans et al., 2008). However, Atakpa’s team suggested that the ER but
not lysosomes are the predominant target for GPN. Supporting a primary action on the
ER, Atakpa and colleagues found that thapsigargin completely blocked GPN-mediated
Ca2+ signals. It is not new that thapsigargin reduces GPN-mediated Ca2+ signals, and
this has been indicated in a number of studies (Garrity et al., 2016; Haller et al., 1996;
Kilpatrick et al., 2013; Liu et al., 2018), although there are also cases where GPN
responses were insensitive to thapsigargin (Srinivas et al., 2002; Yagodin et al., 1999).
In some cell types, it is therefore clear that GPN releases ER Ca2+. However, as to how
this occurs, prior researches have suggested that GPN mobilizes ER Ca2+ via a
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lysosome-dependent mechanism. It has been reported that Lysosomes form functional
contacts with the ER via MCSs. In brief, local Ca2+ release from lysosomes can
“trigger” Ca2+ release from the ER to generate global Ca2+ signalling (Kilpatrick et al.,
2013; Patel & Brailoiu, 2012; Penny et al., 2014, 2015). NAADP has been reported to
utilize this form of coupling in sea urchins (Churchill & Galione, 2001) and also
mammals (Cancela et al., 1999; Kinnear et al., 2004; Morgan, 2016). Prior to the study
by Atakpa, a general accepted idea is that the ER Ca2+ release by GPN was secondary
to initial Ca2+ release from lysosomes. Thus, lysosomes are origins for GPN Ca2+
signalling.
The effect of thapsigargin on GPN can reveal the involvement of the ER but cannot
inform the exact mechanism by which GPN recruits the ER for signalling. Therefore,
the use of thapsigargin cannot rule out the possibility that lysosomes are primary
targets for GPN and it is required for GPN to recruit ER Ca2+. Indeed, to suggest that
the ER but not lysosomes are required by GPN for signalling, Atakpa and colleagues
have relied more on other observations. For example, they found that bafilomycin A1
did not abolish but rather potentiated GPN-mediated Ca2+ signals (Atakpa et al., 2019),
which is similar to an action of bafilomycn A1 on thapsigargin-mediated Ca2+ release
(Atakpa et al., 2018; López-Sanjurjo et al., 2013). It may seem surprising but before
the study by Atakpa, there were only a few studies that assayed GPN in the presence
of bafilomycin A1. Contrary to what Atakpa and colleagues have observed, these
studies observed an inhibitory effect of bafilomycin A1 on GPN-mediated Ca2+ signals
(Gunaratne, Johns, et al., 2018; Zhang et al., 2014). Here, using fibroblasts, I tested
the effect of bafilomycin A1 on GPN responses and I showed that bafilomycin A1
inhibited GPN- but not thapsigargin- mediated Ca2+ signals (Fig.2.3.8). Although in
some cases my data are not statistically significant or repeated only twice, additional
experiments by an independent member of the laboratory confirmed my findings (data
not shown). Collectively, the trends I report here are indeed statistically significant.
My data thus favours the notion that lysosomes are essential for GPN-mediated Ca2+
signalling. However, it is noteworthy that this selective inhibition was only apparent
after a long incubation with bafilomycin A1. Lysosomes have a high luminal Ca2+,
similar to the ER (Christensen et al., 2002; Lloyd-Evans et al., 2008). Dissipation of
lysosomal pH gradient, by inhibition of V-ATPase by bafilomycin A1, reduced
lysosomal Ca2+, as reflected by a reduction in luminal Ca2+ or an increase in cytosolic
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Ca2+, while re-acidification of lysosomal pH replenished lysosomes with Ca2+
(Christensen et al., 2002; Lloyd-Evans et al., 2008; López et al., 2005). Since the
lysosomal pH gradient is thought to be essential for lysosomal Ca2+ uptake and
maintenance, for depletion of lysosomal Ca2+, bafilomycin A1 therefore relies on two
events, a leakage of H+ for pH gradient dissipation and a subsequent leakage of Ca2+
driven by prevention of Ca2+ uptake (Morgan et al., 2015). Regarding H+ leak by
bafilomcyin A1, this occurred slowly in fibroblasts. A 1 hour treatment with
bafilomcyin A1 at RT only appeared to reduce 50% of LTR fluorescence (Fig.2.3.5C
and J). In comparison, under culture conditions, the effect of bafilomycin A1 on H+
leak appeared to be enhanced. A 1 hour treatment eliminated almost all LTR
fluorescence (Fig.2.3.5E and J), although it should be noted that this experiment was
performed once. Regarding Ca2+ leak, it is expected that this event occurs after
prevention of Ca2+ uptake (Morgan et al., 2015), however, the information about how
Ca2+ leaks out of lysosomes is almost non-existent. It may occur immediately after
leakage of H+ or more slowly. Considering the uncertainty, it could be possible that
like the leakage of H+, the leakage of Ca2+ progressed slowly as well. Given the above
situations, one can easily explain why it took a long time for bafilomycin A1 to inhibit
GPN-mediated Ca2+ signals. Also, a slow Ca2+ leak may explain why Ca2+ signals by
acute bafilomycin A1 treatment were not detected by measurement of Ca2+ in the
cytosol.
Favouring the slow Ca2+ leak upon elevation of lysosomal pH, an early study by
Churchill and colleagues showed that bafilomycin A1 prevented Ca2+ uptake into
lysosomes but only inhibited NAADP-mediated Ca2+ signals in sea urchin eggs when
the eggs were first challenged with both bafilomycin A1 and NAADP (Churchill et al.,
2002). This was interpreted as the lysosomal Ca2+ store being non-leaky to Ca2+
requiring prior opening of resident Ca2+-permeable channels to effect Ca2+ depletion
i.e. NAADP was used to speed the Ca2+ leak process. Alternatively, perhaps Ca2+ leak
is not necessary. It is noteworthy that although Ca2+ uptake is thought to be regulated
by lysosomal pH gradient possibly via CAXs (Christensen et al., 2002; Churchill et
al., 2002; Morgan et al., 2011; Patel & Muallem, 2011). Garrity and colleagues have
proposed pH-independent Ca2+ uptake (Garrity et al., 2016). It is worth considering
that the increase in lysosomal pH might not equate to depletion of lysosomal Ca2+.
Dickson and colleagues have found that in secretory granules (SGs), increasing
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luminal pH caused a dramatic reduction in luminal Ca2+ but a negligible increase in
cytosolic Ca2+ (Dickson et al., 2012). Given that SGs’ lumen has plenty of Ca2+ buffers
which are active in binding and reducing free Ca2+ at alkaline pH, Dickson and
colleagues hypothesized that the reduction in luminal Ca2+ caused by increased
luminal pH is not due to Ca2+ leak out of SGs but due to increased Ca2+ buffering
(Dickson et al., 2012). Microprobe analysis indicate that lysosomes store a total of 514 mM Ca2+ (James-Kracke et al. 1979; LeFurgey et al. 1991; Yagodin et al. 1999;
reviewed in Morgan et al. 2011). Since the free Ca2+ is orders of magnitude lower (400600 µM) (Christensen et al., 2002; Lloyd-Evans et al., 2008), like SGs, lysosomes
likely also contain a large proportion of Ca2+ buffers. Therefore, it is possible that
bafilomycin A1 inhibits GPN-mediated Ca2+ signals via an increase in lysosomal Ca2+
buffering capacity. However, this is not to say that I rule out that bafilomycin A1
inhibits GPN-mediated Ca2+ signals by preventing Ca2+ uptake and thus depleting
lysosomal Ca2+. Actually, it is probable that bafilomycin A1, or more specifically,
lysosomal pH elevation has more than one mechanism to affect lysosomal Ca2+.
It is interesting to note, upon shorter incubation times, I observed that bafilomycin A1
potentiated GPN-mediated Ca2+ signals (Fig.2.3.6-2.3.7). This finding was confirmed
by an independent member of the laboratory (data not shown). This is in line with the
recent findings by Atakpa (Atakpa et al., 2019). Based on this, the effects of GPN on
lysosomes was ruled out (Atakpa et al., 2019). But in my parallel experiments,
bafilomycin A1 also appeared to potentiate thapsigargin-mediated Ca2+ signals
(Fig.2.3.6-2.3.7). Previous studies by the same lab also observed this potentiation and
interpreted the results as a failure of lysosome in tempering ER Ca2+ release following
disruption of the lysosomal pH gradient by bafilomycin A1 (Atakpa et al., 2018;
López-Sanjurjo et al., 2013). However, here, in fibroblasts, the potentiation effect by
bafilomycin A1 on GPN and thapsigargin is unlikely to be a result of inhibition of VATPase as they did not appear to correlate with the slow increase in lysosomal pH.
More importantly, the potentiation was even observed when bafilomycin A1 hardly
affected lysosomal pH (Fig. 2.3.5A and B and Fig. 2.3.6), indicating the mechanism
for the effect is likely lysosome independent. Thus, in fibroblasts, the enhanced GPN
signals after bafilomycin A1 treatment cannot argue against an action of GPN on acidic
compartments. The exact mechanism for the potentiation effect is worthy of future
investigations.
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In conclusion, my data indicate that in fibroblasts, bafilomycin A1-sensitive acidic
Ca2+ stores, such as lysosomes, are required for GPN-mediated complex Ca2+ signals.
This finding is in contrast to the recent study by Atakpa but is consistent with the
original assumption that GPN targets acidic organelles to mediate Ca2+ responses.
However, the underlying mechanism is still unclear. Therefore, further work defining
the exact mechanism is required.
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Chapter 3: Characterization of novel small
molecule probes for TPC2
3.1 Introduction
TPCs have been linked to health and disease (Grimm et al., 2017; Patel & Kilpatrick,
2018). To better understand the physiological and pathophysiological roles of TPCs,
it is essential to have chemicals that can manipulate TPC activity.
Current known TPC activators are NAADP and PI(3,5)P2 albeit controversial.
However, these two ligands are cell-impermeable requiring microinjection to access
TPCs, which is technically demanding. In addition, NAADP is proposed to activate
TPCs by interacting with putative small binding proteins (Lin-Moshier et al., 2012;
Walseth et al., 2012) which could be accidentally lost in broken cell preparations. A
cell-permeable NAADP derivative (NAADP-AM) is available but it is fairly unstable
(Galione et al., 2014; Parkesh et al., 2008; Zhang et al., 2013). Compared to TPCs,
there are cell-permeable small-molecule synthetic activators for TRPML1 (e.g. MLSAs and MK6-83) (Chen et al., 2014; Shen et al., 2012). Such activators offer an easy
route for functional characterization of TRPML1 and have been very helpful in aiding
our understanding of the channel. For example, ML-SAs have revealed the role of
TRPML1 in lysosomal biogenesis and autophagy (Cao et al., 2017; Zhang et al., 2016).
Also, it has uncovered that TRPML1 induces global Ca2+ signals via additionally
mobilizing ER Ca2+ release and stimulating Ca2+ influx (Kilpatrick, Yates, et al., 2016).
Moreover, the synthetic agonists established TRPML1 as a potential drug target for a
number of diseases (Chen et al., 2014; Shen et al., 2012; Tedeschi et al., 2019). For
better characterizations of TPCs, similar agonists are urgently required. Importantly,
given that TPC2 knockout induces fatty liver diseases (Grimm et al., 2014), such
agonists might be clinically beneficial in the long-term. In 2019/2020, studies on
pursuing cell-permeable TPC activators have been extremely active. For example,
using drug re-purposing approach, Zhang et al., identified tricyclic antidepressants
(TCAs) as TPC activators (Zhang et al., 2019).
Regarding TPC inhibitors, although cell-permeable inhibitors are available, they are
rather limited and few of them are selective for TPCs. As summarised in Table1.2, the
90

majority of the inhibitors are modifiers of voltage-gated Ca2+ (CaV) or Na+ (Nav)
channels, including the most potent one, tetrandrine (Rahman et al., 2014; Sakurai et
al., 2015). Naringenin has also been shown to block TPCs, but like tetrandrine, it has
multiple targets (Straub et al., 2013; Waheed et al., 2014; Yang et al., 2014; Zhou et
al., 2019). Aside from being non-selective, certain inhibitors might have an indirect
action on TPCs, such as PPADS, BZ194 (a N-alkylated nicotinic acid derivative) and
Ned-19 (Billington & Genazzani, 2007; Dammermann et al., 2009; Naylor et al., 2009;
Rosen et al., 2009). These chemicals were identified specifically in regard to their
action on NAADP binding and Ca2+ signalling, and NAADP has been shown to
indirectly activate TPCs (Lin-Moshier et al., 2012; Walseth et al., 2012). Therefore,
use of these chemicals complicates research on TPCs. Pursuing selective inhibitors
that directly affect TPCs is critical not only for research purposes, but also, over the
long term, for treatment of diseases, including PD, Ebola infection and cancer. PD is
associated with upregulated TPC2 activity (Hockey et al., 2015). Ebola infection and
metastatic tumour formation can be reduced upon TPC silencing (Nguyen et al., 2017;
Sakurai et al., 2015). In 2018/2019, two independent groups searched for novel TPC
blockers (Gunaratne, Johns, et al., 2018; Penny et al., 2019). To achieve this, both labs
have taken advantage of the fact that TPCs are required for viral entry, that is, some
antiviral drugs could be TPC inhibitors. Specifically, Gunaratne et al., utilized sea
urchin egg homogenates to conduct a screening campaign and identified a number of
inhibitors that selectively block NAADP-mediated Ca2+ signalling. The inhibitors for
NAADP also blocked TPC-dependent MERS-CoV pseudovirus translocation with
similar potency (Gunaratne, Johns, et al., 2018). Our lab performed a TPC2-structure
based screen (Penny et al., 2019), the results from which were compared with two
previously published high-throughput screening for Ebola antivirals (Johansen et al.,
2015; Kouznetsova et al., 2014). This yielded a number of common hits that
effectively blocked NAADP responses in sea urchin egg homogenate. Certain hits
were tested in human cells and were found to block NAADP- and PI(3,5)P2-activated
TPC2 channel activity.
In this chapter, my aim was to validate and characterize novel putative TPC activators
and to further characterize new TPC inhibitors.
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3.2 Methods
3.2.1 Cell culture
Both HeLa cells (Kilpatrick, Yates, et al., 2016) and HEK293 cells stably expressing
TPC2LL/AA (Gerndt et al., 2020) were maintained in Dulbecco’s Modified Eagle
Medium (DMEM), supplemented with 10% (v/v) Fetal Bovine Serum (FBS), 100
μg/mL streptomycin and 100 units/mL penicillin (all from Invitrogen). They were kept
at 37oC in a humidified atmosphere with 5% CO2. Cells were fed with fresh media
every 3-4 days. Cells were passaged with trypsin (from Invitrogen) followed by plating
onto poly-L-lysine (20 µg/ml, Sigma) coated coverslips in a 24 well-plate (HeLa: at
300,000 cells/ml; HEK293 stably expressing TPC2LL/AA: at 150,000 cells/ml; 0.5
ml/well), 2 days before imaging.

3.2.2 Transfection
HeLa cells were transfected with plasmids the day after plating onto coverslips and
before imaging/fixing, using lipofectamine 2000 according to the manufacturer’s
instructions.
Plasmids used are listed below:
Table 3.1 Plasmids
Name
PM TPC2
(TPC2LL/AA)
L265P PM TPC2
(TPC2LL/AA, L265P)
TPC2 WT
L265P TPC2
(TPC2L265P)
TPC2 WT
L265P TPC2
(TPC2L265P)
TPC1 WT
PM TRPML1
(TRPML1ΔNC)
TRPML1 WT
TRPML1 WT
LAMP1

Tag
mRFP or GFP

Reference
(Brailoiu, Rahman, et al., 2010)

mRFP

(Gerndt et al., 2020)

GFP
GFP

(Brailoiu et al., 2009)
(Brailoiu, Rahman, et al., 2010)

GCaMP6s
GCaMP6s

(Gerndt et al., 2020)
(Gerndt et al., 2020)

GCaMP6s
GFP

Unpublished 1
(Yamaguchi et al., 2011)

GFP
GCaMP6s
GFP

(Yamaguchi et al., 2011)
(Gerndt et al., 2020)
(Falcón-Pérez et al., 2005)

1

This clone was made by Dr. William Andrews and Prof. Sandip Patel by replacing
the mRFP tag in TPC1 mRFP (Brailoiu et al., 2009) with GCaMP6s from TPC2
GCaMP6s (Gerndt et al., 2020).
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3.2.3 Epifluorescence microscopy
3.2.3.1 Fura-2 Ca2+ measurements
Prior to the start of imaging, cells transfected with GFP or mRFP were identified via
taking snapshots of their fluorescence upon excitation at 488 nm and 568 nm,
respectively. Emitted fluorescence was captured using a 515 nm long pass filter (GFP)
and a 590 nm filter (mRFP). Cytosolic Ca2+ was measured by Fura-2 and analysed as
described in chapter 2. Cells were stimulated with A1 (5 µM, 10 µM, 20 µM, 30 µM
and 60 µM), H07 (10 µM, 20 µM, 30 µM and 60 µM), ML-SA1 (1 µM, 3.16 µM 10
µM and 20 µM) (Merck), tetrandrine (10 µM) (Santa Cruz Biotechnology),
cepharanthine (10 µM) (Cayman Chemical), fluphenazine (10 µM) (Sigma), pimozide
(10 µM) (Santa Cruz Biotechnology), raloxifene (10 µM) (Cayman Chemical),
clomiphene (10 µM) (Sigma), tamoxifen (10 µM) (Sigma), simvastatin (10 µM)
(Sigma), lovastatin (10 µM) (Cayman Chemical), cerivastatin (10 µM) (Santa Cruz
Biotechnology) and ionomycin (2 µM) (Cayman Chemical). All compounds were
prepared in DMSO (0.1% (v/v) DMSO used as a control when required). Some Fura2 measurements were performed in Ca2+-free HBS, which has been indicated in figures.
A1 and H07 were gifts from laboratories of Prof. Christian Grimm and Prof. Franz
Bracher based in Ludwig Maximilian University of Munich Germany. In Gerndt et al.,
2020, A1 and H07 are referred to as TPC2-A1-N and TPC2-A1-P, respectively.

Figure 3.2.1 Chemical structures of A1 (TPC2-A1-N) and H07 (TPC2-A1-P) (Gerndt
et al., 2020)
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3.2.3.2 GCaMP6s Ca2+ measurements
GCaMP6s was excited at 470 nm and emitted fluorescence was captured with a 515
nm long pass filter. Images were acquired every 3s with 40x objective. All GCaMP6s
experiments were conducted in Ca2+-free HBS. Ca2+-free HBS replaced HBS 30
seconds after imaging/recording started. Cells were challenged with A1 (30 µM), H07
(60 µM), ML-SA1 (20 µM), GPN (200 µM), thapsigargin (1 µM) and ionomycin (2
µM).
To quantify the change in Ca2+ as indicated by GCaMP6s fluorescence, ROIs were
drawn around each cell and an area without cells for background subtraction.
Fluorescence was calculated using TILLvisION software. The basal ratio (F0) was
acquired by averaging fluorescence from a 90 second recording before cell stimulation
and after cells were immersed in Ca2+-free HBS. Change in GCaMP6s fluorescence
(ΔF) was normalised to basal (ΔF/F0) for the data presentation.

3.2.4 Cell fixation
For localization experiments, transfected cells were fixed with 4% (w/v)
paraformaldehyde (VWR) in phosphate buffered saline (PBS) (Sigma) for 15 minutes
at room temperature. After fixation, cells were washed three times in PBS and were
then mounted onto microscope slides with 1,4 diazabicyclo [2,2,2] octane (DABCO)
(Sigma) and sealed with colourless nail polish for confocal microscopy.

3.2.5 Spinning disk confocal microscopy
Confocal images were captured using an inverted Axio Observer.Z1 microscope
attached to a VivaTome scanner (Zeiss) fitted with a 63x Plan Apochromat waterimmersion objective. GFP and GCaMP6s were excited using a 432-482 nm band-pass
(BP) filter and emitted fluorescence was captured using a 546-566 nm BP filter. mRFP
was excited with a 546-566 nm BP filter and emitted fluorescence was captured with
a 580-653 nm BP filter. Confocal images were processed using Image J (Rasband,
W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA,
https://imagej.nih.gov/ij/, 1997-2018).
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3.2.6 Data analysis
Data are presented as representative results from single experiments or as mean +/S.E.M. from several experiments. For HEK293 cells stably expressing TPC2LL/AA, ~90
cells were analysed per coverslip/experiment. For untransfected HeLa cells, ~70 cells
were analysed per coverslip/experiment. For transfected HeLa cells, about 5-15 cells
(GCaMP6s) or about 20-40 cells (GFP or mRFP) were analysed per
coverslip/experiment. Statistical analysis was performed using Prism 9. IndependentSamples T-tests were applied to test significance of data from two groups/conditions
having normal distributions. One-way ANOVA were applied to test significance of
data from three or more groups/conditions having normal distributions. Where normal
distributions and/or equal variances were not met, a Mann-Whitney U test was
employed for data from two groups/conditions, and a Kruskal-Wallis H test was
employed for data from more than two groups. P<0.05 was regarded as statistically
significant. The half-maximal excitatory concentration (EC50) was determined by
nonlinear regression analysis using Prism 9.

3.3 Results
3.3.1 Putative TPC2 agonists, A1 and H07, evoke Ca2+ signals in cells

stably expressing plasma membrane targeted TPC2
The lysosomal localization of TPC2 requires its N-terminal di-leucine motif (Brailoiu,
Rahman, et al., 2010). Mutation of the motif targets TPC2 to the plasma membrane
(PM). To identify TPC2 agonists, Grimm and colleagues generated a HEK293 cell line
that stably expresses TPC2 in the plasma membrane (TPC2LL/AA) (Gerndt et al., 2020)
and used it in a FLIPR-based Ca2+ assay, to screen a library of 80,000 natural and
synthetic compounds (Gerndt et al., 2020). Consequently, two putative TPC2 agonists
were identified and were named A1 and H07. I began my analysis on A1 and H07
using the same cell line. Confocal imaging revealed expression of TPC2LL/AA at the
PM (Fig. 3.3.1A). I tested the effects of A1 and H07 on cytosolic Ca2+, which was
recorded using Fura-2. As shown in Fig. 3.3.1B, following addition of 30 µM or 60
µM A1, cytosolic Ca2+ increased, then it plateaued. H07 at the same concentration
caused a similar but delayed Ca2+ increase (Fig.3.3.1C). My results are consistent with
A1 and H07 as TPC2 activators.
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Figure 3.3.1 Putative TPC2 agonists, A1 and H07, evoke Ca2+ signals in cells
stably expressing plasma membrane targeted TPC2
(A) Confocal images of HEK293 cells stably expressing mRFP-tagged TPC2LL/AA (red). Scale
bar = 5 µm. The fluorescence intensity plot below corresponds to the dashed line.
(B and C) Cytosolic Ca2+ responses to A1 (30 µM or 60 µM) (B) or H07 (30 µM or 60 µM)
(C) in individual HEK293 cells stably expressing TPC2LL/AA. The bars above graphs indicate
the time of addition of the compound, which was at 90s. Gray traces represent recordings of
individual cells (10 cells were selected from a representative experiment) and black traces
represent the average from all cells in the experiment.

3.3.2 A1 and H07 evoke Ca2+ signals in a concentration-dependent
manner
The effects of A1 and H07 on cytosolic Ca2+ in cells stably expressing TPC2LL/AA were
further characterized using a range of concentrations. Both A1- and H07-induced Ca2+
responses were concentration dependent (Fig. 3.3.2A). The magnitude of the Ca2+
signals for each concentration was calculated. Examination of the concentrationresponse curves revealed that the EC50 for A1 was 21.75 µM (Fig. 3.3.2B). As the
responses to H07 did not saturate, I was unable to determine the EC50 for H07.
Nevertheless, H07 is likely to have a higher EC50 than A1 given that the curve for H07
was shifted to the right of the curve for A1(Fig. 3.3.2B). In addition, notably, at 10 µM
and 30 µM, respectively, A1-induced larger Ca2+ signals than H07 (Fig. 3.3.2B).
Furthermore, as shown in Fig. 3.3.2C and D, the 30 µM A1-induced increase in
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cytosolic Ca2+ occurred almost straight after agonist addition. In contrast, there was an
apparent delay in the 30 µM H07-induced Ca2+ responses (Fig.3.3.2C). Increasing the
H07 concentration to 60 µM failed to eliminate the delay (Fig.3.3.2D). The delay was
quantified by calculating the magnitude of Ca2+ responses after around 2 minutes
stimulation with A1 or H07 (Fig.3.3.2E). Taken together, these data indicate that A1and H07-induced Ca2+ signals are kinetically different.

Figure 3.3.2 A1 and H07 evoke Ca2+ signals in a concentration-dependent manner
(A) Average cytosolic Ca2+ responses (mean or mean ± S.E.M, from 2-13 independent
experiments (i.e. n=2-13)) to A1 or H07 at a range of concentrations in HEK293 cells stably
expressing TPC2LL/AA. The bars above graphs indicate the time of addition of the compound,
which was at 90s.
(B) Concentration-response curves showing magnitudes of A1- or H07-induced Ca2+
responses in A. * P<0.05 was determined by independent-samples t-tests.
(C and D) Kinetic comparison of Ca2+ responses by A1 at 30 µM with that by H07 at 30 µM
(C) or 60 µM (D) (mean ± S.E.M, from 5-6 independent experiments). X- and y-axes were
expanded showing the first 2 minutes of imaging after stimulation with A1/H07. The full
imaging time course can be found in A.
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(E) Data quantifying magnitudes of Ca2+ responses after stimulation with A1 or H07 for about
2 minutes in C and D. Each plot point represents one experiment (n=5-6); n.s. not statistically
significant * P<0.05 ** P<0.01 were determined by Kruskal-Wallis H test.

