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Abstract
Recent studies have identified Two-Pore Channels (TPCs) as the channels activated
by NAADP. To date, most studies that characterized these channels have employed
heterologous expression or overexpression systems. The research reported here has focused
principally on endogenous TPC activity by using single and dual gene knockout (KO) in a
mouse system and has yielded insights into TPC expression levels, subcellular localisation,
NAADP binding, and channel function.
Mouse models that had been generated by both the “gene-trapping” and the “genetargeting” techniques were obtained and validated. These included a knock-down strain
(“hypomorph”). Surprisingly, all TPC mutant mice showed no gross phenotypes.
In addition to the two known isoforms in mouse, TPC1 and TPC2, the expression of
a shorter variant of TPC1 was discovered; this has an alternative (truncated) N-terminus,
and has been termed N-TPC1. All TPC variants/isoforms were widely expressed in all
mouse tissue types tested. Overexpression of mouse TPCs in mouse embryonic fibroblasts
showed that N-TPC1 and TPC2 were expressed primarily in late endosomes/lysosomes
while TPC1 was expressed in both endosomes and lysosomes. Dileucine sorting motifs
target TPCs to late endosomes/lysosomes; it was shown that truncation or mutation of
dileucine motifs significantly reduced localization in late endosomes/lysosomes.
Furthermore, TPCs were shown not to be the direct binding target of NAADP, as the
high aﬃnity NAADP binding was retained in hepatic membranes from TPC double KO
(DKO) mice. It is concluded that NAADP binds to an (as yet, unidentified) accessory
protein.
The functional role of TPCs was studied in depth using mouse pancreatic acinar cells.
NAADP is known to release Ca2+ from the acidic stores in response to the stimulation by
the hormone cholecystokinin (CCK). In all TPC mutant mice, CCK was still able to evoke
Ca2+ oscillations, but with slower and attenuated oscillations in the TPC1 hypomorph,
and with slower oscillations in TPC DKO. In all TPC KOs, oscillations were disrupted
by known inhibitors of the NAADP-signalling pathway (Ned-19, GPN and bafilomycin
A1), indistinguishable from the responses with wild-type cells. This suggests that TPCs
are not involved in CCK signalling, although it is possible that functional compensation
masked the phenotype arising from the impaired signalling.
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Chapter 1

General Introduction
“In the furnaces of the stars the elements evolved from hydrogen. When oxygen and neon captured
successive ↵ particles, the element calcium was born. Roughly 10 billion years later, cell membranes
began to parse the world by charge, temporarily and locally defying relentless entropy. To adapt to
changing environments, cells must signal, and signaling requires messengers whose concentration
varies with time. Filling this role, calcium ions (Ca2+ ) and phosphate ions have come to rule cell
signaling.” (Clapham, 2007)

1.1

Calcium (Ca2+ ): a pivotal cell regulator

Ca2+ governs an abundance of cellular processes throughout the life of an organism
from fertilization to cell diﬀerentiation, cell proliferation, transcription, contraction,
secretion/exocytosis, and eventually death (apoptosis). That Ca2+ possesses such an
incredible power lies in the versatility of its signalling mechanisms. The diverse duration
and amplitude of Ca2+ signalling is dependent on (1) the comprehensive Ca2+ -signalling
toolkit [28, 29] including hundreds of eﬀector proteins that are endowed with aﬃnities
for Ca2+ from nano- to millimolar [72], and (2) the highly diverse spatial and temporal
patterns [28, 29].

1.1.1

Spatial and temporal organization of Ca2+ signals

“Spatial organization” refers to the localization of the Ca2+ signals, which can be detected
at various levels from the highly localized elementary to the global level (described in
details in Sections 1.3.2 and 1.4.3). Transient local Ca2+ spikes can be amplified globally
by Ca2+ -induced Ca2+ release (CICR). However, to sustain global Ca2+ signals in response
to prolonged stimulation, transient Ca2+ signals repeat themselves to form oscillations
1
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(organized in space as waves) [28, 29].
Ca2+ signals that occur at a highly localized domain or globally can govern diﬀerent
cellular processes. For example, local Ca2+ release from N- or P/Q-type voltage-gated
Ca2+ channels at the synaptic terminal triggers exocytosis of vesicles. Additionally, local
Ca2+ release can also trigger the Ca2+ -sensitive K+ channels to control cell excitability [29].
In pancreatic acinar cells, local Ca2+ release was shown to trigger only fluid secretion
whereas global Ca2+ signals was to trigger both fluid and enzyme secretion [171].
“Temporal organization” refers to the duration and frequency of Ca2+ signals. Shortlasting Ca2+ signals (micro to milliseconds) can activate cellular processes such as exocytosis of synaptic vesicles and contraction of skeletal and cardiac muscles. The longer Ca2+
signals (seconds to minutes) can initiate metabolism and transcription. Sustained signals
generated by Ca2+ oscillations can activate specific cellular responses depending on the
frequency decoded by the Ca2+ -binding proteins such as Ca2+ /calmodulin-dependent
protein kinase II (CAMKII) and protein kinase C (PKC) [28, 29].
Tight regulation in all aspects of the Ca2+ signalling pathway is thus required to
enable Ca2+ to perform precisely with versatility and universality [29].

1.2

Ca2+ homeostasis

At rest, cytosolic Ca2+ concentration is maintained at a relatively low level (⇠100 nM) to
avoid activation of eﬀectors. Prolonged high concentrations of Ca2+ are toxic, as this leads
to continuous activation of proteases which eventually leads to cell death [61]. Furthermore,
Ca2+ can easily form less soluble complexes with another important signalling molecule,
phosphate. For successful signalling via phosphorylation, cytosolic free Ca2+ must be
maintained at a low concentration to reduce phosphate being precipitated out of the
solution [61, 72]. Ca2+ is a simple ion; it cannot be chemically broken down like the more
complex molecules to reduce the concentration. Cells therefore employ other mechanisms
to regulate free Ca2+ concentrations: compartmentalization, extrusion, or chelation [72].

1.2.1

Ca2+ -sequestering stores

Most of the Ca2+ is compartmentalized in organelles. The best known Ca2+ -sequestering
organelle is the sarcoplasmic/endoplasmic reticulum (SR/ER) which basally contains 100–
2
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800 µM free Ca2+ [48] (Figure 1.1). Less well understood are the acidic Ca2+ stores, the
lumina of which have a pH of ⇠4–6.5 and luminal Ca2+ concentrations in the micromolar
range [166]. Acidic Ca2+ stores comprise not only the members of the endo-lysosomal
system but also secretory vesicles, the Golgi apparatus, and other lysosome-related
organelles such as secretory lysosomes, melanosomes, platelet dense granules, and yolk
platelets [70, 82, 216]. It is important to note that Ca2+ can be stored in these organelles
because of the low Ca2+ permeability of the ER and acidic store membranes. Thus, passive
diﬀusion is minimized. Interestingly, Ca2+ leak from these stores may be important as it
could oﬀset the Ca2+ influx generated by the pumps to reach a Ca2+ steady state in the
lumen [53].
For a long time, the endo-lysosomal system has been known for its digestive function in
endocytic or autophagic protein degradation; only recently has research started to reveal
its role as a Ca2+ -releasing store. It was found that upon endocytosis, extracellular fluid
(containing ⇠1 mM Ca2+ ) is eﬀectively accumulated in the invaginated membrane-bound
vesicles. Proteins to be degraded are then transported down in the vesicles to the early
endosomes [166]. More interestingly, “endosomal acidification” by the vacuolar H+ -ATPase
(V-H+ -ATPase) releases a large amount of Ca2+ back into the cytosol - a process that
can be blocked by bafilomycin (an inhibitor of the V-H+ -ATPase). It was also noted
that this acidification was not observed when the concentration of extracellular Ca2+
decreased [111, 166].
The early endosome is mildly acidic (pH of ⇠6) and has a Ca2+ concentration of
4–40 µM [166, 251] (Figure 1.1). Mildly acidic conditions promote uncoupling of the
ligand-receptor complexes that were invaginated in the vesicles, and dissociated proteins
are then recycled back to the plasma membrane by recycling endosomes or to the transGolgi network (TGN). Early endosomes that contain the rest of the cargo proteins are
sorted by cycles of vesicle fusion and fission, and mature into late endosomes and then
into lysosomes where their cargo protein are finally degraded [166, 277]. Accumulation of
Ca2+ in late endosomes and lysosomes is dependent on the proton gradient across the
membranes [67]; late endosomes have a pH of ⇠5 although their Ca2+ concentration is
yet to be determined while lysosomes have been shown to have a pH of ⇠4–4.5 and a
Ca2+ concentration of ⇠500 µM (Figure 1.1) [166, 277].
3
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Figure 1.1: Schematic representation of intracellular Ca2+ signalling regulations. Ca2+ can enter
the cytosol from the extracellular fluid via plasma membrane ion channels, or from intracellular
Ca2+ -sequestering stores such as the ER or the acidic Ca2+ stores in response to second messengers:
InsP3 , cADPR and NAADP. Ca2+ released to the cytosol is then exchanged, or actively transported
back to the Ca2+ stores or the extracellular fluid to restore a relatively low cytosolic concentration
of Ca2+ .

Mitochondria can also sequester Ca2+ but in a diﬀerent manner to that of the ER
or the acid stores. Ca2+ uptake across the inner mitochondrial membrane has been
reported to be via the mitochondrial Ca2+ uniporter (MCU) [21, 258]. MCU has a high
selectivity for Ca2+ [140] and that Ca2+ uptake occurs when the Ca2+ concentration
is >200 nM [123]. Under physiological conditions, such concentrations are observed at
the local Ca2+ releasing sites such as the ER or at the Ca2+ influx site at the plasma
membrane [258, 266]. However, mitochondrial Ca2+ sequestration does not result in a
long term Ca2+ storage. Rapid accumulation of Ca2+ through the MCU is balanced by
being slowly transported out into cytosol via a Na+ /Ca2+ exchanger, recently identified
as NCLX [123, 208, 233, 266].
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1.2 Ca2+ homeostasis

1.2.2
1.2.2.1

Regulation of intracellular Ca2+ concentration
Activation of Ca2+ signalling

Ca2+ signalling can be initiated by one of two mechanisms: Ca2+ influx from the extracellular fluid, or Ca2+ release from intracellular Ca2+ -sequestering stores. Ca2+ can enter
directly from the extracellular fluid down the electrochemical gradient via opening of the
voltage- or ligand-gated channels (such as the P2X receptor), or by Ca2+ -release-activated
Ca2+ channels (CRAC channels, which are identified as Orai channels [234]) on the plasma
membrane [29].
Ca2+ release can be triggered by multiple messengers, such as inositol-1,4,5-trisphosphate (InsP3 ) and cyclic adenosine diphosphoribose (cADPR) from the ER [28, 29], and
by nicotinic acid adenine dinucleotide phosphate (NAADP) from the acidic stores [70, 293]
(Figure 1.1). Sphingosine-1-phosphate (S1P) has also been reported to trigger Ca2+ release
from the ER [29]. Depending on the agonist, specific secondary messenger(s) are recruited
to elicit Ca2+ release: for instance, NAADP operates in an agonist-specific manner in
various cell types to release Ca2+ from the acidic stores: for example, cholecystokinin
(CCK) and not acetylcholine (ACh) in pancreatic acinar cells [293], glucose and not ACh
in pancreatic beta cells [293], and thrombin and not ADP nor vasopressin in human
platelets [169].
In skeletal muscle cells, Ca2+ is released from the SR by membrane depolarization, as
the ryanodine receptor (RyR1) is mechanically coupled to voltage-gated Ca2+ channels
(CaV 1.1) [149]. Most strikingly, Ca2+ can regulate the Ca2+ release itself via the Ca2+ sensitive Ca2+ channels such as InsP3 receptors (InsP3 Rs) and ryanodine receptors (RyRs)
on the ER [29].
Sustainable Ca2+ signals can lead to specific physiological responses, such as gene
expression. The finite capacity of the Ca2+ stores imposes a limit on the amount of
Ca2+ that can be released. To refill the Ca2+ stores, and thus generate sustainable
Ca2+ signals, there must be coordination between local intracellular Ca2+ release and
the extracellular Ca2+ entry. Indeed, a reduction of Ca2+ concentration in the ER leads
to store-operated Ca2+ entry. Two crucial players are involved in store-operated Ca2+
entry: stromal interaction molecules (STIM1 and STIM2), and members of the Orai
5
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family (Orai1, Orai2, and Orai3). When STIM, the ER Ca2+ sensor, detects a drop in the
ER [Ca2+ ], it aggregates and rearranges its position juxtaposed to the plasma membrane
to activate Orais [160, 253].
1.2.2.2

Termination of Ca2+ signalling

In order to maintain homeostasis, once a Ca2+ signal has been activated, it must also be
terminated. There are two main Ca2+ extrusion mechanisms that maintain basal cytosolic
Ca2+ concentration: pumps and exchangers (Figure 1.1). Pumps, which actively transport
Ca2+ , and their destinations include the plasma membrane Ca2+ ATPase (PMCA) to the
extracellular fluid, sarcoendoplasmic reticular Ca2+ ATPase (SERCA) into the SR/ER,
secretory pathway Ca2+ -ATPase (SPCA) into the Golgi apparatus and specific secretory
vesicles, mitochondrial Ca2+ uniporter into mitochondria, and perhaps SERCA3a into
lysosomes [123, 166, 216]. Exchangers eﬀectively replace Ca2+ ions with other ions. For
example, at the plasma membrane, Na+ /Ca2+ exchangers (NCX; SLC8A1–3) exchange
one Ca2+ ion for three Na+ ions, and the Na+ /Ca2+ -K+ exchangers (NCKX; SLC24A1–5)
exchange one Ca2+ for four Na+ ions while cotransporting one K+ ion. In the acidic Ca2+
stores, it is believed that Ca2+ ions are exchanged for Na+ ions by Na+ /Ca2+ exchanger
in cooperation with a Na+ /H+ exchanger [72, 166, 216]. H+ /Ca2+ exchangers are unlikely
to play a role in mammals as their genes are absent from the genomes [166, 216].
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1.3

InsP3 -gated Ca2+ signalling

InsP3 was the first Ca2+ mobilizing messenger to be identified (in 1983), and is established
as the archetypal Ca2+ mobilizing messenger [259]. It therefore serves as a model for
this family, which now includes cADPR and NAADP. InsP3 is generated by activation of
diﬀerent isoforms of membrane-bound phospholipase C (PLC) by a variety of diﬀerent
mechanisms (Table 1.1) [28]. Activated PLC cleaves phosphatidylinositol 4,5-bisphosphate
(PIP2 ) into water-soluble InsP3 and membrane-bound diacylglycerol (DAG). Binding of
InsP3 to the InsP3 receptor (InsP3 R) releases Ca2+ , mainly from the ER where the highest
concentration of InsP3 Rs is found [49, 265]. However, other studies have also reported
release from the Golgi apparatus, the nuclear envelope and secretory vesicles (although
that latter is debated) [265, 267]. Surprisingly, in addition to the Ca2+ release from the
intracellular stores, InsP3 has also been implicated in Ca2+ entry across the cell membrane,
possibly directly through plasma membrane InsP3 Rs [83, 84] or indirectly via mechanical
coupling of the InsP3 Rs with the plasma membrane hTrp3 Ca2+ channels [141].

PLC isoform
PLC
PLC
PLC
PLC"
PLC⇣

PLC activation mechanism
G protein-coupled receptors (GPCR; Gq/11 ) activation
Receptor tyrosine kinases (TKR) activation
An increased Ca2+ concentration
Ras activation
in sperm before injected into the egg to activate egg fertilization

Table 1.1: InsP3 is generated by activation of various PLC isoforms via diﬀerent mechanisms.

1.3.1

InsP3 receptors (InsP3 Rs)

There are three subtypes of InsP3 R in mammals: InsP3 R1, InsP3 R2 and InsP3 R3,
and these share 60–80% amino acid similarity [265]. Of these, at least two are coexpressed at significant levels in almost all tissues and cell lines tested: InsP3 R1 is
predominantly expressed in the cerebellum [180, 201, 265], InsP3 R2 in the brain, skeletal
muscle, heart, and kidney, and InsP3 R3 in pancreatic -cells, gastrointestinal tract, testis,
and thymus [266]. The three subtypes were suggested to have distinct functions as they
exhibit diﬀerent aﬃnities for InsP3 : InsP3 R2 being the highest (Kd = 14 nM), then
InsP3 R1 (Kd = 50 nM), and finally InsP3 R3 (Kd = 160 nM) [130, 267].
7
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1.3.1.1

Targeting of InsP3 Rs

InsP3 Rs are directed to the ER by cotranslational protein targeting, in which InsP3 Rs
are initially synthesized on cytosolic ribosomes, then the InsP3 Rs-ribosome complexes is
translocated to the ER where protein synthesis, folding, and modification is completed.
The first two transmembrane domains (TMD 1 and 2) of InsP3 R1 have hydrophobic
residues that are critical for targeting InsP3 Rs to the ER [209]. Unlike other ER proteins
that normally contain cytosolic diarginine motifs (XXRR; X stands for any amino acid
residue) or C-terminal dilysine motifs (KKXX or KXKXX), the majority of the InsP3 R1s
are targeted to the ER through the action of TMD pairs. In contrast, all TMD pairs
(TMD 1–2, 3–4, and 5–6) are important for retaining InsP3 R1 in the ER or retrieve them
from the Golgi apparatus. It remains unclear as to how some InsP3 Rs escape the retention
and retrieval mechanisms to assemble on the other organelles (mentioned above) where
InsP3 -induced Ca2+ release was observed [266].
1.3.1.2

Regulations of InsP3 Rs

Interestingly, InsP3 R-gating not only requires InsP3 but also cytosolic Ca2+ . All three
subtypes are regulated by cytosolic Ca2+ concentration [267]. This regulation is biphasic
and follows a bell-shaped curve: an increase in Ca2+ concentration (to 100–300 nM)
amplifies the InsP3 -evoked responses (probability of an open channel) to a point where the
high Ca2+ cytosol concentration (>300 nM) becomes inhibitory [28, 267]. This sensitivity
of InsP3 Rs to [Ca2+ ] is central to the role of InsP3 R in amplifying local Ca2+ signals to
global Ca2+ waves by CICR (described later in Section 1.3.2).
Two Ca2+ binding sites, one stimulatory and one inhibitory, have been proposed to
account for the InsP3 R regulations. Binding of InsP3 to its receptor modulates its Ca2+
sensitivity as the inhibitory site becomes masked, and this allows Ca2+ to bind at the
stimulatory site, which results in channel opening (Figure 1.2) [29, 267]. The identity
of the Ca2+ binding sites, however, is still unclear [96]. The stimulatory site has been
suggested to reside within InsP3 R, whereas an accessory protein might be involved for
the inhibitory site [267].
Physiologically, functional InsP3 Rs assemble as large tetramers (⇠1200 kDa) as
determined by single-particle analysis in electron microscopy [77]. InsP3 Rs may form
8
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Figure 1.2: Regulation of InsP3 R by cytosolic Ca2+ . There are two Ca2+ -binding sites on
the InsP3 R, one stimulatory (green) and one inhibitory (red). Binding of InsP3 (black circle)
to InsP3 R masks the inhibitory site and allows Ca2+ (blue circle) to bind to the stimulatory
site. Binding of Ca2+ to the stimulatory site activates channel opening. The diagram is taken
from [267].

homo- or heterotetrametic channels from identical or diﬀerent InsP3 subtypes or their
splice variants [267]. The current consensus is that at least two InsP3 binding sites (but not
all four sites) need to be occupied for channel opening [267]. Furthermore, InsP3 and Ca2+
are not the sole factors that regulate InsP3 Rs. G-protein subunits (

) and a Ca2+ binding

protein (CaBP1) have also been reported to play a role in InsP3 R activation, while another
Ca2+ binding protein calmodulin (CaM), causes in InsP3 R inhibition [267]. Additionally,
post-translational modifications such as phosphorylation/dephosphorylation [279] and
O-linked glycosylation of InsP3 Rs [34, 238] can further regulate the Ca2+ release activity
of InsP3 Rs.

1.3.2

InsP3 -gated Ca2+ release from local to global

A crucial factor in expanding the versatility of Ca2+ signals is the spatial organization
of local Ca2+ release; and this depends essentially on the subcellular distribution of the
receptors. As mentioned, a handful of InsP3 Rs that successfully evaded the ER retention
and assembled on the plasma membrane; these profoundly contribute to agonist-mediated
Ca2+ entry [266]. However, the majority of InsP3 Rs are localized on the ER [49, 265]
where a hierarchy of elementary events is initiated.
An initial low-level stimulus opens a single InsP3 R channel on the SR/ER; this results
9
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in “blips”: the release of localised short (<130 ms) and small (<40 nM) Ca2+ release.
However, it is important to note that InsP3 Rs are not homogeneously distributed in the
ER, but aggregate in clusters [265]. At a higher elementary level, the opening of InsP3 R
clusters leads to “puﬀs”: a higher (50–600 nM) and slightly longer (⇠1 s) local Ca2+
release [29, 266]. Puﬀs normally extend for only a few micrometres. As the intensity
of stimulus (and hence InsP3 concentration) increases, puﬀs occur more frequently; and
because InsP3 Rs are sensitive to Ca2+ , puﬀs recruit neighbouring InsP3 Rs to release more
Ca2+ . This results in a regenerative process of global intracellular Ca2+ waves (i.e. CICR).
The intracellular waves expand into intercellular communication when the waves diﬀuse
further through the gap junctions and amplify connected cells (Figure 1.3) [29].

CICR

Ca2+ release
Ca2+ diffusion

Blip

Puff

2+

Intracellular Ca waves

Gap junction

Intercellular
2+
Ca waves

2+

InsP3

Ca

InsP3R

SR/ER

Figure 1.3: Schematic representation of the hierarchical recruitment of elementary Ca2+ release
mediated by InsP3 .

In pancreatic acinar cells, InsP3 Rs are clustered in the apical regions [225]. This
probably explains why the Ca2+ signal is initiated in the apical pole where exocytosis
occurs [225] even though hormone and neurotransmitter receptors are located in the
basolateral pole. The close proximity of InsP3 R on the ER to other organelles, such as
mitochondria [239] and the nucleus [163], causes neighbouring organelles to be exposed
to a local high Ca2+ concentration. This exposure results in a large amount of Ca2+
being taken up into mitochondria. This can immediately adjust the mitochondrial energy
metabolism (increasing ATP production) to meet the requirement of the cell [29, 239].
Mitochondria also act as Ca2+ ‘buﬀers’ to regulate and shape the local signalling by
transiently uptake of high levels of Ca2+ which otherwise might trigger amplification [266].
As Ca2+ is dissipated slowly from the mitochondria, this thereby provides a localized
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Ca2+ source to recharge the SR/ER Ca2+ stores [206]. For the nucleus, puﬀs have been
reported to increase the nucleoplasmic Ca2+ concentration, which is known to regulate
functions such as transcription [163]. Thus, the nucleoplasmic Ca2+ concentration may
be increased without global changes in cytosolic Ca2+ concentration, further mitigating
side-eﬀects such as protease activation or apoptosis that are activated by higher Ca2+
concentrations [163].
In addition to spatial organization of InsP3 Rs, other crucial factors such as expression
level, post-translational modifications (e.g. glycosylation) and the accessory proteins
can also tune the signals to generate specific cellular processes and further expand the
versatility of Ca2+ signalling network initiated by InsP3 [267].

1.3.3

InsP3 R knockout (KO) mice

To investigate the physiological roles of individual endogenous InsP3 R, and to identify
the causal relationships between InsP3 R and human diseases, individual single InsP3 Rs
genes were deleted in mice by gene targeting via homologous recombination [99, 181]. The
InsP3 R1 knockout (KO) proved to be either lethal in utero, suggesting a role of InsP3 R1
in embryonic development, or the newborns suﬀered from severe neurological disorders
such as ataxia and epilepsy [181], which is consistent with a high InsP3 R1 cerebellar
expression (Section 1.3.1).
Interestingly, InsP3 R2 and InsP3 R3 single KOs were viable, and did not appear to
exhibit any significant abnormal phenotypes [99]. However, severe phenotypic abnormalities were observed when both InsP3 R2 and InsP3 R3 were abolished: individuals
with InsP3 R2/InsP3 R3 double knockout (DKO) suﬀered from exocrine dysfunctions [99].
Additionally, the amount of saliva produced in salivary gland acinar cells was significantly
reduced and the level of digestive enzymes (amylase, lipase, and trypsinogen) was completely abolished in pancreatic acinar cells. Similarly, the level of secretagogue-induced
Ca2+ release was significantly reduced in salivary gland acinar cells (via carbacol) and
completely abolished in pancreatic acinar cells (via ACh and CCK) [99]. This suggests
that functional InsP3 R2 and InsP3 R3 are crucial for secretagogue-induced Ca2+ release
that leads to the subsequent digestive enzyme secretion in exocrine cells.
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1.4

cADPR-mediated Ca2+ signalling

Approximately 10 years after the discovery of InsP3 , another Ca2+ mobilizing messenger
was identified: cADPR, an enzymatic metabolite of the pyridine nucleotide, nicotinamide
adenine dinucleotide (NAD+ ) [73, 154]. In sea urchin egg homogenate, InsP3 , cADPR, and
NAADP (discussion in Section 1.5) can independently induce homologous desensitization
to inhibit further Ca2+ release evoked by itself but not by other messengers (Figure 1.4) [73,
80, 106, 153, 154]. This phenomena was observed independent of the order in which the
messengers was added [153], suggesting that they act on diﬀerent receptors.