3.3.3 A1 and H07 evoke Ca2+ signals in cells transiently expressing
plasma membrane targeted TPC2
To further validate A1 and H07, I examined their effects on cytosolic Ca2+ in HeLa
cells transiently transfected with TPC2LL/AA. When examined by confocal microscopy,
TPC2LL/AA displayed PM localization (Fig.3.3.3A). As shown in Fig.3.3.3B, both A1
(30 µM) and H07 (30 µM) induced Ca2+ signals in cells expressing TPC2LL/AA. The
magnitudes of their respective Ca2+ signals were variable (Fig.3.3.3C). Never-the-less,
compared to A1, H07-induced Ca2+ signals were smaller and delayed (Fig.3.3.3C and
D), consistent with the results obtained in cells stably expressing TPC2LL/AA (see
previous Fig.3.3.2).

Figure 3.3.3 A1 and H07 evoke Ca2+ signals in cells transiently expressing plasma
membrane targeted TPC2
(A) Representative confocal image of HeLa cells transiently expressing GFP-labelled
TPC2LL/AA (green). Scale bar = 10 µm. The fluorescence intensity plot below the image
corresponds to the dashed line.
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(B) Cytosolic Ca2+ responses to A1 (30 µM) or H07 (30 µM) in individual HeLa cells
transiently expressing TPC2LL/AA. The bars above graphs indicate the time of addition of the
compound, which was at 90s. Gray traces represent recordings of all individual cells and black
traces represent the population average.
(C) Data quantifying magnitudes of Ca2+ responses to A1 or H07. Each plot points represents
one experiment (n=5-12); * P<0.05 was determined by independent-samples t-tests.
(D) Kinetic comparison of Ca2+ responses by A1 at 30 µM with that by H07 at 30 µM (mean
± S.E.M, from 5-12 independent experiments). X- and y-axes were expanded showing the first
2-minute imaging results after stimulation with A1/H07.

3.3.4 Agonist-evoked Ca2+ signals are abolished upon mutation of the
TPC2 pore or removal of extracellular Ca2+
Having ascertained that A1 and H07 were capable of inducing Ca2+ signals in cells
transiently expressing TPC2LL/AA, I next tested A1 in cells transiently expressing
TPC2LL/AA, L265P. Leucine 265 (L265) maps to the pore loop of domain I of TPC2. Its
mutation to proline (P) blocked NAADP-evoked Ca2+ signals and TPC2 channel
activity (Brailoiu, Rahman, et al., 2010; Lin-Moshier et al., 2014; Sakurai et al., 2015).
L265 therefore is required for normal functionality of TPC2, and TPC2 with L265P
mutation is regarded as a “pore-dead” TPC2. Confocal imaging revealed that
TPC2LL/AA, L265P was expressed at the PM (Fig. 3.3.4A). As shown in Fig.3.3.4B and
C, A1 induced Ca2+ signals in cells expressing TPC2LL/AA but not in cells expressing
TPC2LL/AA, L265P. To determine whether the Ca2+ signals were due to intracellular Ca2+
release or extracellular Ca2+ influx, I examined the effect of removing extracellular
Ca2+. As shown in Fig.3.3.4B and D, A1-induced Ca2+ signals in cells expressing
TPC2LL/AA were abolished in the absence of extracellular Ca2+, indicating such Ca2+
signals were a result of Ca2+ influx. This is consistent with the PM localization of
TPC2LL/AA. These data were quantified in Fig.3.3.4E, where I calculated the
magnitudes of A1-induced Ca2+ signals under the different conditions. Similar
experiments were performed for H07. As shown in Fig. 3.3.4F-H and quantified in Fig.
3.3.4I, H07 was able to induce Ca2+ signals in cells expressing TPC2LL/AA but not in
cells expressing TPC2LL/AA, L265P. In the absence of extracellular Ca2+, H07 failed to
induce Ca2+ signals in cells expressing TPC2LL/AA. Again, this is consistent with the
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PM localization of TPC2LL/AA. Collectively, these data indicate that A1 and H07
activate TPC2LL/AA to induce Ca2+ influx via the pore.

Figure 3.3.4 Agonist-evoked Ca2+ signals are abolished upon mutation of the
TPC2 pore or removal of extracellular Ca2+
(A) Confocal images of HeLa cells transiently expressing GFP-tagged TPC2LL/AA, L265P(green).
Scale bar = 10 µm. The fluorescence intensity plot below the image corresponds to the dashed
line.
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(B and C) Cytosolic Ca2+ responses to A1 (10 µM) in individual HeLa cells transiently
expressing TPC2LL/AA (B) or TPC2LL/AA, L265P (C). The bars above graphs indicate the time of
addition of the compound, which was at 90s. Gray traces represent recordings of all individual
cells and black traces represent the population average.
(D) Cytosolic Ca2+ responses to A1 (10 µM) in individual HeLa cells transiently expressing
TPC2LL/AA in the absence of extracellular Ca2+. Cells were immersed into Ca2+-free HBS at
60s, and A1 was added at 150s as indicated by the bar.
(E) Data quantifying magnitudes of Ca2+ responses to A1 under indicated conditions. Each
plot points represents one experiment (n=3-13); * P<0.05 ** P<0.01 were determined by oneway ANOVA.
(F-I) Similar to B-E but cells were stimulated with H07 (30 µM) (n=3-12); *** P<0.001 was
determined by one-way ANOVA.

3.3.5 A1 and H07 fail to evoke Ca2+ signals in cells expressing plasma
membrane targeted TRPML1
I next examined the selectivity of A1 and H07 for TPC2 by testing them in cells
transiently transfected with a PM version of TRPML1 (TRPML1DNC). Like TPC2,
TRPML1 is targeted to lysosomes through di-leucine motifs and it can be directed to
the PM upon deletion of the motifs (Falardeau et al., 2002; Zeevi et al., 2009).
Confocal imaging revealed that TRPML1DNC has a PM localization (Fig.3.3.5A). As
shown in Fig.3.3.5B and D and quantified in Fig.3.3.5C and E, cells expressing
TRPML1DNC did not respond to A1 (10 µM) or H07 (30 µM) which were shown to
induce robust Ca2+ signals in cells expressing TPC2LL/AA. However, the synthetic
TRPML1 agonist, MLSA1, evoked robust Ca2+ signals when added after A1 or H07
(Fig. 3.3.5B and D) in cells expressing TRPML1DNC, confirming that TRPML1 is
functional at the PM. Taken together, there appears to be a selective action of A1 and
H07 on TPC2 over TRPML1.
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Figure 3.3.5 A1 and H07 fail to evoke Ca2+ signals in cells transiently expressing
plasma membrane targeted TRPML1
(A) Representative confocal image of HeLa cells transiently expressing GFP-tagged
TRPML1DNC (green). Scale bar = 10 µm. The fluorescence intensity plot below the image
corresponds to the dashed line.
(B and D) Cytosolic Ca2+ responses to A1 (10 µM) (B) or H07 (30 µM) (D) followed by MLSA1 (20 µM) in individual HeLa cells transiently expressing TRPML1DNC. The bars above
graphs indicate the time of addition of the compound, which was at 90s. Gray traces represent
recordings of all individual cells and black traces represent the population average.
(C and E) Data quantifying magnitudes of Ca2+ responses to A1 (C) or H07 (E) in cells
transiently expressing TRPML1DNC or TPC2LL/AA. Each plot points represents one experiment
(n=3-13); * P<0.05 ** P<0.01 were determined by independent-samples t tests.

3.3.6 Tetrandrine and cepharanthine inhibit A1-mediated Ca2+
signals
In addition to using molecular approaches, I also applied pharmacological
interventions to examine whether A1 activates TPC2. The bisbenzylisoquinoline
(BBIQ) cyclic alkaloid, tetrandrine, is currently the most potent TPC blocker (Sakurai
et al., 2015). Here, I tested the effect of tetrandrine and the tetrandrine analogue,
cepharanthine, (Fig. 3.3.6A) on A1-induced Ca2+ signals in cells expressing TPC2LL/AA
(Bailly, 2019). In the course of imaging, DMSO (vehicle) or tetrandrine or
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cepharanthine were added to the cells 5 minutes prior to addition of A1. As shown in
Fig. 3.3.6B, following DMSO, A1 induced clear Ca2+ signals in cells expressing
TPC2LL/AA. This response was blocked by pre-treatment with either 10 µM tetrandrine
or 10 µM cepharanthine (Fig. 3.3.6C and D). These data were quantified in Fig. 3.3.6E
by calculating magnitudes of the Ca2+ signals by A1 under different treatment
conditions. These data indicate that A1-induced Ca2+ signals in cells expressing
TPC2LL/AA were sensitive to tetrandrine and cepharanthine, thus, from the
pharmacological perspective, A1 activates TPC2.

3.3.7 Estrogen receptor modulators inhibit A1-mediated Ca2+ signals
Recent work from my lab identified novel TPC blockers using a drug repurposing
approach (Penny et al., 2019). That is, cross-referencing results from TPC2 structurebased virtual screen with data from two independent lab-based Ebola screens. This
approach identified drugs targeting estrogen or dopamine receptors as candidate TPC2
pore blockers. However, due to cell-impermeable property of NAADP and PI(3,5)P2,
none of the drugs have been tested in intact cells. To validate these drugs in intact cells
and also to strengthen pharmacological evidence that A1 activates TPC2, I
investigated their effects on A1-induced Ca2+ signals in cells expressing TPC2LL/AA. I
first focused on the estrogen receptor modulators (SERMs). I started with raloxifene,
the one that has been extensively studied in Penny et al., 2019. As shown in Fig. 3.3.7A
and B, in the presence of DMSO, A1 induced Ca2+ signals in cells expressing
TPC2LL/AA, while in the presence of 10 µM raloxifene, the Ca2+ signals were abolished.
I also tested other SERMs, such as clomifene and tamoxifen. As shown in Fig. 3.3.7C
and D, both clomifene and tamoxifen appeared to abolish A1-induced Ca2+ signals like
raloxifene did. The magnitudes of the responses to A1 in the presence of DMSO or
SERMs were quantified in Fig. 3.3.7E. Taken together, these data indicate that SERMs
inhibit A1-induced Ca2+ signals, but notably clomifene and tamoxifen testing was
limited. Thus, SERMs are likely TPC2 blockers and additional pharmacological
evidence was provided to suggest that A1 activates TPC2.

3.3.8 Dopamine receptor modulators inhibit A1-mediated Ca2+ signals
Another group of compounds identified as putative TPC2 pore blockers are dopamine
receptor modulators, such as fluphenazine and pimozide (Penny et al., 2019). As
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shown in Fig. 3.3.8(A-C), in cells expressing TPC2LL/AA, following DMSO, A1
induced the expected Ca2+ signals. However, following 10 µM fluphenazine or 10 µM
pimozide treatment, A1 responses were largely reduced. These data were quantified in
Fig. 3.3.8D. Therefore, fluphenazine and pimozide inhibit A1-induced Ca2+ signals,
providing evidence that they are TPC2 blockers and providing further evidence that
A1 activates TPC2.

Figure 3.3.6 Tetrandrine and cepharanthine inhibit A1-mediated Ca2+ signals
(A) Chemical structures of tetrandrine and cepharanthine (http://www.ebi.ac.uk/chembldb)
(B-D) Cytosolic Ca2+ responses to A1 (10 µM) following DMSO (B), tetrandrine (10 µM) (C)
or cepharanthine (10 µM) (D) in individual HeLa cells transiently expressing TPC2LL/AA. The
bars above graphs indicate the time of addition of the compound, DMSO or tetrandrine or
cepharanthine was added at 90s, A1 was added at 390s. Gray traces represent recordings of all
individual cells and black traces represent the population average.
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(E) Data quantifying magnitudes of Ca2+ responses to A1 following the indicated treatment.
Each plot point represents one experiment (n=3-12); * P<0.05 ** P<0.01 were determined by
Kruskal-Wallis H test.

Figure 3.3.7 Estrogen receptor modulators inhibit A1-mediated Ca2+ signals
(A-D) Cytosolic Ca2+ responses to A1(10 µM) following DMSO (A), raloxifene (10 µM) (B),
clomifene (10 µM) (C) or tamoxifen (10 µM) (D) in individual HeLa cells transiently
expressing TPC2LL/AA. The bars above graphs indicate the time of addition of the compound,
DMSO or raloxifene or clomifene or tamoxifen was added at 90s, A1 was added at 390s. Gray
traces represent recordings of all individual cells and black traces represent the population
average.
(E) Data quantifying magnitudes of Ca2+ responses to A1 following the indicated treatment.
Each plot point represents one experiment (n=1-9); ** P<0.01 was determined by
independent-samples t-tests.
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Figure 3.3.8 Dopamine receptor modulators inhibit A1-mediated Ca2+ signals
(A-C) Cytosolic Ca2+ responses to A1 (10 µM) following DMSO (A), fluphenazine (10 µM)
(B) or pimozide (10 µM) (C) in individual HeLa cells transiently expressing TPC2LL/AA. The
bars above graphs indicate the time of addition of the compound, DMSO or fluphenazine or
pimozide was added at 90s, A1 was added at 390s. Gray traces represent recordings of all
individual cells and black traces represent the population average.
(D) Data quantifying magnitudes of Ca2+ responses to A1 following the indicated treatment.
Each plot point represents one experiment (n=3-8); * P<0.05 was determined by one-way
ANOVA.

3.3.9 Statins do not inhibit A1-mediated Ca2+ signals
To further interrogate A1 action, I sought essential negative controls. The screening
strategy, which combined the data from the TPC2 virtual screen and Ebola screens,
not only identified SERMs and dopamine receptor modulators as candidate TPC2
blockers, but also hinted that some drugs are unlikely to be TPC2 blockers (Penny et
al., 2019). These included statins which are a class of HMG-CoA reductase inhibitors.
As shown in Fig. 3.3.9A, statins rank relatively high in the TPC2 structure-based
screen with 80% of statins from the library of FDA-approved drugs ranked within the
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top 200. However, given that they were not very effective in blocking Ebola infection,
they were not identified as candidate TPC2 blockers. Statins therefore might serve as
potential negative controls for the study on A1. I tested a number of statins against A1induced Ca2+ signals in cells expressing TPC2LL/AA, including simvastatin, cerivastatin
and lovastatin. As shown in Fig. 3.3.9B, A1 induced Ca2+ signals in DMSO treated
cells. Comparable Ca2+ signals by A1 were detected in cells treated with any of the
statins (Fig. 3.3.9C-E) when incubated at 10 µM for 5 minutes. Statins did not affect
the magnitude of A1-induced Ca2+ signals (Fig.3.3.9F). Taken together, statins may
not be TPC2 blockers.

A
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Figure 3.3.9 Statins do not inhibit A1-mediated Ca2+ signals
(A) Summary of statins’ rank in the TPC2 virtual screen (Penny et al., 2019) and effects on
Ebola infectivity (Johansen et al., 2015; Kouznetsova et al., 2014)
(B-E) Cytosolic Ca2+ responses to A1 (10 µM) following DMSO (B), simvastatin (10 µM) (C),
cerivastatin (10 µM) (D) or lovastatin (10 µM) (E) in individual HeLa cells transiently
expressing TPC2LL/AA. The bars above graphs indicate the time of addition of the compound,
DMSO or simvastatin or cerivastatin or lovastatin was added at 90s, A1 was added at 390s.
Gray traces represent recordings of all individual cells and black traces represent the
population average.
(F) Data quantifying magnitudes of Ca2+ responses to A1 following the indicated treatment.
Each plot point represents one experiment (n=3-7); n.s. not statistically significant was
determined by one-way ANOVA.
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3.3.10 Tetrandrine, raloxifene and fluphenazine at 10 µM do not inhibit
TRPML1-mediated Ca2+ signals upon acute treatment
Having observed that tetrandrine and the recently identified TPC2 pore blockers,
raloxifene and fluphenazine, blocked A1-induced Ca2+ signals, I went on to study their
selectivity for TPC2. To do this, the effects of tetrandrine, raloxifene and fluphenazine
on TRPML1DNC-mediated Ca2+ signals were examined. To activate TRPML1DNC, I
utilized ML-SA1. As shown in Fig. 3.3.10A and B, ML-SA1 responses were
concentration dependent. I chose a sub-maximal concentration (3.16 µM) of ML-SA1
to study the effects of the drugs on TRPML1 signalling. As shown in Fig. 3.3.10 (CE), following DMSO, ML-SA1 induced Ca2+ signals in cells expressing TRPML1DNC.
The signals were also detected after the cells were exposed to 10 µM tetrandrine,
raloxifene or fluphenazine for 5 minutes. Quantification revealed that the magnitude
of response to ML-SA1 following treatment with these drugs were not statistically
different from that following DMSO. In comparison, A1-induced Ca2+ signals in cells
expressing TPC2LL/AA were largely reduced under the same drug treatment conditions
(i.e. 10 µM for 5 minutes) (Fig. 3.3.10C-E). Taken together, these data indicate that
tetrandrine, raloxifene and fluphenazine have a selective action on TPC2 over
TRPML1.
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Figure 3.3.10 Tetrandrine, raloxifene and fluphenazine at 10 µM do not inhibit
TRPML1-mediated Ca2+ signals upon acute treatment
(A) Average cytosolic Ca2+ responses (mean of individual cells in one experiment) to MLSA1 of a range of concentrations in HeLa cells transiently expressing TRPML1DNC. The bar
above graph indicates the time of addition of the compound, which was at 90s.
(B) Concentration-response curve showing magnitude of ML-SA1-induced Ca2+ responses in
A.
(C-E) Left panel: the effect of tetrandrine (10 µM) (C), raloxifene (10 µM) (D) and
fluphenazine (10 µM) (E) on cytosolic Ca2+ responses to ML-SA1 (3.16 µM) in cells
transiently expressing TRPML1DNC compared to the DMSO control. Data presented as mean
± S.E.M, from 3 independent experiments.
(C-E) Middle panel: the effect of tetrandrine (10 µM) (C), raloxifene (10 µM) (D) or
fluphenazine (10 µM) (E) on cytosolic Ca2+ responses to A1 (10 µM) in cells transiently
expressing TPC2LL/AA compared to the DMSO control. Data are same as those in Fig. 3.3.63.3.8 but presented as mean ± S.E.M, from 3-12 independent experiments.
(C-E) Right panel: pooled data quantifying magnitude of Ca2+ responses to ML-SA1 or A1 in
the absence and presence of tetrandrine (C), raloxifene (D) or fluphenazine (E). * P<0.05
** P<0.01 were determined by independent-samples t-tests.
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3.3.11 A1 and H07 mediate Ca2+ release in cells transiently expressing
lysosomal TPC2 but not in cells expressing pore-mutant lysosomal
TPC2
Through using PM TPC2, A1 and H07 have been identified as TPC2 activators. Given
that lysosomes but not the PM are TPC2 native localization, one crucial test is to test
whether A1 and H07 can activate lysosomal TPC2 to induce Ca2+ release. To study
this, I transfected cells with TPC2 or pore-mutant TPC2 (TPC2L265P) with their endolysosomal targeting sequences intact. TPCs were fused with the genetically encoded
Ca2+ indicator, GCaMP6s, at their cytosolic C-termini. GCaMP6s is expected to
measure Ca2+ levels near surface of the Ca2+ stores. All experiments with GCaMP6s
were performed in the absence of extracellular Ca2+ to ensure signals were derived
from Ca2+ stores only. When examined by confocal imaging, TPC2 GCaMP6s
displayed some degree of punctate distribution (Fig. 3.3.11A). Similar to TPC2
GCaMP6s, a proportion of TPC2L265P GCaMP6s also has punctate distribution
(Fig.3.3.11B). As shown in Fig. 3.3.11C, A1 and H07 induced Ca2+ signals in cells
expressing TPC2 GCaMP6s. The responses to A1 (30 µM) were larger than the
responses to H07 (60 µM). In comparison, neither A1 nor H07 induced Ca2+ signals
in cells expressing TPC2L265P GCaMP6s (Fig.3.3.11D), but subsequent addition of
ionomycin induced robust responses. Quantification of A1 and H07 responses in cells
expressing control or pore-mutant TPC2 GCaMP6s are shown in Fig.3.3.11E. Taken
together, these data indicate that A1 and H07 activate lysosomal TPC2 to induce poredependent Ca2+ release and are therefore cell-permeable.
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Figure 3.3.11 A1 and H07 mediate Ca2+ release in cells expressing lysosomal
TPC2 but not in cells transiently expressing pore-mutant lysosomal TPC2
(A and B) Confocal images of HeLa cells transiently expressing TPC2 GCaMP6s (A) or
TPC2L265P GCaMP6s (B). Scale bar = 10 µm. The fluorescence intensity plot on the right hand
corresponds to the dashed line.
(C) Cytosolic Ca2+ responses to A1 (30 µM) or H07 (60 µM), and then to ionomycin (Iono.)
(2 µM) in individual HeLa cells transiently expressing TPC2 GCaMP6s, in the absence of
extracellular Ca2+. Cells were immersed into Ca2+-free HBS at 30s. The bars above graphs
indicate the time of addition of the compound, A1 or H07 was added at 120s, Iono. was added
at 390s. Gray traces represent recordings of all individual cells and black traces represent the
population average.
(D) Cytosolic Ca2+ responses to A1 (30 µM) or H07 (60 µM), and then to Iono. (2 µM) in
individual HeLa cells transiently expressing TPC2L265P GCaMP6s, in the absence of
extracellular Ca2+.
(E) Data quantifying magnitude of Ca2+ responses to A1 or H07 in cells expressing TPC2
GCaMP6s with or without L265P. Each plot point represents one experiment (n=3-4);
* P<0.05 ** P<0.01 was determined by one-way ANOVA.
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3.3.12 A1 and H07 fail to mediate Ca2+ release in cells transiently
expressing lysosomal TRPML1
To examine whether A1 and H07 are selective to activate TPC2 to induce Ca2+ release,
I tested A1 and H07 in cells expressing TRPML1 GCaMP6s. Confocal imaging
revealed that TRPML1 GCaMP6s displayed reticular but not punctate distribution
(Fig.3.3.12A). As shown in Fig. 3.3.12B and D, cells expressing TRPML1 GCaMP6s
did not respond to A1 (30 µM) or H07 (60 µM). However, the cells did respond to
ML-SA1 as robust Ca2+ signals were detected after addition of ML-SA1, confirming
TRPML1 GCaMP6s was functional. As quantified in Fig. 3.3.12C and E, cells
expressing TPC2 GCaMP6s but not TRPML1 GCaMP6s responded to A1 (30 µM)
and H07 (60 µM). Collectively, these data suggest that there is a selective action of
A1 and H07 on TPC2 over TRPML1.

3.3.13 A1 and H07 fail to mediate Ca2+ release in cells transiently
expressing lysosomal TPC1
In humans, there are two TPC isoforms, TPC1 and TPC2, which share similar
structures. To further investigate the selectivity of A1 and H07 for TPC2, I examined
their effects on TPC1. To do this, I employed cells transfected with TPC1 GCaMP6s.
TPC1 GCaMP6s displayed some degree of punctate distribution as revealed by
confocal imaging (Fig.3.3.13A). As shown in Fig. 3.3.13B and D, A1 (30 µM) and
H07 (60 µM) failed to induce Ca2+ signals in cells expressing TPC1 GCaMP6s.
Subsequent addition of ionomycin however induced robust Ca2+ signals. As quantified
in Fig. 3.3.13C and E, the responses to A1 (30 µM) or H07 (60 µM) in cells expressing
TPC1 GCaMP6s were negligible compared to cells expressing TPC2 GCaMP6s.
Taken together, A1 and H07 exhibit selectivity for TPC2 over TPC1.
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Figure 3.3.12 A1 and H07 fail to mediate Ca2+ release in cells transiently
expressing lysosomal TRPML1
(A) Confocal images of HeLa cells transiently expressing TRPML1 GCaMP6s. Scale bar =
10 µm. The fluorescence intensity plot on the right hand corresponds to the dashed line.
(B and D) Cytosolic Ca2+ responses to A1 (30 µM) (B) or H07 (60 µM) (D), and then to MLSA1 (20 µM) in individual HeLa cells transiently expressing TRPML1 GCaMP6s, in the
absence of extracellular Ca2+. Cells were immersed into Ca2+-free HBS at 30s. The bars above
graphs indicate the time of addition of the compound, A1 or H07 was added at 120s, ML-SA1
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was added at 390s. Gray traces represent recordings of all individual cells and black traces
represent the population average.
C and E) Data quantifying magnitudes of Ca2+ responses to A1 (C) or H07 (E) in cells
expressing TRPML1 GCaMP6s or TPC2 GCaMP6s. Each plot point represents one
experiments (n=3-4); * P<0.05 *** P<0.001 were determined by independent-samples t-tests.

Figure 3.3.13 A1 and H07 fail to mediate Ca2+ release in cells transiently
expressing lysosomal TPC1
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(A) Confocal images of HeLa cells transiently expressing TPC1 GCaMP6s. Scale bar = 10
µm. The fluorescence intensity plot on the right hand corresponds to the dashed line.
(B and D) Cytosolic Ca2+ responses to A1 (30 µM) (B) or H07 (60 µM) (D), and then to
ionomycin (Iono.) (2 µM) in individual HeLa cells transiently expressing TPC1 GCaMP6s, in
the absence of extracellular Ca2+. Cells were immersed into Ca2+-free HBS at 30s. The bars
above graphs indicate the time of addition of the compound, A1 or H07 was added at 120s,
Iono. was added at 390s. Gray traces represent recordings of all individual cells and black
traces represent the population average.
(C and E) Data quantifying magnitudes of Ca2+ responses to A1 (C) or H07 (E) in cells
expressing TPC1 GCaMP6s or TPC2 GCaMP6s. Each plot point represents one experiments
(n=3); * P<0.05 *** P<0.001 were determined by independent-samples t-tests.
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3.3.14 A1-mediated Ca2+ release is abolished by GPN and partially
reduced by thapsigargin
My data shown above indicate that A1 and H07 can activate TPC2 to induce Ca2+
release. To explore the source of the Ca2+, I investigated the contributions of lysosomes
and the ER. I first studied A1. To assess the contributions of lysosomes, cells
expressing TPC2 GCaMP6s were treated with GPN which is thought to deplete
lysosomal Ca2+ as discussed in Chapter 2. As shown in Fig. 3.3.14 B, GPN induced
small and sustained Ca2+ signals. Following GPN, A1-induced Ca2+ signals were
almost fully blocked (Fig. A, B and D). These data were quantified in Fig. 3.3.14E by
calculating the magnitude of the A1 response after DMSO or GPN treatment. To assess
the contributions of the ER, I used thapsigargin to inhibit SERCA. Thapsigargin
induced transient Ca2+ signals that were larger than those evoked by GPN (Fig. 3.3.14B
and C). Following thapsigargin, A1-induced Ca2+ signals were partially reduced (Fig.
3.3.14A, C and F). The magnitudes of the A1 responses in the presence of DMSO or
thapsigargin were quantified in Fig. 3.3.14G. Taken together, these data indicate that
both lysosomes and the ER contribute to A1-induced Ca2+ signals.

3.3.15 H07-mediated Ca2+ release is abolished by GPN but potentiated
by thapsigargin
To investigate the contributions of lysosomes and the ER to H07-induced Ca2+ signals
in cells expressing TPC2 GCaMP6s, I again used GPN and thapsigargin. As shown in
Fig. 3.3.15 A, B and D and quantified in Fig. 3.3.15E, H07-induced Ca2+ signals were
almost fully blocked upon GPN incubation, indicating involvement of lysosomes.
Strikingly, thapsigargin incubation potentiated H07-induced Ca2+ signals (Fig.
3.3.15A, C, F and G). These data therefore indicate that lysosomes contribute to H07induced Ca2+ signals, and that the ER appears to have a negative impact on H07 Ca2+
signalling.
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Figure 3.3.14 A1-mediated Ca2+ release is abolished by GPN and partially
reduced by thapsigargin
(A-C) Cytosolic Ca2+ responses to A1 (30 µM), and then to ionomycin (Iono. 2 µM) in the
presence of DMSO (A) or GPN (200 µM) (B) or thapsigargin (1 µM) (C) in individual HeLa
cells transiently expressing TPC2 GCaMP6s. Experiments were performed in the absence of
extracellular Ca2+. Cells were immersed into Ca2+-free HBS at 30s. The bars above graphs
indicate the time of addition of the compound, DMSO or GPN or thapsigargin was added at
120s, A1 was added at 720s, Iono. was added at 1080s. Gray traces represent recordings of all
individual cells and black traces represent the population average.
(D) Average cytosolic Ca2+ responses (mean ± S.E.M, from 5-7 independent experiments) to
A1 (30 µM), and then to Iono. (2 µM) in the presence of DMSO or GPN (200 µM).
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(E) Data quantifying A1 responses in D. ** P<0.01 was determined by Mann-Whitney U test.
(F) Average cytosolic Ca2+ responses (mean ± S.E.M, from 8-10 independent experiments) to
A1 (30 µM), and then to Iono. (2 µM) in the presence of DMSO or thapsigargin (1 µM).
(G) Data quantifying A1 responses in F. * P<0.05 was determined by independent-samples ttests.

Figure 3.3.15 H07-mediated Ca2+ release is abolished by GPN but potentiated by
thapsigargin
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(A-C) Cytosolic Ca2+ responses to H07 (60 µM), and then to ionomycin (Iono. 2 µM) in the
presence of DMSO (A) or GPN (200 µM) (B) or thapsigargin (1 µM) (C) in individual HeLa
cells transiently expressing TPC2 GCaMP6s. Experiments were performed in the absence of
extracellular Ca2+. Cells were immersed into Ca2+-free HBS at 30s. The bars above graphs
indicate the time of addition of the compound, DMSO or GPN or thapsigargin was added at
120s, H07 was added at 720s, Iono. was added at 1080s. Gray traces represent recordings of
all individual cells and black traces represent the population average.
(D) Average cytosolic Ca2+ responses (mean ± S.E.M, from 3-4 independent experiments) to
H07 (60 µM), and then to Iono. (2 µM) in the presence of DMSO or GPN (200 µM).
(E) Data quantifying A1 responses in D. * P<0.05 was determined by independent-samples ttests.
(F) Average cytosolic Ca2+ responses (mean ± S.E.M, from 5-7 independent experiments) to
H07 (60 µM), and then to Iono. (2 µM) in the presence of DMSO or thapsigargin (1 µM).
(G) Data quantifying A1 responses in F. ** P<0.01 was determined by independent-samples
t-tests.

3.3.16 A1 and H07 mediate Ca2+ release in non-transfected cells
Investigations on A1 and H07 so far have relied on TPC2 overexpression. To study
whether A1 and H07 act on endogenous TPC2, I examined their effects on cytosolic
Ca2+ in untransfected HeLa cells labelled with Fura-2. As shown in Fig. 3.3.16A, 10
µM A1 appeared to induce modest Ca2+ signals. The response to A1 tended to increase
as concentration increased. 30 µM A1 was able to induce conspicuous Ca2+ signals.
Similarly, H07 induced Ca2+ signals as well (Fig. 3.3.16B). However, the response to
H07 was not readily detected until 60 µM. By comparison, 60 µM H07-induced Ca2+
signals were much smaller than those induced by 30 µM A1 (Fig. 3.3.16C), similar to
the results obtained in cells expressing TPC2 GCaMP6s. The experiments in
untransfected HeLa cells were performed in the absence of extracellular Ca2+. Notably,
in certain cases, there were spontaneous Ca2+ signals upon removal of extracellular
Ca2+ (Fig. 3.3.16 A and B). However, such signals did not appear to have an impact
on subsequent agonist responses (Fig.3.3.16A, B and D). Taken together, A1 and H07
induce endogenous Ca2+ release.
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Figure 3.3.16 A1 and H07 mediate Ca2+ release in non-transfected cells
(A) Cytosolic Ca2+ responses to A1 of a range of concentrations in individual HeLa cells in
the absence of extracellular Ca2+. Cells were immersed into Ca2+-free HBS at 60s. The bars
above graphs indicate the time of addition of the compound, which was at 150s. Gray traces
represent recordings of all individual cells and black traces represent the population average.
(B) Cytosolic Ca2+ responses to H07 of 30 µM (left panel) or 60 µM (right panel) in individual
HeLa cells in the absence of extracellular Ca2+.
(C) Data quantifying magnitudes of Ca2+ responses to A1 or H07 of indicated concentrations.
Each plot point represents one experiment (n=1-3); ** P<0.01 was determined by
independent-samples t-tests.
(D) Cytosolic Ca2+ responses to A1 of 30 µM (left panel) or H07 of 30 µM (middle panel) or
H07 of 60 µM (right panel) in individual HeLa cells in the absence of extracellular Ca2+.

122

3.3.17 Endogenous A1-mediated Ca2+ release is inhibited by mutation
of the TPC2 pore and is potentiated in cells transiently expressing
TPC2
In the final set of experiments, I examined whether endogenous TPC2 contribute to
A1-induced Ca2+ signals in non-transfected cells. The modest Ca2+ signals induced by
H07 in non-transfected cells made it difficult to dissect the underlying mechanism for
such Ca2+ signals. I therefore focused on A1. To do this, I tested A1 in cells transfected
with LAMP1 (to serve as a control) or the TPC2 pore-mutant (TPC2L265P) which can
function in a dominant-negative manner (Brailoiu, Rahman, et al., 2010; Sakurai et al.,
2015). As shown in Fig. 3.3.17A, 30 µM A1 induced Ca2+ signals in cells expressing
LAMP1, similar to its activity in untransfected cells (Fig.3.3.16). In cells expressing
TPC2L265P, A1 Ca2+ signals were largely reduced compared to LAMP1 control cells
(Fig.3.3.17A and B). Thus, endogenous TPC2 is likely to be required for A1 action.
In addition, I also tested A1 in cells overexpressing TPC2 or TRPML1. As shown in
Fig. 3.3.17A and C, cells overexpressing TPC2 responded quicker to A1 than cells
expressing LAMP1. Cells overexpressing TRPML1 responded to A1 in a manner akin
to cells expressing LAMP1 (Fig.3.3.17 A and D).
All data were quantified by calculating magnitude and also the time to peak (Fig.
3.3.17E and F). I segregated the data into transfected (GFP-positive) cells and nontransfected (GFP-negative) cells. As shown in Fig. 3.3.17E, compared to LAMP1positive cells, there was a smaller magnitude of the responses in cells overexpressing
TPC2L265P but not TPC2 or TRPML1. There was no difference in the GFP-negative
cells in all of the conditions. The time taken for the A1 signal to peak was quantified
in Fig. 3.3.17F. Compared to LAMP1- positive cells, there was a reduced time to peak
in cells overexpressing TPC2 but not TRPML1 or TPC2L265P. Again, there was no
difference between LAMP1-negative cells with other negative cells in time taken for
the signal to peak.
Collectively, these data indicate that A1 likely activates endogenous TPC2.

123

Figure 3.3.17 Endogenous A1-mediated Ca2+ release is inhibited by mutation of
the TPC2 pore and is potentiated in cells transiently expressing TPC2
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(A-D) Cytosolic Ca2+ responses to A1 (30 µM) in individual HeLa cells transiently expressing
LAMP1 (A), TPC2L265P (B), WT TPC2 (C) or WT TRPML1 (D) in the absence of extracellular
Ca2+. Cells were immersed into Ca2+-free HBS at 30s. The bars above graphs indicate the time
of addition of the compound, which was at 120s. Gray traces represent recordings of all
individual cells and black traces represent the population average.
(E and F) Summary data quantifying magnitudes of Ca2+ responses (E) and time taken to reach
signal peak (F) after A1 stimulation following the indicated conditions. Each plot point
represents average results from all GFP-positive or GFP-negative cells in one experiment
(n=3-9); n.s. not statistically significant * P<0.05 ** P <0.01 were determined by one-way
ANOVA.

3.4 Discussion
TPCs are ion channels of physiological and pathophysiological importance (Davis et
al., 2012; Gómez-Suaga et al., 2012; Grimm et al., 2014; Hockey et al., 2015; Sakurai
et al., 2015). It is therefore important to have chemicals that modulate TPCs. They can
be used as research tools for characterization of TPCs and in the long term, they may
have the potential to be developed into therapeutics for diseases. However, the
pharmacology of TPCs is limited. To fill this gap, efforts have been made to search
for novel TPC modulators. In this chapter, I have validated and characterized novel
TPC2 agonists and inhibitors. Work related to this analysis has been published recently
(Gerndt et al., 2020; Penny et al., 2019).
Due to the endo-lysosomal localization of TPCs and the impermeability of NAADP
and PI(3,5)P2, characterization on TPCs is not easy to perform, requiring complex
techniques (e.g. microinjection). To tackle the problem, Grimm and colleagues have
pursued cell-permeable TPC activators (Gerndt et al., 2020). Targeting of TPC2 to the
PM, achieved by mutation of the N-terminal di-leucine motif, supports robust Ca2+
entry in response to NAADP (Brailoiu, Rahman, et al., 2010). By screening 80,000
natural and synthetic compounds against cells stably expressing PM TPC2, Grimm
and colleagues identified A1 and H07 as likely TPC2 activators as they induced Ca2+
signals (Gerndt et al., 2020). In agreement, using the same cell line, I observed dosedependent Ca2+ signals (Fig.3.3.2A and B). Driven by this, I performed further
validation tests. TPC2 with the L265P mutation is known to be a “pore-dead” channel
as it no longer supports NAADP Ca2+ signalling and channel activity (Brailoiu,
125

Rahman, et al., 2010; Lin-Moshier et al., 2014; Sakurai et al., 2015). A lack of action
of A1 or H07 upon L265P mutation (Fig.3.3.4C and G) thus indicates that their Ca2+
activities require a functional TPC2 pore. At the PM, the luminal side of TPC2 faces
the extracellular medium. Accordingly, Ca2+ signals through NAADP-activated PM
TPC2 are a result of Ca2+ influx (Brailoiu, Rahman, et al., 2010). Similarly, A1 and
H07 also induced Ca2+ influx with PM TPC2 (Fig.3.3.4D and H). Taken together, my
first set of experiments using PM TPC2 uncover a pore-dependent action of A1 and
H07 on TPC2.
Endogenous expression of TPC2 at the PM has not yet been reported. As lysosomes
are the native environment for TPC2 (Brailoiu, Rahman, et al., 2010; Calcraft et al.,
2009; Zong et al., 2009), I designed experiments to examine whether A1 and H07 can
activate lysosomal TPC2 to induce Ca2+ release. I utilized the genetically encoded Ca2+
indicator, GCaMP6s, which has a large dynamic range and a similar or slightly higher
Ca2+ affinity (Kd=144 nM) (Chen et al., 2013) than Fura-2 (Kd=135-224 nM) (Baylor
& Hollingworth, 1988; Grynkiewicz et al., 1985). GCaMP6s was fused to the cytosolic
C-terminus of TPC2 or the pore-mutant TPC2 (TPC2L265P), and thus accumulates
around lysosomes. However, GCaMP6s is unlikely to exclusively record Ca2+ release
from lysosomes given its high Ca2+ affinity. To note, tagging was performed at the Cterminus because the N-terminus contains residues required for lysosomal targeting of
TPC2 (Brailoiu, Rahman, et al., 2010) and Rab7 interaction (Lin-Moshier et al., 2014).
A transient increase in GCaMP6s fluorescence by A1 or H07 was observed in cells
expressing TPC2 GCaMP6s but not TPC2 GCaMP6s with a “broken” pore
(Fig.3.3.11). Thus, A1 and H07 can activate TPC2 to induce pore-dependent Ca2+
signals, similar to their actions on PM TPC2. In addition, more importantly, these
results reveal that A1 and H07 are cell-permeable. Consistent with this, they are highly
lipophilic with logP values of around 5 (Gerndt et al., 2020). Therefore, compared to
cell-impermeable NAADP and PI(3,5)P2, A1 and H07 can readily access TPC2 in
intact cells. This is of major significance as this can largely reduce the difficulty in
characterizations on TPCs. In addition, use of A1 or H07 in intact cells also minimises
the risk of losing essential proteins that might be required for TPC2 activation (LinMoshier et al., 2012; Walseth et al., 2012). In sum, I demonstrate that A1 and H07 are
cell-permeable TPC2 activators.