10 min
5 R.F.U.

NAADP
500 nM

NAADP
50 nM

cADPR
500 nM

cADPR
500 nM

InsP3
1 μM

InsP3
1 μM

Figure 1.4: Homologous desensitization of Ca2+ release induced by NAADP, cADPR, or InsP3
in sea urchin egg homogenate. The subsequent addition of the same agonist (blue arrows) failed
to release further Ca2+ , however, the release by the other Ca2+ mobilising messengers was not
aﬀected. This suggests that NAADP, cADPR and InsP3 act on diﬀerent receptors. The trace is
adapted from [106].

Since its discovery, cADPR has been shown to induce Ca2+ release from the SR/ER in
many cells types of various species from plants to mammals [150]. cADPR-mediated Ca2+
release via activation of the ryanodine receptor (RyR) was first reported in sea urchin egg
homogenates [102]. Since then, the concept that cADPR as an endogenous regulator of
RyRs has been widely accepted, although the molecular mechanisms by which cADPR
activates the channel remain disputed.
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1.4.1

cADPR synthesis

cADPR is synthesized by cyclization of NAD+ by ADP-ribosyl cyclases (ARCs) (Figure 1.5) [152]. ARCs was first purified from Aplysia californica ovotestis [118]. Two
mammalian homologues of ARCs have subsequently been found, based on sequence
homology: CD38 [256] and CD157 [129].
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Figure 1.5: Synthesis of cADPR by cyclization of NAD+ .

Interestingly, while it was known that Aplysia ARC is cytosolic, CD38 and CD157
were first discovered at the plasma membrane, with an extracellular-facing enzymatic site.
The paradoxical location of the synthesis site of cADPR (outside the cell) raised questions
as to how cADPR releases Ca2+ from intracellular stores [94]. Later studies revealed that
in addition to the plasma membrane, CD38 is also present on intracellular organelles such
as mitochondria, SR/ER, nuclei [3], and early endosomes [74].
Inspired by its homology to Aplysia ARC (⇠24% sequence identity), soluble CD38
was purified and subsequently shown to be able to synthesize cADPR enzymatically
from NAD+ [124]. This was the first evidence that CD38 is a cADPR synthase. Later
studies using CD38 KO mice further confirmed this finding: in CD38 KO mice, there
was no cADPR in various tissue types including uterus, heart, liver, kidney, and spleen.
Tissue from these CD38 KO mice failed to perform in vitro the cyclization reaction [255].
Furthermore, CCK-induced cADPR production in pancreatic acinar cells was undetectable
13
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in CD38 KO cells [74]. These studies provided persuasive evidence that clearly demonstrate
an essential role of CD38 in cADPR synthesis.
In line with the expression profile of mammalian ARCs, a recent study showed
that endogenous sea urchin ARCs (↵,

, and ) are localized both ectocellularly and

intracellularly in sea urchin eggs. However, the localization was isoform-specific; ARC↵
is localized ectocellularly whereas both ARC and ARC are localized intracellularly,
specifically in the lumen of acidic organelle (cortical granules) [81]. The intracellular
localization is supported by another study using heterologous expression of sea urchin
ARC1 (the homologue of ARC ) in HEK cells and Xenopus laevis eggs, however, in a
diﬀerent organelle (ER) [68]. The apparently conflicting result might be attributable to
the expression system. Highly expressed proteins are known to be possibly retained in
the ER (a cortical granule residing protein, SFE9, has been shown to be retained in the
ER when heterologously expressed) [81].
Sea urchin ARCs - either recombinant, endogenous [81], or heterologously expressed [68]
- showed compartmentalized enzymatic activity at pH 7. The enzymatic activity was
determined either by measuring the levels of cADPR and ADPR [81], or by assaying
the cyclization activity [68]. A further study demonstrated that sea urchin ARC has
greater activity at pH 5, which corresponds to the luminal pH of the cortical granules [81].
In light of this finding, a recent study revealed that upon agonist (CCK) stimulation,
CD38 is endocytosed from the plasma membrane into the cells, possibly in the more
acidic vesicles. The acidic environment may thus provide CD38 the optimal conditions to
synthesis cADPR [74].
Complex autocrine and paracrine models have been proposed for cADPR-induced
Ca2+ signalling through the actions of connexin 43 hemichannels, which transport NAD+ ,
and through nucleotide transporters for cADPR [94]. Together with the new evidence from
sea urchin ARCs, it was speculated that the intracellular mammalian ARCs are perhaps
more significant than ectocellular ARCs in generating cADPR. The current hypothetical
scheme is that in response to stimuli, cADPR is synthesized in the acidic stores, and then
transported out into the cytosol via nucleotide transporters where it subsequently releases
Ca2+ from the intracellular stores (Figure 1.6) [81, 94].
14

1.4 cADPR-mediated Ca2+ signalling

Stimulus

+
NAD+

NAD+
ARC

Acidic
store

cADPR

cADPR

Ca2+ release
Figure 1.6: Hypothetical scheme of cADPR synthesis. Upon stimulation, NAD+ is transported
into the acidic store possibly via connexin 43 hemichannels (purple circle). NAD+ is enzymatically
converted by luminal ARCs into cADPR, which is then transported out into cytosol by nucleotide
transporters (blue circle). Consequently, cADPR elicits Ca2+ release via activation of RyRs. The
scheme is adapted from [81, 94].

1.4.2

Ryanodine receptors (RyRs)

RyRs are named after ryanodine, a plant alkaloid that exhibits high aﬃnity for RyRs.
Ryanodine activates RyRs in the nM range, locking them in an open subconductance
state, and inhibits them at >100 µM [149]. The three of mammalian RyR isoforms
(RyR1, RyR2 and RyR3) share ⇠70% amino acid sequence identity. RyRs are widely
expressed in diﬀerent tissue types with RyR1 predominantly in skeletal, and RyR2 in
cardiac muscle [93]. RyR3 was previously termed the “brain isoform” as it was initially
found in the brain. However, since then, RyR3 has been found in many other tissues
including skeletal muscles, lung, kidney, ileum, spleen, stomach, and urinary bladder [149].
1.4.2.1

Targeting of RyRs

Like InsP3 Rs, RyRs have been demonstrated to primarily localize in the SR/ER. Additionally, localization has also been observed in the Golgi apparatus, lysosomes, secretory
vesicles, perinuclear, and the plasma membrane [125, 139, 158, 183, 189, 246]. Furthermore, although RyR1 does not have cytosolic C-terminal dilysine motifs and its N-terminal
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diarginine motifs are possibly ineﬀective, its TMDs are responsible for mediating ER
retaining and retrieving. RyR1 has six TMDs and, specifically, the first and the last pairs
of TMD (TMD 1–2 and 5–6) are required to eﬀectively retain it in the ER. Additionally,
only the first TMD is required to target RyR1 eﬀectively to the ER [187].

1.4.2.2

Regulations of RyRs

To function, RyRs form homotetrameric channels (>2 MDa) - the largest known ion
channels, even larger than InsP3 R tetramers [149]. In addition to cADPR, RyRs are
regulated by a large number of proteins such as voltage-gated Ca2+ channels (CaV 1.1,
CaV 1.2), CaM, calsequestrin (Ca2+ buﬀer in the SR), FK506-Binding Proteins 12 and 12.6
(FKBP12 and FKBP12.6 also known as calstabin1 and 2, respectively), as well as ions
(Ca2+ , Mg2+ , and ATP), phosphorylation by protein kinases (PKA, and CAMKII), and
by reactive oxygen and nitrogen species [149]. Similarly to InsP3 Rs, RyRs are regulated
by Ca2+ in a bell-shaped manner, although over a diﬀerent range of concentrations.
RyRs are activated when cytosolic Ca2+ concentration increases to the ⇠µM range and
inhibited when the concentration reaches the ⇠mM range [29, 184, 149]. Regulation by
Ca2+ qualifies RyRs as a crucial component in CICR just like InsP3 (see Section 1.4.3).
Since RyRs release Ca2+ from intracellular stores and are predominantly expressed
in myocytes, it is unsurprising to discover that RyR1 and RyR2 are the key players
in excitation-contraction (E-C) coupling. In skeletal muscle, action potentials lead to
Ca2+ release from the SR via RyR1 as a result of mechanical coupling of RyR1 and
CaV 1.1 in transverse tubules (t-tubules). In contrast, in cardiac muscle, the SR Ca2+
release is via CICR of RyR2 attributed to the Ca2+ influx through CaV 1.2 channel in
response to membrane depolarization. An increase in cytosolic Ca2+ results in muscle
contraction [30, 146].
It is well established that cADPR activates the RyRs by sensitising RyRs to cytosolic
Ca2+ : RyRs are therefore more likely to be activated in response to events such as
CICR [101]. The molecular mechanism of cADPR-induced Ca2+ sensitization is controversial, and two models have been proposed: either indirect binding of cADPR to a
protein (e.g. FKBP12.6) [202, 304] that is either tightly bound to RyRs or translocates to
interact with RyRs after binding to cADPR; or an increase in Ca2+ concentration in the
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SR/ER (a mechanism known to sensitise the RyRs to cytosolic Ca2+ ) by cADPR, possibly
by promoting Ca2+ uptake by SERCA directly, or indirectly through an intermediate
protein [295]. These conflicting models suggest that regulation of RyRs by cADPR is
perhaps by more than one mechanism, and that regulation is likely to vary depending on
the RyR isoform (due to association with diﬀerent proteins) and cell type [284].

1.4.3

Ca2+ release via RyRs from local to global

Like InsP3 Rs (see Section 1.3.2), the elementary Ca2+ -release event had been studied for
RyRs. At the fundamental level, low level stimulus opens single RyRs on the SR/ER and
releases “quarks”: local small (⇠37 nM) and short Ca2+ release [162]. At higher levels,
opening of RyR clusters leads to “sparks”: larger (⇠300 nM) and slightly longer local
Ca2+ releases [65]. Sparks, like puﬀs, are limited to ⇠2 µm [64]. Since RyRs are sensitive
to Ca2+ , elementary release recruits neighbouring RyRs by CICR in a saltatoric manner
to initiate a regenerative process of global Ca2+ wave propagation [28, 64]. As mentioned
(Section 1.3.2), the intracellular Ca2+ waves can spread intercellularly to connected cells
via the gap junctions (Figure 1.7) [29].
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cADPR
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Figure 1.7: Schematic representation of the hierarchical recruitment of elementary Ca2+ release
via RyRs.

Sparks, like puﬀs, provide local Ca2+ to regulate many important Ca2+ -dependent
processes. Sparks allow Ca2+ to be taken up by the neighbouring mitochondria to elicit
“Ca2+ marks”: small Ca2+ signals in the mitochondrial matrix. Marks may thereby
activate mitochondrial Ca2+ -sensitive proteins to mediate mitochondrial functions such
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as energy metabolism and apoptosis [29, 206]. Furthermore, sparks have been reported
to activate the large-conductance Ca2+ -sensitive K+ channels (BK channels) in smooth
muscle cells. The opening of BK channels hyperpolarizes the membrane and leads to
relaxation [45].

1.4.4

RyR mutants and human diseases

KO mice have been used to investigate the physiological roles of RyRs. Mice with
abrogation of the RyR1 (RyR1 KO) died perinatally with abnormalities in skeletal
muscle [261]. In the skeletal muscle, electrical stimulation-evoked contraction was abolished,
and caﬀeine-induced contraction was diminished. This suggests that RyR1 is essential for
E-C coupling in skeletal muscle.
Mice with RyR2 abrogation (RyR2 KO) died in embryonic day 10 with abnormalities
in the heart [263]. In RyR2 mutant cardiac myocytes, caﬀeine-evoked Ca2+ release via
RyRs was completely abolished [263], however, the spontaneous rhythmic contractions
were not aﬀected. This suggests that RyR2 is not essential for E-C coupling in early
embryonic cardiac myocytes, RyR2 might be more important as a Ca2+ leak channel to
maintain Ca2+ homeostasis in the developing SR [263].
In contrast, RyR3 KO mice were both viable and fertile, and showed no gross abnormalities [31, 262]. Various studies have reported abnormalities in RyR3 KO that are
related to functions of the hippocampus and striatum, such as long-term potentiation and
depression. Additionally, altered behavioural phenotypes were observed, specifically in
locomotion and social behaviour [182, 262].
Consistent with its predominant expression and the data from the single KO studies,
RyR mutations are well unambiguously linked with a number of debilitating human
myopathies. RyR1 mutations are associated with malignant hyperthermia (MH), neuromuscular disease with uniform type 1 fibres, centre core disease (CCD), multiminicore
disease (MmD), and atypical periodic paralyses. Additionally, RyR2 mutations are
associated with catecholaminergic polymorphic ventricular tachycardia (CPVT) and
arhythmogenic right ventricular dysplasia type 2 (ARVD2) [149, 175].
The proposed mechanism for the etiology of these diseases is that RyR mutants are
hypersensitive due to a reduced threshold for store overload-induced Ca2+ release, the
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mechanism by which luminal Ca2+ triggers rapid Ca2+ release from the Ca2+ store when
the store reaches a certain Ca2+ uptake threshold [175]. At rest, cells function normally
when there is little or no Ca2+ spillover. However, even modest increases in store Ca2+
can trigger the release mechanism and this is responsible for severe clinical outcomes such
as cardiac arrhythmia (RyR2 mutation) or muscle contracture (RyR1 mutation) [175].
The situation is exacerbated by certain drugs, such as halothane or caﬀeine that further
lower the threshold, or catecholamine (via phosphorylated phospholamban) that increases
free SR luminal Ca2+ level; in each case, the threshold is reached more readily [175].
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1.5

NAADP-gated Ca2+ signalling

In the same landmark paper that described cADPR for the first time, an impurity of
nicotinamide adenine dinucleotide phosphate (NADP+ ) was also reported to release
Ca2+ [73]. Ca2+ mobilization properties of this impurity were distinct in that it was able
to release Ca2+ from InsP3 - and cADPR-densitized microsomes (Figure 1.4), suggesting
that it acts on a diﬀerent receptor from InsP3 and cADPR. Moreover, it released Ca2+
from a store, separated by Percoll density gradients, diﬀerent from those associated with
InsP3 and cADPR [73]. This impurity was subsequently identified as NAADP [153], and it
has been shown to release Ca2+ , primarily from acidic stores, in many cell types and tissues
of diﬀerent species [103]. Interestingly, in some studies NAADP was shown to release
Ca2+ also from the ER [110, 257], and from the nuclear envelope [108]. Concomitant with
the Ca2+ release, NAADP was also found to alkalinize the acid stores [192, 193].

1.5.1

Characteristic of Ca2+ responses evoked by NAADP

Calcium signalling evoked by NAADP displays diﬀerent properties from that by InsP3 or
cADPR in some important respects: (1) NAADP is the most eﬀective messenger in that
it elicits Ca2+ in the nM rather than the µM range (as for InsP3 and cADPR) [57]; (2)
NAADP predominantly mobilizes Ca2+ from acidic stores, unlike InsP3 and cADPR that
release from the SR/ER [40, 44, 70, 138, 189, 293]; (3) NAADP-evoked Ca2+ release is not
regulated by cytosolic Ca2+ unlike InsP3 or cADPR [15, 17]; and (4) pharmacologically,
unlike InsP3 or cADPR, NAADP-mediated Ca2+ release is completely abolished by
NAADP self-inactivation [57, 153], drugs aﬀecting acidic stores [138, 293], and Ned-19 (a
specific antagonist for NAADP) [200]. Additionally, unlike InsP3 or cADPR, NAADPmediated Ca2+ response is significantly reduced by L-type Ca2+ -channel blockers or
K+ -channel antagonists [107].
Two well known drugs that aﬀect acidic stores, and thereby NAADP-evoked Ca2+ responses, are bafilomycin A1 and glycyl-L-phenylalanine-2-naphthylamide (GPN). Bafilomycin
A1 collapses the proton gradient by inhibiting the proton uptake via the vacuolar (V)type H+ -ATPase. Alkalization of acidic stores by bafilomycin A1 concomitantly inhibits
Ca2+ uptake into the stores. GPN causes the rupture of lysosome-related organelles
that contain cathepsin C. Cathepsin C hydrolyses the membrane-permeant GPN into
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membrane-impermeant products (glycyl-phenylalanine and 2-naphthalamide), leading to
increasing organelle osmotic pressure, and resulting in osmotically lysis [101].
NAADP activates and self-inactivates by two distinct mechanisms depending on
species. In plants [199], sea urchin egg [106], rat brain [17], and rat liver [177], the
NAADP concentration-response curve is sigmoidal (Figure 1.8A). Pretreatment of subthreshold (non-Ca2+ -releasing; ⇠1 nM) concentrations of NAADP completely inhibit
further NAADP-induced Ca2+ release. In contrast, in many other mammalian cells
such as mouse pancreatic cells (acinar [57] and

[131, 178]), myoblast [5], human T-

lymphocytes [24], cardiac myocyte [174], and tissues from bladder [90] or uterus [6], the
NAADP concentration-response curve is bell-shaped where activation occurs in the nM
range and inactivation in the µM range (Figure 1.8B) [194].

(A)

(B)

Figure 1.8: Schematics of NAADP activation and inactivation. (A) NAADP activation has a
sigmoidal concentration-response curve (blue). In this scenario, pretreatment of subthreshold
concentrations of NAADP inhibit Ca2+ response elicited by a maximal NAADP (test) concentration (orange). (B) NAADP activation has a bell-shaped concentration-response curve (blue).
Here, pretreatment of supra-maximal NAADP concentrations inhibit Ca2+ response evoked by an
optimal NAADP (test) concentration (orange). Schemes were taken from [194].

1.5.1.1

NAADP-gated Ca2+ release from local to global

Local NAADP-induced Ca2+ release from the acidic stores is likely to be important for
eﬀective lysosome biogenesis, in particular, vesicle fusion, and vesicle traﬃcking [165, 243].
The local Ca2+ release evoked by NAADP is thought to promote fusion of endosomes
and lysosomes that are tethered in a trans-Soluble NSF Attachment Protein REceptor
(SNARE) formation into hybrid endosome-lysosomes (Figure 1.9) [230, 243].
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Figure 1.9: Local to global Ca2+ responses mediated by NAADP. Locally, the Ca2+ release from
acidic stores is likely to be vital for normal functions of the endo-lysosomal system such as vesicle
fusion in lysosomal biogenesis. Like the Ca2+ release from RyRs or InsP3 Rs, NAADP-mediated
Ca2+ release near the plasma membrane might also contribute to modulation of the cellular
excitability (excitable cells), or ion fluxes (non-excitable cells). Changes in the membrane potential
could further activate, for example, voltage-gated Ca2+ channels, to allow Ca2+ influx and initiate
a global response via CICR. Furthermore, local release evoked by NAADP could act as a trigger
to directly initiate CICR from the SR/ER and generate global signals. Modified from [29, 103].

Furthermore, it is speculated that close proximity of the NAADP-gated channels to
the plasma membrane Ca2+ -sensitive ion channels (Cl , Ca2+ , K+ , or other monovalent
cations), because of the highly mobility of endo-lysosomal vesicles or endo-lysosomal
vesicles residing near the plasma membrane, can fine-tune the ionic fluxes across the
plasma membrane in non-excitable cells or modulate membrane excitability in excitable
cells [103]. Indeed, local Ca2+ signals elicited by NAADP have been shown to cause
depolarization by activation of the plasma membrane non-selective cation channels in
neurons of rat medulla oblongata [43]. Changes in the membrane potential may further
activate, for example, voltage-gated Ca2+ channels, to allow Ca2+ influx and initiate a
global response via CICR amplification (Figure 1.9) [101, 103].
As mentioned, NAADP-evoked Ca2+ response is not regulated by cytosolic Ca2+ so,
unlike InsP3 and cADPR, the response cannot initiate CICR autocatalytically. NAADP is
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hypothesized to generate global Ca2+ signals by CICR of the local Ca2+ release from the
acidic stores. The local Ca2+ release evoked by NAADP acts a trigger to release further
Ca2+ from the closely adjacent SR/ER by activating the neighbouring Ca2+ -sensitive
InsP3 Rs or RyRs, or by priming SR/ER stores (Figure 1.9) [36, 42, 52, 57, 69, 70, 138,
243, 293].
This ‘trigger’ hypothesis (Figure 1.9) helps to explain why in some systems NAADPevoked Ca2+ response is attenuated by well-established inhibitors of InsP3 R, RyR, or
ER SERCA [36, 40, 57, 69, 138]. In sea urchin eggs, NAADP evoked an initial transient
response followed by Ca2+ oscillations. The initial transient is thought to prime CICR
stores resulting in Ca2+ oscillations. The NAADP-evoked Ca2+ transient was attenuated
but not completely abolished by thapsigargin, indicating that a part of Ca2+ release came
from a thapsigargin-resistant store. However, NAADP-induced Ca2+ oscillations were
completely abolished by a combination of InsP3 R (heparin) and RyR (8-NH2 -cADPR)
inhibitors, or by thapsigargin [69], suggesting that the oscillations were entirely dependent
on the CICR Ca2+ stores. Furthermore, the amount of Ca2+ in the CICR Ca2+ stores
increased after NAADP-evoked Ca2+ transient, suggesting that the Ca2+ released by
NAADP had been taken up into the CICR Ca2+ stores. Uptake of Ca2+ might lead to
store overload, thereby resulting in spontaneous Ca2+ release. This Ca2+ release can then
be further taken up and released via InsP3 Rs and RyRs [69].
In pulmonary arterial smooth muscle cells, NAADP evoked a distinct biphasic response,
in which localized Ca2+ release was followed by global Ca2+ waves. Inhibitors of SERCA
(thapsigargin) and RyRs (ryanodine; 20 µM), but not of InsP3 Rs (xestospongin) were able
to abolish the global Ca2+ waves but not the localized Ca2+ release [36]. On the other
hand, bafilomycin A1 abolished responses in both phases [138]. This further supports the
theory of a trigger mechanism mediated by NAADP.

1.5.2

NAADP synthesis

Currently, how NAADP is synthesized is not clearly understood. Several candidates have
been proposed for this process, of which ARCs are perhaps the most convincing. ARCs are
not limited to the cyclization reaction for synthesizing cADPR (described in Section 1.4.1),
but they are multifunctional enzymes that can also synthesize NAADP, ADP ribose
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Figure 1.10: Synthesis of NAADP by the base-exchange reaction, which involves substituting
the nicotinamide of NADP+ with nicotinic acid at acidic pH.

(ADPR), dimeric ADP ribose (ADPR2 ), nicotinic acid adenine dinucleotide (NAAD),
and adenosine 5’-pyrophosphate-5’-adenosine (Ap2a) and its N1-isoadenosine and N3
isoadenosine derivatives [207]. To synthesize NAADP, ARCs catalyse the base-exchange
reaction at acidic pH [2, 68] and substitute the nicotinamide of NADP+ with nicotinic
acid (Figure 1.10) [2].
To date, two mammalian ARCs have been found; CD38 and CD157 [151]. CD157 was
shown to possess cyclase activity in the synthesis of cADPR [120]; however, no study has yet
demonstrated its ability to synthesize NAADP. Although CD38 has been more extensively
studied, whether it is an endogenous NAADP synthase remains controversial [207]. The
most compelling evidence supporting the theory that CD38 is not the endogenous NAADP
synthase came from a study by Soar et al. using CD38 KO mice [255]. The study
showed that in myometrial cells, the basal and the histamine-induced NAADP levels
were independent of CD38 and the base-exchange reaction [255]. On the other hand, in
pancreatic acinar cells of CD38 KO mice, CD38 was shown to be the endogenous NAADP
synthase. In pancreatic acinar cells, CCK-induced endogenous NAADP production was
likely via the base-exchange reaction, and this production was completely absent in acinar
cells of CD38 KO [74]. Thus, it appears that the involvement of CD38 as an NAADP
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synthase may be tissue-specific.
Interestingly in both studies, there was still a basal level of endogenous NAADP in
the unstimulated tissues or cells of CD38 KO [74, 255]. This suggests that there are
other mammalian NAADP synthases that, unlike CD38, synthesize NAADP via another
pathway independently of the base-exchange reaction [74, 255]. An NAADP synthase was
found in sea urchin sperm: unlike sea urchin ARCs, it possesses enzymatic activity for the
base-exchange but not for the cyclization reaction [282]. The presence of this NAADP
synthase in additional to ARCs in sea urchin may support the idea that there are families
of mammalian NAADP synthase besides CD38.
In the unstimulated rat AR42J pancreatic acinar cell line, CD38 is localized at the
plasma membrane and intracellularly in the early endosomes. Upon CCK stimulation,
CD38 in the plasma membrane is endocytosed inside the cell, likely into a more acidic
environment (Section 1.4.1). Since the base-exchange reaction occurs at acidic pH, the
endosomal localization thereby provides an optimal condition for synthesizing NAADP. It
is possible that NAADP synthesis is similar to cADPR synthesis, and substrates such as
nicotinic acid and NADP+ are transported via nucleotide or other transporters into the
ARC-residing (acidic) lumen. NAADP synthesized in the lumen is then transported out via
transporters, consequently, it is able to activate neighbouring NAADP receptors [68, 81].
Thus, the interaction between the vesicles in the endo-lysosomal system may allow NAADP
to be released near its target receptor [74].