126

Aside from being cell-impermeable, PI(3,5)P2 has been shown to bind TRPML1 and
induce TRPML1 currents (Chen et al., 2017; Dong et al., 2010). NAADP may also act
on TRPML1 as NAADP responses were abolished in TRPML1 knockout cells (Zhang
et al., 2009, 2011), although the view is not supported elsewhere (Lloyd-Evans et al.,
2014; Yamaguchi et al., 2011). Considering that TPC activators might also act through
TRPML1, I therefore examined the effects of A1 and H07 on TRPML1. TRPML1 can
also be redirected to the PM upon mutation or deletion of its di-leucine motifs which
are located at both termini (Falardeau et al., 2002; Vergarajauregui & Puertollano,
2006; Yamaguchi et al., 2011; Zeevi et al., 2009) or through increasing constitutive
activity of the channels (i.e. V432P mutation) (Dong et al., 2008, 2009). Here, I used
TRPML1 with deleted di-leucine motifs (TRPML1DNC). PM TRPML1 was functional
as it allowed robust Ca2+ entry when activated by ML-SA1 (Fig.3.3.5). However, it
remained silent in the presence of A1 or H07 Given that TRPML1 primarily localizes
to lysosomes, A1 and H07 were also tested against cells expressing TRPML1
GCaMP6s. Again, although the expressing cells responded well to ML-SA1, they did
not respond to A1 or H07 (Fig.3.3.12B-E). TRPML1 therefore may not be a target for
A1 or H07. However, it should be noted that A1 was only tested with 10 µM and 30
µM and H07 was only tested with 30 µM and 60 µM, the effects of higher
concentrations of A1/H07 (e.g. 100 µM) on TRPML1 should be studied.
I also examined the effect of the compounds on TPC1 which utilize NAADP and/or
PI(3,5)P2 for activation (Cang et al., 2013, 2014; Pitt et al., 2014; Rybalchenko et al.,
2012). In contrast to TPC2, the endo-lysosomal localization of human TPC1 does not
require its di-leucine motifs (Brailoiu, Rahman, et al., 2010). There is no evidence that
human TPC1 can be re-directed to the PM upon mutation, although a proportion of
mouse TPC1 expressed in the PM when transfected into cells (She et al., 2018). Given
A1 and H07 were identified from the screen using human TPC2, I focused my efforts
on human TPC1 fused to GCaMP6s. TPC1 GCaMP6s detected Ca2+ release by
ionomycin, but not A1 or H07 (Fig. 3.3.13B-E). Based on this, A1 and H07 seem to
not activate TPC1, although again it should be noted that A1 was only tested with 30
µM and H07 was only tested with 60 µM.
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When transfected into the cells, a proportion of GCaMP6s-tagged TPC2, pore-mutant
TPC2 (TPC2L265P) or TPC1 have punctate appearance, consistent with localisation to
lysosomes (Bandyopadhyay et al., 2014; Kilpatrick, Yates, et al., 2016). However,
there were also reticulum structures, suggesting some are likely mis-targeted to other
organelles such as the ER. TRPML1 GCaMP6s appeared to be exclusively localized
to the ER. The reason behind the mis-targeting is unclear requiring further
investigations. Lysosomes and the ER have very different luminal pH environments
for their resident ion channels. Lysosomes have luminal pH of 4.5-5 whereas the ER
is neutral. Given that TPC2 and TRPML1 are active when re-directed to the PM where
has a neutral environment (Fig. 3.3.10 and (Brailoiu, Rahman, et al., 2010; Dong et al.,
2008, 2009; Wang et al., 2012; Yamaguchi et al., 2011)), the ER-mis-targeting is
unlikely to interfere with their activation by agonists. For TPC1, although in one study,
TPC1 induced currents at both acidic and neutral pH when activated by PI(3,5)P2
(Wang et al., 2012), while in the other, in the presence of NAADP, TPC1 was active
at acidic but not neutral pH (Rybalchenko et al., 2012). If TPC1 activity is pH-sensitive
perhaps, here, the lack of action of A1 and H07 for TPC1 is due to that TPC1 is inactive
at neutral pH. However, in patch-clamp recording directly onto whole endolysosomes,
compared to PI(3,5)P2, again, A1 and H07 cannot activate TPC1 currents (Gerndt et
al., 2020). Therefore, here, the insensitivity of TPC1 to A1/H07 is unlikely to be
caused by pH, rather, TPC1 may not be a target for the two compounds. Nonetheless,
future works need to establish the luminal pH effects on endo-lysosomal ion channels.
Besides, the localization of GCaMP6s-tagged clones requires to be characterized in
more detail. To achieve this, colocalization analysis should be performed to assess the
percentage of GCaMP6s-tagged clones that overlap with LTR, LAMP1 or EEA1 (an
endosomal marker).
Very recently, through a screening approach followed by electrophysiology analyses,
Zhang and colleagues have also identified a number of novel TPC2 activators,
including tricyclic anti-depressants (TCAs) and riluzole (named as Ly-NA1 by authors)
(Zhang et al., 2019). These compounds require EC50 of 43-112 µM (TCAs) or 180 µM
(riluzole) for activation and thus less potent than A1 and H07 (Gerndt et al., 2020,
Fig.3.3.2A and B). Neither TCAs nor riluzole affect TRPML1 activity. However, they
act through TPC1. For example, some TCAs can activate TPC1 in a voltage-dependent
manner with EC50 of 10-27 µM, including clomipramine and desipramine. The other
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TCAs, such as chlorpramine, and riluzole have been shown to inhibit TPC1. It is
interesting to note, structurally, clomipramine and desipramine (activate TPC1) are
similar but slightly different from chlorpramine (inhibit TPC1). Structure-activity
relationships are warranted to understanding agonism versus antagonism of these
compounds. Together, TCAs and riluzole are non-selective TPC modulators with
complex effects on channel activity (Zhang et al., 2019), while A1 and H07 seems to
be highly selective TPC2 activators.
The ability of A1 and H07 to activate recombinant TPC2 to induce Ca2+ signals led
me to hypothesize that they activate native (endogenous) TPC2. In non-transfected
HeLa cells that likely express TPC2 (Sakurai et al., 2015), in the absence of
extracellular Ca2+, A1 and H07 induced dose-dependent Ca2+ release albeit small
(Fig.3.3.16). This indicates that they possess endogenous Ca2+ activity. To determine
the underlying mechanism, A1 was studied in cells expressing GFP-tagged poremutant TPC2 (TPC2L265P) that is also known to behave in a dominant-negative manner
(Brailoiu, Rahman, et al., 2010; Penny & Patel, 2015; Sakurai et al., 2015).
Additionally, A1 was also tested in cells overexpressing TPC2 or TRPML1. In control
experiments, cells were transfected with LAMP1, an inert protein. Compared to A1
signals in the presence of LAMP1, the signals in the presence of mutant TPC2 were
largely reduced (Fig.3.3.17A, B and E). Conversely, the signals were promoted by
overexpression of TPC2 but not TRPML1 (Fig. 3.3.17A-F), further supporting a
selective action of A1 on TPC2 over TRPML1. Importantly, this set of data reveals
that A1 is likely to action through endogenous TPC2. Such an ability of A1 is
important as this could propel TPC2 research. For example, A1 could be applied to
investigate the physiological and pathological roles of TPC2, just like ML-SA1 which
has been used for probing TRPML1 signalling (Kilpatrick, Yates, et al., 2016; Shen et
al., 2012). Furthermore, ML-SA1-induced endogenous Ca2+ signals are highly variable
(Kilpatrick, Yates, et al., 2016), this may indicate why overexpression is required to
investigate the physiological or disease relevance of TRPML1 Ca2+ responses. In
comparison, A1-induced endogenous Ca2+ signals are relatively consistent, so for
similar investigations on TPC2, overexpression could be omitted. In this regard, A1
seems to be a better probe. To further validate that A1 activates endogenous TPC2,
future works could assay A1 in TPC2 KO cells (Grimm et al., 2014; Ruas et al., 2015)
or in cells depleted of TPC2 by siRNA (Hockey et al., 2015). For H07, its modest
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endogenous Ca2+ signal is challenging. To facilitate investigations on underlying
mechanism, future works should consider using cells expressing the M484L gain-offunction variant of TPC2 (Chao et al., 2017).
TPCs were initially recognized as NAADP-gated Ca2+ permeable channels (Brailoiu
et al., 2009; Calcraft et al., 2009; Zong et al., 2009). But other studies showed that
TPCs were Na+ channels activated by PI(3,5)P2 not NAADP (Cang et al., 2013; Wang
et al., 2012). There are also studies that link TPCs to both NAADP and PI(3,5)P2
activity (Grimm et al., 2014; Jha et al., 2014; Ruas et al., 2015), raising a co-regulation
idea (reviewed in (Patel, 2015)). The ion selectivity of TPCs, however, is still hotly
debated. Based on certain electrophysiology studies, TPCs are non-selective Ca2+permeable channels (Grimm et al., 2014; Pitt et al., 2014; Ruas et al., 2015), while
others indicate that TPCs are highly selective for Na+ with little Ca2+ permeability
(Cang et al., 2014; Guo et al., 2017; She et al., 2019; Wang et al., 2012). In this chapter,
regardless of TPC2’s localization (at the PM or on the membrane of intracellular
compartments), A1 or H07 induced consistent increases in cytosolic Ca2+ level. Thus,
this confirms the Ca2+ permeability of TPC2 in a cellular environment.
It is notable that, although both A1 and H07 activate TPC2 to induce Ca2+ signals,
their effects on mobilizing Ca2+ appear to be different. First, in cells expressing PM
TPC2, there was a greater Ca2+ responses to A1 than to H07 at 10 µM and 30 µM,
respectively (Fig3.3.2A and B). In addition to that, strikingly, there was an apparent
delay in H07- but not A1-induced Ca2+ signals - a delay that persisted even at the
relatively high concentration of H07 (Fig.3.3.2C-E). The reason for the delay is
unclear, but this indicates a kinetic difference between the Ca2+ signals by A1 and H07.
Secondly, in cells expressing TPC2 GCaMP6s, A1 at 30 µM induced larger Ca2+
signals than H07 at 60 µM (Fig.3.3.11 C and E). Consistent with this was the far
smaller ionomycin Ca2+ signals after A1 compared to that after H07. A1 therefore
mobilized a greater fraction of the stores mobilized by ionomycin. Finally, in native
(non-transfected) cells, A1, again, induced greater Ca2+ signals than H07 (Fig.3.3.16).
Therefore, in all three contexts, A1 tends to mobilize more Ca2+ than H07. But what
could be the causes? Through patch-clamp technique, interestingly, Gerndt et al., 2020
have observed that H07 induced bigger Na+ currents than A1 in endo-lysosomes
derived from cells overexpressing TPC2. Accordingly, the cause is unlikely to be that
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H07 has a low efficacy for TPC2 than A1. Also, H07 is more lipophilic than A1 with
a logP value of 5.35 (H07) vs. 4.56 (A1) (Gerndt et al., 2020). Therefore reduced
activity is not due to H07 being less cell-permeable and unable to reach the same
intracellular concentrations as A1. Since there is no evidence that the ability of H07 to
“access” TPC2 is worse than A1, rather it could be better, it is reasonable to consider
that TPC2 itself might be the cause for the differential effects of the agonists on
mobilizing Ca2+. Therefore, one hypothesis is that TPC2 is more permeable to Ca2+
when activated by A1 than by H07, that is, ion selectivity through TPC2 is agonistdependent. This hypothesis will be studied and discussed in detail in chapter 4.
Ca2+ release from lysosomes is known to “trigger” further Ca2+ release from the ER
likely through MCSs (Kilpatrick et al., 2013; Patel & Brailoiu, 2012; Penny et al.,
2014). A key feature of NAADP is that it utilizes the “trigger” hypothesis for Ca2+
signalling (Cancela et al., 1999; Kinnear et al., 2004; Morgan, 2016). In cells
expressing TPC2 GCaMP6s, A1-induced Ca2+ release was inhibited by both GPN and
thapsigargin (Fig.3.3.14). A1 therefore recruits both lysosomes and the ER stores for
signalling. GPN has recently been questioned for its action on lysosomes (Atakpa et
al., 2019). In previous chapter, I showed that lysosomes are GPN primary targets.
Given that GPN’s effect on A1 is more pronounced than thapsigargin, lysosomes
therefore might be the origin of the A1 signals. H07 signals were eliminated by GPN
as well (Fig.3.3.15), indicating that H07 recruits lysosomal stores to induce Ca2+
release. However, strikingly, such signals were potentiated by thapsigargin (fig.3.3.15).
Although this meant the ER is not the Ca2+ source for H07 signals, what could be the
reason behind such potentiation? It has been reported that lysosomes sequester Ca2+
released from the ER (Atakpa et al., 2018; López-Sanjurjo et al., 2013). Namely, after
thasigargin treatment, lysosomes should store more Ca2+. Thus, for H07, following
thapsigargin, more Ca2+ can be mobilized from lysosomes. As A1 also requires ER
Ca2+ for signalling, thapsigargin therefore did not potentiate A1 signals. The findings
that A1 but not H07 mobilize ER Ca2+ is not unexpected, given that A1 signals
resembled the larger thapsigargin signals while H07 signals resembled the smaller
GPN signals. The larger Ca2+ release by A1 than H07 therefore might be partially due
to selective coupling to the ER. To note, the reason to say “partially” is because the
“ER coupling” cannot explain the differential Ca2+ responses by A1 and H07 in cells
expressing PM TPC2 that is functionally isolated from the ER (Brailoiu, Rahman, et
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al., 2010). Therefore, the larger Ca2+ release by A1 than H07 might also be caused by
A1 mobilizing more lysosomal Ca2+ than H07. To investigate this, GCaMP6s is not
ideal as it also detects Ca2+ from the ER (evidence by thapsigargin responses),
consistent with its high Ca2+ binding affinity (Chen et al., 2013; Lock et al., 2015).
Therefore, a low Ca2+ binding affinity probe would be better, such as GECO1.2 (Davis
et al., 2020). Finally, it is worth to mention that given that GPN functions differently
from thapsigargin and it largely abolished A1 and H07 signals, here, the action of GPN
on lysosomes has been further supported.
Regarding TPC inhibitors, among a limited number of inhibitors, tetrandrine is the
most potent one (Sakurai et al., 2015). Here, tetrandrine inhibited A1-induced Ca2+
signals in cells expressing PM TPC2, providing the first pharmacological evidence
that A1 activates TPC2 (Fig.3.3.6B, C and E). Conversely, the results indicate that A1
signalling can be used as a platform for identification of potential TPC2 blockers. With
the help of A1, tetrandrine’s analogue, cepharanthine has been recognized as a TPC2
blocker (Fig.3.3.6). Given that cepharanthine and tetrandrine belong to a large family
of structurally close bisbenzylisoquinoline (BBIQ) alkaloids (Bailly, 2019), perhaps,
other BBIQ alkaloids also function as TPC blockers. Favouring this, in 2018,
Gunaratne’s team found BBIQ alkaloids (e.g. tetrandrine and fangchinoline) can
effectively inhibit TPC-dependent MERS pseudovirus translocation, and this
correlated well with their inhibitory effects on NAADP signalling (Gunaratne, Yang,
et al., 2018). However, to note, BBIQ alkaloids carry two coclaurine units which can
be joined head-to-head (e.g. tetrandrine) or head-to-tail (e.g. tubocurarine), those
(including tetrandrine and fangchinoline) have a clear impact on the translocation of
MERS pseudovirus are “head-to-head” formed BBIQ alkaloids. While the “head to
tail” formed BBIQ failed to impair the translocation. Interestingly, cepharanthine also
belongs to the “head-to-head” BBIQ alkaloids group (Bailly, 2019). Given the above,
BBIQ alkaloids might block TPC depending on their chemical structures. Analysis of
structure-activity relationship therefore is needed for better understanding the effects
of BBIQ alkaloids on TPCs.
Although potent, tetrandrine is not selective for TPCs as it also targets multiple Cav
channel isoforms (King et al., 1988; Liu et al., 1991; Sakurai et al., 2015). In fact, few
of TPC blockers are selective to the channel. In addition, some of the blockers might
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have an indirect effect on TPCs, such as Ned-19 and PPADS that are known to affect
NAADP binding (Billington & Genazzani, 2007; Rosen et al., 2009). Also, there are
no approved drugs that target TPCs. To address these shortcomings, our lab therefore
searched for novel TPC blockers (Penny et al., 2019). The strategy was to combine
data from TPC2 pore structure-based screen with data from Ebola screens (Johansen
et al., 2015; Kouznetsova et al., 2014). It has been reported that TPC activity is
required for Ebola infection (Sakurai et al., 2015), the use of Ebola screens therefore
is based on the deduction that anti-Ebola drugs may be TPC inhibitors. Such a strategy
enabled a number of FDA-approved drugs targeting estrogen or dopamine receptors
to be highlighted, for their high ranking and potent anti-Ebola activity. These drugs
selectively blocked NAADP-induced Ca2+ signals in sea urchin egg homogenate. They
also blocked NAADP and PI(3,5)P2-induced channel activity of human TPC2 (Penny
et al., 2019). Moreover, single channel analyses revealed that they are likely pore
blockers (Penny et al., 2019). I therefore used these novel pharmacological tools to
validate A1. Besides, such tests could inform the action of these novel tools on human
TPC2 in intact cells, which remains to be characterized. At 10 µM, after a 5 minute
incubation, the SERMs raloxifene, clomifene and tamoxifen fully inhibited A1
induced Ca2+ signals (Fig.3.3.7), although notably clomifene and tamoxifen were only
tested once or twice. Under the same settings, the dopamine receptor antagonists
(antipsychotics) fluphenazine and pimozide largely reduced A1-induced Ca2+ signals
(Fig.3.3.8). Collectively, the idea that A1 is a TPC2 activator is further evidenced.
Also, these data confirm the tested drugs are likely TPC2 blockers in intact cells.
Ebola entry is a complex process (Sakurai et al., 2015). After binding to certain cell
surface proteins (Alvarez et al., 2002; Kondratowicz et al., 2011), the virus is
internalized through macropinocytosis, followed by trafficking through the
endolysosomal system where the fusion occurs between the virus and membrane. The
genome released into the cells is then replicated. TPCs are proposed to play roles in
the late stage of Ebola entry (Sakurai et al., 2015). Based on this, TPC blockers must
be anti-Ebola drugs, while some anti-Ebola drugs may act through a TPC-independent
mechanism. Of relevant, Ned-19, tetrandrine and catharanthine all can inhibit Ebola
infection (Kouznetsova et al., 2014; Sakurai et al., 2015). Therefore, for those drugs
that ranked highly in TPC2 screen but ineffective in blocking Ebola infection, they are
highly likely false positives that have no effect on TPC2. In this case, I reasoned that
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such drugs could serve be negative controls for the study on A1. Statins rank high in
the virtual screen but had little effect on Ebola infection (Fig.3.3.9A and (Penny et al.,
2019)). I therefore tested simvastatin, cerivastatin and lovastatin on A1 action in cells
expressing PM TPC2, and none of them at 10 µM altered A1 signals (Fig.3.3.9B-F).
Statins therefore could be false positives, and this indirectly confirms that A1 acts
through TPC2. It is important to note, however, here, statins were only tested at one
concentration. Higher concentrations should be examined in future. Nevertheless,
these data together with those showing the effects of TPC inhibitors (i.e. SERMs and
dopamine receptor modulators) on A1 signalling indicate the positive correlation
between TPC inhibition and anti-Ebola activity, proving the effectiveness and
usefulness of Ebola screens in identifying hits for TPCs.
Tetrandrine is known to be a Cav channel blocker (King et al., 1988; Liu et al., 1991).
Like tetrandrine, the novel TPC blockers, including SERMs (raloxifene and tamoxifen)
and dopamine receptor antagonists (fluphenazine and pimozide) have been reported to
target at Cav channel (Borg et al., 2002; Sah & Bean, 1994; Wang et al., 2011). This
could reflect that Cav are evolutionally linked to TPCs and to share a common
pharmacological binding site (Rahman et al., 2014). Given this, maybe it is
unavoidable that drugs that affect TPC also additionally affect Cav. However, given
tetrandrine, raloxifene and fluphenazine at 10 µM after a 5 minute incubation did not
inhibit ML-SA1-induced Ca2+ signals in cells expressing PM TRPML1 as they did
inhibit A1 responses in cells expressing PM TPC2 (Fig.3.3.10), these drugs do appear
to be selective for TPC2, at least, over TRPML1. To note, all the drugs were tested on
TPC2 outside its native environment. At the PM, TPC2 is uncoupled from the ER
(Brailoiu, Rahman, et al., 2010), so any effects would reflect a direct effect on the
channel itself. Nonetheless, the drugs should also be tested on TPC2 localized to its
native environment. To do so, future work could assay A1 in cells expressing TPC2
GCaMP6s or on A1’s endogenous signals, which is thought to be TPC2 dependent.
In summary, I demonstrate that A1 and H07 are novel cell-permeable and selective
TPC2 agonists. They activate TPC2 to induce pore-dependent Ca2+ signals, confirming
the Ca2+ permeability of TPC2, an area of contention. A1 and H07 have differential
effects on mobilizing Ca2+ but the reason behind this requires further investigations.
A1 but not H07 coupled to the ER for signalling via activating lysosomal TPC2.
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Moreover, I confirmed that a number of SERMs and dopamine receptor antagonists
are TPC2 blockers, and that they are selective to TPC2 over TRPML1. Given these
new TPC2 activators and blockers, the pharmacology of TPC2 has been largely
expanded.
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Chapter 4: TPC2 activators differentially
activate TPC2 - addressing debate over channel
characteristics.
4.1 Introduction
Compared to other voltage-gated ion channels, our current understanding of TPCs is
just the tip of the iceberg. Even, the basic attributes of TPCs remain to be elucidated.
For example, although being recognized as NAADP-gated Ca2+-permeable channels
(Brailoiu et al., 2009; Brailoiu, Rahman, et al., 2010; Calcraft et al., 2009; Pitt et al.,
2010; Schieder et al., 2010; Zong et al., 2009), this idea has not been confirmed in all
studies. In some studies, TPCs are insensitive to NAADP, instead being activated by
PI(3,5)P2 (Boccaccio et al., 2014; Cang et al., 2013, 2014; Guo et al., 2017; Wang et
al., 2012). There are also studies that found TPCs can be activated by both NAADP
and PI(3,5)P2 (Grimm et al., 2014; Jha et al., 2014; Ogunbayo et al., 2018; Ruas et al.,
2015), proposing a co-regulation model for channel activation by the two stimuli
(reviewed in Patel, 2015). This may in part reconcile the conflicting data on activating
ligands of TPC2 but few studies to date have fully addressed the NAADP/PI(3,5)P2
controversy. Additionally, NAADP appears to have a more complicated mechanism
of action than PI(3,5)P2. Photo-affinity labelling studies have revealed an indirect
action of NAADP on TPCs requiring binding to putative small accessory binding
proteins (Lin-Moshier et al., 2012; Walseth et al., 2012). The identity of such proteins
is under active investigations. In contrast, structural insights into MmuTPC1 and
HsaTPC2 have uncovered that PI(3,5)P2 activates the channel via direct binding to
residues seated in the IS4-IS5 linker (She et al., 2018, 2019). To confuse matters
further, TPC is non-selective and Ca2+-permeable in some cases (Grimm et al., 2014;
Jha et al., 2014; Ruas et al., 2015), while highly Na+ selective (little Ca2+ permeability)
in others (Guo et al., 2017; She et al., 2018; Wang et al., 2012). The ion selectivity of
TPC thus is a major conundrum. Finally, as TPCs are localized to acidic organelles,
TPCs are likely to be regulated by luminal pH. Indeed, this has been noted in a number
of studies, but the exact effect is equivocal (see Table 4.1). Also, there is case where
pH seems to have no effect on TPCs (Wang et al., 2012). Taken together, the gating
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mechanism, ion selectivity and pH regulation of TPCs are debated and remain to be
resolved.
Table 4.1 Summary of pH regulation of TPCs
Paper

Channel Activator

Method (Patch-

Regulation

clamp technique)
Pitt et al.,

TPC2

NAADP

2010

Schieder et

TPC2

NAADP

al., 2010

Purified channel

Acidic pH (4.8)

incorporated into

reduced channel

lipid bilayers

open probability

Enlarged lysosomes

Inhibited at neutral

transfected with

luminal pH (7.4)

channel
Brailoiu,

TPC2

Redirected channel

Active at neutral

Rahman, et

to the plasma

“luminal” pH (7.4)

al., 2010

membrane

Rybalchenko TPC1

NAADP

NAADP

et al., 2012

Purified channel

Inhibited at neutral

incorporated into

luminal pH (7.4)

lipid bilayers
Wang et al.,

TPC1

2012

PI(3,5)P2

i) Enlarged

Both TPC1 and

and

lysosomes

TPC2 are activate

TPC2

transfected with

at neutral and

channel

acidic pH

ii) Redirected
channel to the
plasma membrane
Cang et al.,
2014

TPC1

PI(3,5)P2

Enlarged lysosomes

Slightly reduced at

transfected with

acidic pH 4.6, but

channel

activated at pH 5.6
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Jha et al.,

TPC2

PI(3,5)P2

2014

Enlarged lysosomes

Luminal pH

transfected with

change from

channel

neutral (7.4) to
acidic (6.5) had no
effect on TPC2
current (note: in
the absence of
luminal Mg2+)

In chapter 3, A1 and H07 were identified as novel cell-permeable TPC2 activators. My
findings confirm the Ca2+ permeability of TPC2, an area of contention as mentioned
above. But their differential effects on elevating Ca2+ raise the intriguing possibility
that the ion selectivity of TPC2 is not fixed but malleable depending on its activating
ligand. If the hypothesis is validated, there is reason to suspect that other properties of
TPC2 (e.g. gating mechanism and pH regulation) could be agonist-specific as well. In
other words, “different” agonists confer TPC2 with different properties thereby
resolving controversy. Therefore, in this chapter, I further characterized A1 and H07
with the aim to address conflicting reports on ion selectivity, activation mechanism
and pH regulation of TPC2.

4.2 Methods
4.2.1 Cell culture
HeLa cells and HEK293 cells stably expressing TPC2LL/AA were cultured and plated
for imaging as described in chapter 3.

4.2.2 Transfection
HeLa cell transfection was performed as described in chapter 3.
Plasmids used are listed below
Table 4.2 Plasmids
Name

Tag

Reference

PM TPC2 (TPC2LL/AA)

mRFP or GFP

(Brailoiu, Rahman, et al., 2010)

TPC2 WT

GCaMP6s

(Gerndt et al., 2020)
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PM

TRPML1 GFP

(Yamaguchi et al., 2011)

(TRPML1ΔNC)
TRPML1 WT

GCaMP6s

(Gerndt et al., 2020)

K203A PM TPC2

GFP

(She et al., 2019)

GFP

(She et al., 2019)

GFP

(She et al., 2019)

GCaMP6s

(Gerndt et al., 2020)
(see 4.2.3)

GFP

Unpublished
(see 4.2.3)

(TPC2LL/AA, K203A)
K204A PM TPC2
(TPC2LL/AA, K204A)
K207A PM TPC2
(TPC2LL/AA, K207A)
K204A TPC2
(TPC2K204A)
H527A PM TPC2
(TPC2LL/AA, H527A)

4.2.3 Site-directed mutagenesis
TPC2K204A GCaMP6s and TPC2LL/AA,

H527A

GFP were generated by site-directed

mutagenesis (SDM) from TPC2 GCaMP6s and TPC2LL/AA GFP), respectively.
Mutagenic

primers

were

designed

using

NEB

base

changer

(http://nebasechanger.neb.com/#).
Mutagenic primers
TPC2K204A

Forward 5’ -TATGATGAAGGCGACCTTGAAATGCATCCG- 3’

GCaMP6s

Primer
Reverse

5’ -GAGGAGTTCTGCAGCAGG- 3’

Primer
TPC2LL/AA, Forward 5’ -CCGATTGCCAGCCCCAGGCTGGA- 3’
H527A

Primer

GFP

Reverse

5’ -TACACAGCCAGAGTTGAG- 3’

Primer
SDM was carried out using the Q5 Site-Directed Mutagenesis Kit (E0552S), according
to the manufacturer’s instructions. The generated PCR product was treated with Dpnl
to remove the parental plasmids, and followed by transformation into XL10 gold
competent cells. Plasmids were isolated using the Monarch Plasmid DNA miniprep
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Kit (NEB #T1010), according to the manufacturer’s instructions. Plasmids were
sequenced in both directions to confirm the mutations.

4.2.4 Media for imaging
HEPES-buffered saline (HBS) was used in live-cell imaging experiments as described
in chapter 2. For some experiments, modified HBS or MES-buffered saline (MBS)
was used as detailed below.
Media

HBS

Ca2+- free HBS Na+-free HBS

MBS

Composition

HEPES

HEPES (10),

HEPES (10),

MES (10),

(mM)

(10),

KH2PO4

KH2PO4 (1.25),

KH2PO4

KH2PO4

(1.25),

MgSO4 (2),

(1.25),

(1.25),

MgSO4 (2),

KCl (3),

MgSO4 (2),

MgSO4 (2),

KCl (3),

KCl (3),

KCl (3),

NaCl (156),

N-methyl-Dglucamine
(NMDG) (156),

NaCl (156),

Glucose (10),

Glucose

pH = 7.4 by

(10),

HCl

CaCl2 (2)

described

(as
in

Glucose (10),
CaCl2 (2)
pH = 7.4 by HCl

NaCl (156),
Glucose (10),
CaCl2 (2)
pH = 5.5 by
NaOH

pH = 7.4 by chapter 2)
HCl

(as

described in
chapter 2)

4.2.5 Epifluorescence microscopy
4.2.5.1 Ca2+ measurements
Cytosolic Ca2+ was measured by Fura-2 or GCaMP6s and analysed as described in
chapter 2 and 3. All GCaMP6s experiments were performed in Ca2+-free HBS. Certain
Fura-2 experiments were performed in Na+-free HBS or MBS as indicated in figures.
Cells were stimulated with A1 (10 µM and 30 µM), H07 (30 µM and 60 µM), MLSA1 (20 µM), Ned-19 (10 µM and 100 µM) and ionomycin (2 µM). All compounds
were prepared in DMSO.
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4.2.5.2 Na+ measurements
For measurement of cytosolic Na+, cells were incubated with 5 µM SBFI-AM (Santa
Cruz Biotechnology) and 0.005% pluronic acid in HBS for 1 hour at room temperature
(Invitrogen). SBFI was excited at 340 nm/380 nm and emitted fluorescence was
captured with 440 nm long pass filter every 3s with 20x objective. Where indicated,
Na+-free HBS was used in certain SBFI experiments.
SBFI ratio was calculated using TILLvisION software and averaged over a 90 second
period to obtain a basal ratio before stimulus addition. If experiments were conducted
in Na+-free medium, the basal ratio was acquired after cells were washed into Na+-free
HBS. The change of the SBFI ratio between the basal ratio and the peak ratio (ΔNa+)
was calculated to quantify the magnitude of response.

4.2.6 Recurrent methods
Cell fixation and confocal microscopy were performed as described in chapter 3. Data
presentation is as described in chapter 3. Statistical analysis was performed using
Prism 9 as described in chapter 3. P<0.05 was regarded as statistically significant.
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4.3 Results
4.3.1 A1 and H07 mediate Na+ influx in cells stably expressing plasma
membrane targeted TPC2
Electrophysiology studies have uncovered that TPC2 is permeable to Na+ although it
is unclear as to whether it is selective for Na+ or not. I therefore examined whether A1
and H07 can activate TPC2 to induce Na+ signals. To do this, I used cells stably
expressing plasma membrane targeted TPC2 (TPC2LL/AA) and loaded with SBFI, a
ratio-metric Na+ indicator. Cells were stimulated with 30 µM of the agonists that
induce robust Ca2+ signals (Chapter 3). As shown in Fig.4.3.1A and B, both A1 and
H07 induced an increase albeit modest in cytosolic Na+ level in cells expressing
TPC2LL/AA. A1- and H07-induced Na+ signals were abolished upon removal of
extracellular Na+ (Fig.4.3.1C and D), suggesting the source is extracellular. This is
consistent with the PM localization of TPC2. These data were quantified in Fig.4.3.1E
where I calculated the magnitudes of Na+ signals by A1 or H07. Collectively, these
data indicate that A1 and H07 can activate TPC2LL/AA to induce Na+ influx.
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Figure 4.3.1 A1 and H07 mediate Na+ influx in cells stably expressing plasma
membrane targeted TPC2
(A and B) Cytosolic Na+ responses to A1 (30 µM) (A) or H07 (30 µM) (B) in individual
HEK293 cells stably expressing TPC2LL/AA. The bars above graphs indicate the time of
addition of the compound, which was at 90s. Gray traces represent recordings of all individual
cells and black traces represent the population average.
(C and D) Similar to A and B except experiments were conducted in the absence of
extracellular Na+. Cells were immersed into Na+-free HBS at 60s and were stimulated with A1
or H07 at 150s as indicated by the bar.
(E) Pooled data quantifying magnitude of the Na+ signals in response to A1 and H07 with and
without extracellular Na+. Each plot point represents one experiment (n=1-4); n.s. not
statistically significant * P<0.05 were determined by one-way ANOVA.

4.3.2 A1 and H07 have dissimilar effects on Ca2+ and Na+ influx
So far, my results uncover that A1 and H07 can activate TPC2 to induce both Ca2+ and
Na+ signals. Fig. 4.3.2A-F compares Ca2+ and Na+ influx using the same concentration
of agonist. A1-induced Ca2+ signals were significantly greater in magnitude than those
induced by H07 (Fig.4.3.2A and B) and there was a marked delay in H07 but not A1induced Ca2+ influx (Fig.4.3.2A). The delay was quantified by measuring the rate of
increase over the first 2 minutes in the presence of A1 or H07 (Fig.4.3.2C). Using the
same quantification analyses, I characterized the effects of A1 and H07 on cytosolic
Na+. As shown in Fig.4.3.2D and E, in cells stably expressing TPC2LL/AA, A1-induced
Na+ signals were similar in magnitude to those induced by H07. Of note, there was no
delay in H07-induced Na+ signals (Fig.4.3.2D and F). A direct comparison of the
agonist-induced Ca2+ signals with Na+ signals is presented in Fig.4.3.2G and H.
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Collectively, these data indicate that A1 and H07 have distinct effects on Ca2+ signals
but similar effects on Na+ signals.

Figure 4.3.2 A1 and H07 have dissimilar effects on Ca2+ and Na+ influx
(A) Average cytosolic Ca2+ responses to A1 (30 µM) or H07 (30 µM) (mean ± S.E.M, 4
independent experiments) in HEK293 cells stably expressing TPC2LL/AA. The bar above graph
indicates the time of addition of the compound, which was at 90s.
(B) Pooled data quantifying magnitude of Ca2+ responses to A1 or H07 in A. * P<0.05 was
determined by independent-samples t-tests.
(C) Pooled data quantifying the initial rate of Ca2+ rise over the first 2 minutes by A1 or H07
in A. * P<0.05 was determined by independent-samples t-tests.
(D-F) Similar to A-C except cytosolic Na+ responses were characterized using the Na+
indicator (SBFI-AM) (mean ± S.E.M, 4 independent experiments). n.s. not statistically
significant was determined by independent-samples t-tests.
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(G-H) Comparison of Ca2+ responses with Na+ responses by A1 (30 µM) (G) or H07 (30 µM)
(H).

4.3.3 Removal of extracellular Na+ profoundly potentiates H07- but
not A1-mediated Ca2+ signals
The above data reveal that there is a delay in H07-induced Ca2+ signals but not Na+
signals. This raises the possibility that Ca2+ and Na+ may compete for entering the
cytoplasm via TPC2. To test this, in cells stably expressing TPC2LL/AA, I examined the
effects of A1 and H07 on cytosolic Ca2+ in the absence of extracellular Na+. I used
concentrations of A1 and H07 that induced relatively similar Ca2+ signals in the
presence of extracellular Ca2+ (Chapter 3). As shown in Fig.4.3.3A-C, the magnitude
of A1-induced Ca2+ signals were unaffected by removing extracellular Na+, although
the Ca2+ increase rate was modestly accelerated. In comparison, H07-induced Ca2+
signals were remarkably potentiated in both the magnitude and the rate of Ca2+
increase (Fig.4.3.3D-F) was such that the delay was essentially eliminated. Taken
together, extracellular (luminal) Na+ has a profound impact on H07 but not A1 action.

Figure 4.3.3 Removal of extracellular Na+ profoundly potentiates H07- but not
A1-mediated Ca2+ signals
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(A) Average cytosolic Ca2+ responses to A1 (30 µM) with and without extracellular Na+ (mean
± S.E.M, 4 independent experiments) in HEK293 cells stably expressing TPC2LL/AA. Cells
were immersed into Na+-free HBS at 60s and were stimulated with A1 or H07 at 150s as
indicated by the bar.
(B) Pooled data quantifying magnitude of Ca2+responses to A1 in A. n.s. not statistically
significant was determined by independent-samples t-tests.
(C) Pooled data quantifying rate of Ca2+ rise by A1 in A. * P<0.05 was determined by
independent-samples t-tests.
(D-F) Similar to A-C except cells were stimulated with H07 (60 µM) (mean ± S.E.M, 4
independent experiments). * P<0.05 ** P <0.01 were determined by independent-samples ttests.

4.3.4 Ned-19 appears to have differential effects on agonist-induced
Ca2+ influx and Ca2+ release.
It has been suggested that NAADP activates TPCs indirectly via initial interactions
with an accessory small binding protein that remains to be identified (Lin-Moshier et
al., 2012; Walseth et al., 2012). To investigate the mechanism underlying A1 and
H07’s action on TPC2, I examined the effects of Ned-19 on A1- and H07-induced
Ca2+ signals. Ned-19 is a potent NAADP antagonist identified in a ligand-based virtual
screen (Naylor et al., 2009) and has been used widely for exploring NAADP signalling.
In chapter 3, in cells transiently expressing TPC2LL/AA, I show that pre-treatment with
10 µM tetrandrine or other putative TPC2 blockers (e.g. raloxifene and fluphenazine)
for 5 minutes effectively blocked A1-induced Ca2+ influx. Thus, to start, I adopted the
same testing assay. As shown in Fig.4.3.4A, after a 5-minute treatment, 10 µM Ned19 had no effect on A1-induced Ca2+ influx. I therefore prolonged the treatment time
to 1hr. As shown in Fig.4.3.4B and C, following such treatment, Ned-19 appeared to
potentiate A1-induced Ca2+ influx, but it had little effect on H07-induced Ca2+ influx.
The effects of 10 µM Ned-19 were quantified in Fig.4.3.4D by calculating the
magnitude of the responses to A1 or H07 following DMSO or Ned-19.
To further examine the effects of Ned-19, I used a higher concentration (100 µM). As
shown in Fig.4.3.4E, in cells expressing TPC2LL/AA, following DMSO, A1 induced
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clear Ca2+ influx, while following 100 µM Ned-19 (5 minutes), such responses were
partially reduced. Similar results were obtained with H07 (Fig.4.3.4F). Ned-19
therefore has inhibitory effects on A1 and H07-induced Ca2+ influx but requires a high
concentration. The effect of 100 µM Ned-19 on ML-SA1 induced Ca2+ signals was
examined as well. As shown in Fig. 4.3.4G, in cells expressing TRPML1DNC (the PM
version of TRPML1), ML-SA1-induced Ca2+ signals were maintained upon a 5-minute
treatment with 100 µM Ned-19. The effect of 100 µM Ned-19 on A1-, H07- and MLSA1-induced Ca2+ signals were quantified in Fig.4.3.4H.
Ned-19 was also tested in cells transiently expressing TPC2 GCaMP6s. In these
experiments, cells were pre-treated with DMSO or 10 µM Ned-19 for 1hr prior to
stimulation with A1. As shown in Fig.4.3.4I, Ned-19 tended to reduce the magnitude
of A1-induced Ca2+ release, but it did not reach statistical significance (P-value= 0.07)
as in one experiment there was no effect of Ned-19 on A1 responses (Fig.4.3.4J). I
also studied the effect of Ned-19 on ML-SA1-induced Ca2+ release in cells expressing
TRPML1 GCaMP6s. As shown in Fig.4.3.4K and L, interestingly, Ned-19 appeared
to block ML-SA1-induced Ca2+ release as reflected by a trend for the magnitude of the
responses to be reduced compared to the DMSO control.
Collectively, Ned-19 tended to cause differential effects on A1- and ML-SA1-induced
Ca2+ influx and Ca2+ release.
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Figure 4.3.4 Ned-19 appears to have differential effects on agonist-induced Ca2+
influx and Ca2+ release
(A) Average cytosolic Ca2+ responses to A1 (10 µM) following DMSO or Ned-19 (10 µM)
treatment for 5 minutes (mean ± S.E.M, 3 independent experiments) in HeLa cells transiently
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expressing TPC2LL/AA. The bar above graph indicates the time of addition of the compound,
DMSO or Ned-19 was added at 90s, A1 was added at 390s.
(B and C) Average cytosolic Ca2+ responses to A1 (10 µM) (B) or H07 (30 µM) (C) following
DMSO or Ned-19 (10 µM) treatment for 1 hr (mean from one independent experiment, S.E.M
based on the number of cells from the experiment) in HEK293 cells stably expressing
TPC2LL/AA. A1 or H07 was added at 90s as indicated by the bar.
(D) Left panel: pooled data quantifying magnitude of A1 Ca2+ responses in A (n=3); n.s. not
statistically significant was determined by independent-samples t-tests. Right panel: pooled
data quantifying Ca2+ responses to A1 and H07 following 1 hr DMSO or Ned-19; each point
plot represents one experiment (n=2).
(E and F) Average cytosolic Ca2+ responses to A1 (10 µM) (E) or H07 (10 µM) (F) following
DMSO or Ned-19 (100 µM) treatment for 5 minutes (mean ± S.E.M, 5-11 independent
experiments) in HeLa cells transiently expressing TPC2LL/AA. DMSO or Ned-19 was added at
90s and A1 was added at 390s as indicated by the bar.
(G) Average cytosolic Ca2+ responses to ML-SA1 (3.16 µM) following DMSO or Ned-19 (100
µM) treatment for 5 minutes (mean ± S.E.M, 3 independent experiments) in HeLa cells
transiently expressing TRPML1DNC.
(H) Pooled data quantifying magnitude of A1, H07 and ML-SA1 Ca2+ responses in E-G.
n.s. not statistically significant * P<0.05 **P<0.01 were determined by independent-samples
t-tests or Mann-Whitney U test.
(I) Average cytosolic Ca2+ responses to A1 (30 µM), and then to ionomycin (Iono. 2 µM)
following DMSO or Ned-19 (10 µM) treatment for 1 hr (mean ± S.E.M, 5-6 independent
experiments) in HeLa cells transiently expressing TPC2 GCaMP6s. Experiments were
performed in the absence of extracellular Ca2+. Cells were immersed into Ca2+-free HBS at
30s and were stimulated with A1 at 120s and Iono. at 450s. GCaMP6s fluorescence value has
been normalized to basal fluorescence (i.e. DF/F0).
(J) Pooled data quantifying magnitude of A1 Ca2+ responses in I; n.s. not statistically
significant was determined by Mann-Whitney U test.
(K) Average cytosolic Ca2+ responses to ML-SA1 (3.16 µM), and then to Iono. (2 µM)
following DMSO or Ned-19 (10 µM) treatment for 1 hr (mean from one independent
experiment, S.E.M based on the number of cells from the experiment) in HeLa cells transiently
expressing TRPML1 GCaMP6s.
(L) Pooled data quantifying Ca2+ responses to ML-SA1 following 1hr DMSO or Ned-19; each
point plot represents one experiment (n=2).
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4.3.5 Mutation of a lysine residue reduces H07- but not A1-mediated
Ca2+ signals in cells transiently expressing plasma membrane targeted
TPC2
In contrast to NAADP, PI(3,5)P2 is known to activate TPCs directly. A recent study
on HsaTPC2 revealed that a number of lysine residues within the IS4-S5 linker (K203,
K204 and K207) form the PI(3,5)P2 binding site and are necessary for activation of
the channel by PI(3,5)P2 (She et al., 2019). I therefore examined the effects of mutating
these residues on A1- and H07-induced Ca2+ signals. To do this, I used Fura-2 labelled
cells transiently expressing TPC2LL/AA (the PM version of TPC2) with and without
mutated lysine residues. Confocal imaging revealed that TPC2LL/AA with the K203A,
K204A or K207A mutation were all expressed at the PM (Fig.4.3.5A-C). Functionally,
as shown in Fig.4.3.5D, F and L, A1-induced Ca2+ signals appeared slightly
potentiated in cells expressing TPC2LL/AA with the K203A mutation compared to that
without K203A mutation. However, the magnitude of the signals by A1 in the presence
of the mutation was not statistically different compared to the control (Fig.4.3.5N).
H07-induced Ca2+ signals were unchanged in magnitude by K203A mutation
(Fig.4.3.5E, G, M and N). I next assessed the impact of K204A mutation, as shown in
Fig.4.3.5D, H and O, A1-induced Ca2+ signals were comparable in cells expressing
TPC2LL/AA with and without K204A mutation. In contrast, H07-induced Ca2+ signals
were reduced by half (Fig.4.3.5E, I and P). The magnitude of the responses to A1 or
H07 in the presence or the absence of K204A mutation were quantified in Fig.4.3.5Q.
Finally, I examined the effect of the K207A mutation. Both A1- and H07-induced Ca2+
signals were maintained in magnitude in the mutant-expressed cells (Fig.4.3.5D, E, J,
K and R-T). Taken together, these data indicate that K203 and K207 have no major
role on A1 or H07 action, while K204 is selectively required for H07 but not A1induced Ca2+ signals.
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Figure 4.3.5 Mutation of a lysine residue reduces H07- but not A1-mediated Ca2+
signals in cells transiently expressing plasma membrane targeted TPC2
(A-C) Representative confocal images of HeLa cells transiently expressing TPC2LL/AA, K203A
(A), TPC2LL/AA, K204A (B) or TPC2LL/AA, K207A (C). Scale bar = 10 µm. The fluorescence intensity
plot on the right hand corresponds to the dashed line.
(D, F, H and J) Cytosolic Ca2+ responses to A1 (10 µM) in individual HeLa cells transiently
expressing TPC2LL/AA (D), TPC2LL/AA, K203A (F), TPC2LL/AA, K204A (H) or TPC2LL/AA, K207A (J).
The bars above graphs indicate the time of addition of the compound, which was at 90s. Gray
traces represent recordings of all individual cells and black traces represent the population
average.
(E, G, I and K) Cytosolic Ca2+ responses to H07 (30 µM) in individual HeLa cells transiently
expressing TPC2LL/AA (E), TPC2LL/AA, K203A (G), TPC2LL/AA, K204A (I) or TPC2LL/AA, K207A (K)
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(L and M) Average cytosolic Ca2+ responses to A1 (10 µM) (L) or H07 (30 µM) (M) in HeLa
cells transiently expressing TPC2LL/AA or TPC2LL/AA, K203A (mean ± S.E.M, 3-7 independent
experiments).
(N) Pooled data quantifying magnitude of Ca2+ responses to A1 or H07 in L and M. n,s, not
statistically significant was determined by independent-samples t-tests.
(O-Q) Similar to L-N except cells were transiently transfected with TPC2LL/AA, K204A rather than
TPC2LL/AA, K203A (mean ± S.E.M, 4-7 independent experiments). n,s, not statistically significant
* P<0.05 were determined by independent-samples t-tests.
(R-T) Similar to L-N except cells were transiently transfected with TPC2LL/AA, K207A rather than
TPC2LL/AA, K203A (mean ± S.E.M, 4-7 independent experiments). n,s, not statistically significant
was determined by independent-samples t-tests.

4.3.6 Mutation of a lysine residue reduces H07- but not A1-mediated
Ca2+ release in cells transiently expressing lysosomal TPC2
The findings that K204 is required for activation of TPC2 by H07 but not A1 was
further investigated in the lysosome environment, by using cells transiently expressing
TPC2 GCaMP6s with and without the K204A mutation. When examined by confocal
microscopy, TPC2 GCaMP6s with the K204A mutation had a punctate distribution as
well as a reticular appearance (Fig.4.3.6A). As shown in Fig.4.3.6B and C, A1-induced
Ca2+ release was similar in magnitude in cells expressing TPC2 GCaMP6s with and
without the K204A mutation. In contrast, the K204A mutation significantly reduced
the magnitude of H07-induced Ca2+ release (Fig.4.3.6D and E). Thus, similar to the
results obtained with PM TPC2, lysosomal TPC2 shows a selective requirement of
K204 when activated by H07.
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Figure 4.3.6 Mutation of a lysine residue reduces H07- but not A1-mediated Ca2+
release in cells transiently expressing lysosomal TPC2
(A) Confocal images of HeLa cells transiently expressing TPC2K204A GCaMP6s. Scale bar =
10 µm. The fluorescence intensity plot on the right hand corresponds to the dashed line.
(B) Average cytosolic Ca2+ responses to A1 (30 µM), and then to ionomycin (Iono.) (2 µM)
in cells transiently expressing TPC2 GCaMP6s or TPC2K204A GCaMP6s (mean ± S.E.M, 4
independent experiments). Experiments were performed in the absence of extracellular Ca2+.
Cells were immersed into Ca2+-free HBS at 30s and were stimulated with A1 or H07 at 120s
and Iono. at 390s.
(C) Pooled data quantifying magnitude of Ca2+ responses to A1 in B; n.s. not statistically
significant was determined by independent-samples t-tests.
(D and E) Similar to B and C except cells were stimulated with H07 (60 µM) (mean ± S.E.M,
5 independent experiments). *P<0.05 was determined by independent-samples t-tests.
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4.3.7 Extracellular acidic pH profoundly inhibits H07- but not A1mediated Ca2+ signals in cells stably expressing plasma membrane
targeted TPC2
Thus far, the effect of lysosomal luminal pH on TPCs is ambiguous. I therefore
examined the effects of acidifying the extracellular (luminal) medium on A1 and H07induced Ca2+ signals in cells stably expressing TPC2LL/AA (the PM version of TPC2).
I reduced the pH from 7.4 to 5.5. As shown in Fig.4.3.7A and B, A1-induced Ca2+
signals were similar in magnitude at pH 7.4 and pH 5.5, although the rate of rise at pH
5.5 appeared to be slightly quicker than that at pH 7.4. In sharp contrast, H07-induced
Ca2+ signals were abolished upon such a reduction in the pH (Fig.4.3.7C and D). At
pH 5.5, ionomycin was added after H07 and was capable of inducing Ca2+ signals
(Fig.4.3.7C). Taken together, these data indicate that acidic luminal pH has an
inhibitory effect on H07- but not A1-mediated Ca2+ signals.

Figure.4.3.7 Extracellular acidic pH profoundly inhibits H07- but not A1mediated Ca2+ signals in cells stably expressing plasma membrane targeted TPC2
(A) Average cytosolic Ca2+ responses to A1 (30 µM) at extracellular (luminal) pH of 7.4 or
5.5 in HEK293 cells stably expressing TPC2LL/AA (mean ± S.E.M, 3 independent experiments).
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Cells were immersed into MBS (pH=5.5) at 60s and were stimulated with A1 or H07 at 150s
as indicated by the bar.
(B) Pooled data quantifying magnitude of Ca2+ responses to A1 in A; n.s. not statistically
significant was determined by independent-samples t-tests.
(C and D) Similar to A and B except cells were stimulated with H07 (60 µM) (mean ± S.E.M,
3-4 independent experiments). At pH 5.5, ionomycin (Iono.) (2 µM) were added after H07 at
540s. *** P<0.001 was determined by independent-samples t-tests.

4.3.8 Mutation of a histidine residue appears to have a pH-specific
effect on A1- but not H07-induced Ca2+ signals in cells transiently
expressing plasma membrane targeted TPC2
Histidine residues (pKa of 6) are known to mediate pH sensitivity of ion channels
(Chanchevalap et al., 2000; Kim et al., 2008; Li & Hong, 2011; Sandoz et al., 2009).
There are two luminal histidine residues within S3-S4 of domain I (H181) and domain
II (H527) (Fig.4.3.8A). In comparison, H527 is more conserved among TPC2 across
different species than H181. H527 might represent a functional pH sensor for TPC2. I
therefore mutated H527 and examined its effects on A1- and H07-induced Ca2+ signals.
I used cells transiently expressing TPC2LL/AA (the PM version of TPC2) with and
without the H527A mutation. Confocal imaging revealed that TPC2LL/AA with H527A
mutation had PM localization (Fig.4.3.8B). As shown in Fig.4.3.8C and E, In cells
expressing TPC2LL/AA, H07-induced Ca2+ signals appeared to be abolished upon a
reduction in pH from 7.4 to 5.5, reproducing the results shown in Fig.4.3.7C and D.
Essentially similar results were obtained upon H527A mutation (Fig.4.3.8D and E).
Thus, H527 appears not to mediate the effect of acidic pH on H07-induced Ca2+ signals.
I also studied the effects of the mutation on A1-induced Ca2+ signals. As shown in
Fig.4.3.8F, in cells expressing TPC2LL/AA, A1-induced Ca2+ signals appeared similar
at pH 7.4 and pH 5.5, reproducing the results shown in Fig.4.3.7A and B. Upon H527A
mutation, however, A1-induced Ca2+ signals tended to be larger at pH 7.4 than that at
pH 5.5 (Fig.4.3.8G). The magnitude of responses to A1 under different conditions
were quantified in Fig.4.3.8H. Thus, H527A mutation seems to potentiate A1-induced
Ca2+ signals in a pH-dependent manner.
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Figure.4.3.8. Mutation of a histidine residue appears to have a pH-specific effect
on A1 but not H07-induced Ca2+ signals in cells transiently expressing plasma
membrane targeted TPC2
(A) Topology of an HsaTPC2 subunit, containing two domains each with six membranespanning regions. H181 and H527 are within the luminal S3-S4 linkers of TPC2 (arrows).
(B) Representative confocal image of HeLa cells transiently expressing TPC2LL/AA, H527A. Scale
bar = 10 µm. The fluorescence intensity plot below corresponds to the dashed line.
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(C and D) Average cytosolic Ca2+ responses to H07 (30 µM) at extracellular (luminal) pH of
7.4 or 5.5 in HeLa cells transiently expressing TPC2LL/AA (C) or TPC2LL/AA, H527A (D) (mean
from a representative experiment, S.E.M. based on all cells in the experiment). Cells were
immersed into MBS (pH=5.5) at 60s and were stimulated with A1 or H07 at 150s as indicated
by the bar.
(E) Pooled data quantifying magnitude of Ca2+ responses to H07 under the indicated conditions.
Each plot point represents one experiment (n=2-3), n.s. not statistically significant was
determined by independent-samples t-tests.
(F-H) Similar to C-E except cells were stimulated with A1 (10 µM) (n=2).