1.5.3

NAADP binding

Studies of NAADP binding allow further insights and characterization of the NAADP
receptor. NAADP binding was first characterized in sea urchin egg homogenates by
radioligand binding. In sea urchin egg homogenates, NAADP binds with an equilibrium
dissociation constant (Kd ) of ⇠200 pM. The binding was unaﬀected by the presence of
derivatives of NAADP (such as NADPH, NADP, NAD, and NAAD), other Ca2+ mobilizing
messengers (InsP3 and cADPR), or pH [1, 33, 213]. However, the binding was inhibited
by high concentrations of NaCl [213]. Furthermore, the reversibility (dissociation) of the
binding is dependent on the concentration of K+ : binding of NAADP to the receptor
becomes irreversible at high K+ concentrations [87].
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NAADP binding to its receptor was reported to occur at multiple binding sites. Two
sites have been proposed in sea urchin egg homogenates: a high-aﬃnity inhibitory allosteric
site at subthreshold NAADP concentrations (inactivation), and a low-aﬃnity orthosteric
site for the Ca2+ release (Figure 1.11) [87, 241]. The irreversibility of NAADP binding
is likely related to the self-inactivation mechanism in this system where pretreatment of
subthreshold concentrations of NAADP bind to the inhibitory site and inactivate further
NAADP-elicited Ca2+ release.

Figure 1.11: Schematic representation of NAADP binding to the high-aﬃnity allosteric site or
the low-aﬃnity orthosteric site at the receptor in the sea urchin egg to mediate its function. The
figure is taken from [241].

Like the case for sea urchin, NAADP binds to multiple sites in mammals [215]. Twosite binding, in which NAADP binds biphasically with nM and µM aﬃnities, is the most
convincing model [52, 178], although three-site binding in cardiac microsomes has also
been reported [16]. Furthermore, consistent with the sea urchin studies, mammalian
NAADP binding is unaﬀected by NAADP derivatives or other Ca2+ -mobilizing messengers.
In contrast to sea urchin, mammalian NAADP binding is reversible in a physiological
buﬀer [16, 215].
Many mammalian cells exhibit a bell-shaped NAADP-induced concentration-response
relationship, and NAADP binding has been hypothesized to follow a two-site model that
is the reverse of the sea urchin model; in this, the high-aﬃnity is the active site for
NAADP, and the low-aﬃnity the inhibitory site [241]. Multiple conformations of NAADP
binding to its receptors have been proposed based on the observed positive and negative
cooperativity of NAADP binding to its receptor [16]. The cooperativity was suggested to
be positive, as low concentrations of unlabelled NAADP increased binding of [32 P]NAADP.
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Negative cooperativity was suggested as the binding was shown to occur at three aﬃnities,
which might arise if binding of a ligand at one site promoted binding of the ligand to the
other binding site at a lower aﬃnity [16].
Thus, compelling evidence from the radioligand binding assays in the sea urchin and
mammalian systems strongly supports the hypothesis that NAADP acts on a unique
receptor that is diﬀerent from those activated by other Ca2+ mobilizing messengers, as
NAADP did not compete with InsP3 or cADPR. This receptor is also specific to NAADP
as NAADP derivatives were not able to displace NAADP. Furthermore, the binding
aﬃnity of NAADP for the receptor can be low (nM), which is consistent with the low
concentrations needed for NAADP to release Ca2+ .

1.5.4

NAADP receptors

Several ion channels have been reported to be sensitive to NAADP, such as two-pore
channels (TPCs) [5, 39, 41, 42, 52, 90, 231, 243, 248, 307], transient receptor potential
mucolipin 1 (TRPML1) [300, 303], transient receptor potential melastatin 2 (TRPM2) [22],
ryanodine receptors (RyRs) [78, 79, 121, 148] and the P2Y11 purinoceptor [191].
To be the bona fide receptor of NAADP, in addition to being activated by NAADP,
other important properties are required including: (1) acidic organelle localization (as
NAADP mobilizes Ca2+ from the acidic stores [70], this strongly suggests that the NAADP
receptor resides on those stores); (2) the correct sensitivity to NAADP (the EC50 in the
nM range); (3) Ca2+ -permeability; and (4) unique pharmacology (insensitive to InsP3 R
or RyR antagonists and SERCA inhibitors, but sensitive to some Ca2+ and Na+ -channel
blockers, or drugs aﬀecting the acidic stores such as bafilomycin A1 and GPN).
The following sections compare the characteristics of candidates which have been
discussed in the literature.
1.5.4.1

Transient receptor potential mucolipin 1 (TRPML1)

TRPML1 is a nonselective cation channel that is localized predominantly in late endosomes/lysosomes. Identities of the permeating cations are still disputable but the following
have been reported: Ca2+ , Fe2+ , Na+ , H+ , and K+ . Mutations in this protein lead to
mucolipidosis type IV (MLIV), a neurodegenerative lysosomal storage disease [166, 236].
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The localization of TRPML1, its Ca2+ -permeating properties, and some overlapping
pharmacological profiles of NAADP-mediated Ca2+ release also propose TRPML1 as a
credible candidate for the NAADP receptor.
Evidence supporting TRPML1 as the NAADP-gated channels primarily came from
single-channel studies of the purified lysosomes that had been reconstituted in lipid
bilayers [300, 301]. NAADP was shown to activate the channel, opening it in the nM range
with a bell-shaped concentration-response relationship. This response refers to the “channel
open probability” (NPo ). The NAADP-evoked NPo was significantly reduced by known
Ca2+ and Na+ -channel blockers such as nifedipine, diltiazem, verapamil and amiloride,
but not by InsP3 R or RyR inhibitors. Additionally, the NAADP-induced NPo response
was significantly reduced in preparations in which TRPML1 was either blocked (via an
antibody against TRPML1) or depleted (by TRPML1 siRNA or immunoprecipitation
using an antibody against TRPML1) [300, 301]. Furthermore, endothelin-1, which has
been shown to employ NAADP to evoke Ca2+ release in coronary arterial myocytes failed
to do so after TRPML1 siRNA treatment [300, 303]. All of the above evidence supports
TRPML1 as the NAADP-gated channel.
However, many studies have disputed the idea that TRPML1 is the NAADP-gated
channel. Microinjection of NAADP (10 nM) or treatment with NAADP-AM (a membrane
permeant ester that is broken down by cytosolic esterases to release NAADP) failed to elicit
a significant Ca2+ response in SKBR3 cells (human breast cancer cell line) overexpressing
TRPML1 [292]. Additionally, NAADP-elicited Ca2+ responses was not altered when
TRPML1 expression was silenced in fibroblast cells [166] or when TRPML1 expression
was knocked out in pancreatic acinar cells [292]. Lastly, NAADP binding did not increase
in the membranes overexpressing TRPML1 [235].
The studies that supported TRPML1 mainly came from purified lysosomes that were
reconstituted in lipid bilayers. Since the other credible candidate, TPC, was reported to
form complexes with TRPML1 [292], it is possible that the eﬀect observed with TRPML1
blocking or depletion was due to an indirect eﬀect on TPCs in the complex rather than
a direct eﬀect on TRPML1. Furthermore, the antibody used to block TRPML1 has
been shown to be unspecific for TRPML1 (unpublished observations). Although whether
TRPML1 is the NAADP-gated channel remains controversial, it is likely that TRPML1
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plays an intricate part in NAADP signalling but is not the direct target for NAADP.
1.5.4.2

Transient receptor potential melastatin 2 (TRPM2)

TRPM2 is a nonselective cation channel that localizes in the plasma membrane and
lysosomes. TRPM2 is regulated by many factors, including ADP-ribose (ADPR), hydrogen
peroxide, Ca2+ , cADPR, and NAADP [217]. NAADP can activate the plasma membrane
TRPM2, but only at high concentrations (⇠1 mM), and full activation can only be reached
by the synergetic eﬀect of NAADP with ADPR [22]. A similar activation profile was
also observed for cADPR. Furthermore, NAADP-induced activation was inhibited by the
cADPR antagonist (8-Br-cADPR) or a TRPM2 antagonist (adenosine monophosphate;
AMP), thus suggesting that both cADPR and NAADP compete for the same site on
TRPM2 [22].
Although TRPM2 was activated by NAADP, an extremely high concentration was
required. Given that NAADP acts in the nM range, it seems very unlikely that TRPM2
is the NAADP receptor.
1.5.4.3

RyRs

Interestingly, RyRs, an established player in CICR and cADPR-mediated Ca2+ signalling,
have also been suggested as the NAADP receptor. However, this hypothesis remains
controversial.
In Jurkat T-lymphocytes, Ca2+ release evoked by NAADP (100 nM) was inhibited by
an antagonist of RyRs, or by knocking down RyRs by antisense mRNA [148]. However,
this may be explained by the trigger hypothesis, in which NAADP releases Ca2+ via
another receptor and this small release of Ca2+ is suﬃcient to trigger CICR via RyRs. A
subsequent study addressed this question and revealed that the RyR antagonist totally
abolished the NAADP-mediated triggering (pre-CICR) response, suggesting that RyRs
are the molecular target of NAADP [78]. The data from the latter study is still not
entirely convincing as it may be argued that the unobserved trigger response is due to
limitations of the microscopes to resolve tight coupling between the genuine NAADP
receptor and RyRs.
More convincingly, NAADP in the nM range was shown to increase the open probability
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(Po ) of the purified RyR1 (from rabbit white skeletal muscle) reconstituted in the lipid
bilayer [121]. This result was supported by another study that used the high aﬃnity of
[3 H]Ryanodine binding to RyR1 to determine Po [79]. NAADP (300 nM) was found to
accelerate the [3 H]Ryanodine binding, and this corresponded with an increase in channel
opening [79]. Additionally, NAADP-stimulated [3 H]Ryanodine binding to RyR1 was
inhibited by BZ194 (an NAADP antagonist that has been shown to specifically inhibit
NAADP-, but not InsP3 or cADPR-induced Ca2+ release in T cells) [79]. However, it
should be noted that the RyR1 sample was purified by sucrose density centrifugation, and
the presence of RyRs was confirmed only using a specific antibody [121]. It is likely that
the sample contains other SR proteins that may be the true NAADP-gated Ca2+ channel.
Perhaps the most compelling data supporting RyRs as the target of NAADP was from
the study of pancreatic acinar cells [109]. NAADP (200 nM) was reported to release Ca2+
from the nuclear envelope via RyRs, as RyR antagonists such as ryanodine and ruthenium
red inhibited the release. However, NAADP-mediated Ca2+ release was insensitive to
drugs that interfere with acidic stores, such as bafilomycin A1, brefeldin A, and nigericin.
On the other hand, a plethora of functional studies have disputed that RyR is the
NAADP-gated channel. In sea urchin egg homogenate, Ca2+ release evoked by NAADP
(nM) was not inhibited by antagonists of RyR-mediated Ca2+ release such as procaine,
ruthenium red [66] or 8-NH2 -cADPR [153]. Similarly, in cardiac [16] and vascular smooth
muscle cell microsomes [298], cADPR-induced (but not NAADP-induced) Ca2+ release was
aﬀected by antagonist of RyR-mediated Ca2+ release, such as an inhibitory concentration
of ryanodine (100 µM), ruthenium red, and 8-NH2 -cADPR. Furthermore, in MIN6 cells,
Ca2+ release elicited by NAADP (100 nM) from secretory vesicles (where RyR1 is the
predominant isoform) was insensitive to an inhibitory concentration of ryanodine (10 µM)
or to a selective RyR1 and RyR3 inhibitor, dantrolene [189]. Lastly, in undiﬀerentiated
C2C12 cells which express RyR3 but not RyR1 or RyR2, stimulating concentrations of
ryanodine failed to evoke any Ca2+ response. This suggests that the RyR3 gene was
transcribed but may not have been translated into protein, as there was no response to
ryanodine. NAADP in the nM range, however, was still able elicit Ca2+ responses in
undiﬀerentiated C2C12 cells, suggesting that RyR is not the target for NAADP [5].
Further evidence from bilayer studies showed that NAADP (100 nM) failed to signifi30
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cantly increase the Po of purified RyR1 or RyR2 [231], or the Po of RyR in SR-enriched
microsomes from coronary arteries reconstituted in lipid bilayers [303].
In conclusion, it appears that the evidence against RyRs as the NAADP-gated Ca2+
channel is much more convincing than that supporting it, although we cannot completely
disregard the fact that there may be a splice variant RyR isoform in specific organelles
and/or cell types that gates Ca2+ release mediated by NAADP.
1.5.4.4

Two-Pore Channels (TPCs)

TPC and its topology. The first member of TPC family to be cloned was in 2000,
from the rat by Ishibashi et al. [127]. It was proposed that an intermediate channel must
exist between voltage-gated Ca2+ and Na+ channels, and K+ channels [127]. Voltagegated Ca2+ and Na+ channels have four homologous transmembrane domains and belong
to a family of four-pore domain channels. They are functional as monomers. Each
transmembrane domain comprises six transmembrane ↵-helices (segments) and a pore
loop. Primordial K+ channels have one transmembrane domain with one-pore domain
and are functional as tetramers. Other members of the one-pore domain family include
the transient receptor potential (TRP) and cation channels of sperm (CatSper) channels
(Figure 1.12).
Homologous domains

One-pore

Two-pore

Four-pore

Figure 1.12: Phylogenetic tree of TPCs and their evolutionary relationship with channels that
have one and four homologous transmembrane domains containing six transmembrane segments
and a pore loop each. at, Arabidopsis thaliana; CaV , voltage-gated Ca2+ channel; d, dog; h,
human; NaV , voltage-gated Na+ ; r, rat. channel. Modified from [52].
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Structural analysis of TPC1 by hydropathy plot (Figure 1.13), phosphorylation and
glycosylation site predictions, and sequence homology with voltage-gated Ca2+ and Na+
channels suggest that TPC1 is an evolutionary intermediate channel; it has two homologous
transmembrane domains, and may be functional as dimers (Figure 1.12) [127]. Ishibashi et
al. found that TPC1 has the highest homology with a putative Ca2+ channel of Arabidopsis
thaliana, AtTPC1. Subsequent cloning and characterization revealed that AtTPC1 is a
Ca2+ -activated Ca2+ release channel which is localized in the vacuole (an acidic Ca2+ store
in plant). Furthermore, the channel possesses two Ca2+ -binding EF hands on the cytosolic
linker region which probably account for its dependency on Ca2+ [98, 219]. Searches in
the plant genome failed to find homologues of intracellular Ca2+ release channels such as
InsP3 Rs or RyRs [198]. This suggests that perhaps TPC1 is more important in simpler
organisms such as plants, which do not require such complex signal transduction systems.
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Figure 1.13: Hydropathy plots of rat (Rn) TPC1 (window setting = 12 amino acids) and human
(Hs) TPC2 (window setting = 9 amino acids). Red fillings indicate regions of transmembrane
segments and grey indicates regions of pore loops. D, domain. Modified from [52, 127].
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Despite the gain in knowledge of the plant TPC1 since its discovery, information on
animal TPCs remains scarce. The acidic store localization and the Ca2+ -permeating
properties of the plant TPC, together with the structural homology of the plant and
rat TPCs with the voltage-gated Ca2+ channels support the hypothesis that TPCs are
the NAADP receptors. Extensive studies over the following years in mouse and human
TPCs have accelerated our understandings and persuasively demonstrated its role as the
receptor in NAADP-mediated Ca2+ signalling.
Interestingly, whilst Michael Zhu was hunting for novel TRP channels, he cloned
the second animal TPC isoform, human TPC2 (pers. comm.). Similar to rat TPC1,
hydropathy of TPC2 also showed two homologous transmembrane domains, each comprises
of six transmembrane segments and a pore loop (Figure 1.13) [52]. Furthermore, a recent
study using fluorescence protease protection assays and immunocytochemistry confirmed
that human TPC1 and TPC2 have two homologous transmembrane domains with cytosolic
N- and C-termini [122].
Searches of sequence databases revealed three TPC isoforms (TPC1, TPC2 and
TPC3) that are present in many species including sea urchins and most vertebrates
(Figure 1.14A) [52]. The TPC3 gene is interesting in that it is corrupted in some members
of the Euarchontoglires lineage such as primates including human, chimpanzee and rhesus
money, as well as in rodents such as mouse and rat (Figure 1.14B) [51]. The degeneration
process is likely to involve many inactivating mutations resulting in a TPC3 pseudogene [51].
The three sea urchin TPCs and the two human and mouse TPCs share <30% sequence
homology within the species [52, 243, 307].

TPC expression at tissue and subcellular levels. TPCs are widely expressed in
rat and mouse tissue types with high TPC1 expression detected in kidney, liver, thymus
and spleen [127, 307], and TPC2 expression in mouse and human kidney and liver [52, 307]
(Figure 1.15). The expression of mammalian TPC3 has not yet been studied.
RT-qPCR analysis of mRNA expression showed that TPC1 was higher than TPC2
in human SKBR3 cells, rat PC12 cells, and sea urchin eggs [39]. In mouse tissue types,
TPC1 mRNA expression was also reported to be higher than TPC2 by northern blotting,
although two separate probes were used for TPC1 and TPC2, and the levels were not
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TPCs

(A)

(B)

Figure 1.14: (A) A phylogenetic tree of TPCs indicating the evolutionary relationships between
various species of TPCs. The diagram is taken from [52]. (B) Degeneration of the TPC3 gene
in the Euarchontoglires lineage. The number 3 in the gray circle indicates that the species has
the TPC3 gene. The empty circles indicate that TPC3 is absent or degenerated. The diagram is
taken from [51].
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RnTPC1

HsTPC2

MmTPC1

MmTPC2

Figure 1.15: Northern blots demonstrating mRNA expression of TPC1 in rat (Rn) [127] and
mouse (Mm) [307], and TPC2 in human (Hs) [52] and mouse (Mm) tissues [307].
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normalized to a housekeeping gene. The detected expression level may be biased depending
on the aﬃnities of the probes (bottom panel in Figure 1.15) [307].
Consistent with the findings for AtTPC1, subcellular studies have revealed that endogenous and heterologously expressed TPCs of various species are localized intracellularly in
acidic organelles [39, 41, 42, 52, 217, 219, 243, 307]. In animals, TPCs are localized in the
endo-lysosomal system. Subcellular distribution of human TPC2 is more restricted to late
endosomes/lysosomes [52], whereas the distribution of human TPC1 and chicken TPC3 are
broader (endosomes, lysosomes and other undefined compartments) [39, 52]. Interestingly,
mouse TPC2 was demonstrated to localize not only in late endosomes/lysosomes but also
in the ER, though subsequent functional analysis demonstrated that the ER-localized
TPC2 was non-functional [307]. Additionally, the ER-localized TPC2 might be a result of
heterologous expression artefact.

NAADP binding to TPCs. The localization of TPCs to endo-lysosomes, and the
homology of TPCs to known Ca2+ channels such as TRP and voltage-gated Ca2+ channels
raise the question as to whether NAADP binds to TPCs to release Ca2+ from the acidic
stores.
Indeed, NAADP binding was enhanced in membranes overexpressing human TPC2
and the binding was abolished by depleting human TPC2 from the membranes by
immunoprecipitation [52]. Mirroring the binding in native mammalian systems, NAADP
bound to membranes overexpressing human TPC2 biphasically, with aﬃnities in the nM
and µM range [52].
The importance of TPC complexes for NAADP binding was further confirmed by
studying NAADP-binding in immunopurified endogenous sea urchin TPCs [243]. In these
immunoprecipitates, NAADP binding was increased compared to controls (non- or preimmune serum). In addition, it showed the distinctive properties of NAADP binding to
the native NAADP receptors, such as the nM aﬃnity, and the K+ concentration-dependent
reversible binding [243]. This strongly suggests that endogenous TPCs are important
components of NAADP-binding complexes. However, it is also possible that NAADP
binds to accessory proteins that are tightly associated with TPC complexes.
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Functional evidence of TPCs as the NAADP-gated Ca2+ channel. The ability
of NAADP to bind to TPC complexes raises two further questions: do animal TPCs
indeed conduct Ca2+ release in response to NAADP, and does the release via TPCs satisfy
all the criteria for NAADP-induced Ca2+ release?

NAADP-mediated Ca2+ release via TPCs. In cells overexpressing human
TPC1 and TPC2, Ca2+ release evoked by nanomolar concentrations of NAADP was
significantly enhanced [39, 52]. Additionally, the release was in line with the classic
NAADP bell-shaped concentration-response relationship [52]. Furthermore, NAADPmediated Ca2+ release was abolished when the pH gradient of the acidic stores was
collapsed by bafilomycin A1, or when TPC expression was inhibited by short hairpin
RNA [39, 52].
Consistent with the hypothesis that Ca2+ release evoked by NAADP acts as a trigger
to amplify CICR, NAADP-mediated Ca2+ release in HEK cells overexpressing human
TPC2 was biphasic, comprising an initial accumulating ramp followed by a much larger
Ca2+ transient [52]. Combined pharmacological inhibition of InsP3 Rs (heparin), RyRs
(ryanodine; 10 µM), and the SERCA (thapsigargin) - or just heparin alone - abolished only
the large transient but not the initial ramp, while bafilomycin A1 abolished both phases.
This clearly suggests that the initial ramp corresponds to the Ca2+ release from acidic
stores evoked by NAADP with the larger transient attributable to CICR via InsP3 Rs
triggered by the initial NAADP-mediated Ca2+ release.
In SKBR3 cells overexpressing human TPC1 or TPC2, NAADP-mediated Ca2+ release
was sensitive to 10 µM ryanodine. The authors suggested that the Ca2+ release evoked
by NAADP was coupled to CICR via RyRs [39, 42]. This hypothesis was later confirmed
by uncoupling human TPC2 from RyRs by altering the endo-lysosomal targeting signals
on human TPC2 such that TPC2 was redirected to the plasma membrane. Uncoupled
human TPC2 on the plasma membrane was still able to conduct Ca2+ release in response
to NAADP; however, the response was no longer sensitive to ryanodine [42].
What about TPCs from other species? Similar to human TPC2, NAADP evoked
an increase in Ca2+ release with a bell-shaped concentration-dependent relationship in
HEK293 cells overexpressing mouse TPC2. Additionally, the response evoked by NAADP
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was also abolished by bafilomycin A1. In contrast to human TPC2, the response was
not altered by thapsigargin [307], suggesting that CICR amplification was not involved.
Furthermore, unlike cells overexpressing human TPC1, NAADP was not able to evoke
Ca2+ release from HEK293 cells overexpressing mouse TPC1 [307]. This might reflect a
species-specific diﬀerence, but is likely to be an artefact of the heterologous expression
system. Although compatible for mouse TPC2, mouse TPC1 function might have been
compromised by the overexpression environment.
In HEK293 or SKBR3 cells overexpressing sea urchin TPC1 or TPC2, NAADP also
evoked Ca2+ release as described for the native system. Nanomolar concentrations of
NAADP elicited Ca2+ release in cells overexpressing sea urchin TPCs which can be
inhibited by pre-treatment with bafilomycin A1 [41, 243], NAADP-AM (1 nM) [243] or
Ned-19 [243]. Like HEK293 cells overexpressing human TPCs, NAADP-mediated Ca2+
release also triggered CICR via InsP3 Rs in HEK293 cells overexpressing sea urchin TPC1
and TPC2; heparin only inhibited the second (large) Ca2+ transient in the biphasic
response. Furthermore, in the HEK293 overexpression system, the coupling to CICR
appeared tighter in sea urchin TPC2 than TPC1 as the lag time to the CICR amplification
was shorter [243].
The functional role of sea urchin TPC3 is currently unclear. In one study, overexpression of sea urchin TPC3 in HEK293 cells inhibited NAADP-evoked Ca2+ release
from the sea urchin TPC2-overexpressing cells and the endogenous HEK TPCs [243].
However, another study showed that NAADP was able to elicit Ca2+ release in SKBR3
cells overexpressing sea urchin TPC3, although the response was smaller than that with
sea urchin TPC1 and TPC2 [41]. In these studies, two sequence variants of sea urchin
TPC3 were expressed in separate expression systems; in HEK293 cells CICR amplification
is coupled to InsP3 Rs whereas in SKBR3 cells, CICR amplification is coupled to RyRs.
Both the diﬀerences in sequence and the expression system are likely to account for the
conflicting data.
In summary, overexpression studies of TPCs from various species have provided
compelling evidence that Ca2+ release via TPCs satisfies all the criteria required for
NAADP-induced Ca2+ release. Firstly, when TPCs are overexpressed, NAADP-elicited
Ca2+ release was enhanced, while when TPC expression was silenced NAADP-elicited Ca2+
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release was abolished. This demonstrates that the response was indeed from the presence
of TPCs. Secondly, NAADP evoked Ca2+ release via TPCs at the expected nanomolar
NAADP concentrations, and mammalian TPCs exhibited the classic bell-shaped NAADP
concentration-response curve, while the response of sea urchin TPCs was sensitive to
NAADP self-inactivation. Thirdly, Ca2+ released via TPCs originated from the acidic
stores as the response was inhibited by bafilomycin A1. Fourthly, NAADP-evoked Ca2+
release via human and sea urchin TPCs acts as a trigger to initiate the amplified response
by CICR. Taken together, these results provide compelling evidence that TPC is indeed
the NAADP-gated Ca2+ channel.