4.4 Discussion
As ion channels associated with health and disease, fundamental properties of TPCs
are still debated (e.g. activation mechanism and ion selectivity). In addition, although
being localized to acidic stores, the role of acidic pH on TPC2 activity is also equivocal.
In chapter 3, I used two novel cell-permeable TPC2 activators to establish the Ca2+
permeability of TPC2, a property lacking consistent support from electrophysiological
measurements (Grimm et al., 2014; Guo et al., 2017; Jha et al., 2014; She et al., 2019;
Wang et al., 2012). Here, I further characterized A1 and H07 to address controversial
aspects of TPCs, and through which I uncover that TPC2 operates in an agonistspecific manner.
On the one hand, TPC2 was characterised as a non-selective (i.e. calcium-permeable)
channel (Brailoiu, Rahman, et al., 2010; Grimm et al., 2014; Jha et al., 2014), while
on the other hand, it emerged as a highly Na+-selective channel (Boccaccio et al., 2014;
Guo et al., 2017; Wang et al., 2012). In chapter 3, I demonstrated that TPC2 is
permeable to Ca2+ in a cellular environment. In this chapter I examined the
permeability of TPC2 to Na+. Compared to well-established Ca2+ imaging methods,
the development of Na+ imaging is lagging behind. Among a limited number of
commercially available Na+ indicators, SBFI is the only one that can function in a
ratio-metric mode (Minta & Tsien, 1989) and it has been widely used to record
intracellular Na+ alterations (Donoso et al., 1992; Harootunian et al., 1989;
Iamshanova et al., 2016; Lasser-Ross & Ross, 1992; C.R. Rose et al., 1999; Christine
R. Rose, 2012). I therefore utilized SBFI to record Na+ changes in response to A1 and
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H07. In cells expressing plasma membrane targeted TPC2, 30 µM A1 and H07
induced robust Ca2+ entry (chapter 3). Hence, I used the same concentrations and
observed an increase in cytosolic Na+ level by A1 and H07 (Fig.4.3.1), reaffirming the
Na+ permeability of TPC2. Consistent with my Na+ imaging results, Gerndt et al., 2020
found that A1 and H07 are capable of mediating Na+ currents using the patch-clamp
method to directly record from enlarged endo-lysosomes expressing TPC2 (Gerndt et
al., 2020). In the Na+ imaging study (here), A1 and H07 have similar effects on Na+
entry. However, the electrophysiological analyses revealed larger Na+ currents for H07
compared to A1 (Gerndt et al., 2020). The discrepant results might be a result of
saturation of SBFI with Na+. Aside from SBFI, the other current available indicators
are ANG, Sodium Green and CoroNa Green. Compared to the others, SBFI has the
highest Na+ binding affinity (Despa et al., 2000; Iamshanova et al., 2016), implying it
could become saturated. In addition, SBFI has a small fluorescence change upon Na+
binding (Minta & Tsien, 1989), which may have masked the differences in Na+ signals
by A1 and H07. To test for saturation, gramicidin (Meier et al., 2006), a Na+ ionophore,
could be added after A1 and H07 during the Na+ recording. Alternatively, I could
replace SBFI with ANG that has a lower Na+ binding affinity (i.e. a higher Kd value)
and a bigger fluorescence change in response to Na+ increases, (Iamshanova et al.,
2016; Lamy & Chatton, 2011). Although ANG is a single wavelength dye, like SBFI,
it is able to record changes in intracellular Na+ level within 0-50 mM range. This is the
usual Na+ change observed during physiological responses (Lamy & Chatton, 2011;
Meier et al., 2006; Ona-Jodar et al., 2017).
Although only studied with PM TPC2, the ability of A1 and H07 to induce Na+ signals
is clear. In chapter 3, I revealed that A1 was a stronger Ca2+ agonist than H07. In line
with this, here, at 30 µM, A1 induced significantly larger and faster Ca2+ signals than
H07 in cells expressing PM TPC2 (Fig.4.3.2A-C). In contrast, A1 and H07 had similar
effects on Na+ entry (Fig.4.3.1 and 4.3.2D-F), and electrophysiology studies revealed
a larger Na+ currents by H07 than by A1 (Gerndt et al., 2020). A1 and H07’s effects
on Na+ therefore did not “follow” their effects on Ca2+. As A1 mediates stronger Ca2+
signals and H07 mediates stronger Na+ currents, this raises an intriguing possibility
that the selectivity of TPC2 to Ca2+ and Na+ might agonist dependent.
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I compared the kinetics of the agonist-evoked Ca2+ and Na+ signals in cells expressing
PM TPC2. For A1, the Ca2+ and Na+ signals tended to occur simultaneously,
immediately after addition, and at a similar rate (Fig.4.3.2G). While for H07, its Ca2+
signals occurred a few minutes after the onset of its Na+ signals (Fig.4.3.2H). This is
perplexing. One possibility to explain this is that Na+ and Ca2+ compete for entry when
TPC2 is activated by H07. Consistent with this, I found that removing extracellular
(luminal) Na+ profoundly increased H07 but not A1-induced Ca2+ signals (Fig.4.3.3).
To note, in the absence of extracellular Na+, NCX which is expressed in non-excitable
cells (including HEK293 cell line) might be activated (Eder et al., 2007; Markova et
al., 2014) in reverse mode (Ca2+ entry-Na+ extrusion) (Blaustein & Lederer, 1999;
Iwamoto, 2005; Verkhratsky et al., 2018). However, given that removing extracellular
Na+ potentiated H07-induced Ca2+ signals whereas only modestly increased the rate of
the Ca2+ rise by A1, NCX is unlikely to be the major reason for the potentiation on
Ca2+ signals upon removal of Na+. To confirm this, I could test NCX inhibitors that
are known to block the reverse mode of NCX (Iwamoto, 2007; Iwamoto et al., 2004;
Iwamoto & Kita, 2006). The implication from the above imaging results is that Na+ is
the predominant ion that passes through H07- but not A1-activated TPC2. In support
of this, the delay in the onset of H07-induced Ca2+ signals was eliminated in the
absence of Na+ (Fig.4.3.3D). In addition, Jha et al., 2014 shows that PI(3,5)P2-induced
Ca2+ influx through PM TPC2 was potentiated when lowering “luminal” Na+ (Jha et
al., 2014). H07-activated TPC2 therefore might be a Na+-selective channel like in the
presence of PI(3,5)P2. Conversely, given 1) the simultaneous onset of A1’s Ca2+ and
Na+ signals; 2) that the removal of “luminal” Na+ only slightly altered the rate of the
Ca2+ rise by A1, A1-activated TPC2 might be non-selective like in the presence of
NAADP. To further test this, future experiments should examine the agonists’ Na+
signals in the absence of extracellular (luminal) Ca2+. Collectively, my imaging results
suggest that A1 and H07 may confer TPC2 with different ion selectivity.
Gerndt and colleagues directly measured the Ca2+ and Na+ permeability ratio
(PCa/PNa) of A1- and H07-induced currents. In concert with my imaging results, the
ratio for H07 is 0.04 ± 0.01, thus Na+ selective, whereas, the ratio for A1 is 0.65 ± 0.13,
thus non-selective (Gerndt et al., 2020). In parallel studies, Gerndt and colleagues
examined PCa/PNa in response to NAADP and PI(3,5)P2. Strikingly, they found the
ratio for A1 is similar to that for NAADP (0.73 ± 0.14), and the ratio for H07 is similar
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to that for PI(3,5)P2 (0.08 ± 0.01) (Gerndt et al., 2020). Such observations thus indicate
TPC2 is a non-selective Ca2+ permeable channel when activated by A1 or NAADP,
while a Na+ selective channel when activated by H07 or PI(3,5)P2. The ion selectivity
of TPC2 therefore is agonist-dependent. Such findings could resolve the long-held
controversary surrounding the gating and selectivity of TPC2.
Ion selectivity is thought to be an intrinsic and immutable property of ion channels.
Here, the agonist-specific ion selectivity of TPC2 indicates that this is not always the
case. Aside from TPC2, there are other channels that have been shown to have
malleable ion selectivity. For example, the CRAC channel can alter its Ca2+ selectivity
depending on the levels of its cellular partner, STIM1 (McNally et al., 2012). The
mitochondrial uniporter can change from Mn2+-impermeable to permeable in the
presence of its regulatory subunit, MICU1 (Kamer et al., 2018). TRPV1 and TRPV2
have dual activation gates with one at the selectivity filter (SF). The SF possesses
conformational plasticity, and thus, conferring the channel with tunable ion selectivity
(Cao et al., 2013; Zubcevic et al., 2018). Moreover, TEME16F increased its
permeability to Cl- with increased intracellular Ca2+ level (Ye et al., 2019). Finally,
P2X channels have been shown to increase their permeability to large cations upon
sustained activation (Khakh & Lester, 1999; Virginio et al., 1999) although
controversially (Li et al., 2015). However, it is important to note that TPC2 is unique
compared to the others. To the best of my knowledge, TPC2 is the first ion channel
that switch ion selectivity by endogenous ligands, while the other channels, as
aforementioned, relies on accessory proteins or ions to alter ion selectivity.
As A1 and H07 appear to mimic NAADP and PI(3,5)P2 in terms of the ion selectivity,
whether they also share a similar mechanism of action with the endogenous cues was
then examined. NAADP is thought to activate TPCs indirectly via putative NAADP
binding proteins (Lin-Moshier et al., 2012; Marchant et al., 2012; Walseth et al., 2012),
although the identity of the proteins is, as yet, unclear. The most widely used NAADP
antagonist is Ned-19, which was identified by Naylor et.al in 2009 via a NAADPligand based screen (Naylor et al., 2009). As an antagonistic analogue of NAADP,
Ned-19 therefore can offer a route to examine the possibility that A1 and H07 utilize
a similar mechanism as NAADP to activate TPC2. In contrast to tetrandrine and other
direct TPC2 blockers (chapter 3), in cells expressing PM TPC2, Ned-19 at 10 µM was
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unable to alter A1- and H07-induced Ca2+ signals. Prolonging the Ned-19 treatment
from 5 minutes to 1hr also appeared to have no inhibitory effect (Fig.4.3.4A-D). I
therefore increased the concentration to 100 µM, which is a high concentration but has
been used previously for probing NAADP signalling (Ali et al., 2016; Avdonin et al.,
2017; Davis et al., 2020; Sakurai et al., 2015; Suárez-Cortés et al., 2017). Under these
conditions, I observed an inhibitory effect of Ned-19 on A1 and H07-induced Ca2+
influx (Fig.4.3.4E, F and H). To note, 100 µM Ned-19 left ML-SA1-induced Ca2+
signals in cells expressing PM TRPML1 intact (Fig.4.3.4G and H), attesting to
specificity. The use of PM TPC2 therefore indicates Ned-19 can block both A1 and
H07 Ca2+ signalling but requiring high concentration. This low affinity is consistent
with the results of Gunaratne and colleagues who recently found the IC50 for Ned-19
against NAADP-induced Ca2+ release in sea urchin egg homogenate was about 150
µM (Gunaratne, Johns, et al., 2018) and not in the nanomolar range as originally
reported (Naylor et al., 2009; Rosen et al., 2009). In addition, in mammalian cells, they
observed that 10 µM Ned-19 left NAADP Ca2+ signals intact (Gunaratne, Johns, et
al., 2018). Therefore, it might be unavoidable that a high concentration of Ned-19 is
needed for blocking Ca2+ signalling through TPC. I also tested Ned-19 against A1 in
the lysosome environment. Different from its effects on A1-induced Ca2+ signals via
PM TPC2, an hour treatment with 10 µM Ned-19 tended to reduce A1-induced Ca2+
release in cells expressing TPC2 GCaMP6s but this was not statistically significant
(Fig.4.3.4I and J). The Inhibitory effect was observed 5 times. But in one experiment,
Ned-19 had no effect, which could be an outlier. Interestingly, Ned-19 also appeared
to inhibit ML-SA1-induced Ca2+ release in cells expressing TRPML1 GCaMP6s
(Fig.4.3.4K and L). Therefore, compared to the PM, at lysosomes, Ned-19 tends to be
more potent in blocking A1 action and non-selective. One consideration for such
disparate results at the PM and the lysosomes is that Ned-19 might be a lysosomotropic
compound, which accumulates at high concentrations inside lysosomes, and thus
alkalizing lysosomal pH and disrupting lysosome function (Villamil Giraldo et al.,
2014; Walls et al., 2010). However, in an early study by Naylor and colleagues,
bafilomycin A1 treatment eliminated LTR staining but had no effect on the punctate
and organellar localizations of Ned-19. Naylor and colleagues’ observations therefore
indicate that Ned-19 is not acid-trapped inside lysosomes but likely labelled NAADP
receptors (Naylor et al., 2009).
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It may not be easy to explain the differential activity of Ned-19 at the PM and the
lysosomes. In fact, so far, our understanding of how Ned-19 functions in mammalian
system is lacking. Its mechanism of action remains unclear. It has been reported that
there are two binding sites for NAADP on its receptors, one is of high-affinity and one
is of low-affinity. In the sea urchin system, Ned-19 has been proposed to block
NAADP action via binding to one of the two sites, thus having an indirect action on
TPC2 (Rosen et al., 2009). However, given that NAADP-induced Ca2+ release shows
strong kinetic differences in sea urchin and mammals (Berg et al., 2000; Cancela et al.,
1999; Churamani et al., 2006; Genazzani et al., 1996; Masgrau et al., 2003), the
mechanism for Ned-19 in the sea urchin might not be applicable in the mammals. In
our lab’s recently published paper, we found that unlike raloxifene and fluphenazine,
Ned-19 did not reduce the open time of human TPC2 (Penny et al., 2019). Ned-19 was
therefore suggested to work at a distal site from the pore. But whether this is on the
channel or an accessory protein is unclear. Given the lack of information as to how
exactly Ned-19 behaves and here, Ned-19’s non-selective action on lysosomal TPC,
Ned-19 may not be the best tool to examine any similarity in the mechanisms
underlying A1, H07 and NAADP action. BZ194, a N-alkylated nicotinic acid
derivative (Dammermann et al., 2009), and PPADS are known to compete with
NAADP in binding assays (Billington & Genazzani, 2007). These two compounds
could be used in the future to replace Ned-19 to study the relationship between
NAADP, A1 and H07.
Compared to NAADP, the mechanism by which PI(3,5)P2 activates TPCs appears to
be simpler. Structural studies indicate that it acts in a direct manner by binding to
residues within the IS4-IS5 linker within domain I of the channel (She et al., 2018;
Wang et al., 2012). Recently, a study on human TPC2 identified K203, K204 and K207
as critical (She et al., 2019). Mutation of any of them disrupted PI(3,5)P2 activation.
Here, I show that all three mutations seem to have no major impact on A1-induced
Ca2+ influx, although it should be noted that the A1 responses in the presence of the
mutations varied somewhat. Such variability “led to” a slight (statistically insignificant)
potentiation in A1 responses in the presence of the K203A mutation (Fg.4.3.5L and
N). Thus, it would be preferable to have more data for making a firmer conclusion
regarding the effects of the mutations on the A1 responses. For H07, the K203A and
K207A mutation displayed little effect on its Ca2+ signals. However, the K204A
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mutation reduced H07-induced Ca2+ signals by half, which is in stark contrast to its
effect on A1 action (Fig.4.3.5). K204 therefore was prioritised and studied in the
lysosome environment. Consistent with the PM data, at lysosomes, again, the K204A
mutation significantly reduced H07- but not A1-induced Ca2+ release (Fig.4.3.6O-Q).
Collectively, H07 but not A1 requires K204 for action. This thus hints at a similar
mechanism of action could be shared by H07 and PI(3,5)P2. Interestingly, H07 also
mimics PI(3,5)P2 in rendering TPC2 Na+ selective (Gerndt et al., 2020), as mentioned
above. Thus, H07 might be a PI(3,5)P2-like agonist. However, PI(3,5)P2 is known to
activate TPC1 and TRPML1 via binding to residues within IS4-IS5 linker of TPC1
(She et al., 2018) and the N-terminus of TRPML1 (Chen et al., 2017; Dong et al.,
2010). In comparison, although it was clear that H07 is selective for TPC2 as H07 of
60 µM cannot activate TPC1 or TRPML1 to induce Ca2+ signals (chapter 3), it was
less clear as to whether TPC1/TRPML1 are targets for H07 as higher concentrations
(e.g. 100 µM) have not been tested. Nevertheless, H07 and PI(3,5)P2 binding sites are
likely overlapping but also different given the lack of effect of the K203A and K207A
on H07 action. Returning to the differential effect of K204A mutation on A1 and H07induced Ca2+ signals, it is clear that A1 and H07 activate TPC2 via different
mechanisms. In addition, given the mechanism and ion selectivity similarity between
H07 and PI(3,5)P2, but not between A1 and PI(3,5)P2, there could be a causal link
between the gating mechanism (at the molecular level) and channel ion permeation,
that is, K204 binding is associated with Na+ selection in some way.
In contrast to A1 and H07 which alter TPC2 ion selectivity in an agonist-dependent
manner, TCAs and riluzole (the other novel identified activators)-activated TPC2 are
selective to Na+ and have low Ca2+ permeability. However, unlike PI(3,5)P2 and H07,
TCAs and riluzole do not require K204 for action. This further reveals the agonistspecific gating mechanism of TPC2. Besides, this argues against K204 as the sole
determinant for mediating Na+ selectivity. Also, this highlights the importance of
further investigating the molecular basis for activation by PI(3,5)P2, H07, TCAs and
riluzole and how this contributes to the Na+ selectivity of the channel. Similar
investigations should also be performed for A1 and NAADP that render TPC2 nonselective. Moreover, Zhang and colleagues found that TCAs-induced TPC2 currents
exhibited strong inward rectification and voltage-dependence. In contrast, currents by
riluzole was linear and voltage-independent resembling those induced by PI(3,5)P2. It
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is therefore concluded that there is agonist-specific voltage-gating mechanism of
TPC2. Information for TPC2 activators has been summarised in Table 4.3.
Table 4.3 Characteristics of TPC2 activators
Name

Action on

NAADP

Activator

PI(3,5)P2

Activator

TPC1
Action on

Debated

Activator

TRPML1

A1

H07

TCAs

Riluzole

(TPC2-

(TPC2-

(LyNa-

(Ly-NA1)

A1-N)

AI-P)

VAs)

No action

No action

Activator/

at 30 µM

at 60 µM

Inhibitor

No action

No action

No action

at 30 µM

at 60 µM

Inhibitor
No action

Ionic

Ca2+/Na+=

Ca2+/Na+= Ca2+/Na+= Ca2+/Na+= Na+ >>

Na+ >>

selectivity

0.7x

0.08x

0.7x

0.05x

Ca2+

Ca2+

Voltage-

no

no

no

no

yes

no

_

yes

no

yes

no

no

dependent
K204dependent

As lysosomal ion channels, it has been reported that acidic pH regulates TPC2 channel
activity. For example, in one study, acidic pH appeared to reduce the open probability
of NAADP-activated TPC2 (Pitt et al., 2010), while in the other study, acidic pH
potentiated TPC2-induced currents in the presence of NAADP (Schieder et al., 2010).
To note, in Schieder et al. study, there was no TPC2 activity at pH 7.2 at all, which is
not in agreement with data shown here and in other studies (Brailoiu, Rahman, et al.,
2010; Gerndt et al., 2020; Wang et al., 2012; Zhang et al., 2019). Besides, there are
also cases where TPCs seem to be pH-insensitive, and are active at both acidic and
luminal pH (Wang et al., 2012). Through use of PM TPC2 which allows easy
modification of the extracellular (luminal) pH, I observed that acidic pH left A1induced Ca2+ signals intact, but blocked H07-induced Ca2+ signals (Fig.4.3.7). At
lysosomes but not the PM, 30 µM A1 induced dramatic larger Ca2+ responses than 60
µM H07. In chapter 3, I reasoned that the cause for that was that A1 but not H07
coupled to the ER. And now, acidic pH’s inhibitory effect on H07 but not A1 might
be another reason. Regarding the inhibitory effect of acidic pH on H07 Ca2+ responses,
there are a number of possibilities. First, H07 may be acid-trapped extracellularly and
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thus unable to activate TPC2 given it requires K204 that is on the cytosolic side.
However, if H07 is a lysosomotropic agent, one would expect a change in lysosomal
pH by H07. In Gerndt et al., 2020, H07 cannot affect the pH. Second, protons may
compete with Ca2+ to enter the cells via H07-activated TPC2. But there is no proton
permeability for H07-activated TPC2 (Gerndt et al., 2020). Rather, A1 renders TPC2
proton-permeable. A final possibility is that the ion selectivity of H07-activated TPC2
is pH-sensitive. In other words, at acidic pH, H07-gated TPC2 becomes highly Na+
selective and therefore less Ca2+ permeable. If this is the case, then there should be a
functional pH sensor within TPC2. Among the amino acids, histidine has a pKa of
about 6 and is therefore protonated at acidic pH (Li & Hong, 2011). For this reason,
histidine residues can render channels pH sensitive. For example, TREK1 lost its
sensitivity to acidic pH upon H126 mutation (Sandoz et al., 2009). For TRPML3,
regulation by luminal pH is mediated by a string of histidine residues on the luminal
side of the channel (Kim et al., 2008). And there is a histidine residue-dependent pH
regulation of ROMK channels (Chanchevalap et al., 2000). In TPC2, there are two
histidine residues localized on the luminal side within the S3-S4 linkers on domain,
H181 and H527. In comparison, H527 is more conserved than H181 across species, so
I hypothesized that it function as a pH sensor for TPC2. H07 was tested upon H527A
mutation. And I found that acidic pH still appeared to block H07-induced Ca2+ signals
regardless of the presence of H527A mutation (Fig.4.3.8C, D and E). This implies that
H527 is unlikely to be a pH sensor. Thus, future mutational studies are required which
may identify the pH sensor. Interestingly, while testing A1 in the presence of H527
mutation as a control, its Ca2+ signals seemed to be potentiated compared to the WT
channel but only at neutral pH (Fig.4.3.8F, G and H). The reason behind this is unclear,
but worth further investigation. Collectively, the pH test revealed that A1- and H07induced Ca2+ signals via TPC2 are differentially regulated by acidic pH and likely
H527 as well.
A1 and H07 are different activators for TPC2 in terms of ion selectivity, K204 binding
and acidic pH regulation, it is therefore of great interest to study the physiological
consequence of activation of TPC2 by the agonists. Gerndt et al., 2020 examined the
effects of A1 and H07 on certain key lysosomal functions. For example, Gerndt et al.,
2020 revealed that A1 but not H07 increases lysosomal pH. Interestingly, previous
studies have revealed increases in lysosomal pH upon NAADP stimulation (Cosker et
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al., 2010; Morgan et al., 2013; Morgan & Galione, 2007). A1 therefore not only
mimics NAADP in terms of ion selectivity but also physiological function. A1- but
not H07-activated TPC2 is permeable to protons, this may explain why A1 but not
H07 alters lysosomal pH. In addition, Gerndt et al., 2020, found that H07 but not A1
induces lysosomal exocytosis. Lysosomal exocytosis is a Ca2+-sensitive process,
which can be driven by local calcium released through TRPML1 (Dong et al., 2009;
Samie et al., 2013; Tsunemi et al., 2019; Xu & Ren, 2015). There is also a study linking
NAADP-activated TPCs to exocytosis stimulation (Davis et al., 2012). It is therefore
surprising that H07 but not A1 has been linked to exocytosis given A1 is of high Ca2+
permeability but H07 is of low Ca2+ permeability. A1 but not H07 blocked lysosome
motility (Gerndt et al., 2020). Perhaps, this is the reason that A1 cannot induce the
exocytosis like NAADP pointing to subtle differences in their action. Collectively, A1
and H07 activate TPC2 differently, and in turn mediate distinct physiological activities.
Thus, TPC2 can “switch” its physiological role depending on how it activated. As a
final point, previous work has shown that NAADP-induced Ca2+ release was largely
reduced by inhibiting PI(3,5)P2 synthesis, while it is potentiated upon an increase in
lysosomal PI(3,5)P2 by expression of PIKfyve (a kinase that facilitates synthesis of
PI(3,5)P2 from PI(3)P) (Jha et al., 2014). PI(3,5)P2 therefore has a permissive effect
on NAADP action. In the real world, perhaps, the endogenous cues modulate TPC2
“collaboratively”. Driven by this, it is necessary to explore whether A1 and H07 work
in similar ways, and if they do, then how this affects the ion selectivity of TPC2 and
downstream physiological effects.
To summarise, A1-activated TPC2 is non-selective for Ca2+ and Na+, while H07activated TPC2 is selective for Na+ over Ca2+. A1 does not require the lysine residue
K204 to activate the channel, while H07 does resembling PI(3,5)P2. A1-induced Ca2+
signals via TPC2 are not affected by acidic pH, while H07-induced Ca2+ signals are
inhibited by acidic pH. A1 and H07 therefore differentially activate TPC2 in terms of
the ion selectivity, activation mechanism and pH regulation. These findings indicate
that TPC2 signals in an agonist-specific manner, offering explanations for conflicting
reports on TPC2 properties.
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Chapter 5: Revealing a role for TPC2 in agonistevoked global Ca2+ signalling
5.1 Introduction
A diverse range of cellular processes are co-ordinated by changes in cytosolic Ca2+.
Ca2+ signals can function locally, or the local signals propagate over long distances to
function globally. TPCs induce local Ca2+ release from acidic compartments when
activated by NAADP. Also, the local release by NAADP can generate global Ca2+
signals via initiating CICR through IP3Rs and RyRs on the ER, which is ascribed to
the MCSs formed between acidic stores and the ER (Kilpatrick et al., 2013, 2017;
Penny et al., 2014)
Local Ca2+ release from endo-lysosomal organelles has long been appreciated for its
role in vesicular fusion (or fission) (Luzio et al., 2007). In accord, TPCs participate in
the regulation of endo-lysosomal trafficking, including trafficking of viruses (Sakurai
et al., 2015) and cholesterol (Grimm et al., 2014). Additionally, TPCs regulate endolysosomal morphology (Hockey et al., 2015; Kilpatrick et al., 2017; Lin-Moshier et
al., 2014; Ruas et al., 2010). As TPCs are required for global NAADP-induced Ca2+
signals, TPCs would not be limited to the “local” functions. However, although use of
GPN, bafilomycin A1, Ned-19 and/or self-inactivating concentrations of NAADP, has
shown that lysosomes and NAADP are important for a number of physiological
agonist-induced global Ca2+ signals (e.g. carbachol, glucose, insulin and histamine)
(summarised in Yates, 2017), there is very little direct evidence that TPCs are
implicated in such cell-wide events. In other words, the functional requirement for
TPCs during physiological Ca2+ signalling requires investigation.
The focus of this chapter therefore is to study whether TPCs are required for global
Ca2+ signals evoked by extracellular stimuli. To do so, I used GPN (characterised in
Chapter 2), novel identified TPC inhibitors (from chapter 3) and TPC knockdown.
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5.2 Methods
5.2.1 Cell culture
Human dermal fibroblasts were cultured and were plated for imaging as described in
chapter 2.

5.2.2 siRNA transfection
Fibroblasts were plated at 100,000 cells/ml (in 24 well-plate (on coverslips, 0.4
ml/well) for imaging or in 6 well-plate (2 ml/well) for quantitative PCR) and
transfected with siRNA (15 nM) using lipofectamine RNAiMAX (Invitrogen) for 24
hours. After initial 24-hour treatment, fibroblasts were re-transfected with siRNA for
another 24 hours and cultured for a final 24 hours in siRNA free media prior to
imaging/qPCR. Details of siRNA used are listed below:
Name
TPC1 siRNA

Brand
Thermo

Product

Target

Target sequence

name

exon

s28727

22

GGCTACTATTATCTCAATA

s47773

3

CGGTATTACTCGAACGTAT

Fisher
TPC2 siRNA

Thermo
Fisher

Control

Qiagen

siRNA

AllStars
Negative
Control
siRNA

The above TPC siRNAs have been confirmed to effectively knock down TPCs in
fibroblasts (Kilpatrick et al., 2017).

5.2.3 Quantitative PCR
siRNA-transfected fibroblasts in 6 well plates were collected by scraping into
RNA/DNA free tubes. Cells were then centrifuged for 5 minutes at 300xg.
Supernatants were removed and pellets were stored at -80OC. After thawing, RNA was
extracted using the RNeasy Mini Kit and RNase-free DNase Set (both Qiagen)
according to the manufacturer’s procedures. cDNA was synthesized from RNA, using
superscript III reverse transcriptase (Invitrogen). cDNA was then used as the template
for the qPCR which was carried out using Bio-Rad CFX PCR detection system. cDNA
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was amplified using SYBR Green JumpStartTM Taq ReadyMixTM (Sigma) and
primers for human TPC1, TPC2 and UBC which is a housekeeping gene (Brailoiu et
al., 2009). The following PCR conditions were used: 2 minutes at 94OC, followed by
39 cycles of 15s at 94OC (denaturation), 30s at 60OC (annealing) and 30s at 72OC
(extension). TPC1 and TPC2 expression was normalized to UBC expression. Details
of primers are shown as follows:
Gene
TPC1

Forward Primer (5’-3’)

Reverse Primer (5’-3’)

TTCTGTGTTTTGCTTTAGGG

ATTCCGCTTCCATTAGATCC

TPC2

GTTTGACATGGAGAGAACCTTGAC

GATGAAAATAACTGGCAATCA
GAACC

UBC

GAAGATGGACGCACCCTGTC

CCTTGTCTTGGATCTTTGCCTT

5.2.4 Recurrent methods
Cytosolic Ca2+ was measured by Fura-2 and analysed as described in chapter 2. Cells
were stimulated with histamine (3.16 µM and 316 µM) (Sigma), bradykinin (10 nM
and 316 nM) (Sigma), GPN (200 µM), thapsigargin (1 µM), tetrandrine (10 µM),
raloxifene (1 µM and 10 µM) and fluphenazine (1 µM and 10 µM). All compounds
were prepared in DMSO, except histamine and bradykinin which were prepared in
H2O. For some Fura-2 measurements, Ca2+ was removed from HBS. This has been
indicated in figures.
Data presentation is as described in chapter 2. Statistical analysis was performed using
Prism 9 as described in chapter 2 and 3. P<0.05 was regarded as statistically significant.
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5.3 Results
5.3.1 Histamine but not bradykinin profoundly inhibits GPNmediated Ca2+ signals
Histamine and bradykinin were chosen to investigate the relevance of TPCs to
physiological global Ca2+ signalling in fibroblasts. Both of them are known to work
through the ER store by stimulating IP3 production (Ataei et al., 2013; Hill et al., 1997;
Montero et al., 2003; Willets et al., 2008). Histamine has also been reported to induce
NAADP synthesis (Soares et al., 2007). To start, I examined the role of lysosomes on
agonist-induced Ca2+ signals. To achieve this, I employed GPN, which has been shown
to deplete lysosomal Ca2+ (chapter 2). In fibroblasts, GPN-induced Ca2+ release is
complex and long-lasting (Fig.5.3.1A; Kilpatrick et al., 2013; chapter 2). This would
complicate examination of the subsequent Ca2+ responses induced by the physiological
stimuli. For this reason, instead of adding GPN before histamine or bradykinin, the
experiment was conducted in a reverse mode (stimulation with histamine / bradykinin
prior to GPN). Also, the experiment was conducted in the absence of extracellular Ca2+
to ensure recording of Ca2+ release only. And I used a maximal agonist concentration
to fully discharge the target Ca2+ stores. As shown in Fig.5.3.1A, B and C, compared
to the H2O control, following histamine, GPN-induced Ca2+ signals were largely
abolished. Following bradykinin, however, the GPN Ca2+ signals appeared to be only
modestly reduced (Fig.5.3.1A, D and E). These data were quantified by calculating
both the magnitude of the GPN response (the initial phase) and the area under the GPN
Ca2+ traces (AUC) (the later phase). Both the magnitude and the AUC were
significantly reduced by histamine. Bradykinin tended to reduce the AUC (but not in
a statistically significant way) and left the magnitude unchanged (Fig.5.3.1F and G).
Histamine but not bradykinin therefore profoundly inhibited GPN-induced Ca2+
signals.
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Figure 5.3.1 Histamine but not bradykinin profoundly inhibits GPN-mediated
Ca2+ signals
(A) Cytosolic Ca2+ responses to GPN (200 µM) following H2O or histamine (316 µM) or
bradykinin (316 nM) in individual fibroblasts in the absence of extracellular Ca2+. Cells were
immersed into Ca2+-free HBS at 60s and were stimulated with H2O or histamine or bradykinin
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at 150s and GPN at 900s as indicated by the bar. Gray traces represent recordings of all
individual cells and black traces represent the population average.
(B) Average cytosolic Ca2+ responses (mean ± S.E.M, from 6 independent experiments) to
GPN (200 µM) following H2O or histamine (316 µM) in fibroblasts in the absence of
extracellular Ca2+.
(C) The same dataset as B but with expanded x- and y-axes to show GPN responses.
(D) Average cytosolic Ca2+ responses (mean ± S.E.M, from 6 independent experiments) to
GPN (200 µM) following H2O or bradykinin (316 nM) in fibroblasts in the absence of
extracellular Ca2+.
(E) The same dataset as D but with expanded x- and y-axes to show GPN responses.
(F and G) Data quantifying magnitudes and area under the Ca2+ curve (AUC) of GPN
responses in B-E (n=6); n.s. not statistically significant *P<0.05 ** P<0.01were determined
by one-way ANOVA or Kruskal-Wallis H test.

5.3.2 Histamine but not bradykinin modestly inhibits thapsigarginmediated Ca2+ signals
Histamine and bradykinin are well established in inducing ER Ca2+ release through
IP3 signalling. To assess the contribution of the ER to their Ca2+ signals in fibroblasts,
I utilized thapsigargin and adopted the same testing assay as that for lysosomes. That
is, stimulating the fibroblasts first with histamine or bradykinin, and then examining
the subsequent thapsigargin-induced Ca2+ signals. As shown in Fig.5.3.2A, B and C,
in the presence of histamine, thapsigargin-induced Ca2+ signals were modestly reduced.
To be precise, the magnitude was unaltered, but the return to basal Ca2+ appeared to
be accelerated as reflected by a reduction in the AUC (Fig.5.3.2C, F and G). In contrast,
in the presence of bradykinin, thapsigargin-induced Ca2+ signals were not inhibited
(Fig. 5.3.2A and D-G). Histamine but not bradykinin therefore modestly reduced
thapsigargin-induced Ca2+ signals.
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Figure 5.3.2 Histamine but not bradykinin modestly inhibits thapsigarginmediated Ca2+ signals
(A) Cytosolic Ca2+ responses to thapsigargin (1 µM) following H2O or histamine (316 µM) or
bradykinin (316 nM) in individual fibroblasts in the absence of extracellular Ca2+. Cells were
immersed into Ca2+-free HBS at 60s and were stimulated with H2O or histamine or bradykinin
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at 150s and thapsigargin at 900s as indicated by the bar. Gray traces represent recordings of
all individual cells and black traces represent the population average.
(B) Average cytosolic Ca2+ responses (mean ± S.E.M, from 3 independent experiments) to
thapsigargin (1 µM) following H2O or histamine (316 µM) in fibroblasts in the absence of
extracellular Ca2+ .
(C) The same dataset as B but with expanded x- and y-axes to show thapsigargin responses
(D) Average cytosolic Ca2+ responses (mean ± S.E.M, from 3 independent experiments) to
thapsigargin (1 µM) following H2O or bradykinin (316 nM) in fibroblasts in the absence of
extracellular Ca2+.
(E) The same dataset as D but with expanded X- and y-axes to show thapsigargin responses
(F and G) Data quantifying magnitudes and AUC of thapsigargin responses in B-E (n=3);
n.s. not statistically significant *P<0.05 were determined by one-way ANOVA.

5.3.3 Histamine- and bradykinin-mediated Ca2+ signals are reduced
by tetrandrine to different degrees
Having observed that histamine is better coupled to lysosomes than bradykinin, I went
onto examine whether TPCs are implicated in histamine and bradykinin-induced Ca2+
signals. For these tests, I utilized the EC50 concentration of histamine (3.16 µM) and
bradykinin (10 nM) (established in Yates, 2017). As shown in Fig.5.3.3A and B,
histamine produces a biphasic response, a peak followed by a phase with complex Ca2+
fluctuations, whereas bradykinin-induced response is just a single peak. I first applied
a pharmacological approach. Tetrandrine is known to reduce Ebola infection by
inhibiting TPCs (Sakurai et al., 2015). And In chapter 3, tetrandrine blocked the TPC2
agonist A1-induced Ca2+ signals. Thus, tetrandrine was used to examine the role of
TPCs on histamine and bradykinin-induced Ca2+ signals. During recordings, 10 µM
tetrandrine was added to fibroblasts 15 minutes before the physiological stimuli. As
shown in Fig.5.3.3C-F and quantified in Fig.5.3.3K, compared to the DMSO control,
tetrandrine reduced histamine-induced Ca2+ signals by 40-50% in both the magnitude
and the AUC. In contrast, for bradykinin, the magnitude of its Ca2+ signals were
unchanged, but the Ca2+ signals exhibited a relatively quick decay (Fig.5.3.3G-J and
L). Accordingly, the AUC was reduced by tetrandrine (Fig.5.3.3L). Histamine and
bradykinin-induced Ca2+ signals therefore are differentially reduced by tetrandrine.
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Figure 5.3.3 Histamine- and bradykinin-mediated Ca2+ signals are reduced by
tetrandrine to different degrees
(A and B) Representative cytosolic Ca2+ responses to histamine (3.16 µM) (A) and to
bradykinin (10 nM) in individual fibroblasts. The bars above graphs indicate the time of
addition of the compound, which was at 90s. Gray traces represent recordings of all individual
cells and black traces represent the population average.
(C and D) Cytosolic Ca2+ responses to histamine (3.16 µM) following DMSO (C) or
tetrandrine (10 µM) (D) in individual fibroblasts. The bars above graphs indicate the time of
addition of the compound, DMSO or tetrandrine was added at 90s, histamine was added at
990s.
(E) Average cytosolic Ca2+ responses (mean ± S.E.M, from 6-7 independent experiments) to
histamine (3.16 µM) following DMSO or tetrandrine (10 µM) in fibroblasts.
(F) The same dataset as E but with expanded x- and y-axes.
(G and H) Cytosolic Ca2+ responses to bradykinin (10 nM) following DMSO (G) or tetrandrine
(10 µM) (H) in individual fibroblasts. Cells were stimulated with DMSO or tetrandrine at 90s
and bradykinin at 990s as indicated by the bars.
(I) Average cytosolic Ca2+ responses (mean ± S.E.M, from 6 independent experiments) to
bradykinin (10 nM) following DMSO or tetrandrine (10 µM) in fibroblasts.
(J) The same dataset as I but with expanded x- and y-axes.
(K) Data quantifying magnitudes and AUC of histamine responses in E and F (n=6-7).
* P<0.05 *** P<0.001 were determined by independent-samples t-tests.
(L) Data quantifying magnitudes and AUC of bradykinin responses in I and J (n=6). n.s. not
statistically significant ** P <0.01 were determined by independent-samples t-tests.
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5.3.4 Raloxifene and fluphenazine induce Ca2+ signals
Raloxifene and fluphenazine are novel TPC pore blockers recently identified by our
lab and characterised in chapter 3. In fibroblasts, as shown in Fig.5.3.4A-C, compared
to the DMSO control, 10 µM raloxifene induced robust Ca2+ signals. Likewise, 10 µM
fluphenazine induced robust Ca2+ signals as well. These data were quantified by
calculating the magnitudes of responses to DMSO, raloxifene or fluphenazine
(Fig.5.3.4D).

Figure 5.3.4 Raloxifene and fluphenazine induce Ca2+ signals
(A-C) Cytosolic Ca2+ responses to DMSO (A), to raloxifene (10 µM) (B) and to fluphenazine
(10 µM) in individual fibroblasts. The bars above graphs indicate the time of addition of the
compound, which was at 90s. Gray traces represent recordings of all individual cells and black
traces represent the population average.
(D) Pooled data quantifying magnitudes of responses by DMSO, raloxifene and fluphenazine.
Each plot points represents one experiment (n=3); ** P<0.01 was determined by one-way
ANOVA.
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5.3.5 Histamine- and bradykinin-mediated Ca2+ signals are reduced
by raloxifene to different degrees
The Ca2+ signals evoked by raloxifene and fluphenzine (as shown in Fig. 5.3.4) would
complicate the analysis of the relation of TPCs to the physiological stimuli Ca2+
signalling. I therefore used lower drug concentrations (1 µM) to reduce their Ca2+
responses. Compared to 10 µM, raloxifene of 1 µM was associated with a smaller
increase in cytosolic Ca2+ (Fig.5.3.5A and B). As shown in Fig.5.3.5C-F and quantified
in Fig.5.3.5K, following raloxifene, histamine-induced Ca2+ signals were significantly
reduced in both the magnitude and the AUC. In comparison, raloxifene left the
magnitude of bradykinin-induced Ca2+ signals unaltered, but there was an acceleration
on the decay phase of the Ca2+ signals (a reduction in the AUC) (Fig.5.3.5G-J and L).
To obtain the “correct” magnitude of histamine/bradykinin responses following 1 µM
raloxifene, the basal ratio was acquired by averaging fluorescence from a 90 second
recording before addition of histamine/bradykinin. Thus, the increased Ca2+ signals by
raloxifene were taken into account. Collectively, histamine and bradykinin-induced
Ca2+ signals are differentially reduced by raloxifene.

5.3.6 Fluphenazine inhibits histamine- but not bradykinin-mediated
Ca2+ signals
The effect of fluphenazine on histamine- and bradykinin-induced Ca2+ signals was
examined in the same manner as that for raloxifene at 1 µM to minimise its intrinsic
Ca2+ responses. As shown in Fig.5.3.6A-D and quantified in Fig.5.3.6I, fluphenazine
completely blocked histamine-induced Ca2+ signals. In stark contrast, bradykinininduced Ca2+ signals were maintained in the presence of fluphenazine (neither the
magnitude nor the AUC was altered) (Fig.5.3.6E-H and J). Fluphenazine therefore
blocks histamine- but not bradykinin-induced Ca2+ signals.
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Figure 5.3.5 Histamine- and bradykinin-mediated Ca2+ signals are reduced by
raloxifene to different degrees
(A and B) Cytosolic Ca2+ responses to raloxifene of 10 µM (A) or 1 µM (B) in individual
fibroblasts.
(C and D) Cytosolic Ca2+ responses to histamine (3.16 µM) following DMSO (C) or raloxifene
(1 µM) (D) in individual fibroblasts. The bars above graphs indicate the time of addition of
the compound, DMSO or raloxifene was added at 90s, histamine was added at 990s. Gray
traces represent recordings of all individual cells and black traces represent the population
average.
(E) Average cytosolic Ca2+ responses (mean ± S.E.M, from 5-7 independent experiments) to
histamine (3.16 µM) following DMSO or raloxifene (1 µM) in fibroblasts.
(F) The same dataset as E but with expanded x- and y-axes.
(G and H) Cytosolic Ca2+ responses to bradykinin (10 nM) following DMSO (G) or raloxifene
(1 µM) (H) in individual fibroblasts. Cells were stimulated with DMSO or raloxifene at 90s
and bradykinin at 990s as indicated by the bars.
(I) Average cytosolic Ca2+ responses (mean ± S.E.M, from 6-7 independent experiments) to
bradykinin (10 nM) following DMSO or raloxifene (1 µM) in fibroblasts.
(J) The same dataset as I but with expanded x- and y-axes.
(K) Data quantifying magnitudes and AUC of histamine responses in E and F (n=5-7).
** P<0.01 **** P<0.0001 were determined by independent-samples t-tests or Mann Whitney
U test.
(L) Data quantifying magnitudes and AUC of bradykinin responses in I and J (n=6-7). n.s. not
statistically significant **** P<0.0001 were determined by independent-samples t-tests.
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Figure 5.3.6 Fluphenazine inhibits histamine- but not bradykinin-mediated Ca2+
signals
(A and B) Cytosolic Ca2+ responses to histamine (3.16 µM) following DMSO (A) or
fluphenazine (1 µM) (B) in individual fibroblasts. The bars above graphs indicate the time of
addition of the compound, DMSO or fluphenazine was added at 90s, histamine was added at
990s. Gray traces represent recordings of all individual cells and black traces represent the
population average.
(C) Average cytosolic Ca2+ responses (mean ± S.E.M, from 3 independent experiments) to
histamine (3.16 µM) following DMSO or fluphenazine (1 µM) in fibroblasts.
(D) The same dataset as C but with expanded x- and y-axes.
(E and F) Cytosolic Ca2+ responses to bradykinin (10 nM) following DMSO (E) or
fluphenazine (1 µM) (F) in individual fibroblasts. Cells were stimulated with DMSO or
fluphenazine at 90s and bradykinin at 990s as indicated by the bars.
(G) Average cytosolic Ca2+ responses (mean ± S.E.M, from 3 independent experiments) to
bradykinin (10 nM) following DMSO or fluphenazine (1 µM) in fibroblasts.
(H) The same dataset as G but with expanded x- and y-axes.
(I) Data quantifying magnitudes and AUC of histamine responses in C and D (n=3); * P<0.01
was determined by independent-samples t-tests.
(J) Data quantifying magnitudes and AUC of bradykinin responses in G and H (n=3-4); n.s.
not statistically significant was determined by independent-samples t-tests.
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5.3.7 Validation of TPC knockdown in fibroblasts by quantitative
PCR
In addition to pharmacologically reducing TPC activity, I also applied siRNAmediated TPC knockdown to investigate the role of TPCs on histamine and
bradykinin-induced Ca2+ signals. I used quantitative PCR (qPCR) to measure the
mRNA levels of TPCs from cells transfected with TPC1 siRNA and/or TPC2 siRNA.
TPC transcript levels were normalized to the house-keeping gene ubiquitin C (UBC)
and are presented in Fig.5.3.7A and C. Notably, native TPC1 levels were far higher
than TPC2. As shown in Fig.5.3.7A and B, in cells co-transfected with siRNAs
targeted to TPC1 and TPC2, TPC1 and TPC2 levels were reduced by about 85% and
65%, respectively. I also performed single knockdowns. In cells treated with TPC1
siRNA only, the TPC1 level was largely reduced. Similarly, in cells treated with TPC2
siRNA only, the TPC2 level was largely reduced (Fig.5.3.7C and D). Therefore, qPCR
confirmed knockdown of TPC1 and TPC2 by siRNAs in fibroblasts.
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Figure 5.3.7 Validation of TPC knockdown in fibroblasts by quantitative PCR
(A-D) Data quantifying TPC transcripts after normalized to housekeeping gene UBC (A and
C) and presented as percentage of the TPC levels in cells transfected with control siRNA (B
and D) The mean ± S.E.M of three replicates from one experiment is displayed.

5.3.8 TPC knockdown modestly inhibits histamine- but not
bradykinin-mediated Ca2+ signals
As TPC KD can be successfully achieved in fibroblasts, I first examined histamineand bradykinin-induced Ca2+ signals in cells co-transfected with TPC1 siRNA and
TPC2 siRNA. In these cells, histamine-induced Ca2+ signals were reduced compared
to cells treated with control siRNA (Fig.5.3.8A-D). To note, the reduction was modest
- about 25% in the magnitude and the AUC (Fig.5.3.8I). Bradykinin-induced Ca2+
signals, however, were similar in cells treated with control siRNA and those with
TPC1 siRNA and TPC2 siRNA (Fig.5.3.8E-H and J). These data therefore suggest that
TPC double knockdown reduces histamine but not bradykinin-induced Ca2+ signals
albeit modestly.

5.3.9 TPC2 but not TPC1 knockdown modestly inhibits histaminemediated Ca2+ signals
Having observed histamine-induced Ca2+ signals were reduced in cells co-transfected
with TPC1 siRNA and TPC2 siRNA, I went on to examine the contribution of each
isoform on histamine mediated Ca2+ signalling. As shown in Fig.5.3.9A-C and
quantified in Fig.5.3.9F and G, in cells transfected with TPC1 siRNA, there was no
significant reduction in either the magnitude or the AUC of histamine-induced Ca2+
signals, although more cells seemed to exhibit oscillatory responses (Fig.5.3.9A). In
contrast, in cells treated with TPC2 siRNA, histamine-induced Ca2+ signals were
visibly reduced (Fig.5.3.9A, D and E) although modestly. That is, the peak was
maintained but the phase with complex Ca2+ fluctuations was reduced (a reduction in
the AUC) (Fig.5.3.9F and G). Collectively, these data suggest that there could be an
isoform-selective role for TPC in histamine-induced Ca2+ signalling.
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Figure 5.3.8. TPC knockdown modestly inhibits histamine- but not bradykininmediated Ca2+ signals
(A and B) Cytosolic Ca2+ responses to histamine (3.16 µM) in individual fibroblasts
transfected with control siRNA (A) or co-transfected with TPC1 siRNA and TPC2 siRNA (B).
The bars above graphs indicate the time of addition of the compound, which was at 90s. Gray
traces represent recordings of all individual cells and black traces represent the population
average.
(C) Average cytosolic Ca2+ responses (mean ± S.E.M, from 10 independent experiments) to
histamine (3.16 µM) in fibroblasts transfected with control siRNA or co-transfected with
TPC1 siRNA and TPC2 siRNA.
(D) The same dataset as C but with expanded x- and y-axes.
(E and F) Cytosolic Ca2+ responses to bradykinin (10 nM) in individual fibroblasts transfected
with control siRNA (E) or co-transfected with TPC1 siRNA and TPC2 siRNA (F). The bars
above graphs indicate the time of addition of the compound, which was at 90s.
(G) Average cytosolic Ca2+ responses (mean ± S.E.M, from 7 independent experiments) to
bradykinin (10 nM) in fibroblasts transfected with control siRNA or co-transfected with TPC1
siRNA and TPC2 siRNA.
(H) The same dataset as G but with expanded x- and y-axes.
(I) Data quantifying magnitudes and AUC of histamine responses in C and D (n=10).
** P<0.01 was determined by independent-samples t-tests.
(J) Data quantifying magnitudes and AUC of bradykinin responses in G and H (n=7).
n.s. not statistically significant was determined by independent-samples t-tests.
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Figure 5.3.9. TPC2 but not TPC1 knockdown modestly inhibits histaminemediated Ca2+ signals
(A) Cytosolic Ca2+ responses to histamine (3.16 µM) in individual fibroblasts transfected
with control siRNA or TPC1 siRNA or TPC2 siRNA. The bars above graphs indicate the time
of addition of the compound, which was at 90s. Gray traces represent recordings of all
individual cells and black traces represent the population average.
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(B) Average cytosolic Ca2+ responses (mean ± S.E.M, from 6 independent experiments) to
histamine (3.16 µM) in fibroblasts transfected with control siRNA or TPC1 siRNA.
(C) The same dataset as B but with expanded x- and y-axes.
(D) Average cytosolic Ca2+ responses (mean ± S.E.M, from 5-6 independent experiments) to
histamine (3.16 µM) in fibroblasts transfected with control siRNA or TPC2 siRNA.
(E) The same dataset as D but with expanded x- and y-axes.
(F and G) Data quantifying magnitudes and AUC of histamine responses in B-E (n=5-6). n.s.
not statistically significant * P <0.05 were determined by one-way ANOVA.

5.4 Discussion
Ca2+ signals can function in both “local” and “global” mode. TPCs regulate endolysosomal trafficking through elevation of local Ca2+ (Hockey et al., 2015; Kilpatrick
et al., 2017; Lin-Moshier et al., 2014; Ruas et al., 2010). TPCs are also required for
NAADP-induced global Ca2+ signals (Brailoiu et al., 2009; Calcraft et al., 2009;
Pereira et al., 2014). However, there is very little information about the relevance of
TPCs to physiological global Ca2+ signals evoked by extracellular stimuli. In this
chapter, I examined the role of TPCs in histamine- and bradykinin-induced Ca2+
signals in fibroblasts using both pharmacological and molecular approaches. My
results indicate that TPCs are implicated in physiological global Ca2+ signals, possibly
in an agonist- and isoform-specific manner.
To investigate whether TPCs are required for physiological global Ca2+ signals, I
employed histamine and bradykinin. Histamine is an essential inflammatory mediator
involved in the immune response. It has been reported to induce IP3 and cADPR
production (Hill et al., 1997; Kip et al., 2006; Montero et al., 2003; Willets et al., 2008).
Besides, it has also been shown to cause NAADP production (Soares et al., 2007).
Bradykinin is a naturally synthesized vasodilator that can induce IP3 and cADPR
production (Ataei et al., 2013; Kip et al., 2006; Lambert et al., 1986). However, there
is no study suggests that bradykinin causes NAADP production. I found that in
fibroblasts, both histamine and bradykinin induced robust Ca2+ signals but with
different kinetics. I observed that histamine elicited a two-phase response, a peak and
then a phase with complex Ca2+ fluctuations. In comparison, the bradykinin response
was a simple, single peak, in accordance with that observed previously (Kilpatrick et
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al., 2013). The differential Ca2+ responses by histamine and bradykinin have also been
reported in tracheal epithelial cell lines (Harris & Hanrahan, 1993).
As an initial step to examine whether TPCs are required for histamine and bradykinin
Ca2+ signalling, I studied whether lysosomes contribute to their Ca2+ signals. GPN is
a widely used and classical tool for probing lysosomal Ca2+ signalling, as it
permeabilizes lysosomal membranes inducing leakage of luminal content (e.g. Ca2+)
(Haller et al., 1996; Jadot et al., 1984). A recent study, however, has questioned the
action of GPN on lysosomes. Instead it was suggested that GPN induces Ca2+ release
from the ER via its cytosolic alkalizing effect (Atakpa et al., 2019). In chapter 2, I reaffirmed that lysosomes are primary targets for GPN in fibroblast. Further supporting
this, in chapter 3, I found that GPN works differently from thapsigargin and it
completely inhibited Ca2+ release by the TPC2 agonists A1 and H07. In fibroblasts,
GPN-induced Ca2+ signals are complex and long-lasting, even in the absence of
extracellular Ca2+ (chapter 2, Kilpatrick et al. 2013). This could cause complication
to subsequent analysis of other Ca2+ signals. To avoid this, instead of testing the effects
of GPN pretreatment on histamine and bradykinin Ca2+ signals, I performed the
experiment in the reverse mode, that is, testing the effects of histamine and bradykinin
pretreatment on GPN-induced Ca2+ signals. For experiments carried out in this way, a
saturating concentration of histamine and bradykinin was used to maximally deplete
intracellular Ca2+ stores. Also, the experiments were carried out in the absence of
extracellular Ca2+. This was to allow detection of Ca2+ release only. Following
histamine, GPN-induced Ca2+ signals were largely but not completely abolished
(Fig5.3.1B, C, F and G). This could suggest that lysosomes are implicated in
histamine-induced Ca2+ signals. But on the other hand, given that GPN also mobilizes
ER Ca2+ likely via MCSs in fibroblasts (Kilpatrick et al., 2013; Penny et al., 2014) and
histamine signals through inducing ER Ca2+ release (Hill et al., 1997; Kip et al., 2006;
Montero et al., 2003; Pinheiro, Paramos-De-carvalho, et al., 2013; Willets et al., 2008),
the reduced GPN responses after histamine could be due to reduced ER Ca2+. Two
lines of evidence argue against this. First, I found that in contrast to histamine’s strong
inhibitory effect on GPN Ca2+ signals, bradykinin only appeared to modestly reduce
GPN Ca2+ signals (not statistically significant, Fig5.3.1D-G) even though it is also
known to function through the ER (Ataei et al., 2013; Lambert et al., 1986; Pinheiro,
Paramos-De-Carvalho, et al., 2013). My results are consistent with Kilpatrick et al.,
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2013 where bradykinin turns GPN Ca2+ signals from oscillatory to monotonic
(Fig.5.3.1A). Second were the results of experiments where I tested the effects of
histamine and bradykinin on thapsigargin-induced Ca2+ release. Thapsigargin is a
SERCA inhibitor that can deplete ER Ca2+ (i.e. indirect “monitoring” ER Ca2+ level)
(Sehgal et al., 2017; Treiman et al., 1998). Surprisingly, I observed that following
histamine, thapsigargin Ca2+ signals were largely maintained, and following
bradykinin, thapsigargin Ca2+ signals were not affected at all (Fig.5.3.2). This suggests
that the ER store is refilled after agonist stimulation, which is unexpected as
experiments were performed without extracellular Ca2+. The mechanism behind such
refilling requires investigation. Nevertheless, this indirectly indicates that the reduced
GPN signals after histamine is due to reduced lysosomal Ca2+. Moreover, the facts that
after histamine, GPN but not thapsigargin Ca2+ signals were largely reduced could
indicate that the ER but not lysosomes are refilled with Ca2+ after agonist stimulation,
or perhaps, lysosomes are less effective than the ER in taking up Ca2+. In fact, as
discussed in chapter 2, the mechanism for lysosomal Ca2+ uptake remains elusive.
I next examined whether TPCs are implicated in histamine and bradykinin Ca2+ signals.
I first utilized a pharmacological approach. Ned-19 is a selective NAADP antagonist
(Naylor et al., 2009). Using Ned-19, NAADP has been associated with a number of
extracellular stimuli-induced Ca2+ signals, including carbachol, glucose and histamine
(Aley et al., 2013; Esposito et al., 2011; Naylor et al., 2009). But Ned-19 is not the top
choice for probing TPC involvement for several reasons. First, NAADP is known to
activate TPCs indirectly under regulation of multiple factors (Jha et al., 2014; LinMoshier et al., 2012; Walseth et al., 2012), it is therefore likely that Ned-19 blocks
TPCs indirectly as well. Importantly, in chapter 3, I found that Ned-19 is more potent
in blocking A1-induced TPC2-dependent Ca2+ signals when environment changed
from the near-neutral extracellular space to the acidic lysosomes. Second, Ned-19 has
been shown to activate TPC2 activity at nanomolar concentration (Pitt et al., 2010).
Third, Ned-19 and NAADP may not be entirely selective for TPCs. It has been
reported that NAADP can activate TRPML1 and Ned-19 can block TRPML1 Ca2+
signals induced by ML-SA1 (Lee et al., 2015; Zhang et al., 2009). In line with this, in
chapter 3, I observed that Ned-19 tended to inhibit TRPML1-evoked Ca2+ release.
Besides, an action of NAADP on RyRs has also been reported (Hohenegger et al.,
2002; Langhorst et al., 2004; Dammermann and Guse, 2005) although controversially
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(Copello et al., 2001; Wagner et al., 2014). NAADP antagonism (using Ned-19)
therefore offers a relatively complicated route to inhibit TPC activity, and possibly
accompanied with off-target or undesired effects.
I therefore took advantage of the developing TPC pharmacology. The most potent TPC
blocker is tetrandrine which was identified in 2015 (Sakurai et al., 2015). Consistent
with its TPC blocking identity, in chapter 3, I show that tetrandrine blocked Ca2+
signals by the TPC2 agonist, A1. Also, tetrandrine is likely to bind to the pore of TPCs
to elicit action. This is because tetrandrine is a Cav blocker (King et al., 1988; Liu et
al., 1992; Sakurai et al., 2015), and docking analysis reveal Cav blockers targeted at
the pore region of TPCs as they did on evolutionarily-linked Cav (Rahman et al., 2014).
Tetrandrine therefore was utilized to investigate whether TPCs are required for
histamine- and bradykinin-induced Ca2+ signals. For these experiments, I used halfmaximal concentrations of histamine and bradykinin, which have been established by
a previous lab member (Yates, 2017). I observed that tetrandrine reduced histamineinduced Ca2+ signals by two-fold whereas it only modestly reduced bradykinininduced Ca2+ signals (Fig.5.3.3). Tetrandrine therefore affects both agonists, with a
stronger inhibitory effect on histamine signals than that on bradykinin signals. The
experiments were conducted with extracellular Ca2+, therefore, one consideration is
that the inhibition by tetrandrine could be via blocking Ca2+ entry. Tetrandrine is
known to inhibit L-type and T-type Cav (King et al., 1988; Liu et al., 1992), and the
latter was shown to be required for histamine-induced Ca2+ influx in a neuroendocrine
tumour cell line (Pfanzagl et al., 2019). However, in non-excitable fibroblasts, if Cavs
are present, they would not be expected to be functional. Cavs are therefore unlikely
to contribute on the signal inhibition by tetrandrine. In non-excitable cells, storeoperated Ca2+ channels (SOCCs) offer the major route for Ca2+ entry, which is
activated upon ER store depletion (Baumann, 2012; Jardin et al., 2018). In an early
study, tetrandrine has been shown to block thapsigargin-induced Ca2+ influx in
NIH/3T3 fibroblasts (Takemura et al., 1996), indicating that tetrandrine may block
SOCE. However, to note, tetrandrine has a stronger inhibitory effect on histamine Ca2+
signals than bradykinin Ca2+ signals. Given the “extra” effect of tetrandrine on
histamine, the reduced histamine signals is unlikely to be solely due to an action of
tetrandrine on Ca2+ entry. Similarly, this ‘extra’ block is unlikely to be due to an effect
on ER Ca2+ release. Never-the-less testing tetrandrine against histamine and
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bradykinin in the absence of extracellular Ca2+ could be informative. Rather my
findings that histamine Ca2+ signals are more tetrandrine-sensitive echoes the findings
that histamine Ca2+ signals are lysosome-dependent. Taken together, histamine
possibly induces TPC-dependent Ca2+ signals.
In 2018, through a drug screening approach, a number of novel TPC pore blockers
have come to light (Penny et al., 2019), including those targeting estrogen receptors
(e.g. raloxifene) and dopamine receptors (e.g. fluphenazine). In chapter 3, these drugs
blocked Ca2+ signals by the TPC2 agonist, A1, confirming their identity as TPC
blockers. Therefore, in addition to tetrandrine, I also applied these novel blockers to
study the TPC involvement in histamine and bradykinin-evoked Ca2+ signals.
Interestingly, in fibroblasts, 10 µM raloxifene and fluphenazine induced robust Ca2+
signals (Fig.5.3.4). This effect was not seen in HeLa cells (in chapter 3). The
mechanism for their Ca2+ responses is unclear. For fluphenazine, perhaps, this could
be explained by its reported ability to inhibit SERCA and the subsequent Ca2+ efflux
from the ER (Michelangeli & East, 2011). However, considering the lack of Ca2+
signals in HeLa cells, such SERCA inhibition may not be the reason. Or perhaps, the
SERCA inhibition is a cell-type specific behaviour of fluphenazine. Regardless of how
raloxifene and fluphenazine induce Ca2+ signals (still requiring investigations), their
Ca2+ signals would complicate the subsequent analysis of histamine- and bradykinininduced Ca2+ signals. To minimise the Ca2+ responses, I used lower concentrations of
raloxifene and fluphenazine. Raloxifene of 1 µM reduced both histamine and
bradykinin Ca2+ signals (Fig.5.3.5). Encouragingly, similar to tetrandrine, raloxifene’s
effect on histamine signals was stronger than that on bradykinin signals. The “extra”
effect on histamine signals therefore could be due to an inhibitory effect of raloxifene
on a pathway that is not required by bradykinin for generating Ca2+ signals. To
reasonably extrapolate, compared to bradykinin, the “extra” inhibition of the histamine
response by raloxifene might be caused by raloxifene’s inhibitory effect on TPCs,
further echoing the role of lysosomes on histamine signals.
Fluphenazine at 1 µM fully blocked histamine Ca2+ signals but left bradykinin-induced
Ca2+ signals intact (Fig.5.3.6). However, notably, Fluphenazine has been reported to
be a potent histamine receptor antagonist (Yonemura & Miyanaga, 1998). In contrast,
there is no literature suggests an action of tetrandrine and raloxifene on histamine
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receptors. Therefore, fluphenazine is not ideal to study the relation of TPCs to
histamine Ca2+ signalling. But fluphenazine does reveal that Ca2+ signals by
bradykinin are unlikely to be TPC dependent.
From the above results, I propose that histamine utilizes TPCs for Ca2+ signalling but
bradykinin does not. Strengthening the pharmacological evidence that histamine Ca2+
signalling might be TPC-dependent, in 2017, naringenin was shown to block histamine
Ca2+ signalling, and this effect was ascribed to inhibited TPC activity (Pafumi et al.,
2017). In addition to TPCs, TRPML1 has also been shown to induce global signals by
functionally coupling to ER Ca2+ release and stimulating Ca2+ influx from the
extracellular space (Kilpatrick, Yates, et al., 2016). It is reassuring that TPC blockers
(tetrandrine, raloxifene or fluphenazine) are selective to TPCs over TRPML (chapter
3). Additionally, although TRPML1 can induce global Ca2+ signalling upon activation
by its synthetic activator ML-SA1 (Kilpatrick, Yates, et al., 2016), there is very little
information about whether TRPML1 is important for physiological agonists-induced
global Ca2+ signals. PI(3,5)P2 can activate endogenous TRPML1 currents (Dong et al.,
2010), but whether it induce TRPML1-mediated Ca2+ signals is unknown.
Although reduced histamine signals by tetrandrine and raloxifene have been
interpreted as a direct inhibition on TPC activity by the drugs, being prudent, it is
necessary to consider another possibility, which is lysosomal “trapping”. It has been
known for decades that lipophilic weak bases can accumulate inside lysosomes upon
protonation (De Duve et al., 1974; Nadanaciva et al., 2011). This lysosomotropism can
raise lysosomal pH (Lemieux et al., 2004). As lysosomal Ca2+ uptake is thought to
require the lysosomal pH gradient (Morgan et al., 2011; Patel & Docampo, 2010),
lysosomotropism therefore may reduce lysosomal Ca2+. Accordingly, if a compound
is a lysosomotropic agent (i.e. causing lysosomotropism), it would be expected to
reduce lysosomal Ca2+ signals, regardless of whether it can directly block TPCs.
Whether a compound has propensity to be trapped inside the lysosomes is dictated by
two physiochemical properties, an acid dissociation constant (pKa) > 7 and a
lipophilicity (logP) > 2 (Nadanaciva et al., 2011). Raloxifene has a pKa value of 8.89
and