Biophysical properties of TPCs. Although TPCs had been demonstrated to
mediate Ca2+ release in response to NAADP, the above reports did not identify whether
TPCs are the NAADP-activated ion channels responsible for conducting Ca2+ , or whether
Ca2+ is released by another ion channel in complex with TPCs. To address this question,
the biophysical properties of TPCs were examined.
The first study to examine the biophysical properties of TPCs used patching of isolated
whole-lysosomes (from HEK293 cells) containing overexpressed mouse TPC2 [248]. This
study showed that cation currents were activated by cytosolic NAADP at a nanomolar
concentration, but not by NADP or NAADP at a high concentration. In control lysosomes
(TPC2 not overexpressed), nanomolar NAADP was not able to elicit current. Using biionic conditions, the relative permeability of mouse TPC2 to Ca2+ and K+ (P Ca2+ /P K+ )
was >1000, this suggests that the NAADP-evoked currents via mouse TPC2 are highly
selective for Ca2+ over K+ . Mutation of a conserved asparagine residue in pore loop I
of TPC2 abolished the NAADP-evoked current. Additionally, mutation of a conserved
acidic residue in pore loop I significantly reduced selectivity for Ca2+ [248]. This study
provided the first direct evidence that mouse TPC2 is the pore-forming subunit of the
NAADP-gated Ca2+ channel and can indeed conduct Ca2+ ions in response to NAADP.
This finding is supported by two further studies. The first measures single channel
activities from the immunopurified recombinant human TPC2 complexes in an artificial
lipid bilayer [231]. The study demonstrated that, similar to whole-lysosome patching,
cytosolic application of NAADP increased the Po of human TPC2 channels. Additionally,
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channels were closed by a high (inactivating) concentration of NAADP or Ned-19. Interestingly, in contrast to whole-lysosome patching, the relative permeability of human TPC2
channels to Ca2+ and K+ (P Ca2+ /P K+ ) was ⇠2.6, suggesting that it has no preference
for either Ca2+ or K+ and was permeable to both ions [231].
The second study also examined single channel activity by inside-out patching of
cells overexpressing mutant human TPC2 [42]. Human TPC2 is normally localized
intracellularly in late endosomes/lysosomes, and is thus inaccessible to patch-clamp
techniques. To overcome this limitation, the N-terminal dileucine motif of TPC2, which is
responsible for endo-lysosomal targeting, was truncated (TPC2 N) or mutated (TPC2AA ;
two leucine residues mutated to alanine) in order to redirect human TPC2 to the plasma
membrane. In line with the reported biophysical properties of TPC2, nanomolar NAADP
significantly the increased NPo of cells expressing TPC2 N or TPC2AA and enabled
fluxes of cations such as Ca2+ and Cs+ . As expected, this opening was inhibited by
Ned-19. Mutation of a conserved leucine residue in pore loop I of TPC2 significantly
reduced the NAADP-evoked Cs+ conductivity by at least 10-fold, but did not aﬀect the
NPo .
Overall, the combined evidence from whole-lysosomal patching and single channel
studies strongly suggest that TPC2 is indeed the Ca2+ -conducting channel that gates
NAADP-evoked Ca2+ release.

Regulations of TPCs. While TPCs are currently accepted to be NAADP-gated Ca2+
channels, the search for roles for proteins or ions involved in regulating TPCs is still in
infancy. Over the last year, two studies have demonstrated that NAADP-evoked responses
via TPCs are regulated by luminal environment (Ca2+ and pH) [231, 248].
The whole-lysosome patching study showed that reducing the luminal Ca2+ concentration from 2 mM to 100 nM reduced the amplitude of NAADP-evoked current via mouse
TPC2 [248]. This was supported by a single-channel study in which the immunopurified
human TPC2 had been reconstituted into lipid bilayers [231]; it showed that a decrease
in luminal Ca2+ concentration from 1 mM to 100 µM reduced the Po of human TPC2
from approximately 0.45 to nearly 0. Furthermore, the sensitivity of the Po of human
TPC2 to NAADP increased in correlation with an increase in the lysosomal luminal
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Ca2+ concentration (EC50 = 5 nM at 200 µM, and EC50 = 500 nM at 10 µM luminal
Ca2+ concentration) [231]. Mouse and human TPC2 is expressed predominantly in late
endosomes/lysosomes, where the physiological concentration of luminal Ca2+ at rest is
⇠500 µM. It is perhaps not surprising that the sensitivity of TPC2 to NAADP was higher
and the NAADP-evoked response larger, at the physiological range of luminal Ca2+ .
Luminal pH was shown to regulate TPC-mediated responses, although the mechanism
remains unclear. The whole-lysosome patching study showed that increasing the luminal
pH from pH 4.8 to 7.2 completely abolished the NAADP-activated cation currents [248].
In contrast, two single-channel studies showed that NAADP still activated human TPC2
channel opening at pH 7.2 [42, 231]. These disparate results may be partly explained
by diﬀerences in species, and importantly, by diﬀerences in membrane composition and
environment of channels. Only the whole-lysosome patching study showed perhaps the
endogenous ‘normal’ environment [248], the two single-channel studies would have the
ER membrane [231] or the plasma membrane [42] composition.
Although NAADP was able to activate human TPC2 channel opening at pH 7.2 in
both studies, one study showed that the activation was irreversible [231], whereas the
other found that it was reversible [42]. As the reversible channel activation came from
the study using mutant human TPC2, it is possible that mutation has side eﬀects on pH
regulation. The irreversible activation of human TPC2 suggests that pH modulates the Po
level by altering the dissociation rate of NAADP. This irreversibility is likely to account
for the reshaping of the concentration-Po response curve from the classic bell-shaped at pH
4.8 to sigmoidal at 7.2 [231]. NAADP has been shown to alkalinize acidic stores [192, 193],
so the increase in luminal pH upon Ca2+ release by NAADP may provide a mechanism
to retune TPC2 channel gating.

Physiological roles of TPCs. The majority of the links between NAADP and TPCs
were established by using heterologous expression systems. Insights concerning the
endogenous role of TPC-mediated Ca2+ release are scarce. One approach to improve this
has used TPC KO mice. In view of this, techniques for the generation and characterization
of TPC KO mice are described later (Chapter 3). Using the TPC KO mice, a crucial
role for endogenous TPCs has been shown in glucose-evoked signalling in pancreatic
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-cells (Arredouani et al. unpublished data), and in ACh-induced bladder smooth muscle
contraction [90]. Most recently, NAADP was reported to act via TPCs on the acidic
stores to promote diﬀerentiation in skeletal muscle [5].
Role of TPCs in endo-lysosomal physiology. Local NAADP-induced Ca2+
release from the acidic stores could be important in the endo-lysosomal system to mediate
eﬀective vesicle fusion and condensation of the post-fusion luminal content [172]. Successful
vesicle fusion is crucial in transporting the luminal contents and membrane proteins
along the degradation or ubiquintination pathways [172, 230]. Indeed, in Niemann-Pick
disease type C1 (NPC1), the lysosomal storage of sphingosine reduces the lysosomal
Ca2+ content and thereby reduces NAADP-mediated Ca2+ release. This results in
impediment to vesicle fusion and traﬃcking, and the subsequent storage of cholesterol
and glycosphingolipids [165].
Disruption to NAADP-mediated Ca2+ release from late endosomes/lysosomes has
been shown to cause a block in vesicular fusion and traﬃcking, and subsequent storage
of lipids [165]. Consistent with the notion that TPC is the NAADP-gated receptor,
abnormal lysosomal size, distribution and storage, and also endocytic traﬃcking faults
were observed in cells overexpressing TPCs; administration of Ned-19 was able to alleviate
these abnormalities. This indicates an important role of NAADP signalling via TPCs in
normal endo-lysosomal physiology such as vesicular traﬃcking and lysosomal biogenesis.
Dysfunction in regulations of the NAADP-TPC signalling pathway may therefore underlie
some of the lysosomal storage disorders [243].
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1.6

Mouse pancreatic acinar cells as a model to study Ca2+
signalling

Pancreatic acinar cells are non-excitable, i.e. they are not endowed with voltage-gated
Ca2+ channels and do not propagate action potentials. Furthermore, the morphology
and the signalling pathways have been well-characterized in pancreatic acinar cells, thus
they represent an ideal model system for the study of Ca2+ release from the intracellular
stores [228]. Indeed, the first member of the intracellular Ca2+ -mobilizing messenger
group, InsP3 , was discovered in the pancreatic acinar cells [259]. Furthermore, it was also
the first mammalian cell to show a response to NAADP [57]. The first part of this section
will describe the physiology of pancreatic acinar cells and the second part will describe
Ca2+ signalling in this cell type.

1.6.1

Physiology of pancreatic acinar cells

The major physiological function of pancreatic acinar cells is to synthesize, store and secrete
the zymogens/digestive enzymes for carbohydrates, proteins, and lipids. Approximately
20–200 acinar cells are organized into an acinus adjacent to the small ducts that convey
secreted proteins [113].

1.6.1.1

Morphology of pancreatic acinar cells

Each acinar cell has a polarized structure, optimised for secretion. It is comprised of an
apical pole packed with secretory (or zymogen) granules (ZG) and an extensive dense
ER network that surrounds the nucleus on the basolateral pole [225]. The ER is not
confined to the basolateral pole: some of the terminals extend deep into the apical
pole [110]. Interestingly, mitochondria are localized to three specific subcellular regions: a
perigranular belt surrounding the ZG, a perinuclear belt surrounding the nucleus, and a
peripheral belt along the basolateral plasma membrane. The Golgi apparatus is localized
between the perinuclear belt and the perigranular belt (Figure 1.16) [113, 225, 227].
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Figure 1.16: Schematic representation of the subcellular organelle localizations of a pancreatic
acinar cell. Modified from [113, 225, 227].

1.6.2

Stimulus-secretion coupling in pancreatic acinar cells

“Stimulus-secretion coupling” describes the events in which stimulations of the plasma
membrane receptors by extracellular physiological agonists such as circulating hormones
(CCK) or neurotransmitters (ACh) result in an increase in intracellular Ca2+ . Depending
on the agonist, diﬀerent combinations of Ca2+ mobilizing messengers and Ca2+ stores
are recruited to form specific Ca2+ signals [293]. The details of Ca2+ signalling evoked
by specific agonists are described in the following sections. The Ca2+ increase activates
secretion of enzymes by exocytosis of zymogen granules or fluid by activation of Ca2+ dependent Cl- channels in the apical membrane [224, 228, 289]. Cl- extrusion into
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the lumen initiates paracellular Na+ influx and thereby osmotic water ingress into the
pancreatic duct lumen [171] (Figure 1.17). The initial phase of secretion is governed
by the intracellular Ca2+ release and is entirely independent of the extracellular Ca2+ .
During the sustained phase (sustained stimulation, Ca2+ elevation, and secretion), Ca2+
entry is required to replenish the ER [224, 228].

1.6.2.1

CCK-evoked Ca2+ signalling

CCK is secreted into the blood by the enteroendocrine cells in the small intestine after
food ingestion [56, 161]. There are two CCK receptors: CCK type 1 (CCK1) is the
predominant type in rodent pancreatic acinar cells and binds specifically to sulphated
CCK, while CCK type 2 (CCK2) is not expressed in rat or mouse pancreatic acinar
cells [56].
CCK1 has a high and a low aﬃnity site; physiological concentrations of CCK (1–
50 pM) activate the high-aﬃnity CCK1 receptors on the basolateral membrane of the
pancreatic acinar cells [228, 289]. Activation of the low-aﬃnity site on the CCK1 receptor
by non-physiological concentrations of CCK leads to activation of PLC and production
of InsP3 [249]. The following section will focus on the signalling via the physiological
concentrations of CCK.
In the whole-cell patching, characteristic of Ca2+ spikes evoked by physiological
concentrations of CCK comprises both apically localized short repetitive spikes (lasting
1–2 s) at a frequency of one spike/min and longer-lasting global transients (0.2–1 min).
The apical repetitive spikes were thought to be the signal responsible for the secretion of
enzymes and fluid, while the global Ca2+ transients were for CCK-stimulated pancreatic
cell growth [59]. Recent advances in technology (two-photon microscopy) have given a new
insight into the stimulus-secretion coupling. The study demonstrated that the local spikes
actually only activate the fluid secretion, whereas the global spikes activate secretion of
both fluid and enzymes [170, 171].
Upon stimulation by physiological concentrations of CCK in the pancreatic acinar
AR42J cell line, plasma membrane CD38 was recruited intracellularly, possibly via
endocytosis into non-lysosomal acidic stores. This newly recruited CD38 together with the
constitutive CD38 in early endosomes are likely to be responsible for synthesizing NAADP
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Figure 1.17: Schematic representation of the Ca2+ signalling in stimulus (CCK and ACh)secretion coupling. Agonist-stimulated synthesis of specific Ca2+ mobilizing messengers (InsP3 ,
cADPR, and NAADP) by PLC or the constitutive/endocytosed CD38 initiates Ca2+ release from
the apical pole. InsP3 releases Ca2+ via InsP3 Rs primarily from the ER and possibly from the
non-lysosomal acidic stores (perhaps zymogen granules (ZG)?), NAADP primarily releases Ca2+
possibly via TPCs? from the lysosomal acidic stores, and cADPR releases Ca2+ via RyRs from
the ER. Local Ca2+ release is then amplified by CICR by concerted activity of RyRs and InsP3 Rs.
A rise in intracellular Ca2+ triggers secretion of enzymes via exocytosis of zymogens, and of fluid
via Ca2+ -dependent Cl- channels into the lumen.
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and cADPR in response to CCK, as CCK-evoked synthesis for both messengers had been
eliminated in CD38 KO pancreatic acinar cells [74, 294]. The synthesis of cADPR and
NAADP is likely to be intravesicular as suggested for sea urchin ARCs [68, 81].
In response to CCK stimulation, NAADP is synthesized rapidly and peaks within the
first 30 seconds, whereas cADPR is synthesized later and peaks only after 2 min. The time
frame of the messenger synthesis events supports the trigger hypothesis in which local
Ca2+ release evoked by NAADP triggers a much larger response via CICR. Interestingly,
CCK at physiological concentrations was unable to stimulate InsP3 synthesis, as the level
after stimulation remained similarly to the basal level [179].
In pancreatic acinar cells, one study has shown that NAADP releases Ca2+ from
the nuclear thapsigargin-sensitive ER via RyRs [109]. However, in the process of nuclei
isolation, homogenization of pancreatic acinar cells may have caused some membranes containing NAADP-gated channels (from acidic vesicles) to break and reform with membranes
from nuclei. Alternatively, it might be that few NAADP-gated channels are expressed
in these organelles. Since NAADP is a potent Ca2+ -mobilizing messenger, just a few
channels may be suﬃcient to elicit detectable responses. In both cases, Ca2+ would be
released from the nuclear ER, explaining why the response is insensitive to drugs that
interfere with acidic stores. On the other hand, many other studies have demonstrated
convincingly that NAADP releases Ca2+ from the acidic stores like cathepsin-C containing
lysosomes [74, 185, 293]. Since TPCs are the most credible candidates for NAADP-gated
Ca2+ channels (Section 1.5.4.4), it is likely that TPCs also gate NAADP-mediated Ca2+
release in pancreatic acinar cells.
Amplification of the NAADP-mediated Ca2+ trigger is dependent on both RyRs and
InsP3 Rs, as inhibitors of RyRs (ryanodine or 8-NH2 -cADPR), and of InsP3 Rs (heparin or
high concentrations of caﬀeine (20 mM)) all abolished NAADP-elicited Ca2+ spikes [57, 59].
This is in line with the pharmacological profile of CCK-evoked spikes [57, 59, 60]. Thus,
CCK-elicited Ca2+ signalling is dependent on the action of three receptors: the trigger
NAADPRs (likely TPCs), and the amplifiers InsP3 Rs and RyRs (Figure 1.17).
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Spatio-temporal pattern of CCK-evoked Ca2+ signals. Spatio-temporal patterning of CCK-evoked Ca2+ signals comprises an initial Ca2+ increase from the apical pole
followed by a wave to the basolateral pole [56, 57, 59, 272]. Consistent with the initiation
of Ca2+ responses at the apical site, the Ca2+ trigger evoked by NAADP is restricted to
the apical and not the basal pole [293]. Additionally, treatment of the lysotracker-stained
acidic stores with GPN also demonstrated the apical localization of lysosome-related
stores [185, 293]. Furthermore, the predominant types of InsP3 Rs in pancreatic acinar cells,
type 2 (InsP3 R2) and type 3 (InsP3 R3), are also localized to the apical pole [126, 156].
InsP3 Rs at the apical pole are likely to be involved in amplifying the NAADP-evoked
Ca2+ response.
The exact spatial pattern of cADPR-induced Ca2+ signalling is currently unresolved.
Consistent with the apical releasing site, cADPR (or low activating concentrations of
ryanodine) was shown to initiate Ca2+ release from the apical pole [12, 271]. However,
cADPR has also been reported to release Ca2+ more sensitively in the basolateral side
where RyRs are concentrated [145, 155, 156]. Perhaps because the localization RyRs are
more broadly distributed, initiation was observed at both poles. The diﬀused localization
of RyRs also suggests that RyRs are not limited to amplifying, but also propagate a Ca2+
signal initiated in the apical pole [289].
In summary, physiological concentrations of CCK evoke Ca2+ spikes which initiate
from the apical pole. This is likely as a result of Ca2+ release from acidic stores evoked by
NAADP. The local Ca2+ pulse is then amplified by concerted activity of apically localized
InsP3 Rs and RyRs and spreads as a wave to the basolateral pole via RyRs. Furthermore,
stimulation by non-physiological concentrations of CCK activates InsP3 production and
switches to InsP3 -mediated signalling pathway.

1.6.2.2

ACh-evoked Ca2+ signalling

ACh released from the parasympathetic nerve endings activates muscarinic receptors
on the basolateral membrane of the pancreatic acinar cells [228, 272]. Unlike CCK, the
characteristic of Ca2+ spikes evoked by ACh in whole-cell patching experiments comprises
only the apically localized short repetitive spikes and not global Ca2+ transients [59].
This may partly explain why CCK is involved in both secretion of enzymes and fluid and
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pancreatic cell growth, whereas ACh only stimulates the secretion of enzymes and fluid.
There are three muscarinic receptors, of which M3 is the predominant isoform in the
rodent and human pancreata. The M3 receptor is a Gq -protein coupled receptor and upon
activation by physiological concentrations of ACh (50–300 nM), InsP3 is produced from
hydrolysis of PIP2 by PLC [289]. InsP3 generated near the basolateral pole diﬀuses rapidly
over 15 µm to activate InsP3 Rs concentrated on the apical pole and cause subsequent
Ca2+ release from the ER [11, 272, 289]. Interestingly, ACh has also been reported to
recruit diﬀerent acidic Ca2+ stores to elicit the Ca2+ response, perhaps lysosomes via
Ca2+ and non-lysosomal acidic stores such as zymogen granules via InsP3 [185].
Interestingly, although cADPR production was shown to increase in response to
ACh [294], 8-NH2 -cADPR failed to significantly alter ACh-elicited Ca2+ spikes [59].
Furthermore, it has been shown that ACh does not synthesize [294] or utilize NAADP
in its signalling pathway, as high self-inactivation concentrations of NAADP (100 µM)
inhibited Ca2+ spikes evoked by CCK but not those by ACh [59]. This clearly demonstrates
that, in contrast to CCK-evoked Ca2+ signalling, cADPR and NAADP are not involved
in the ACh-evoked Ca2+ response.
ACh, like CCK, initiates Ca2+ release at the apical pole and the signal spreads towards
the basal pole. This Ca2+ trigger is likely to be initiated by InsP3 as NAADP and cADPR
are not involved. Indeed, InsP3 was also shown to initiate Ca2+ release at the apical
pole [155, 272]. The amplification via CICR is dependent on InsP3 Rs and RyRs, as
heparin and ryanodine were all able to abolish ACh-evoked Ca2+ spikes [11, 59, 228, 287].
Thus, in pancreatic acinar cells, CCK and ACh recruit diﬀerent combinations of
messengers to elicit agonist-specific Ca2+ signals. For CCK, the Ca2+ spiking is dependent
on NAADP and cADPR, whereas for ACh, Ca2+ spiking is dependent on InsP3 . (But
note that this action of cADPR in ACh-evoked spiking is still controversial.) Lastly, for
both agonist-specific Ca2+ signals, activation of RyRs and InsP3 Rs are required for the
CICR process.
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1.7

The aims of this research

Overwhelming evidence from the heterologous expression studies has demonstrated that
TPCs are the NAADP-gated channels. However, our understanding of the endogenous
role of TPCs is minimal. To address this, our lab has generated TPC mutant mice. The
first part of this thesis describes the characterization and validation of the TPC mutant
mice, ensuring that the mRNA expression of the target TPC isoform(s) is abolished. The
generated TPC single or double KO mice were viable and exhibited no gross phenotype
abnormalities. Thus, the compensation exerted by the remaining TPCs in single KOs, or
at a global level by other proteins will also be examined.
Since mice will be used as the model system, the expression of mouse TPCs will also
be studied at the mRNA, protein and subcellular levels, in order to further understand
the roles of mouse TPCs. An interesting question arises: how are TPCs targeted to their
subcellular destinations? This is addressed by investigating the sorting (targeting) signals
involved in directing TPCs to subcellular compartments.
The generation of TPC mutant mice provides a valuable tool to investigate the
endogenous role of TPCs in NAADP-mediated Ca2+ signalling in a native system. An
outstanding question in the TPC field is whether TPC is the endogenous binding protein
for NAADP. The question is answered by assaying radioligand binding of NAADP in
membranes from TPC KO mice. Furthermore, CCK-evoked Ca2+ responses in pancreatic
acinar cells have been extensively studied, and it is known to be dependent on NAADP.
In CCK signalling, the important missing link is whether TPC is the channel that gates
NAADP-evoked Ca2+ release. The role of TPCs in CCK signalling is investigated by
using isolated pancreatic acinar cells from TPC single and double KO mice.
In summary, using molecular, biochemical, radioligand binding and Ca2+ imaging
methods, this research attempts to characterize expression and localization of mouse
TPCs and gain insights into the endogenous role of TPCs in NAADP signalling.
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Chapter 2

Materials and Methods
2.1

Materials

All reagents were purchased from Sigma-Aldrich, and all cell culture reagents were
purchased from Invitrogen unless otherwise specified. Drugs were stored at -20 C until
further use.

2.1.1

Animals

Mice obtained from MRC Harwell1 and Deltagen2 were housed in individual ventilated
cages (coloured perspex units which have their own air supply). The mice were housed in
clean air at constant optimal temperature and humidity with 12 h of light per day in the
Biomedical Science Building (Oxford). Mice were fed with standard dry pellets, and water
ad libitum. Five strains of mice with diﬀerences in genetic background or mutations were
used: Two wild-type (WT) mice of diﬀerent genetic background; WT1 and WT2, and
TPC mutant mice; TPC1 XG716, TPC1 D159, and TPC2 YHD437. Genetic backgrounds
of the WTs and TPC mutant mice are detailed in Chapter 3.

1
2

http://www.har.mrc.ac.uk/
http://www.deltagen.com/
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2.1.2

TPC I.M.A.G.E. clones

Mouse TPC1 and TPC2 cDNA I.M.A.G.E. (Integrated Molecular Analysis of Genomes and
their Expression consortium) clones were obtained from Source BioScience LifeSciences
(Table 2.1).

Gene

IMAGE clone ID

GenBank accession number

Vector

Mouse TPC1

6821376

BC058951

pYX-Asc

Mouse TPC2

9055807

BC141195

pCR4-TOPO

Table 2.1: Details of mouse TPC1 and TPC2 IMAGE clone constructs.

2.2
2.2.1

Genotyping
Ear clip digestion

To prepare mouse DNA for genotyping, DNA from mouse ear clips was extracted by
digestion overnight at 55 C in lysis buﬀer (50 mM Tris.HCl, 50 mM EDTA, 0.1% SDS
and 1 mg/ml proteinase K; pH 8.0). The digestion was heated at 95 C for 15 min to
inactivate proteinase K and frozen at -20 C until use. Before addition to the polymerase
chain reaction (PCR) reaction, the undigested material was centrifuged at 10, 000 ⇥ g for
5 min.

2.2.2

3-primer PCR

3-primer PCR was used to genotype the mice via assessing the presence of the WT or
mutant alleles. Two sense primers (1 µM), each specific for WT or mutant allele, and an
antisense primer (1 µM, Table 2.2) were added in a reaction containing DreamTaq Green
mix (Fermentas), and ear clip DNA (1 µl). The following parameters were used for PCR:
94 C (5 min), 30 cycles of 94 C (15 s), 56 C (30 s) and 72 C (1 min), followed by a
final extension at 72 C (6 min).
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Alleles

Sense primer (5’-3’)

Antisense primer (5’-3’)

WT

AACTTGTTAGGATCTCCCCGC

TPC1 XG716

TGACGGTGAAAACCTCTGACAC

WT

CTGGCATCTTGAGGTTTGGT

TPC1 D159

CCAGCTCATTCCTCCCACTC

WT

CTTCGGAGCCTTCTTTCCTT

TPC2 YHD437

GTCGGGGCTGGCTTAACTATsG

GGCAGATCTTTGAAGGCAAG
GGGCTACACTCCCAAGCATA
CTGTCCCTGACGAGTGGTTT

Amplicon
size/bp
496
383
376
459
493
336

Table 2.2: Primers used in PCR reactions to genotype the mice. The size of the amplicon was
used to determine the wild-type (WT) or mutant alleles carried in the mice.

2.3

Cell culture

Mouse Embryonic Fibroblasts (MEFs) previously prepared and immortalized by serial
passages in the lab, or Human Embryonic Kidney Cell-line 293T (HEK293T) were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 4.5 g/L D-glucose and phenol
red and supplemented with 10% (v/v) foetal calf serum, 2 mM L-Glutamine, 0.1 mg/ml
streptomycin, and 100 U/ml penicillin in a humidified 37 C cell culture incubator
containing 5% CO2 .