a

logP

value

of

5.69

as

shown

by

ChemAxon;

https://go.drugbank.com/drugs/DB00481. Similarly, the pKa and logP for tetrandrine
has been reported to be 8.3 and 5.6, respectively (Xiao et al., 2017). Tetrandrine and
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raloxifene therefore have the potential to be lysosomotropic agents. Testing tetrandrine
and raloxifene on lysosomal pH under my conditions could be informative. This could
be done indirectly with LTR (Chapter 2) which is in fact a fluorophore that relies on
acid-trapping to target lysosomes (Kilpatrick et al., 2015). However, it is important to
note, even if tetrandrine and raloxifene are lysosomotropic agents, their rates of
trapping (i.e. the rate of lysosomal pH increase) could be slow (as NH4Cl from chapter
2). Also, in chapter 2, I have pointed out that the Ca2+ leak upon increased lysosomal
pH could also be slow. In light of the above, there is a possibility that tetrandrine and
raloxifene may require a sustained incubation time to have a clear impact on lysosomal
Ca2+ by lysosomotropism. Therefore, even if tetrandrine and raloxifene may become
trapped inside the lysosomes, the reduced histamine signals observed after 15-minute
treatment may be independent of this. Favouring this, within the 15-minute period,
tetrandrine did not cause Ca2+ signals upon acute treatment. Although raloxifene at 1
µM did induce a rise in cytosolic Ca2+, the rise was modest and the source for the Ca2+
rise is unclear, requiring further investigation. Regarding the lysosomotropism issue,
two other experiments could be considered: 1) searching for compounds that cannot
block TPCs but can cause similar degree of lysosomotropism as tetrandrine or
raloxifene, and then testing the compounds against histamine action (may serve as a
negative control); 2) searching for compounds that can block TPCs and free from being
“trapped” inside the lysosomes (Gunaratne, Johns, et al., 2018), and then testing the
compounds against histamine action (may serve as a positive control).
Aside from using a pharmacological approach, I also examined the effects of TPC
knockdown on histamine and bradykinin Ca2+ signals. I used TPC siRNAs which have
been validated previously in fibroblasts (Kilpatrick et al., 2017). Using qPCR, I found
that in fibroblasts, TPC1 transcripts are much higher than that of TPC2 (Fig.5.3.7A
and C), as also found in other cell lines (Brailoiu et al., 2009; Faris et al., 2019; Nguyen
et al., 2017; Trufanov et al., 2019). As expected, TPC1 and TPC2 transcripts were
reduced by their respective siRNA. To be precise, TPC1 level was reduced by about
85%, and TPC2 level was reduced by about 65% (Fig.5.3.7B and D). Efficient TPC1
and TPC2 knockdown therefore can be achieved in fibroblasts, although the
knockdown of TPC2 is less efficient than that of TPC1 which has also been reported
in other studies (García-Rúa et al., 2016; Sakurai et al., 2015). In cells with reduced
levels of both TPC1 and TPC2 (double knockdown), I found that histamine but not
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bradykinin-induced Ca2+ signals were also reduced (Fig.5.3.8). This somewhat is in
accord with the effect of the TPC blockers (tetrandrine and raloxifene) on the Ca2+
signals evoked by the two agonists. Notably, TPC knockdown only reduced histamine
signals by 25%, less effective than the TPC blockers. Perhaps this is because that TPC
blockers have off-target effects on other components required by histamine signals.
Given that bradykinin signals were also modestly reduced by TPC blockers but not by
TPC knockdown, the other components could be the ER store and SOCCs. Returning
back to the effects of TPC knockdown on histamine signals, this could reflect that TPC
has a small contribution on histamine signals. But on the other hand, given that qPCR
can only inform on the mRNA level, the protein levels of TPC1 and TPC2 may still
high. Western blot can determine protein level, but the lack of a good TPC antibody is
the chief obstacle. It is worth trying other commercial TPC siRNAs. Also, rescue
experiments (e.g. using siRNA-resistant construct (Kilpatrick et al., 2017)) should be
considered in the future for assessing specificity.
As TPCs are required by histamine-induced Ca2+signalling, I next examined the
relative TPC1 and TPC2 involvement. I found that there was a significant reduction in
histamine-induced Ca2+ signals upon TPC2 but not TPC1 knockdown (Fig.5.3.9). The
implication could be that TPC2 but not TPC1 is implicated in histamine Ca2+ signalling.
To note, TPC2 is predominantly localized to lysosomes (Calcraft et al., 2009).
Although TPC1 has been reported to have a wider distribution within the endolysosomal system (Brailoiu et al., 2009), the endosomes appear to be its major site
(Castonguay et al., 2017; Kilpatrick et al., 2017). The differential localization of TPC1
and TPC2 within the endo-lysosomal system therefore may explain why TPC2
(lysosomes) but not TPC1 (endosomes) are required by histamine for signalling. Or
perhaps, histamine recruits endosomes for Ca2+ signalling but via other calcium
channels rather than TPC1. Supporting the role of TPC2 on histamine Ca2+ signalling,
previously, it has been shown that TPCs are required by histamine type 1 receptorinduced von Willebrand factor (VWF) secretion (Esposito et al., 2011) although they
did not measure Ca2+ in TPC-depleted cells.
As the relevance of TPC2 to global Ca2+ signals has been revealed, the next step
therefore should be to study the physiological and pathophysiological meaning of this.
For example, in fibroblasts carrying TPC2 polymorphism M484L, there was a
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significant increase in endogenous PI(3,5)P2 currents compared to TPC2 WT
fibroblasts (Chao et al., 2017). Such an increase may also apply to histamine Ca2+
signals, which should be tested. Notably, altered physiological Ca2+ signalling may
impact human health under stress conditions. NAADP-induced Ca2+ signals are
augmented in PD patient fibroblasts (Hockey et al., 2015), which could be translated
as augmented TPC2-dependent histamine Ca2+ signalling. In other words, TPC2 may
contribute to the development of diseases (e.g. PD) via a global Ca2+ route.
In summary, I used three different approaches to examine the relation of TPCs to
physiological agonist-induced Ca2+ signals. First, I used GPN and I found Ca2+ signals
by GPN were largely reduced after histamine but not bradykinin stimulation. Second,
I used TPC blockers and I found that tetrandrine and raloxifene reduced histamine
signals to a larger extent compared to their effects on bradykinin signals. Finally, I
used TPC knockdown and I found that histamine but not bradykinin signals were
reduced by the knockdown. More specifically, histamine signals were reduced by
TPC2 but not TPC1 knockdown. Together, TPCs are implicated in physiological
global Ca2+ signals, likely in an agonist- and isoform-specific manner.
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Chapter 6: Conclusions and Future Directions
TPCs are one class of cation channels in the endolysosomal system. For the last decade,
TPCs have been associated with various physiological and pathophysiological
functions (Grimm et al., 2017; Patel & Kilpatrick, 2018). However, our current
understanding on this channel remains limited. Abundant evidence exists to show that
TPCs are NAADP-activated non-selective Ca2+-permeable channels (Calcraft et al.,
2009; Grimm et al., 2014; Penny et al., 2019; Ruas et al., 2015; Schieder et al., 2010),
while other evidence indicates that TPCs are PI(3,5)P2-activated Na+-selective
channels (Cang et al., 2013, 2014; Guo et al., 2017; She et al., 2018; Wang et al., 2012).
The gating mechanism and ion selectivity of TPCs, thus, are disputed. In addition,
TPC-mediated local Ca2+ signals have been found to regulate membrane trafficking
(Grimm et al., 2014; Hockey et al., 2015; Lin-Moshier et al., 2014; Vassileva et al.,
2020). The local signals can be converted into global signals by lysosome-ER Ca2+
coupling likely via MCSs (Kilpatrick et al., 2013; Penny et al., 2015). But it is less
clear as to whether TPCs are required for physiological Ca2+ signalling evoked by
extracellular stimuli. Above all, the pharmacology of TPCs is limited and there are no
effective TPC modulators that can aid research and drug discovery. In this thesis, I
have provided new insight into known modulators and developed new ones (Fig.6.1).
The lysosomotropic agent, GPN, has long been appreciated to evoke Ca2+ release from
acidic organelles and thus to probe TPC function. GPN does so because it is cleaved
by cathepsin C. The resultant products are thought to rupture lysosomal membranes
by evoking an osmotic stress (Jadot et al., 1984). This longstanding view, however,
has recently been challenged (Atakpa et al., 2019). The new study instead suggests
that GPN induces Ca2+ release from the ER by increasing cytosolic pH. In chapter 2,
the focus therefore was to re-examine GPN action. In human fibroblasts, I found that
GPN increased cytosolic pH, but when compared to its effects on cytosolic Ca2+, there
was a kinetic discrepancy. Specifically, the change in pH occurred faster than the onset
of Ca2+ responses. Further supporting such discrepancy, the weak base NH4Cl induced
a similar change in cytosolic pH as GPN but only very modest Ca2+ responses. The
GPN Ca2+ response thus is unlikely to be a result of cytosolic pH alkalization.
Moreover, to examine the role of acidic organelles on GPN action, I used bafilomycin
A1, a V-type ATPase inhibitor that is thought to perturb acidic Ca2+ stores by
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dissipating the luminal pH gradient. In fibroblasts, one notable observation was that
bafilomycin A1 slowly increased luminal pH. When bafilomycin A1 had a modest
effect on lysosomal pH (i.e. acute treatment), GPN- and thapsigargin-induced Ca2+
signals were both potentiated. In contrast, when bafilomycin A1 induced a dramatic
change in the luminal pH (i.e. chronic treatment), GPN but not thapsigargin Ca2+
responses were inhibited. My data thus supported an action of GPN on acidic
organelles. However, future work still requires exploring how this exactly happens.
There is compelling evidence showing that GPN-induced Ca2+ signals are independent
of cathepsin C (Atakpa et al., 2019). But this does not equate to a lack of effect of GPN
on membrane integrity given that GPN isoform, D-GPN, a non-cathepsin C substrate,
was shown previously to permeabilize lysosomal membranes (Jadot et al., 1990) and
increase cytosolic Ca2+ (Atakpa et al., 2019). To study this, the effects of GPN on
endocytosed fluorophores could be assayed in the future.

Figure 6.1 Overview of chemical tools for studying endolysosomal two-pore channels.
Conclusions and future directions
(A) GPN induces Ca2+ signals by targeting acidic organelles such as lysosomes, but the
underlying mechanism requires further investigation.
(B) A1 and H07 are cell-permeable and selective TPC2 activators. They activate TPC2 to
induce pore-dependent Ca2+ signals, confirming the Ca2+ permeability of TPC2, They also
induce Na+ signals, consistent with the Na+ permeability of the channel. In comparison, A1
induces larger Ca2+ signals but similar Na+ signals as H07 (left). H07 but not A1 requires K204
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for action resembling PI(3,5)P2 (right). H07- but not A1-induced Ca2+ signals are regulated by
acidic luminal pH. Together, TPC2 activity is regulated in an activity dependent manner. Some
SERMs and dopamine receptor modulators are novel TPC2 inhibitors. Future work should
further characterize these novel TPC modulators provided in this thesis.
(C) Lysosomes and TPCs are required for physiological global Ca2+ signals induced by
extracellular stimuli (e.g. histamine), likely in an isoform-specific manner. Future work should
examine the physiological and pathophysiological meaning of this.

The association of TPCs with diseases has highlighted the significance of having direct
TPC modulators as they can be used for research and drug discovery. In chapter 3, I
introduced and characterized novel TPC modulators given the extant chemical tools
are limited (Table 1.1 and 1.2). I identified A1 and H07 as structurally different cellpermeable TPC2 activators. I showed that they can activate recombinant TPC2 to
induce pore-dependent Ca2+ signals. Importantly, A1 also induced endogenous Ca2+
responses. Such endogenous responses are likely to be TPC2 dependent as the
responses to A1 were largely reduced in cells expressing dominant-negative TPC2.
Future works should also examine A1 and H07 in TPC2 KO cells (Grimm et al., 2014;
Ruas et al., 2015) or in cells treated with TPC2 siRNA (Hockey et al., 2015; Kilpatrick
et al., 2017) for making a firmer conclusion. Moreover, I showed that A1 and H07 are
selective to TPC2 as they cannot activate TRPML1 or TPC1 at concentrations that
induced TPC2-dependent Ca2+ responses. However, my results were less clear
regarding whether TRPML1/TPC1 are targets for A1/H07 as much higher
concentrations (e.g. 100 µM) were not examined. This could be established in the
future. In the same chapter, I also confirmed that a number of drugs targeting dopamine
and estrogen receptors are TPC2 inhibitors. These compounds were first identified
from a drug re-purposing approach designed for pursuing novel TPC inhibitors (Penny
et al., 2019). Here, these compounds and also tetrandrine (a TPC inhibitor identified
in Sakurai et al., 2015) blocked A1-induced Ca2+ signals in cells expressing PM TPC2,
further confirming the action of A1 on TPC2. Future structure-activity approaches are
warranted.
One interesting finding from chapter 3 was that A1 and H07 activated TPC2 to
differentially affect Ca2+. Specifically, A1 induced larger Ca2+ signals than H07 in
cells transfected with lysosomal TPC2 (i.e. TPC2 GCaMP6s). Depleting the ER and
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lysosome stores indicated that A1 but not H07 resembled NAADP in coupling both
stores for signalling. The larger signals thus can be explained. However, in cells
expressing PM TPC2, that is functionally uncoupled to the ER, A1 also induced larger
Ca2+ signals than H07 at certain concentrations. Strikingly, there was a visible delay
in H07 but not A1-induced Ca2+ signals, which cannot be resolved by increasing the
concentration of H07. Thus, in cells transfected with TPC2 GCaMP6s, part of the
reason that A1 exhibits larger Ca2+ responses than H07 could be ER-coupling, and
another reason could be that A1 releases more lysosomal Ca2+. Future work could use
GECO of lower Ca2+ affinity and manipulators of membrane contact sites to
disentangle ‘trigger’ and ‘amplification’ signals (Davis et al., 2020).
In chapter 4, I further characterized A1 and H07. It remains to be determined whether
TPCs are NAADP-gated non-selective Ca2+-permeable channels or PI(3,5)P2-gated
Na+-selective channels. I showed that TPC2 is permeable to both Ca2+ and Na+ as both
A1 and H07 can activate the channel to induce Ca2+ and also Na+ signals. Notably,
however, when comparing their responses, I found that A1 induced larger Ca2+ signals
(also as indicated in chapter 3) but similar Na+ signals as H07. One intriguing
hypothesis is that the ion selectivity of TPC2 is agonist-dependent. Indeed, I found
that kinetically, for A1, there was no apparent difference between its Ca2+ responses
and Na+ responses. In contrast, for H07, its Na+ signals occurred a few minutes prior
to the onset of its Ca2+ signals. Importantly, removing Na+ had a remarkable
potentiating effect on H07 but not A1-induced Ca2+ signals. Therefore, the implication
could be that when activated by A1, TPC2 might be non-selective like in the presence
of NAADP, while when activated by H07, TPC2 might be Na+-selective like in the
presence of PI(3,5)P2. This has been confirmed by electrophysiology studies where
PCa/PNa ratios for their respective currents were examined (Gerndt et al., 2020); the
ratio for A1 and NAADP (0.65 ± 0.13 versus 0.73 ± 0.14) and the ratio for H07 and
PI(3,5)P2 (0.04 ± 0.01 versus 0.08 ± 0.0) were similar. The ion selectivity of TPC2
thus appears to be agonist-specific. This finding is of major significance as this could
resolve the long-held debate over the gating and selectivity of TPC2. However, it is
uncertain whether TPC1 also possesses a similar property. Identification of TPC1
activators would be most useful to the community.
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I also showed that H07- but not A1-induced Ca2+ responses were inhibited by mutation
in K204, a residue mapped to the IS4-IS5 linker and required for activation by
PI(3,5)P2 (She et al., 2019). Considering both H07 and PI(3,5)P2 render TPC2 Na+
selective and require K204 for action, I reasoned that how the channel is activated
molecularly might determine its ion selectivity. In other words, K204 binding might
be associated with Na+ selectivity. However, tricyclic anti-depressants (TCAs) and
riluzole, the other cell-permeable TPC2 activators identified by Zhang et al., 2019, do
not require K204 for action but they also induce Na+-selective cation currents. This
could mean that K204 is not the sole determinant. Thus, in the future, the molecular
basis for TPC2 activation by the agonist should be further investigated, as this may
inform how the ion selectivity of the channel is conferred at a molecular level. In
particular, we know nothing of the molecular determinants concerning A1 activation.
Finally, I found that H07- but not A1-induced Ca2+ responses were inhibited by
“luminal” acidic pH. In this chapter, I therefore showed that A1 and H07 differentially
activate TPC2 in terms of ion selectivity, K204 binding and pH regulation.
Interestingly, in Gerndt et al., 2020, A1 and H07 have been linked to distinct lysosomal
functions, further pointing to TPC2 as a unique channel that signals in an agonistdependent manner through different ions. More work is required to understand how
Na+ signals regulate cellular processes. However, what would be interesting to me is
to know how TPC signals in the presence of both A1 and H07 as this would be similar
to the situation in cells where both NAADP and PI(3,5P)2 coexist.
TPCs regulate membrane trafficking likely by mediating local lysosomal Ca2+ signals
(Marchant & Patel, 2015; Vassileva et al., 2020). TPCs are also involved in global
Ca2+ signalling (Calcraft et al., 2009; Jha et al., 2014; Ogunbayo et al., 2011). What
remains unclear, however, is that whether TPCs are implicated in extracellular stimuliinduced physiological global Ca2+ signalling. In the final chapter, this was investigated.
First, in fibroblasts, I found that histamine but not bradykinin largely reduced GPNinduced Ca2+ signals. Given that in chapter 2, GPN was shown to work through acidic
organelles, these data thus suggested that lysosomes are important for histamine but
not bradykinin Ca2+ signals. Second, when cells were challenged with TPC inhibitors
(those characterized in chapter 3), histamine-induced Ca2+ signals were reduced by a
larger extent than bradykinin Ca2+ signals. The “extra” reduction in histamine signals
therefore is likely due to an action of the inhibitors on a pathway that is irrelevant to
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bradykinin stimulation, which could be TPCs given the involvement of lysosomes in
histamine signalling. However, one should also be cautious that those TPC inhibitors
may simply be acid-trapped inside lysosomes to inhibit histamine-induced Ca2+ signals.
Finally, when cells were subjected to TPC knockdown, histamine but not bradykinininduced Ca2+ signals were reduced albeit modestly, again suggesting that TPCs are
required for histamine but not bradykinin action. TPC siRNA used here can cause
efficient TPC knockdown in fibroblasts, which has been validated previously by qPCR
(Kilpatrick et al., 2017) and confirmed here. Even so, it is still worth trying other
commercial TPC siRNAs. In addition, future work should also consider rescue
experiments using, for instance, siRNA-resistant construct (Kilpatrick et al., 2017), to
assess specificity. The relative involvement of TPC1 and TPC2 in histamine Ca2+
responses were subsequently examined via similar siRNA knockdown approach, and
TPC2 but not TPC1 was found to be important. The relevance of TPCs to global Ca2+
signalling by stimuli therefore has been established. Future work should examine TPC
knockout cells to confirm this. Also, the pathophysiological meaning of this
requirement should be pursued given exaggerated NAADP-induced global Ca2+
signals were observed in cells from patients with Parkinson’s disease (PD) (Hockey et
al., 2015). In other words, dysfunction in TPC2 may alter global signals evoked by
physiological agonists (e.g. histamine) to contribute to pathologies.
In summary (Fig. 6.1), I showed that GPN targets acidic organelles to evoke Ca2+
signals, although it remains a mystery in regard to how this occurs. Importantly, I
identified cell-permeable and selective TPC2 activators, with which TPCs can now be
easily studied in more detail. Characterizations on the novel activators unveiled that
agonist-specific TPC2 activation and regulation. This resolves the long-held debate
over the gating and selectivity of TPCs. That is, TPCs are NAADP-gated non-selective
Ca2+-permeable channels and also PI(3,5)P2-gated Na+-selective channels. In addition,
I confirmed a number of estrogen and dopamine receptor modulators as TPC2
inhibitors. Future research should further characterize these novel TPC2 modulators.
Finally, I demonstrated that TPCs are required for global Ca2+ signals induced by
extracellular stimuli, likely in an isoform-specific manner. This sets up future work to
study how TPCs are implicated in diseases where global Ca2+ signals are altered.
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