2.3.1

Oestradiol treatment

To prepare MEFs for the oestradiol treatment, cells were washed once in PBS. Washed
MEFs were cultured in DMEM containing 4.5 g/L D-glucose, without phenol red, and
supplemented with 10% (v/v) HyClone Charcoal/Dextran Treated Fetal Bovine Serum
(Thermo Fisher Scientific) for reduced levels of hormones and growth factors, 2 mM
L-Glutamine, 0.1 mg/ml streptomycin, and 100 U/ml penicillin in a 37 C cell culture
incubator containing 5% CO2 for approximately 24 h before oestradiol treatment.

2.4
2.4.1

Molecular cloning techniques
N-TPC1 cloning using TOPO TA-cloning

The shorter variant of TPC1 ( N-TPC1) cDNA (2408 bp) was cloned using TOPO XL
PCR Cloning Kit (Invitrogen) following the manufacturer’s instructions. Briefly, purified
cDNA fragments produced by reverse transcription-PCR (RT-PCR) (Section 2.5.4) were
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mixed with linearized pCR-XL-TOPO plasmid vectors for 5 min at room temperature.
The reaction was terminated by adding the TOPO Cloning Stop Solution. Taq polymerase
was used in RT-PCR to amplify the products; because of its nontemplate-dependent
terminal transferase activity, it adds a single deoxyadenosine (A) to the 3’ ends of the PCR
products (amplicons). The A on the 3’ ends should ligate eﬃciently with the overhanging
3’ deoxythymidine (T) on the linearized pCR-XL-TOPO plasmid vector.

2.4.2

Subcloning of TPC cDNAs into mCherry-tagged expression vectors

2.4.2.1

PCR truncation and incorporation of restriction enzyme sites in TPC
cDNA sequences

PCR was performed using either High Fidelity PCR Master (Roche) or Expand Long
Range (Roche) kits following the manufacturer’s instructions. For PCR using the High
Fidelity PCR Master kit, briefly, plasmid DNA (0.04 ng/µl), and gene-specific primers
(0.3 µM) were added in a reaction containing High Fidelity PCR Master mix. For PCR
using the Expand Long Range, PCR Nucleotide Mix dNTPmix (0.5 mM), plasmid DNA
(0.02 ng/µl), DNA polymerase enzyme mix (0.07 U/µl), and gene-specific primers (0.4 µM)
were added in a reaction containing Expand Long Range buﬀer with MgCl2 in 3% DMSO.
Gene-specific primers were designed to clone out or truncate the open reading frame of
the full-length (FL) TPC cDNAs with restriction sites of Afl II (TPC1) or Kpn I (TPC2)
incorporated on the N-terminus, and Not I on the C-terminus omitting the stop codon
(Table 2.3). The following parameters were used for PCR: 92 C (3 min), and 10 cycles
of: 92 C (10 s), annealing temperature (indicated in Table 2.3, 15 s) and 68 C (8 min),
and 20 cycles of the above condition but with 20 s cycle elongation for each successive
cycle, followed by a final extension at 68 C (7 min). PCR products were analysed by
agarose gel electrophoresis, extracted from the gel and purified (Section 2.4.2.4).
2.4.2.2

Restriction enzyme digestion

Plasmid expression vector (pcDNA5/TO.mCherry.SpTPC1, made previously in the lab) or
purified PCR products were digested by the desired restriction enzymes depending on the
sites that were incorporated in the PCR products (Table 2.3), following the manufacturer’s
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cDNA

FL or truncations ( )

Sense primer (5’-3’)

Annealing

Amplicon

in terminal

Antisense primer (5’-3’)

temperature/ C

size/bp

56

2525

56

2450

57

2263

56

2126

60

2193

60

2196

60

2094

FL
N
TPC1
C
NC

FL
TPC2

N
C

GATCCTTAAGCAGTTTAAAGCCCTGGCC
GATCGCGGCCGCGGTGACAGTCTGGGAGCG
GATCCTTAAGCCACCACGGCTTCTGAGT
GATCGCGGCCGCGGTGACAGTCTGGGAGCG
GATCCTTAAGCAGTTTAAAGCCCTGGCC
GATCGCGGCCGCGCCTCGCTCCTCACGATA
GATCCTTAAGCCACCACGGCTTCTGAGT
GATCGCGGCCGCGCCTCGCTCCTCACGATA
GATCGGTACCATGGCGGCAGAAGAGCAGCCC
GATCGCGGCCGCCCTGCACAGATGCAAGTGTGG
GATCGGTACCATGGAGCTCTGCATAGACCAGGCT
GATCGCGGCCGCCCTGCACAGATGCAAGTGTGG
GATCGGTACCATGGCGGCAGAAGAGCAGCCC
GATCGCGGCCGCCTGCTTGGTCCCAACAAGGAG

Table 2.3: PCR conditions used to incorporate restriction enzyme sites, and to generate
full-length (FL) or truncated ( N) TPC cDNAs. PCR reaction was analysed by agarose gel
electrophoresis and verified with the predicted size of amplicons. Blue and green coloured text
indicate the restriction enzyme sites. Restriction sites of Afl II for TPC1 and Kpn I for TPC2 were
incorporated in the sense primers (Green). Not I restriction site was incorporated in the antisense
primers (Blue). Four extra nucleotides, GATC (orange), were added for eﬃcient restriction enzyme
digestion.

instructions. Briefly, plasmid DNAs or purified PCR products were digested by restriction
enzymes (1 u enzyme/1 µg DNA, Fermentas) in a reaction containing restriction enzyme
buﬀers provided by the manufacturer at 37 C for 2 h or room temperature overnight.
For digesting the plasmid expression vector, the reactions were analysed by agarose gel
electrophoresis to confirm the digestion. The fragment of interest (pcDNA5/TO.mCherry)
was extracted and gel purified (Section 2.4.2.4). If the PCR products were digested
for ligation purposes, then the digested products were directly purified to remove the
restriction enzyme and the reaction buﬀer (Section 2.4.2.5).

2.4.2.3

Agarose gel electrophoresis

DNA samples were mixed with DNA loading buﬀer (2% (v/v) glycerol, 0.1% (v/v) sodium
dodecyl sulfate (SDS), 0.0005% (w/v) bromophenol blue, 10 mM EDTA; pH 8.0). The mix
and the DNA markers of size 250–10,000 bp (GeneRuler DNA Ladder, Fermentas) were
loaded in 1% (w/v) agarose gels in Tris-acetate-EDTA (TAE) buﬀer (40 mM Tris acetate
and 1 mM EDTA; pH 7.6) containing ethidium bromide (0.5 µg/ml) and electrophoresed
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between 100–130 V in TAE buﬀer. DNA was visualized by an UV transilluminator
(SYNGENE, Model: GMV20).
2.4.2.4

DNA purification from agarose gel

Electrophoresed DNA was purified from agarose gel using QIAquick Gel Extraction Kit
(QIAGEN) following the manufacturer’s instructions. Briefly, the DNA band of interest was
sliced from the agarose gel following electrophoresis. The gel was solubilized and applied
to the anion-exchange QIAquick spin column. The DNA bound to the silica membrane
in the column under the high-salt conditions, and was washed once by centrifugation at
17, 900 ⇥ g. DNA on the silica membrane was eluted in distilled, deionised water, and
stored at -20 C until further use.
2.4.2.5

Purification of DNA fragments

PCR products were purified using the QIAquick PCR Purification Kit (QIAGEN) following
the manufacturer’s instructions. Briefly, DNA fragments were added to the binding buﬀer
in a QIAquick column. The column was centrifuged to remove impurities while DNA
bound to the silica-gel membrane. DNA was washed once, eluted in deionised, distilled
water, and stored at -20 C until further use.
2.4.2.6

Alkaline phosphatase treatment

To prevent digested plasmid DNA (pcDNA5/TO.mCherry) from self-ligation, the purified
vector (40 ng/µl) was incubated with shrimp alkaline phosphatase (SAP, 0.06 U/µl) in Dephosporylation Buﬀer (Roche) at 37 C for 10 min to dephosphorylate 5’ phosphates from
DNA, followed by incubation at 65 C for 15 min to inactive SAP. The 5’ dephosphorylated
vector DNA was subsequently purified (Section 2.4.2.5) for ligation purposes.
2.4.2.7

Ligation of DNA

Purified digested cDNA fragment was ligated with 5’ dephosphorylated digested expression
vector by Rapid DNA Dephos & Ligation Kit (Roche) following the manufacturer’s
instructions. Briefly, a 1:3 molar ratio of vectors (50 ng) to inserts (cDNA fragment,
150 ng) was first diluted in DNA Dilution Buﬀer and then added in a reaction containing
56

2.4 Molecular cloning techniques
T4 DNA Ligase (5 U) in T4 DNA Ligation Buﬀer. The reaction was incubated for 10 min
at room temperature. Ligated plasmid (pcDNA5/TO.TPC.mCherry expression vectors)
were either directly transformed into competent bacteria or store at -20 C.

2.4.3

Site-directed mutagenesis (SDM)

Site-directed mutagenesis to mutate the [DE]XXXL[LI] motif to AXXXAA of mouse TPC1
or TPC2 was performed using QuikChange Site-Directed Mutagenesis Kit (Stratagene)
following the manufacturer’s instructions. Briefly, expression plasmid template (1 ng/µl),
gene-specific primers (2.5 ng/µl) to introduce multiple-site mutations, PfuTurbo DNA
polymerase (0.05 U/µl), and dNTP mix (proprietary concentration by Stratagene) were
added in the reaction buﬀer provided by the manufacturer. Table 2.4 details the primer
sequences to mutate specific [DE]XXXL[LI] sorting signals. Gene-specific primers to introduce mutations were designed by QuickChange Primer Design tool (Agilent Technologies).
Cycling parameters were as follows: 95 C (30 s), 16 cycles of: 95 C (30 s), 55 C (1 min),
and 68 C (9 min). During cycling, PfuTurbo DNA polymerase replicates the denatured
plasmid strands with high fidelity and does not displace the primers containing specific
mutations, allowing the target site to be mutated. The reaction was treated with Dpn I
(10 U) at 37 C for 1 h to remove the original (methylated and unmutated) template. The
Dpn I-treated mutated DNA was directly transformed into XL10-Gold Ultracompetent
Cells (Stratagene). The transformation was similar as detailed in Section 2.4.4 with
an addition step of adding XL10-Gold -Mercaptoethanol mix (4 %) in the cells before
plasmid DNA.

2.4.4

Bacteria transformation by heat-shock

To transform the bacteria, 61:10 ratio of ligation mixture from TOPO TA-cloning or T4
DNA ligase reaction was added to 100 µl chemically-competent Escherichia coli bacteria
(TOP10 (Invitrogen) or XL10-Gold (Stratagene) strains). The mixture was incubated for
30 min on ice, followed by heat-shock at 42 C for 30 s. The mixture was immediately
further incubated for 2 min on ice. Transformed bacteria were diluted with Luria Broth
(LB: 10 g/L Tryptone, 5 g/L Yeast extract, 10 g/L NaCl). Depending on the antibiotic
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Proteins

SDM

Sense primer (5’-3’)

terminal

Antisense primer (5’-3’)

N

GGCTGTAAGTTTAGATGCCGATGTGCCGGCCGCCCTGACCTTGGACGAG

Template

pcDNA5/TO.FLTPC1.mCherry

CTCGTCCAAGGTCAGGGCGGCCGGCACATCGGCATCTAAACTTACAGCC
TPC1

C

GCACCTCCTCTGCCGTGACCCGGGCGGCGGACACCCTCTC

pcDNA5/TO.FLTPC1.mCherry

GAGAGGGTGTCCGCCGCCCGGGTCACGGCAGAGGAGGTGC
NC
TPC2

N

Same sense and antisense primers as SDMC
CATGGCGGCAGCAGAGCAGCCCGCTGCGGGCCGGGGCC

pcDNA5/TO.SDMNTPC1.mCherry
pcDNA5/TO.FLTPC2.mCherry

GGCCCCGGCCCGCAGCGGGCTGCTCTGCTGCCGCCATG

Table 2.4: Primer sequences designed to introduce site-directed mutagenesis (SDM; underline)
on the N- or C- or both terminal [DE]XXXL[LI] motifs in the TPC-mCherry proteins to AXXXAA
using pcDNA5/TO.TPC.mCherry plasmid expression vectors as the template.

resistance that the vector encodes, the diluted transformed bacteria were either preincubated at 37 C for 1 h before plating on the LB-agar plates containing kanamycin
(50 µg/ml) or immediately plated on the LB-agar plates containing ampicillin (50 µg/ml).
The bacteria-containing plates were incubated at 37 C overnight to form colonies.

2.4.5

Minipreparation of plasmid DNA

Colonies of bacteria were picked and cultured for 16 h at 37 C in 5 ml LB containing the
selective antibiotic (ampicillin: 100 µg/ml; kanamycin: 50 µg/ml). A ratio of 1 volume of
the bacteria culture to 4 volume of the container was required to allow suﬃcient oxygen
supply during the culture, thus typically a 25 ml vessel was used. The bacteria were
then pelleted by centrifuging at >8, 000 ⇥ g for 2 min. Plasmid DNA was purified using
QIAprep miniprep system (QIAGEN) following the manufacturer’s instructions. Briefly,
pelleted bacteria were lysed under alkaline conditions and the lysate was neutralized.
Protein precipitate was cleared by centrifugation, and the lysate was applied to the
QIAprep spin column where DNA adsorbed to the silica-gel membrane, and impurities
were filtered through and washed away. DNA was eluted in deionised, distilled water and
stored at -20 C until further use. Purified plasmid DNA were digested by restriction
enzymes (Section 2.4.2.2) and analysed by DNA gel electrophoresis (Section 2.4.2.3) to
confirm the insertion from ligation. If necessary, plasmids were sequenced to confirm its
identity (Section 2.4.7).
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2.4.6

Maxipreparation of plasmid DNA

Purified plasmid DNA of correct sequence was transformed into the competent bacteria
and plated on the LB-agar plates to form colonies. Bacteria of single colonies were picked
and cultured for 16 h at 37 C in 200 ml LB containing the selective antibiotic (ampicillin:
100 µg/ml; kanamycin: 50 µg/ml) in a 1 litre container. The bacteria were then pelleted
by centrifuging at 6, 000 ⇥ g for 15 min at 4 C. Plasmid DNA was prepared using HiSpeed
Plasmid Maxi Kit (QIAGEN) following the manufacturer’s instructions. Briefly, pelleted
bacteria were lysed under alkaline conditions and the lysate was neutralized. The lysate
was cleared by the QIAfilter cartridge, and filtered through a HiSpeed Tip. Plasmid DNA
in the lysate bound to the anion-exchange resin, and impurities were removed by gravity
flow and washed away in a medium-salt buﬀer. Bound plasmid DNA was eluted in a
high-salt buﬀer and then precipitated by isopropanol. Precipitated DNA was applied to
the QIAprecipitator Module to enable trapping and further drying of precipitated DNA.
Dried DNA was eluted in deionised, distilled water and stored at -20 C until further use.

2.4.7

DNA sequencing

Plasmid DNA, PCR fragments and primers were diluted to required concentrations of
30–100 ng/µl, 10–50 ng/µl, and 10 pmol/µl, respectively in distilled, deionised water, and
sent oﬀ to be sequenced by GATC Biotech.

2.5
2.5.1

mRNA expression analysis
Total RNA isolation

Total RNA was extracted from mouse tissues or cultured cells following RNeasy QiaRNA
extraction procedure (QIAGEN).
For total RNA extraction from tissues, mice were killed by cervical dislocation. Harvested tissues were immediately frozen in liquid nitrogen and stored at -80 C until use.
Briefly, frozen mouse tissue (⇠30 mg) was lysed and homogenized by a ULTRA-TURRAX
homogenizer (IKA) until uniformly homogeneous in the presence of Buﬀer RLT, which
contains guanidine thiocyanate and 1% -Mercaptoethanol ( -ME) to denature RNase.
For total RNA extraction from the cultured cells, cells were washed twice with PBS
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in the culture dish and lysed directly in the dish with Buﬀer RLT containing 1% -ME.
Lysate was collected by a scraper and homogenized by placing the lysate in a QIAshredder
spin column and centrifuge at 13, 000 ⇥ g for 2 min. Homogenization occurred when the
lysate passed through the spin column.
The homogenate from the mouse tissues or the cells was centrifuged at 13, 000 ⇥ g for
3 min and 1 volume of 70% ethanol was added to the supernatant. The ethanol/supernatant
mix was filtered through a RNeasy mini spin column by centrifuging at 6 8, 000 ⇥ g and
the total RNA in the sample was bound to the membrane in the spin column. Total
RNA bound to the column was treated with DNase I (⇠0.5 Kunitz units/µg total RNA)
for 15 min. The membrane was washed three times and total RNA was then eluted in
30–50 µl RNase-free water and stored at -80 C.

2.5.2

RNA Quantification

RNA was quantified by either a NanoPhotometer (Implen GmbH) or Quant-iT RiboGreen
RNA reagent (Invitrogen) following the manufacturer’s instructions.
2.5.2.1

NanoPhotometer

To quantify the RNA using a NanoPhotometer, 1–5 µl of RNA was pipetted directly
onto the centre of the submicroliter cell and was compressed by a dilution lid placed on
top. The concentration of RNA was determined in NanoPhotometer by the Beer-Lambert
equation where c = (A x ")/b, where c is the concentration in ng/µl, A is the absorbance
in absorbance units (AU), " is the wavelength-dependent extinction coeﬃcient in ng-cm/µl
(For RNA, " = 40 at 260 nm), and b is the path length in cm. The path lengths used
were 1 and 0.2 mm.
2.5.2.2

Quant-iT RiboGreen RNA reagent

To quantify the RNA using Quant-iT RiboGreen RNA reagent (Invitrogen), Quant-iT
RiboGreen reagent was diluted 1:1000 in TE buﬀer (10 mM Tris-HCl, 1 mM EDTA; pH 7.5
in DEPC treated water). One volume of the reagent was added to the RNA standards or
samples in a 96-well microplate wells and incubated for 2 to 5 min at room temperature
in the dark. Samples were excited at 488 nm and the fluorescence emission intensity was
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measured at 520 nm using a Typhoon 9400 imager (GE healthcare). ImageQuant 5.2
software (Molecular Dynamics) was used to quantify the fluorescence emission intensity.
Concentration of the unknown RNA sample was interpolated from its fluorescence emission
intensity using a standard curve where the fluorescence emission intensity was plotted
against known concentrations of RNA standards (0.01–1 ng/µl).

2.5.3

RNA integrity confirmation

Extracted total RNA was mixed with RNA loading dye (Fermentas) and together with RNA
markers of size 200 to 6000 bases (RiboRuler High Range RNA Ladder, Fermentas) were
loaded in 1% (w/v) agarose gels in TAE buﬀer containing ethidium bromide (0.5 µg/ml)
and electrophoresed at 100 V in TAE buﬀer. RNA on the gel was visualized by an UV
transilluminator (SYNGENE, Model: GMV20). Total RNA with good integrity should
result in two sharp bands representing 28S (4.7 kb) and 18S (1.8 kb) rRNA.

2.5.4

Reverse transcription-PCR (RT-PCR)

RT-PCR was performed in a reaction containing extracted total RNA (1 ng to 1 µg),
SuperScript III RT/ Platinum Taq High Fidelity Enzyme Mix (Invitrogen), and genespecific sense and antisense primers (0.8 µM, Table 2.5) following the manufacturer’s
instructions. The following parameters were used for RT: 50 C (30 min), 94 C (2 min),
and PCR: 30 cycles of 94 C (15 s), annealing temperature is indicated in Table 2.5, 68 C
(1 min, except for the primer pairs indicated in bold (Table 2.5) where 3 min was used),
followed by a final extension at 68 C (10 min). The same parameters were used but
for 45 cycles to amplify TPC2 exon 1 (E1) to gene trap (GT) fusion mRNA. The final
reaction mixture was analysed by agarose gel electrophoresis (Section 2.4.2.3) to examine
the amplicons produced. If necessary, amplified cDNAs were extracted from the gel for
purification (Section 2.4.2.4). Purified amplicons (10–50 ng/µl) were then sequenced by
GATC Biotech to confirm their identity (Section 2.4.7).
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Gene

Tpcn1

Tpcn2

Actb

Sense primer (5’-3’)

Location

Antisense primer (5’-3’)
AGTTTAGATGACGATGTGCCG

E2

TTGACGATGCTGTTCTCCAG

E9

ACCTCTTCGTCCACAACCAC

E4

TTGACGATGCTGTTCTCCAG

E9

ATTTTCCTGGTGGACTGTCG

E6

CAGAGCAGCGACTTCGTAAA

E13

CCACCACGGCTTCTGAGTT

I2

CACAATGGCCTCGATGAAC

E6

AGTTTAGATGACGATGTGCCG

E2

GACAGTATCGGCCTCAGGAAGATCG

GT

CCACCACGGCTTCTGAGTT

I2

AGAAGAGGCTGGCTTGACG

E27

GGGCTTCATCATTTTCCTGA

E4

TTGTTGGAAGTCGTCAGCAG

E8

TGTTACATTGGTGGGATGGC

E1

GACAGTATCGGCCTCAGGAAGATCG

GT

GATGACGATATCGCTGCGCTGGTCG

E2

GCCTGTGGTACGACCAGAGGCATACAG

E4

Annealing

Amplicon

temperature/ C

size/bp

58

819

58

516

57

606

57

497

58

438

58

2408

57

564

60

411

58

447

Table 2.5: Conditions used in RT-PCR to detect TPC mRNA expression, or to clone N-TPC1
(in bold). RT-PCR reaction was analysed by agarose gel electrophoresis and verified with the
predicted size of amplicons. E indicates exon, I indicates intron, and GT indicates gene trap.

2.5.5

Generation of TPC single stranded RNA (ssRNA) standards for
quantitative PCR (qPCR)

qPCR standards were produced for the purpose of providing absolute copy numbers of
TPC1 and TPC2 cDNA in the samples. To generate TPC ssRNA standards for qPCR, a
template of the qPCR amplicon of the target gene with a T7 consensus promoter sequence
on the 5’ end must first be produced. This T7-template could then be transcribed in vitro
to ssRNAs.

2.5.5.1

PCR incorporation of T7 consensus promoter sequence in qPCR standard DNA template for in vitro transcription

PCR was used to incorporate the T7 consensus promoter sequence, TAATACGACTCACTATAGGG, on the 5’ end of mouse TPC1 and TPC2 qPCR amplicons for in vitro
transcription. Gene-specific primers (0.8 µM), mouse TPC plasmid cDNA I.M.A.G.E.
clones (Section 2.1.2, 50–100 pg/µl), dNTP mix (0.2 mM), and DreamTaq DNA polymerase
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(0.025 u/µl, Fermentas) were added in the DreamTaq buﬀer (Fermentas). Gene-specific antisense primers have the same sequence as the antisense primers used in qPCR (Table 2.7).
In contrast, sense primers were designed to add a T7 consensus promoter sequence to the
5’ end of TPC1 and TPC2 cDNA sequences amplified in qPCR for in vitro transcription
(Table 2.6). PCR parameters were set for 30 cycles of 94 C (15 s), 58 C (30 s) and 72 C
(30 min), followed by a final extension at 72 C (10 min). PCR products were analysed by
agarose gel electrophoresis, and the PCR products of expected size were extracted from
the gel and further purified (Section 2.4.2.4).

Gene

Tpcn1

Sense primer (5’-3’)

Amplicon

Antisense primer (5’-3’)

size/bp

GGATCCTAATACGACTCACTATAGGGTCCAAGGCCTTCCAGTATTTC

92

CTCCACCAGGATCCAGACAC
Tpcn2

GGATCCTAATACGACTCACTATAGGGCCCTGGCTGTATACCGATTG

97

CCCTGGCTGTATACCGATTG

Table 2.6: Gene-specific primers used in PCR to add a T7 consensus promoter sequence (in
bold) in mouse TPC1 and TPC2 qPCR amplicons on the 5’ end. PCR reaction was analysed
by agarose gel electrophoresis and verified with the predicted size of amplicons. This T7-PCR
template can then be used for in vitro transcription.

2.5.5.2

In vitro transcription of qPCR standard DNA templates

Purified PCR products containing cDNA sequences of TPC1 or TPC2 with the T7
promoter sequence incorporated at the 5’-end (Section 2.5.5.1) were in vitro transcribed by
MEGAscript T7 Kit (Ambion) to produce ssRNA standards following the manufacturer’s
instructions. Briefly, PCR templates (10 ng/µl) were added to a buﬀer containing four
ribonucleotides (ATP, CTP, GTP, and UTP; 3 mM), and RNA Polymerase Enzyme Mix.
The reaction was incubated at 37 C for 6 h, followed by treating the sample with TURBO
DNase (0.1 U/µl, Ambion) for 15 min at 37 C to remove the template DNA. ssRNAs
were analysed by agarose gel electrophoresis (Section 2.4.2.3), and then further purified to
remove unincorporated nucleotides (Section 2.5.5.3). The concentration of ssRNA was
quantified by Quant-iT RiboGreen RNA reagent (Section 2.5.2.2).
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2.5.5.3

RNA purification

ssRNAs were purified by RNA Clean & Concentrator (Zymo Research) to remove impurities, such as unincorporated nucleotides, following the manufacturer’s instructions.
Briefly, the RNA sample was added to the binding buﬀer and applied to a Zymo-Spin IIC
Column. The column was centrifuged in an empty collection tube at 13, 000 ⇥ g for 1 min
to remove impurities while RNA bound to the column matrix. RNA was washed once by
centrifuging at 13, 000 ⇥ g for 30 s, and eluted in DNase/RNase-free water by centrifuging
at 10, 000 ⇥ g for 30 s. The eluted RNA was stored at -80 C until further use.
2.5.5.4

Determination of ssRNA molecular weight and copy number

The molecular weight (M.W.) of the generated TPC1 and TPC2 ssRNAs were calculated
by M.W. = (An x 329.2) + (Un x 306.2) + (Cn x 305.2) + (Gn x 345.2) + 159). An,
Un, Cn, and Gn are the number of each nucleotide within the polynucleotide3 . Each
molecular weight of TPC1 and TPC2 standard ssRNA was determined to be 22438.8 and
24053.8 g/mole, respectively.
• For TPC1 ssRNA:
gggtccaaggccttccagtatttcatgtacttggtggtggctgtcaacggtgtctggatcctggtggag
A = 10, U = 21, C = 14, G = 24
M.W. = (10 x 329.2) + (21 x 306.2) + (14 x 305.2) + (24 x 345.2) + 159 =
22438.8 g/mole
• For TPC2 ssRNA:
gggccctggctgtataccgattgccgcactcaggatggaagccagagcagtatggcccactgtcgctctgggac
A = 14, U = 14, C = 22, G = 24
M.W. = (14 x 329.2) + (14 x 306.2) + (22 x 305.2) + (24 x 345.2) + 159 =
24053.8 g/mole
The mass of one copy (g) for ssRNA was calculated by dividing the molecular weight on
ssRNA by Avogadro’s constant (6.022 x 1023 ). The copy number in the input ssRNA/cDNA
template was then calculated by dividing the number of grams of input ssRNA/cDNA
template by the mass of one copy (g).
3

http://www.ambion.com/techlib/append/na_mw_tables.html
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2.5.6
2.5.6.1

Reverse transcription-quantitative PCR (RT-qPCR)
Reverse transcription (RT)

cDNA was reversed transcribed using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems) following the manufacturer’s instructions. Briefly, a reaction mixture
containing control rodent RNA (25 ng/µl, TaqMan Rodent GAPDH Control Reagents,
Applied Biosystems), or extracted total RNA (0.1 µg/µl), or mouse TPC single stranded
RNA (ssRNA) standards made in-house (0.5 ng/µl), dNTP mix (4 mM), MultiScribe
reverse transcriptase (2.5 U/µl), RNase inhibitor (0.05 U/ul), and reverse transcription
random primers (1X) in reverse transcription buﬀer (1X) was incubated at 25 C for
10 min, 37 C for 120 min, followed by 85 C to inactivate reverse transcriptase for 5 min.
cDNA was stored at -80 C until further use. cDNA for qPCR standards was serially
diluted in 10 µg/ml Torulla yeast total RNA to increase stability during storage and
freeze-thaw cycles (Applied Biosystems).
2.5.6.2

Quantitative PCR (qPCR)

All gene-specific sense and antisense primers and their matching Universal ProbeLibrary
probe that detects sequence-specific amplicons were designed by Roche Universal ProbeLibrary Assay Design Centre4 . Primer sequences and probes used are detailed in Table 2.7.
The following cycling parameters were used: 50 C (2 min), 95 C (10 min), 40 cycles
of 95 C (15 s) and 60 C (1 min), followed by cooling at 40 C (30 s). Samples were
analysed by Roche LightCycler 480 System (Roche).

Universal ProbeLibrary

Gene

Sense primer (5’-3’)

Antisense primer (5’-3’)

Tpcn1

TCCAAGGCCTTCCAGTATTTC

CTCCACCAGGATCCAGACAC

77

Tpcn2

CCCTGGCTGTATACCGATTG

GTCCCAGAGCGACAGTGG

106

Accn5

TGAGTGTGCCTGAGTTACTTGC

AATTGTAATCAAACTAGCTCCACAGA

95

Klk1

GCTGCCCACTGCCATAAT

CAGAGGGTTCATCCTCCAAA

5

Cyc1

ACCTGGTGGGAGTGTGCTAC

CATCATCATTAGGGCCATCC

10

Gapdh

AGCTTGTCATCAACGGGAAG

TTTGATGTTAGTGGGGTCTCG

9

Actb

CTAAGGCCAACCGTGAAAAG

ACCAGAGGCATACAGGGACA

64

Eif4a2

CGATCTACCTACCAATCGTGAA

ACCTTTCCTCCCAAATCGAC

53

Ubc

GACCAGCAGAGGCTGATCTT

CCTCTGAGGCGAAGGACTAA

11

probe number

Table 2.7: Gene-specific primers and Universal ProbeLibrary probes used in qPCR.
4

http://www.roche-applied-science.com/sis/rtpcr/upl/index.jsp?id=UP030000
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2.5.6.3

Determination of the most stable reference genes

Five pairs of gene-specific sense and antisense primers (0.1 µM) were tested against three
hepatic cDNA samples from five diﬀerent mice strains (TPC1 XG716, TPC1 D159, TPC2
YHD437, WT1, and WT2) of each sex to obtain the most stable reference genes across all
genotypes in mouse liver for future qPCR analysis. Briefly, cDNA samples (0.2 ng/µl), genespecific sense and antisense primers (0.1 µM) for cytochrome c-1 (Cyc1 ), glyceraldehyde3-phosphate dehydrogenase (Gapdh), beta-actin (Actb), eukaryotic translation initiation
factor 4A2 (Eif4a2 ), and ubiquitin C (Ubc), and Universal ProbeLibrary probe (0.1 µM)
were added in a reaction containing LightCycler 480 Probes Master (Roche). The cycling
parameters used are detailed in Section 2.5.6.2. All crossing point (Cp) values obtained
from RT-qPCR for five reference genes in three cDNA samples from five diﬀerent genotypes
of each sex were transformed into relative quantification data using the delta-Ct method
(detailed in geNorm analysis5 where the formula 2(lowest Cp - Cp) was applied per gene across
all the samples. The transformed data were analysed by geNorm. geNorm determines
the expression stability (M) of the tested reference genes across all cDNA samples.
Tested reference gene were ranked according to their expression stability [280]. geNorm
also determines the optimal number of reference genes required for normalization from
calculating pairwise variation (V), where V is the variation levels in average expression
stability of reference genes with the sequential addition of each reference gene to the
equation for calculating the normalization factor. geNorm determined that using three
reference genes were optimal for normalization, and of all five reference genes tested,
Gapdh, Cyc1, and Actb were the most stably expressed in both male and female hepatic
mRNA across the five diﬀerent genotypes (Supplementary Figure 2.2).
2.5.6.4

Absolute and relative qPCR

cDNA samples or standards (0.05 ng/µl to 0.01 µg/µl), gene-specific sense and antisense
primers (0.1 µM) for mouse Tpcn1, Tpcn2, Accn5, Klk1, Gapdh, Cyc1, or Actb, and their
matching Universal ProbeLibrary probe (0.1 µM) were added in a reaction containing
LightCycler 480 Probes Master (Roche, Table 2.7). The cycling parameters used are
detailed in Section 2.5.6.2. For each sample, a Cp value at a fixed level of fluorescence
5

http://medgen.ugent.be/~jvdesomp/genorm/
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was generated.
For absolute quantification, log of known copy numbers of TPC cDNA standards
and log of ng input cDNA reversed transcribed from control rodent RNA were plotted
against Cp values of TPCs and reference genes to produce a standard curve. The copy
numbers or ng of cDNA in the samples were extrapolated from their Cp values using
the standard curve. Results are expressed as copies of the target gene per 1 ng input
RNA normalized to geometric means of three reference genes: Gapdh, Cyc1, and Actb (see
appendix Section 2.11.3 for detailed calculation). Geometric mean was used in preference
to the arithmetic mean as it calculates the normalization factor more accurately by taken
into account of the outlying values and variations in reference gene abundances [280].
Relative quantification was derived directly from Cp values of the samples using the
delta-Cp method [280]. Briefly, the formula 2(lowest Cp - Cp) was applied per gene across
all the samples. Relative expression of each target gene was calculated from the value
derived from the formula 2(lowest Cp - Cp) for each sample of the target gene divided by a
normalization factor. The normalization factor was calculated by the geometric mean of
the values derived from the formula 2(lowest Cp - Cp) for each sample of the three reference
genes (Gapdh, Cyc1, and Actb) (see appendix Section 2.11.4 for detailed calculation).

2.5.7
2.5.7.1

Microarray analysis
RNA isolation and cDNA synthesis

20 µg total RNA were isolated from six WT and TPC2 KO male mice of 8 weeks old
(Section 2.5.1), and sent to the Microarray Facility in MRC Harwell6 for microarray
analysis. First, first single stranded cDNA was synthesized from total RNA using SMART
PCR cDNA Synthesis kit (Clontech) following the manufacturer’s instructions. Briefly, a
reaction containing 0.2 µg/µl total RNA, 2 µM 3’ SMART CDS Primer IIA, and 2 µM
SMART IIA Oligonucleotide were incubated at 70 C for 2 min, followed by cooling on
ice for 2 min. 2 mM Dithiothreitol (DTT), 1 mM dNTP, and 10 U/µl PowerScript RT
were gently mixed into the cooled reaction and incubated at 42 C for 1 h, followed by
incubation on ice to terminate the first strand cDNA synthesis. The reaction was stored
at -20 C until further use. The first-strand cDNA was then amplified and turned into
6

http://www.har.mrc.ac.uk/services/MPC/microarray/
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double strand using Advantage 2 PCR Kits (Clontech). Briefly, a reaction of a total 98 µl
containing 0.2 mM dNTP, 0.2 µM 5’ PCR Primer IIA, and Advantage 2 Polymerase Mix
in Advantage 2 PCR buﬀer was added to 2 µl of the first stranded cDNA reaction. The
mix was incubated at 95 C (1 min), followed by 17 cycles of 95 C (30 s), 65 C (30 s),
and 68 C (6 min). Amplified cDNA was purified as detailed in Section 2.4.2.5, and stored
at -20 C until use.

2.5.7.2

cDNA labelling

Double-stranded cDNA was fluorescently labelled by a random-primed Klenow polymerase
reaction using Bioprime kit (Invitrogen) following the manufacturer’s instructions. Briefly,
cDNA was mixed with random primer/reaction buﬀer mix and then boiled for 5 min,
followed by cooling on ice. The reaction was then added with dNTP mix (60 µM of dCTP,
and 120 µM of dATP, dGTP, and dTTP), Klenow, and fluorescently labelled Cy5-dCTP
or Cy3-dCTP (50 µM) on ice and incubated at 37 C between 1–18 h. The reaction was
terminated by an addition of 50 mM EDTA (pH 8.0). The reaction containing fluorescently
labelled cDNA was purified in a sephadex G50 spin column to remove unincorporated
nucleotides (Amersham). Eluents from Cy3 and Cy5 tubes were combined and mixed with
Cot-1 DNA (0.1 µg/µl) to block non-specific hybridization in microarray analysis. The
reaction was dried using a speedVac and resuspended in 50 µl microarray hybridization
solution (40% deionized formamide, 5x saline-sodium citrate (SSC) buﬀer (750 mM NaCl,
and 75 mM trisodium citrate; pH 7.0), 1 mM sodium pyrophosphate, 50 mM Tris (pH 7.4),
5x Denhardt’s solution, and 0.1% sodium dodecyl sulfate (SDS)).

2.5.7.3

Hybridization

The labelled mixture in microarray hybridization solution was incubated at 85 C for
5 min, followed by 42 C for 45 min prior to addition on the array. The array slide was
placed into an hybridization chamber (Corning) and 15 µl water was added on each end
of the chamber to ensure humidity. The chamber was sealed and place in an oven at
42 C for 45 min. The labelled mixture was added onto the array slide and hybridized
at 48 C overnight. Array slides were washed once with 2x SSC (300 mM NaCl, and
30 mM trisodium citrate; pH 7.0), followed by five vigorous washes for 5 min in 0.1x
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SSC (15 mM NaCl, and 1.5 mM trisodium citrate; pH 7.0), and 0.1% SDS. Lastly, array
slides were vigorously washed twice in 0.1x SSC. Array slides were rapidly placed into a
50 ml Falcon tube with the labelled side on the bottom and centrifuged at 600 rpm for
5 min at room temperature to remove excess liquid and debris. Array slides were scanned
by ProScanArray HT Microarray Scanner (PerkinElmer) and the data were analysed by
ProScanArray Express software.

2.6
2.6.1

Bioinformatics
UCSC Genome Bioinformatics

N-TPC1 of mouse and human mRNA/genomic alignments were obtained using UCSC
Genome Bioinformatics7 . Rat TPC1, mouse TPC1, and mouse TPC2 protein sequences
(GenBank accession numbers: AAH62072 (Rattus norvegicus TPC1), AAH58951 (Mus
musculus TPC1), and AAI41196 (Mus musculus TPC2)) were aligned using ClustalW28 .
DBTSS (DataBase of Transcriptional Start Sites9 ) and histone 3 methylations analysis by
Broad Institute ChIp-seq studies (UCSC Genome Bioinformatics) were used to investigate
the alternative promoters for TPC1 in mouse and human.

2.6.2

CAP3 Sequence Assembly Program

DNA sequencing results were checked against the expected DNA sequence by the CAP3
Sequence Assembly Program10 , where it assembled and aligned the contiguous sequences
in the sense and antisense direction. The assembled sequences were examined by eye for
any unexpected diﬀerences compared to the predicted gene sequence.

2.6.3

NetPrimer

Primers were analysed for their melting temperatures using the nearest neighbor thermodynamic theory via NetPrimer (PREMIER Biosoft International11 ).
7

http://genome.ucsc.edu/
http://www.ebi.ac.uk/Tools/clustalw2/index.html
9
http://dbtss.hgc.jp/
10
http://pbil.univ-lyon1.fr/cap3.php
11
http://www.premierbiosoft.com/netprimer/index.html
8

69

2. MATERIALS AND METHODS

2.6.4
2.6.4.1

ExPASy Proteomics Server
Translate tool

cDNA sequences were translated to a protein sequence by Translate tool in ExPASy
Proteomics Server (Swiss Institute of Bioinformatics12 ).
2.6.4.2

Compute pl/Mw tool

Protein isoelectric point and molecular weight were predicted by Compute pl/Mw tool in
ExPASy Proteomics Server (Swiss Institute of Bioinformatics13 ).
2.6.4.3

ScanProsite

Protein dileucine- or tyrosine-sorting motifs were identified using the ScanProsite program
on the ExPASy Proteomics Server (Swiss Institute of Bioinformatics14 ).

2.6.5

Mobyle

Protein sequence multiple-alignments were displayed in diﬀerent colour letter and shades
for similar, identical, conserved or diﬀerent amino acid residues by BOXSHADE 3.31 in
Mobyle@Pasteur (A portal for bioinformatics analyses15 ).

2.7
2.7.1
2.7.1.1

Protein expression analysis
Cell transfection
CaPO4 transfection

HEK293T cells were seeded at approximately 10% confluency in a dish of 10 cm diameter
and cultured overnight at 37 C in a humidified cell culture incubator containing 5%
CO2 . Cells were transfected using Calcium Phosphate Transfection Kit following the
manufacturer’s instructions. Briefly, pcDNA5/TO.TPC.mCherry was diluted to 20 µg/ml
in 0.25 M CaCl2 and added dropwise to an equal volume of 2x HEPES-Buﬀered Saline (50
mM HEPES, 280 mM NaCl, 1.5 mM Na2 HPO4 ; pH 7.05) whilst vortexing. The mixture
12

http://www.expasy.ch/tools/dna.html
http://www.expasy.org/tools/pi_tool.html
14
http://expasy.org/tools/scanprosite/
15
http://mobyle.pasteur.fr/cgi-bin/portal.py#forms::boxshade
13
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was incubated at room temperature for 20 min to allow Ca3 (PO4 )2 .DNA precipitate to
form. The precipitate mixture was then subsequently distributed to the cells in the culture
dish. Cells were incubated for 16 h to allow endocytosis to occur before changing the
media to standard culture media. Cells were cultured for a further 30 h before harvesting.
2.7.1.2

jetPEI transfection

MEFs were seeded to 50–70% confluency on poly-D-lysine-coated (50 µg/ml) number 1
glass coverslips of 13 mm diameter (VWR) and cultured overnight at 37 C in a humidified
cell culture incubator containing 5% CO2 . Cells were transfected with 0.5 µg of full-length,
truncated, or mutant TPC-mCherry expression vectors, together with an organelle marker
plasmid of either: 0.5 µg of LAMP1-mGFP (kind gift from Esteban C. Dell’Angelica,
UCLA), TfR-GFP (kind gift from Philip Woodman, Manchester University), EEA1-GFP
(kind gift from Silvia Corvera, UMASS Medical School), or KDEL-GFP (kind gift from
Sergio Grinstein, University of Toronto) constructs using jetPEI (Polyplus Transfection)
following the manufacturer’s instructions. jetPEI contains mainly linear polyethylenimine
(PEI), which will compact DNA into positively-charged complexes that are subsequently
endocytosed into the cells.
Briefly, 0.5 µg TPC-mCherry expression vectors, and 0.5 µg GFP-organelle marker
vectors were each diluted to 10 ng/µl in the same volume of 150 mM NaCl. Thus, the
total concentration of vectors in 150 mM NaCl would be 20 ng/µl. An equal volume
of 4% jetPEI in 150 mM NaCl was then added to the solution containing two vectors.
The mixture was vortexed and incubated at room temperature for 15–30 min. The
jetPEI/DNA mix was added dropwise to the cells in culture medium. Cells were incubated
in the culture containing the transfection reagent for ⇠30 h before harvesting.

2.7.2

Cell fixation, filipin staining and mounting

After 30 h post-jetPEI transfection, cells on the coverslips were washed twice in cold
PBS and immersed in 4% (w/v) paraformaldehyde in PBS (pH 7.3) for 15 min at room
temperature for fixation. For cells requiring filipin staining, fixed cells were washed twice
in PBS before and after staining with filipin in culture media (250 µg/ml) for 30 min
at room temperature. Coverslips were then washed three times in PBS before mounting
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with Prolong Gold or Prolong Gold with DAPI (if nuclei staining is required, Invitrogen).

2.7.3

Confocal microscopy

Images of cells overexpressing TPC-mCherry and GFP-organelle markers were acquired
by a Zeiss LSM 510 META confocal laser scanning microscope with a 63x, 1.4 numerical
aperture oil immersion objective. Images were taken using Multi Track mode and of single
optical sections. Lasers, excitation, and emission wavelengths used for diﬀerent fluorescent
molecules are summarized in Table 2.8

Fluorescent molecule

Laser

Excitation wavelength/nm

Emission wavelength/nm

GFP

Argon

488

505–515

mCherry

HeNe

543

>560

Filipin

UV

351, 364

>385

Table 2.8: A summary of lasers, excitation, and emission wavelengths used for diﬀerent fluorescent
molecules.

2.7.4
2.7.4.1

Protein sample preparations
Cell membrane preparation

Transfected HEK239T cells were washed twice with ice-cold PBS. To prepare the membrane
fraction, cells were scraped from dishes and collected by centrifugation at 1500 ⇥ g for
3 min at 4 C. Pelleted cells were lysed in hypotonic buﬀer (20 mM Hepes, 1 mM
EDTA, 1x protease inhibitor (Roche); pH 7.2) for 30 min on ice and homogenized by
Dounce homogenizer. The homogenate was centrifuged at 1500 x g for 3 min at 4 C to
remove unbroken cells and the nuclei. Supernatant from the homogenate was centrifuged
at 100,000 x g for 1 h at 4 C. The pellet containing membranes was resuspended in
hypotonic buﬀer and stored at -80 C until use.
2.7.4.2

Tissue homogenate preparation

Mice (8–12 weeks old) were killed by cervical dislocation and livers were immediately frozen
in liquid nitrogen and stored at -80 C. Frozen livers were thawed and washed once with
ice-cold PBS. Thawed livers were then homogenized at 4 C using an ULTRA-TURRAX
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homogenizer (IKA) in ice-cold hypotonic buﬀer. Homogenized solutions were centrifuged
at 15,000 rpm for 30 min at 4 C. Supernatant from the homogenate was immediately
frozen in liquid nitrogen and stored at -80 C until use.
2.7.4.3

Tissue membrane preparation

To prepare the membranes from the tissue homogenate (Section 2.7.4.2 for homogenate
preparation), the homogenate was spun at 1,000 x g for 5 min at 4 C and the supernatant
was further centrifuged at 100,000 x g for 1 h at 4 C. For [32 P]NAADP binding, the
pellet was washed once and then centrifuged at 140,000 x g for 1 h at 4 C to remove
free NAADP. The membrane pellet was resuspended in the ice-cold hypotonic buﬀer, and
stored at -80 C until use.

2.7.5

Protein quantification

Proteins were quantified by Bicinchoninic Acid (BCA) protein assay. 10 µl protein bovine
serum albumin (BSA) standards or samples diluted in 100 mM NaOH were added to each
well of 96-well clear-bottomed microplate. 200 µl of BCA solution containing 3.2 mM
CuSO4 , was added to each well and the reaction was incubated at 55 C for 30 min.
Absorbance of the samples was measured at 595 nm. Concentrations of the unknown
protein samples were calculated from their absorbance values at 595 nm using a standard
curve where the absorbance values at 595 nm were plotted against known concentrations
of protein standards.
2.7.5.1

Protein electrophoresis via SDS-PAGE

SDS-PAGE, sodium dodecyl-sulphate polyacrylamide gel electrophoresis, separates denatured proteins according to their molecular weight. 7% resolving acrylamide gels were
made by diluting 30% (v/v) 37.5:1 acrylamide:bis-acrylamide (National Diagnostics) to
7% in 375 mM Tris-HCl (pH 8.8), 0.1% (w/v) SDS, 0.1% (w/v) ammonium persulphate
(APS), and 0.08% (v/v) Tetramethylethylenediamine (TEMED). The acrylamide gel mix
was then loaded in an upright cast with saturated butanol covering the top of the gel
mix. Cast resolving gels were left undisturbed to polymerize for at least 15 min. After
polymerization, the butanol was removed, and the top of the resolving gel was washed
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twice with deionised, distilled water and dried with tissue papers. 4% stacking gel was
prepared by diluting 30% (v/v) 37.5:1 acrylamide:bis-acrylamide (National Diagnostics)
to 4% in 125 mM Tris-HCl (pH 6.8), 0.1% (w/v) SDS, 0.1% (w/v) APS, and 0.1% (v/v)
TEMED. The gel mix was poured on top of the resolving gel and a comb (1 mm thick)
was inserted on top of the stacking gel to produce wells for protein loading.
For probing TPC, 25 µg of membranes overexpressing TPC or 50 µg mouse hepatic
membranes were prepared in Laemmli buﬀer (62.5 mM Tris-HCl, 10% (v/v) glycerol, 2%
(v/v) SDS, and 0.02% (w/v) bromophenol blue; pH 6.8) and 200 mM DTT. The samples
were not heat treated so as to prevent heat-induced protein aggregation. For probing
-galactosidase, 50 µg mouse liver homogenate was heat-treated at 95 C for 10 min in
Laemmli buﬀer. Protein samples and standards (PAGEruler Plus, Fermentas) were loaded
into the wells of the acrylamide gels. Proteins were electrophoresed at 100 V in running
buﬀer (25 mM Tris-base, 192 mM glycine, and 0.1% (w/v) SDS; pH 8.3) for approximately
1 h depending on the molecular weight of the target protein. Protein electrophoresis was
performed using a mini-PROTEAN 3 vertical electrophoresis system (Bio-Rad).

2.7.5.2

Western blotting

SDS-PAGE resolved proteins were transferred to PVDF membranes (Hybond-P PVDF,
0.45 µm pore size, GE Healthcare) in ice-cold TRIS-glycine buﬀer (25 mM Tris-base and
192 mM glycine; pH 8.3) at 300 mA for 1 h. Membranes containing regions for non-specific
antibody interactions were either blocked by 5% (w/v) dried skimmed milk (Marvel) in
PBS and 0.5% (v/v) Tween-20 (PBST) for probing mCherry or TPC or by 2% (w/v)
ECL Advanced Blocking Agent (GE Healthcare) in PBST for probing -galactosidase.
Membranes were blocked for 1 h at room temperature or overnight at 4 C. Blocked
membranes were incubated in primary antibodies detailed in Table 2.9 for 1 h at room
temperature or overnight at 4 C. After the primary antibody incubation, membranes
were washed four times, each of 10 min, with PBST. Membranes were then incubated
with horseradish peroxidase (HRP) conjugated secondary antibodies detailed in Table 2.9
for 1 h at room temperature, and washed as above.
To probe mCherry or TPCs, immunoreactive bands were detected by chemiluminescence using Amersham ECL Plus Western-Blotting Detection Reagents (GE Healthcare)
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following the manufacturer’s instructions. To probe

-galactosidase, immunoreactive

bands were detected by chemiluminescence using Amersham ECL Advance Western Blotting Detection Kit (GE Healthcare) following the manufacturer’s instructions. Briefly, the
side of the membrane containing protein was incubated with the chemiluminescent reagent
for 1 min. Chemiluminescence was detected by exposing membranes to a blue-sensitive
autoradiography film (Cole-Parmer), which was subsequently developed in Xograph film
processor to reveal immunoreactive bands.

Protein to probe
mCherry

Mouse TPC1

Mouse TPC2

-galactosidase

Primary antibodies
(dilution)

Secondary antibodies
(dilution)

Rat monoclonal
↵-multi-red 5F8 (1:1000) [242]
Rabbit polyclonal
↵-MmTPC1 720 25F (1:500)
Rabbit polyclonal
↵-MmTPC1 720 27F (1:500)
Rabbit polyclonal
↵-HsTPC1 7047F (1:500)
Rabbit polyclonal
↵-HsTPC1 7048F (1:500)
Rabbit polyclonal
↵-HsTPC1 8253E (1:500)
Rabbit polyclonal
↵-HsTPC1 8253F (1:500)
Rabbit polyclonal
↵-HsTPC1 8254E (1:500)
Rabbit polyclonal
↵-HsTPC1 8254F (1:500)
Rabbit polyclonal
↵-MmTPC2 721 18F (1:500)
Rabbit polyclonal
↵-MmTPC2 721 19F (1:500)
Rabbit polyclonal
↵-HsTPC2 7049F (1:500)
Rabbit polyclonal
↵-HsTPC2 7050F (1:500)
Mouse monoclonal
↵-Ec -gal (1:1000)

HRP-conjugated goat
↵-rat IgG (1:10,000)

Blocking & antibody
dilution buﬀer

HRP-conjugated goat
↵-rabbit IgG (1:10,000)

5% (w/v) milk in PBST

HRP-conjugated rabbit
↵-mouse IgG (1:20,000)

2% (w/v) ECL Advanced
Blocking Agent in PBST

Table 2.9: Primary and secondary antibodies, and blocking and antibody dilution buﬀer used in
western blotting to probe diﬀerent proteins. All ↵-TPC1 and ↵-TPC2 were in-house anti-sera
collected from rabbits immunized with mouse or human TPC1 or TPC2 epitopes, which are
detailed in Table 3.1 and 3.2. Mouse monoclonal ↵-Ec -gal clone 40–1a was developed by Joshua
Sanes, and obtained from the Developmental Studies Hybridoma Bank (DSHB), University of
Iowa. Abbreviations: ↵, anti; HRP, Horseradish peroxidase; Ec, Escherichia coli ; Hs, Homo
sapiens (Human); IgG, Immunoglobulin G; Mm, Mus musculus (Mouse); PBST, PBS and 0.5%
(v/v) Tween-20 (PBST).
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2.8
2.8.1

Radioligand Binding Analysis
[32 P]NAADP synthesis

2.8.1.1

[32 P]NAADP synthesis from [32 P]NAD

[32 P]NADP was enzymatically converted from [32 P]NAD by incubation of 6.25 µM of
[32 P]NAD (29.6 TBq/mmol, Perkin Elmer) with 0.5 U/ml NAD kinase (Alexis Biochemicals), 5 mM MgATP, and 100 mM Hepes (pH 7.2) overnight. This reaction mixture was
then incubated with 100 mM nicotinic acid and 1 µg/ml ADPR cyclase (a kind gift from
H. C. Lee, University of Hong Kong) for 1 h to form [32 P]NAADP.

2.8.1.2

[32 P]NAADP synthesis from [32 P]ATP

[32 P]NADP was enzymatically converted by human NAD kinase by adding 7.1 µM [ 32 P]ATP

(111 TBq/mmol, Perkin Elmer) to a reaction containing 0.7 mM NAD, 0.6

mM MnCl2 , 70 mM Tris, 2.1 mM MgCl2 , and 0.5 U/ml human NAD kinase (Alexis
Biochemicals). The phosphorylation reaction was incubated at 37 C on a heating block
for 2 h before an addition of 120 mM nicotinic acid and 2.4 µg/ml ADPR cyclase. The
base exchange reaction was incubated at room temperature for 24 h to ensure a complete
conversion of [32 P]NADP to [32 P]NAADP.

2.8.1.3

Purification of [32 P]NAADP

[32 P]NAADP synthesised from the reaction mixtures in Section 2.8.1.1 and 2.8.1.2 was
separated by anion exchange resin (AG MP-1, Bio-Rad) in high-performance liquid
chromatography (HPLC) using a non-linear concave upward gradient of trifluoroacetic
acid (TFA) at a flow rate of 1 ml/min. The gradient is detailed in Table 2.10. [32 P]NAADP
was collected at the elution peak at around 27 min (Supplementary Figure 2.1). The
elution was neutralized by 20 mM Tris (pH 8) and stored at 4 C until further use. The
radioactivity was determined by Cerenkov scintillation counting.
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Time/min

150 mM TFA/%

Water/%

0
6
11
16
21
26
26.1–30
30.1–40

0
2
4
8
16
32
100
0

100
98
96
92
84
68
0
100

Table 2.10: Non-linear concave upward gradient of TFA used in anion exchange HPLC to elute
[32 P]NAADP.

2.8.1.4

Scintillation counting

1 µl of purified [32 P]NAADP was added to a GF/B glass fibre filter circle of 25 mm
diameter (1 µm, Whatman) in a scintillation vial containing 10 ml water. The radioactivity
of the sample was determined by Cerenkov scintillation counting.
2.8.1.5

Optimization of wash and binding buﬀers

Mouse hepatic membranes (5 mg/ml) were incubated with 66 pM [32 P]NAADP in one of
the binding buﬀers listed in Table 2.11 for 1 h at room temperature in the presence and
absence of unlabelled NAADP (1 mM). Unbound and bound [32 P]NAADP were separated
by rapid vacuum filtration through GF/B glass fibre filter circles (1 µm, Whatman) using
a manifold (Millipore) with a small amount of vacuum pressure. Filter circles were washed
twice, each with 2–4 ml of ice-cold wash buﬀer listed in Table 2.11. pH of all buﬀers were
adjusted to 7.2. Non-specific binding was determined by pre-incubating the membranes
with 1 mM unlabelled NAADP for 10 min before the addition of [32 P]NAADP. The result
from wash buﬀer indicated that binding signal to noise was best in wash buﬀer H, thus
wash buﬀer H was used for optimization of binding buﬀer (Figure 5.1).

2.8.2

Dissociation binding

Mouse hepatic membranes (5 mg/ml) were incubated with 66 pM [32 P]NAADP in HK140
buﬀer at room temperature for 1 h to reach equilibrium before an addition of 1 mM
unlabelled NAADP to terminate the reaction at various time points. Unbound and bound
[32 P]NAADP were separated by rapid filtration.
77

2. MATERIALS AND METHODS

Optimization of wash buﬀer
Binding buﬀer

Wash buﬀers

Glu-IM

Glu-IM
H
HK250
HK250 M
HM

Optimization of binding buﬀer
Binding buﬀers

Wash buﬀer

Glu-IM
H
HK250
HK250 M
HM

H

Table 2.11: Buﬀer compositions of Glu-IM: 250 mM potassium gluconate, 250 mM N -methyl
D-glucamine, 20 mM Hepes, and 1 mM MgCl2 ; of H: 20 mM Hepes; of HK250 : 20 mM Hepes and
250 mM potassium acetate; of HK250 M: 20 mM Hepes, 250 mM potassium acetate and 1 mM
MgCl2 ; and of HM: 20 mM Hepes and 1 mM MgCl2 .

2.8.3

Association binding

Mouse hepatic membranes (5 mg/ml) were added to 66 pM [32 P]NAADP in HK140 buﬀer
for various length of time at room temperature. Non-specific binding was determined by
an addition of 1 mM unlabelled NAADP to the reaction with [32 P]NAADP before the
membrane addition. Unbound and bound [32 P]NAADP were separated by rapid filtration.

2.8.4

Saturation binding

Mouse hepatic membranes (5 mg/ml) were incubated with various concentrations of
[32 P]NAADP in Glu-IM buﬀer at room temperature for 1 h to reach equilibrium. Nonspecific binding was determined by pre-incubating the membranes with 1 mM unlabelled
NAADP for 10 min before the addition of [32 P]NAADP. Unbound and bound [32 P]NAADP
were separated by rapid filtration.

2.8.5

Competitive binding

Mouse hepatic membranes (5 mg/ml) were incubated with various concentrations of
unlabelled compounds at room temperature for 10 min before an addition of 66 pM
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[32 P]NAADP in HK140 buﬀer or 200 pM [32 P]NAADP in Glu-IM buﬀer. Non-specific
binding was determined by the addition of 1 mM unlabelled NAADP to the reaction. The
reaction was incubated for 1 h before rapid filtration.

2.8.6

Termination of binding reactions

Dissociation, association, saturation, and competitive binding reactions (Sections 2.8.2
to 2.8.5) were terminated by separating unbound from bound [32 P]NAADP by rapid
vacuum filtration using a cell harvester (Brandel) through GF/B glass fibre filters (1 µm,
Whatman). Filters were washed twice, each with 2–4 ml of ice-cold wash buﬀer. Glu-IM
wash buﬀer was used if the binding was conducted in Glu-IM. Alternatively, H wash buﬀer
was used if the binding buﬀer was HK140 .

2.8.7

Storage phosphor detection

Filter papers containing [32 P]NAADP were wrapped in cling film and exposed to a storage
phosphor screen (GE Healthcare) overnight. The screen was scanned by a Typhoon
9400 Phosphor Imager (GE healthcare) using excitation at 633 nm and of a resolution
of 100 µm. Emission at 390 nm was detected by the imager and the emission intensity
is directly proportional to the amount of radioactivity in the sample. ImageQuant 5.2
software (Molecular Dynamics) was used to quantify the emission intensity. Specific
binding of [32 P]NAADP to the membrane was calculated from subtracting non-specific
binding from the total binding.

2.9
2.9.1

TPC function analysis
Isolation of Pancreatic Acinar Cells

Pancreata were excised from mice of 8–12 weeks old and immediately placed in ice-cold
NaHepes buﬀer containing the following (in mM): 140 NaCl, 4.7 KCl, 1.13 MgCl2 , 1
CaCl2 , 10 Hepes, and 10 glucose (pH 7.2). Each individual pancreas was injected with
200 U collagenase CLSPA (Worthington Biochemical Coporation) until swollen and then
incubated in the collagenase for 13–15 min in a 37 C water bath. Digested pancreas
was immediately placed and shaken in the ice-cold NaHepes buﬀer with addition of 0.15
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mg/ml Trypsin inhibitor from Glycine max (soybean) to disperse small clusters or single
pancreatic acinar cells. Cells were collected by centrifugation at 1,200 rpm for 3 min.
Pelleted cells were washed twice and resuspended in ice-cold NaHepes buﬀer without
trypsin inhibitor.

2.9.2

Ca2+ imaging using Fura-2 AM

Pancreatic acinar cells were seeded onto poly-D-lysine-coated number 1 glass coverslips of
25 mm diameter (ThermoFisher Scientific) for 15 min at room temperature. Cells were
then loaded with 2–5 µM Fura-2 AM (Invitrogen) with 0.02% pluronic-127 (Invitrogen) in
NaHepes buﬀer for 30–60 min at room temperature in the dark. Cells were washed twice
in NaHepes buﬀer and the coverslip containing cells was mounted in a static chamber
(Harvard apparatus). Ca2+ imaging was performed using microspectrofluriometry with
Nikon DIAPHOT 200 Inverted Phase Microscope, with a 40x, 1.3 numerical aperture oil
immersion objective.
Fluorescence in small clusters or single pancreatic acinar cells were excited alternatively
with 340 and 380 nm light (emission measured at >510 nm) in NaHepes buﬀer, and ratio
images were recorded every 3 s with a CCD camera (PTi Cool One). Images were analysed
by PTi ImageMaster System. All experiments were performed at room temperature.
Drugs were added to the cells in the chamber by mixing the drug first with the buﬀer
previously withdrawn from the chamber, the buﬀer containing drug was then added back
to the chamber at the indicated time. Final concentrations of the drugs in the chamber
were: 2–50 pM for (Tyr[SO3 H]27 ) Cholecystokinin fragment 26–33 Amide (CCK-8; CCK),
25–100 nM for acetylcholine (ACh), 50–200 µM for Gly-Phe -naphthylamide (GPN),
3 µM for bafilomycin A1 (LC Laboratories), and 1 nM – 10 µM trans-Ned-19 (Enzo Life
Sciences).

2.9.3

Imaging acidic organelles using LysoTracker Red DND-99

Acidic organelles in pancreatic acinar cells were detected by labelling the acinar cells with
200 nM LysoTracker Red DND-99 (Invitrogen) in NaHepes buﬀer for 10 min at room
temperature in the dark. Cells were washed twice in NaHepes buﬀer and the coverslips
containing cells were mounted in a static chamber (Harvard apparatus). Fluorescence in
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cells was excited by 543 nm light from HeNe laser (emission measured at >590 nm) in
NaHepes buﬀer. At the indicated time, GPN (50–200 µM) was added to the cells in the
chamber by mixing first with the buﬀer previously withdrew from the chamber, the buﬀer
containing GPN was then added back to the chamber. Images were recorded by Zeiss
LSM 510 META confocal laser scanning microscope with a 63x, 1.4 numerical aperture
oil immersion objective. Images were taken by Single Track mode from top to bottom of
the cells with optimal slice interval of 0.41 µm. Cell images of all Z-sections were stacked
by ImageJ software.

2.9.4

Analysis of Ca2+ oscillations induced by CCK

The interspike period (ISP; s) and peak height ( 340/380 ratio) of CCK-induced Ca2+
oscillations were measured by PeakFinder software (kind gift designed by Robbie Shade16 ,
Supplementary Figure 2.6) before and after the drug addition. A peak was included if
its height was greater than 0.05

340/380 ratio (an amplitude lower than 0.05 discounts

oscillations from the neighbouring cells). ‘Responding cells’ are defined as those that show
at least two Ca2+ oscillatory spikes (to be able to determine the ISP).

2.10

Statistical Analysis

Pearson’s coeﬃcient of co-localization was calculated by Zeiss LSM 510 operating software.
All data are expressed as means ± S.E.M. All statistical analyses were performed by Prism
5 software (GraphPad). The unpaired student’s t-test was used between two data sets in
most analysis except when comparing the expression level of TPCs in oestradiol-treated
and untreated cells, and also the peak height and interspike period before and after drug
treatment in pancreatic acinar cells where the paired student’s t-test was used. One-way
ANOVA with Dunnett’s multiple comparison test was used for comparing three or more
data sets with P < 0.05 being significant. P < 0.05, < 0.01 and < 0.001 are marked as *,
** and ***, respectively.

16

https://github.com/rjshade/PeakFinder
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2.11
2.11.1

Appendix
Purification of [32 P]NAADP
[32P]NAADP

x 106 cpm

1.5

1.0

[32P]NADP

0.5

0.0

0

10

20

40
30

40

Elution time/ min

Figure 2.1: HPLC resolution of the final [32 P]NAADP synthesizing reaction mixture.
[32 P]NAADP was collected at around 27 min between two dotted lines.
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2.11.2

geNorm analysis to validate reference genes for qPCR
Female

Male
1.2

Average expression stability/ M

Average expression stability/ M

1.5

1.3

1.1

0.9

0.7

0.5

0.3

Ubc

Eif4a2

Actb

Least stable genes

1.0

0.8

0.6

0.4

0.2

Gapdh
Cyc1
Most stable genes

Ubc

Eif4a2

Actb

Least stable genes

Gapdh
Cyc1
Most stable genes

0.6
0.4

Pairwise variation/ V

Pairwise variation/ V

0.5

0.4

0.3

0.2

0.3

0.2

0.1
0.1

0

V2/3

V3/4

0

V4/5

V2/3

V3/4

V4/5

Figure 2.2: Validation of reference genes using geNorm analysis of five candidate reference genes
(Cyc1, Gapdh, Actb, Eif4a2, and Ubc) in five diﬀerent genotypes (TPC1 XG716, TPC1 D159,
TPC2 YHD437, WT1, and WT2) of male and female mouse hepatic mRNAs. Top, Expression
stability (M) of various reference genes. Lower M indicates a higher stability of the gene. Bottom,
optimal number of reference genes required for normalization. This indicates the variation levels
in average expression stability of reference genes with the sequential addition of each reference
gene to the equation for calculating the normalization factor. The variation level of the two genes
with the highest expression stability was indicated on the left followed by the inclusion of the
third, fourth and fifth most stably expressed gene moving to the right. A V of < 0.15 would be
ideal for the system.
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2.11.3

Absolute quantification in qPCR

An example to calculate the number of TPC1 cDNA copies/ng normalized to three
reference genes (Gapdh, Cyc1, Actb) in wild-type:
1. For TPC1: Log of known copies of TPC1 cDNA standards, and for three reference
genes; log of known ng cDNA reverse transcribed from control rodent total RNA
were plotted against respective Cp values obtained from RT-qPCR (Figure 2.3).
2. Log copies or ng of each gene in the samples were calculated from their Cp values
using the the linear equation obtained from the standard graph (Figure 2.4).
• Log TPC1 copies = (Cp value - 41.039)/-3.3811
• Log Gapdh ng = (Cp value - 20.928)/-3.0879
• Log Cyc1 ng = (Cp value - 25.276)/-3.2377
• Log Actb ng = (Cp value - 21.041)/-3.2513
3. Copies or ng of each gene in the samples were calculated by anti-log of the log copies
or ng values (Figure 2.4).
4. Any dilutions of the samples were taken into account in the calculation (Figure 2.4).
5. The number of TPC1 cDNA copies was normalized to the three reference genes
by dividing the geometric mean of the reference gene ng to yield copies/ng RNA
(Figure 2.4).
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Figure 2.3: Calculation steps to create a standard curve of log known copies or ng of genes
against respective Cp values obtained from RT-qPCR.
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Wild-type2

Strain

Gene

Dilution

Tpcn1

Neat

Gapdh

1:200

Cyc1

1:200

Actb

1:200

Cp
21.69
21.71
22.51
22.51
27
27
25.51
25.31

Average2Cp

Reference2
Log2(copies2
Non9diluted2
gene2
Copies2or2ng
or2ng)
copies2or2ng2 geometric2
mean

21.7

5.71973618 524488.754 524488.754

22.51

-0.5123223 0.30738149 61.4762978

27
25.41

2Copies2/ng2RNA2
(Normalized2to2three2
reference2genes)
16401.96682

-0.5324768 0.29344265 58.6885308 31.9771866
-1.3437702 0.04531373 9.06274607

Figure 2.4: Calculation steps to obtain number of TPC1 cDNA copies/ng normalized to three
reference genes in a sample.

2.11.4

Relative quantification in qPCR

An example to calculate the relative level of Accn5 mRNA in four males of wild-type, and
TPC2 KO.
1. For the Cp values obtained for each gene, the formula of 2(lowest Cp- Cp) was applied
to calculate the relative level of each sample to the others.
• For example, the lowest Cp value of Accn5 for WT and TPC2 KO was 22.525
in TPC2 KO.M4. Cp values for the gene were then converted by using the
formula 2(22.525 - Cp) .
2. The normalization factor was obtained by calculating the geometric mean of the
relative levels of three reference genes.
3. The relative level of Accn5 was then normalized to three reference genes by dividing
the relative level by the normalization factor. If necessary, the values can be rescaled
so that the lowest value corresponds to 1.

86

2.11 Appendix

Cp3values
Strain
WT.M1
WT.M2
WT.M3
WT.M4
TPC2 KO.M1
TPC2 KO.M2
TPC2 KO.M3
TPC2 KO.M4

Strain
WT.M1
WT.M2
WT.M3
WT.M4
TPC2 KO.M1
TPC2 KO.M2
TPC2 KO.M3
TPC2 KO.M4

Strain
WT.M1
WT.M2
WT.M3
WT.M4
TPC2 KO.M1
TPC2 KO.M2
TPC2 KO.M3
TPC2 KO.M4

Accn5
22.825
23.16
23.06
23.52
22.865
23.425
23.12
22.525

Gapdh
22.44
22.84
21.92
21.955
22.975
23.535
22.745
22.84

Cyc1
26.02
26.5
25.935
25.79
26.485
27.18
26.23
26.26

Actb
24.9
25.575
24.71
24.96
25.135
25.88
25.275
25.275

2^(lowest3Cp3H3Cp)3for3calculating3relative3levels
ACCN5
Cyc1
Actb
Normalization3factor
Gapdh
0.8122524 0.69737183 0.85263489 0.87660572
0.804780172
0.64394081 0.52850902 0.61132014 0.54904641
0.561879758
0.69015868
1 0.90437938
1
0.967052867
0.50173587 0.97603176
1 0.84089642
0.936272247
0.79004131 0.48129722 0.61770932 0.74483873
0.604997045
0.53588673 0.32646495 0.3815648 0.44442134
0.381124256
0.66204446 0.5644822 0.73713461 0.67595542
0.655196702
1 0.52850902 0.7219646 0.67595542
0.636544524
Normalized
ACCN5
1.0092848
1.14604736
0.71367213
0.53588673
1.30585979
1.40606829
1.01045145
1.57098202

Rescaled3normalized
ACCN5
1.88339203
2.1386
1.33175928
1
2.43682053
2.62381621
1.88556907
2.9315561

Figure 2.5: Calculation steps to obtain relative levels of Accn5 normalized to three reference
genes in four males of the WT and TPC2 KO.
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2.11.5

PeakFinder software

(A)

(B)
****************"""Data"set""1"""***********************
"""Start
333"A"3>"B"333
333"B"3>"C"333

"""""End
50
550

""Length
550
1200

"""Peaks
500
650

4
0

3333333333"""A"3>"B"""333333333333
Peak#

Time
1
2
3
4

3333333333"""B"3>"C"""333333333333
Base

84.593
216.14
357.187
484.109

0.7909
0.855377
0.869118
0.859372

Average

Peak
Delta
ISP
1.42835
0.63745
1.40044
0.545063
131.547
1.33465
0.465532
141.047
1.38993
0.530558
126.922
0.54465075
133.172

Peak#

Time

Base

Peak

Delta

ISP

Base

Peak

Delta

ISP

****************"""Data"set""2"""***********************
"""Start
333"A"3>"B"333
333"B"3>"C"333

"""""End
50
550

""Length
550
1200

"""Peaks
500
650

4
0

3333333333"""A"3>"B"""333333333333
Peak#

Time
1
2
3
4

Average

79.906
216.14
338.343
488.796

3333333333"""B"3>"C"""333333333333
Base
Peak
Delta
ISP
0.788746
1.63217
0.843424
0.883963
1.69622
0.812257
136.234
0.889159
1.58691
0.697751
122.203
0.892695
1.58567
0.692975
150.453
0.76160175 136.296667

Peak#

Time

Figure 2.6: PeakFinder software used to measure interspike period and peak height of CCKinduced Ca2+ oscillations. (A) Time of the drug addition is indicated on the right panel. Numnei
indicates the number of neighbouring time points from either side of Ca2+ spike peak to search
for the lowest 340/380 ratio as the base of the Ca2+ spike. Delta sets the threshold for 340/380
ratio to qualify as a peak. Red and blue arrows indicate the peak and the base of the Ca2+ spike
respectively. Ca2+ spikes within three time points (A, B and C) containing two sections (A to
B, and B to C) can be measured simultaneously. (B) PeakFinder also prints out the time of the
Ca2+ spike peak (s), the base and the peak of the Ca2+ spike ( 340/380 ratio), the amplitude
(Delta, 340/380 ratio), and the interspike period (ISP; s).
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Chapter 3

Characterization of TPC mutant
mice
3.1

Introduction

Over the last few years, studies in heterologous systems have provided persuasive evidence that TPCs are the Ca2+ release channels gated by NAADP. NAADP-evoked
Ca2+ responses were shown to increase in cells overexpressing TPCs of various species
including human [39, 52], mouse [307], and sea urchin [41, 243], compared to endogenous
(untransformed) TPC activity. Importantly, the heterologously expressed Ca2+ response
was consistent with the classic behaviour of NAADP-induced Ca2+ release: specifically,
the bell-shaped concentration response relationship, and its pharmacology (inhibition of
the Ca2+ responses by acidic Ca2+ store-depletion (GPN and bafilomycin A1), and by
the NAADP antagonist (Ned-19), but not by InsP3 R or RyR inhibitors (heparin and
ryanodine, respectively) or by ER Ca2+ store depletion (thapsigargin)). Furthermore,
NAADP-elicited TPC channel Ca2+ responses were abolished by anti-TPC short hair-pin
RNAs [52]. The most compelling evidence so far came from single channel studies in
which it was shown that NAADP activated immunopurified human TPC2 channels in
lipid bilayers [231], and also the mutant human TPC2 channels that had been redirected
to the plasma membrane [42].
Despite the abundant evidence demonstrating that TPCs are NAADP-gated Ca2+
channels, little is known about the physiological role of TPCs. Three TPC isoforms
have been identified: TPC1, TPC2, and TPC3. Most species express all three isoforms,
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although some, including human and mice, only express TPC1 and TPC2 [52]. The lack
of selective pharmacological inhibitors for specific TPC isoforms and the diﬃculties in
abolishing gene expression in primary cell or tissue types prompted the need to generate
TPC knockout (KO) mice. The mouse is an excellent model system because of the high
homology of its genes to human (99%) [14], the ease of its genetic manipulation, and
its short breeding cycle. Additionally, the mice can be inbred to minimise the eﬀect of
diﬀerent backgrounds. Thus, it has become established as a powerful tool to study the
endogenous physiological functions of individual proteins.
The first part of this chapter details the generation of TPC KO mice. In addition to
TPC single KO mice—individuals in which the gene for one TPC isoform is deleted—TPC1
and TPC2 double KO (TPC DKO) mice were also generated. The former can be helpful
in diﬀerentiating the endogenous role of individual isoforms in NAADP-mediated Ca2+
signalling. The latter can serve to overcome the phenomenon in which the remaining
isoform can compensate for the missing gene. Furthermore, using TPC DKO mice, the
endogenous role of the entire TPC family can be examined.
TPC KO mice generated will be used to test whether TPC is the bona fide NAADPbinding protein (Chapter 5), and, in addition, to investigate the endogenous role of
TPCs in CCK-mediated signalling in pancreatic acinar cells (Chapter 6). By using TPC2
KO mice, my colleagues have demonstrated that in pancreatic -cells, TPC2 is the key
player in NAADP-elicited Ca2+ spikes in glucose signalling [52] [Arredouani et al., 2011,
unpublished]. TPC2 KO mice were also used to show that TPC2 plays a crucial role in
NAADP-mediated contraction in mouse bladder smooth muscle [90].
The second part of this chapter describes the characterization of mRNA and protein
expression of mouse TPCs in wild-type (WT) and TPC KO mice. The expression patterns
of TPCs could suggest tissue-specific roles for individual TPC isoforms. In knockout
mice, compensation often occurs throughout embryo development to compensate for the
loss of gene function [8, 176, 212]. Phenotypes arising from up- or down-regulation of
the remaining TPCs in the TPC single KO mice, and of other genes in TPC single or
double KOs may thereby disguise the phenotypes that might otherwise result from the
ablation of a target TPC gene(s). Thus, the final part of this chapter discusses the extent
of compensation by altered expression of the remaining TPC isoform, or of other genes.
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3.2

Results

3.2.1
3.2.1.1

Generation and analysis of the TPC1 KO mouse
Identification of a TPC1 gene-trapped mutant ES cell line

In order to generate TPC1 KO mice, the embryonic stem (ES) cell line containing a TPC1
mutant was first obtained for injection into a blastocyst. Searches for TPC1 mutant
ES cell lines were conducted in the gene trap consortiums. Since gene trapping is a
high-throughput process; thousands of genes had already been randomly inactivated using
this method, it is therefore likely to find a mutated TPC1 ES cell line that would result
in a complete knockout. In gene trapping, mutation in the ES cell line is generated
by a random insertion of a gene trap vector into an intron of genomic DNA. Searches
revealed a TPC1 mutant mouse ES cell line, TPC1 XG716, from BayGenomics that was
potentially suitable for generating TPC1 KO. This ES cell line was chosen because the
gene trap vector insertion was near the 5’ end of the Tpcn1 gene (between exon 2 and
3, Figure 3.1B). This increases the chance of producing a non-functional protein (i.e. a
knockout) as the protein would be very truncated with no transmembrane domains, thus
it is unlikely to form a channel.
The gene trap vector used to generate the TPC XG716 ES cell line consisted of a
splice acceptor sequence upstream of the promoterless selection/reporter gene, -geo (a
fusion of -galactosidase and neomycin-resistance genes), followed by a polyadenylation
signal (Figure 3.1B). During splicing, the endogenous splicing machinery recognizes the
splice acceptor on the gene trap vector and splices Tpcn1 exon 2, which is upstream of
the insertion site, to -geo (Figure 3.1B) instead of Tpcn1 exon 3 (Figure 3.1A). Finally,
the polyadenylation signal interrupts and terminates the transcription prematurely. The
resulting mature mRNA comprises a fusion of truncated endogenous Tpcn1 gene upstream
of the gene trap insertion and

-geo. Translation of the TPC1- -geo mRNA predicts

a protein of only 37 N-terminal TPC1 amino acid residues fused to

-galactosidase

(Figure 3.1B). In contrast, translation of the wild-type TPC1 predicts 817 amino acid
residues.
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Figure 3.1: (A) Top, TPC1 mRNA/genomic DNA alignment. The blocks represent exons and
the line indicates introns. Blue and red blocks indicate the untranslated and translated regions
of mRNA, respectively. Bottom, in wild-type ES cell line, the endogenous promoter initiates
transcription of Tpcn1, followed by normal splicing to form mature mRNA. Translation of this
mRNA forms the native TPC1 protein. (B) Gene trapping in the TPC1 XG716 ES cell line.
Top, the gene trap vector is randomly inserted in intron 2 of Tpcn1 as indicated. The vector
comprises a splice acceptor (SA) sequence, the -geo gene, and a polyadenylation (pA) signal.
Bottom, insertion of this vector interrupts the normal splicing and results in -geo becoming
spliced to endogenous TPC1 mRNA. This results in a truncated TPC1- -geo fusion mRNA. When
translated, the resulting peptide comprises 37 N-terminal amino acid residues of TPC1 protein
fused to -galactosidase.
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3.2.1.2

Generation of TPC1 XG716 mutant mice

TPC1 mutant mice were generated in collaboration with MRC Harwell (Oxfordshire, UK;
Figure 3.2). TPC1 XG716 ES cells that have a genetic background of 129P2/OlaHsd
(white fur) were injected into a blastocyst from a mouse of C57BL/6 genetic background
(black fur). The blastocyst (containing both TPC1 wild-type and TPC1 mutant ES cells)
was then implanted into a pseudopregnant female mouse. Chimeric oﬀspring contain both
WT and mutant Tpcn1 genes, and are identified by a mixture of patches of black and
white fur respectively. These were then crossed with a WT C57BL/6 mouse (black), to
confirm that the Tpcn1 mutant allele has been incorporated into the germ cells. The
resulting TPC1 XG716 heterozygous (+/–) mutant oﬀspring (white) were crossed to
obtain WT (+/+) and TPC1 XG716 homozygous (–/–) mutant mouse colonies.
129P2/OlaHsd
(white)

Mutation

Implant pseudopregnant
mother C57BL/6 (black)
with blastocysts

Mutated ES cells
from 129P2/OlaHsd

Inject C57BL/6J (black)
blastocysts
with mutated
ES cells

x
Chimeric progeny

C57BL/6
Test cross for germline
transmission

x

+/−

+/+

+/−

+/−

+/+

−/−

Figure 3.2: Generation of TPC mutant mice.
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3.2.1.3

Genotypic analysis of TPC1 XG716 mutant mice

To confirm the generation of TPC1 XG716 homozygotes (–/–), the mice were genotyped
by 3-primer PCR using genomic DNA isolated from ear clips. PCR primers were designed
based on the gene trap insertion site previously identified. WT (+/+), TPC1 XG716
homozygous (–/–) and heterozygous (+/–) mutant mice were identified by the presence
of WT TPC1 only, TPC1- -geo mutant only, or both alleles respectively (Figure 3.3).
WT and TPC1- -geo mutant alleles were identified by the PCR products of 496 bp and
383 bp respectively on agarose gels. TPC1 XG716

/

mice were then bred further to

continue germ-line transmission of TPC1 mutant alleles.

TPC1 XG716
bp
750

+/+

-/-

+/TPC1 WT (+) allele 496 bp
21

500

TPC1 mutant (-) allele
SA
2

250

3

383 bp
-geo

pA

3

Figure 3.3: 3-primer PCR analysis of genomic DNA isolated from mouse ear clips. Left, wildtype (WT, +/+), TPC1 XG716 homozygous (–/–) and heterozygous (+/–) mutant mice were
identified by PCR product size on an agarose gel: 496 bp (+/+), 383 bp (–/–), or both 496 and
383 bp (+/–), respectively. Right, amplified regions in the genomic DNA. Thick lines represent
the amplified regions; black boxes with numbers indicate the exons and exon numbers, white box
indicates the gene trap vector (splice acceptor (SA) sequence, -geo gene, polyadenylation (pA)
signal), thin lines represent the introns, and vertical lines show primer loci.

3.2.1.4

TPC1 XG716

/

as an incomplete TPC1 KO mouse

To ensure that the gene trap vector was eﬀective in trapping TPC1 mRNA, RT-PCR was
carried out to study the expression of TPC1 mRNA. Previously, TPC mRNA expression
has been shown to have a broad distribution across mouse tissue types [307]. Liver was
selected for the RT-PCR analysis because of its ease of RNA extraction and the integrity
of liver RNA does not degrade rapidly over time compared to other tissues that contain a
high abundance of ribonucleases such as the pancreas.
Although genotypic analysis showed that the gene trap vector had been successfully
inserted in both alleles of TPC1 XG716

/

(Figure 3.3), RT-PCR probing for the region

downstream of the gene trap insertion showed that TPC1 mRNA was still being expressed
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in TPC1 XG716

(Exon 4–9; 516 bp, Figure 3.4A). This suggests that the insertion of

/

the vector failed to trap the expression of TPC1.
An interesting question arises as to whether the vector failed to trap all the expression
or whether the vector partially trapped some expression? To address this question, genespecific primers were designed to probe the TPC1- -geo mRNA (Exon 2– -geo, 438 bp).
RT-PCR showed that TPC1- -geo mRNA was detected in TPC1 XG716

/

, but not in

WT (Figure 3.4B). This demonstrated that the vector inserted between exons 2 and 3 of
the Tpcn1 gene has been successful in trapping and preventing some TPC1 mRNA being
expressed in TPC1 XG716

/

.
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Figure 3.4: Validation of TPC1 XG716 / mutant mice as an incomplete TPC1 KO. (A) Left,
RT-PCR analysis of the mouse hepatic total RNA showed that TPC1 mRNA (Exon 4–9; 516 bp)
was expressed in both WT and TPC1 XG716 / . (B) However, some TPC1 mRNA was still
being trapped as indicated by the presence of TPC1- -geo mRNA (Exon 2– -geo, 438 bp). Right,
amplified regions in mRNA. Thick lines represent the amplified regions, black boxes with numbers
indicate the exons and exon numbers, and white box indicates the gene trap vector (splice acceptor
(SA) sequence, -geo gene, polyadenylation (pA) signal).

3.2.1.5

Possible explanations for the remaining TPC1 expression in TPC1
XG716

/

mice

There are two possible explanations to account for the unexpected TPC1 expression in
TPC1 XG716

/

. First, it is possible that the gene trap has been skipped. Second, there

might be an alternative TPC1 mRNA that escaped the gene trap, yet shared the same
exons (4–9).
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Gene trap skipping. The gene trap skipping scenario is based on alternative splicing.
Alternative splicing occurs when exons are re-connected (i.e. spliced) in multiple manners
(Figure 3.5A). Often in alternative splicing, the alternatively skipped exons are often
flanked by longer introns [137]. It is possible that in TPC1 XG716

/

, gene trap skipping

has occurred as the gene trap vector was inserted in a long (>30 kb) intron between exons
2 and 3 (Figure 3.1). The length of this intron may be responsible for the endogenous
splicing apparatus being able to skip the splice acceptor sequence of the gene trap vector
and execute normal splicing (Figure 3.5B).
To determine whether gene trap skipping could occur, gene-specific primers were
designed in order to probe the TPC1 mRNA, up- (Exon 2) and down-stream (Exon 9)
of the gene trap insertion (Intron 2). Successful amplification of TPC1 exon 2–9 would
indicate that the gene trap has been skipped. Indeed, exon 2–9 of TPC1 mRNA was
detected in TPC1 XG716

/

similar to the WT (819 bp; Figure 3.5C). This suggests that

gene trap has been skipped.
Alternative TPC1 mRNA. The second possibility is that there is an alternative
promoter of Tpcn1 that escapes the gene trapping and initiates transcription of an
alternative TPC1 mRNA that shares the same exons (4–9) as the other transcript when
probed by RT-PCR. Studies using northern blotting to probe for the Tpcn1 mRNA
expression showed that in rat liver, there was both a longer (⇠5 kb) and a shorter (⇠4 kb)
TPC1 mRNA [127]. Subsequently, a longer (⇠5 kb) and a shorter (⇠3 kb) mRNA has
been identified in all mouse tissues tested [307]. The presence of the shorter transcript
demonstrated that Tpcn1 has more than one variant of mature mRNA. This further
supports the idea that Tpcn1 has alternative promoters.
Searches were conducted in the mouse mRNA (cDNA) GenBank library using UCSC
Mouse Genome Browser Gateway1 . 7 mRNAs of mouse TPC1 were found and 5 shared the
same RT-PCR amplification region (Exons 4–9; Figure 3.6A). The longer TPC1 variant
(accession number BC058951) represents the full-length mouse TPC1. Although 5 TPC1
mRNAs shared the same RT-PCR amplification region (exons 4–9), only one (accession
number AK137626) seemed to have the potential to escape the gene trap. AK137626
mRNA only begins in intron 2 (52 bp before exon 3), therefore it is likely that the initiation
1

http://genome.ucsc.edu/cgi-bin/hgGateway
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Figure 3.5: (A) Alternative splicing occurs when exons are re-connected in multiple manners.
(B) Possible scenario of alternative splicing in TPC1 XG716 / resulting in gene trap skipping.
(C) Left, RT-PCR analysis of the mouse hepatic total RNA showed that TPC1 has escaped the
entrapment (Exon 2–9; 819 bp). Right, amplified regions in mRNA. Thick lines represent the
amplified regions and black boxes with numbers indicate the exons and exon numbers.

of AK137626 transcription occurred after the gene trap insertion in intron 2 (blue arrow in
Figure 3.6A). On the other hand, the transcription of the other 4 TPC1 mRNAs occurred
before exon 2 and was therefore more susceptible to trapping.
The long intron between exons 2 and 3 prompted a search for possible alternative promoter sites for the transcription of AK137626. Both Cap-analysis gene expression (CAGE)
analysis by DataBase of Transcriptional Start Sites (DBTSS), and histone 3 methylation
analysis by Broad Institute ChIp-seq studies (UCSC Genome Bioinformatics) revealed
possible transcriptional start sites and alternative promoters in intron 2; these might be
responsible for initiating the AK137626 transcription (green blocks in Figure 3.6A). The
position of the alternative promoter is likely to be downstream of the gene trap insertion,
thus allowing the transcription of AK137262 to escape the entrapment (Figure 3.6A).
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alternative mRNA of mouse TPC1, accession number AK137626 (red), contributed to the observed TPC1 expression in TPC1 XG716 / . Transcription of
AK137626 was initiated at the end of intron 2 and terminated at the end of exon 27. It is likely that AK137626 was initiated via an alternative promoter in
intron 2, downstream of the gene trap insertion, thus escaping the entrapment. AK137626 is designated N-TPC1 as the predicted translation of AK137626
has a truncated N-terminus. Thin lines indicate the introns and the black blocks indicate the exons. Arrows on the thin line indicate the direction of
transcription. Accession numbers are given at the left of the mRNAs. (B) Left, RT-PCR analysis of the mouse hepatic total RNA demonstrated the presence
of a shorter alternative TPC1 mRNA ( N-TPC1; intron 2 (I2)–exon 6; 497 bp). Right, the amplified regions in mRNA. The thick line represents the amplified
region, black boxes with numbers indicate the exons and exon numbers, and the thin line represents the intron.
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3.2 Results
AK137626 shares the same coding regions as the longer TPC1 variant (BC058951)
from exon 3–27. Translation of the AK137626 cDNA sequence predicted a smaller protein
of 748 amino acid compared to the longer TPC1 variant (817 amino acid residues) as
translation is initiated from an alternative start codon. AK137626 will hence forth be
designated as

N-TPC1 indicating the 69 amino acid truncation at the N-terminus of the

protein compared to the longer TPC1 variant.
The unique intron 2 region of

N-TPC1 was extremely useful because it could be

used in RT-PCR to exclusively amplify the

N-TPC1 mRNA. Primers were designed

to amplify intron 2–exon 6 of TPC1 in order to probe for
analysis showed that

N-TPC1 mRNA. RT-PCR

N-TPC1 mRNA was expressed endogenously in the WT mouse.

Additionally, it was not trapped by the gene trap vector as indicated by the RT-PCR
amplification of intron 2–exon 6 in TPC1 XG716
that

/

(Figure 3.6B). This further suggests

N-TPC1 has an alternative promoter that is likely to be situated downstream of

the gene trap, thus escaping entrapment.
The important diﬀerence between
is that the transcription of

N-TPC1 and the longer mouse TPC1 mRNA

N-TPC1 is initiated in intron 2 and therefore

N-TPC1

does not have exon 1–2 compared to the longer TPC1 variant. As mentioned, gene trap
skipping in TPC1 XG716

/

was confirmed by the RT-PCR that probed TPC1 exon 2–9

(Figure 3.5C). As exon 1–2 is not present in

N-TPC1, it would not be detected in the

RT-PCR that probed TPC1 exon 2–9, thus the expression detected in TPC1 XG716

/

was solely due to the longer TPC1 variant that has skipped the gene trap.
In summary, in TPC1 XG716

/

mutant mice, the insertion of the gene trap vector

in Tpcn1 alleles disrupts TPC1 expression (Figure 3.4B), however, the disruption is
incomplete. The residual TPC1 expression is attributable to both gene trap skipping
(Figure 3.5C) and the presence of the shorter TPC1 variant ( N-TPC1; Figure 3.6B).
Although TPC1 XG716

is not a true knockout, it is still potentially useful to provide

/

information regarding to TPC1 functions. Furthermore, TPC1 XG716

/

can yield

insights into endogenous TPC1 expression, as the reporter gene in the gene trap vector
of TPC1 XG716

/

allows the endogenous TPC1 expression to be assessed by moni-

toring expression of -galactosidase [252]. For the subsequent characterization of TPC1
XG716

/

, TPC1 XG716

/

will be referred to as TPC1 XG716.
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3.2.1.6

Endogenous TPC1 mRNA expression in mouse tissue types

To investigate tissue-dependent expression of the two TPC1 variants, endogenous expression of TPC1 and

N-TPC1 mRNAs were examined in various WT mouse tissue

types. RT-PCR that probed TPC1 exon 4 to 9 (516 bp) showed that TPC1 is widely
expressed in all mouse tissues tested including brain, kidney, liver, spleen, heart, pancreas
and trachea (Figure 3.7A). Similarly,

N-TPC1 was shown to be expressed in all the

tissues tested including spleen, brain, kidney, liver, and trachea (amplified region: intron
2–exon 6; 497 bp, Figure 3.7B).
Tissue distribution of the endogenous TPC1 mRNA expression can also be studied
indirectly, by using the reporter -geo gene in TPC1 XG716. The -geo gene in the gene
trap vector is promoterless so its transcription depends on endogenous promoters. The
expression of -geo in TPC1 XG716 therefore gives an indication of where endogenous
Tpcn1 is expressed [205]. Similar to the results from direct probing (Figure 3.7A), RT-PCR
that probed TPC1 exon 2 to -geo (438 bp) showed that TPC1- -geo is expressed in
brain, kidney, liver, spleen, and heart of TPC1 XG716, confirming that TPC1 has a broad
tissue expression. As expected, in WT, where the vector was not inserted, there was no
expression of TPC1- -geo (Figure 3.7C).
Overall, the ubiquitous expression of TPC1 and

N-TPC1 is consistent with the

reported expression of TPC1 in mouse tissue types as examined by northern blotting [307],
suggesting that they both may play fundamental roles in the organism.
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Figure 3.7: RT-PCR analysis demonstrating the mRNA expression of (A) TPC1 and (B) NTPC1 in a range of WT mouse tissue types, and of (C) TPC1- -geo in a range of TPC1 XG716
mouse tissue types to report tissue-related TPC1 expression. The amplified mRNA regions are
depicted below (TPC1 exon 4–9, 516 bp; TPC1 intron 2 (I2)–exon 6 ( N-TPC1), 497 bp, and
TPC1 exon 2– -geo, 438 bp). Thick lines represent the amplified regions, the thin line represents
the intron, black boxes with numbers indicate the exons and exon numbers, and the white box
indicates the gene trap vector (splice acceptor (SA) sequence, -geo gene, and a polyadenylation
(pA) signal).
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3.2.1.7

Detection of endogenous TPC1 protein in TPC1 XG716 mice by
western blotting using antibodies against

-galactosidase

As -geo proved a valid reporter for TPC1 mRNA, it was next used as a reporter of tissuedependent protein expression. For this, an anti- -galactosidase antibody was applied in
western blotting to probe for the TPC1- -geo fusion protein in various tissue types of
TPC1 XG716 mice.
Western blots in Figure 3.8 showed bands consistent with the predicted size of the
TPC1- -galactosidase fusion protein in liver, brain, kidney, and spleen homogenate of
TPC1 XG716 and, as expected, not in WT. The detected bands were slightly higher
than the predicted size of 153 kDa which may be a consequence of post-translational
modifications such as glycosylation of TPC1- -galactosidase.
In summary, -galactosidase in TPC1 XG716 mice proved useful for reporting both
mRNA and protein tissue-dependent expression profiles. These results can be taken
to infer that in WT mice, the endogenous TPC1 protein would probably be expressed
similarly in the tissues tested. This is consistent with the broad distribution pattern found
for TPC1 mRNA expression (Figure 3.7).

Liver
kDa
250

150

WT

Brain

TPC1
kDa
XG716
250

150

100
100

WT

Kidney

TPC1
kDa
XG716
250

150

100

WT

TPC1
XG716

Spleen
kDa

WT

TPC1
XG716

250

150

100

Figure 3.8: Western blots of 50 µg WT and TPC1 XG716 mouse tissue homogenates were
probed with an anti- -galactosidase antibody to detect TPC1- -galactosidase protein (green
arrows). The expression of TPC1- -galactosidase protein in TPC1 XG716 is assumed to indicate
the expression of endogenous TPC1 in the WT. Predicted size of TPC1- -geo is 153 kDa.
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3.2.1.8

Identification of a TPC1 gene-targeted mutant ES cell line

One of the shortcomings of generating knockout animals from gene trap mutagenesis
is the potential for gene trap skipping during transcription, as described above. In
this application, although Tpcn1 gene was successfully mutated, the expression was not
completely abolished due to a combination of gene trap skipping and the presence of
N-TPC1. In order to create true TPC1 KO mice, ES cell lines were searched in an
attempt to find a TPC1 mutant that would not be compromised by gene trap skipping,
and in which the expression of

N-TPC1 could also be eliminated.

As an alternative to gene trapping, mutant ES cell lines can also be generated by genetargeted homologous recombination. Generation of mutant ES cell lines by homologous
recombination on a large-scale is laborious and time-consuming, thus consortia for the
homologous recombination of ES cell lines are less common, and the number of genes
targeted are far fewer [116]. However, gene targeting is much more powerful and guarantees
to knockout almost every targeted gene.
Fortunately, searches in the European Mouse Mutant Archive (EMMA2 ) revealed
a mouse ES cell line, TPC1 D159, where Tpcn1 had been mutated by homologous
recombination. In homologous recombination, the mutation is introduced as a result
of non-reciprocal exchange between the endogenous gene and the targeting vector. In
TPC1 D159, the targeting vector had been designed to interrupt transcription of Tpcn1
both by deleting a portion of exons 4 and 5, and also by introducing the LacZ-neo marker
gene (Figure 3.9). This method avoids gene trap skipping and should ensure a complete
abolition of both the longer and the shorter variant of TPC1 mRNAs. Thus, TPC1 D159
provides a TPC1 mutant ES cell line that yields a more robust knockout than that with
TPC XG716.

2

http://www.emmanet.org/
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TPC1 WT (+) allele
5’

Intron 3

Exon 4

Intron 4

LacZ-neo

5’ Homology Arm

Intron 5

Exon 5

3’

3’ Homology Arm
Targeting vector

TPC1 mutant (-) allele
5’

Exon 4

LacZ-neo

Exon 5

3’

Figure 3.9: The gene targeting vector used to generate the TPC1 D159 mutant ES cell line.
The vector comprises 5’ and 3’ arms that are homologous to regions in intron 3–exon 4 and exon
5–intron 5, respectively. Between the arms, there is a selection/reporter gene, LacZ-neo, which
encodes -galactosidase and neomycin phosphotransferase. During homologous recombination,
the entire intron 4 and parts of the exon 4 and 5 were replaced with LacZ-neo.

3.2.1.9

Generation of TPC1 D159 mutant mice

TPC1 D159 heterozygous (+/–) mutant mice that had been generated from the TPC1
D159 mutant ES cell line were purchased from Deltagen3 . TPC1 D159 heterozygous (+/–)
mouse were crossed to obtain WT (+/+) and TPC1 D159 homozygous (–/–) mutant
mouse colonies. Although similar to TPC1 XG176 where its genetic background involves
129P2/OlaHsd and C57BL/6, the ratio is diﬀerent; this mouse strain has a higher C57BL/6
component.

3.2.1.10

Genotypic analysis of TPC1 D159 mutant mice

To genotype the mice, 3-primer PCR was designed based on the insertion site of the gene
targeting vector provided by EMMA. WT (+/+), TPC1 D159 homozygous (–/–), and
heterozygous (+/–) mice were identified by the presence of WT TPC1 only, homologous
recombinant TPC1 mutant only, or both alleles respectively (Figure 3.10). WT and
TPC1-LacZ-neo mutant alleles were identified by the PCR products of 376 bp and 459 bp,
respectively on agarose gels. TPC1 D159

/

mice were then bred further to continue

germ-line transmission of TPC1 mutant alleles.
3

http://www.deltagen.com/
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bp
750
500

TPC1 D159

+/+

-/-

+/-

376 bp

TPC1 WT (+) allele
41

5

459 bp

TPC1 mutant (-) allele
LacZ-neo
4

250

5

Figure 3.10: 3-primer PCR analysis of genomic DNA isolated from mouse ear clips in TPC1
D159 mice. Left, WT (+/+), TPC1 D159 homozygous (–/–) and heterozygous (+/–) mice were
identified by PCR product sizes: WT allele (376 bp) and homologous recombinant TPC1 mutant
allele (459 bp). Right, amplified regions in the genomic DNA. Thick lines represent the amplified
regions, black boxes with numbers indicate the exons and exon numbers, the white box indicates
LacZ-neo marker/selection gene from the targeting vector, and thin lines represent the intron.

3.2.1.11

TPC1 D159 as the TPC1 knockout (TPC1 KO) mouse

RT-PCR that probed TPC1 exon 6 to 13 (606 bp) was used to examine whether TPC1
mRNA expression had been successfully knocked out by gene targeting in TPC1 D159

/

.

Figure 3.11 demonstrated that the expression of TPC1 had indeed been abolished in
TPC1 D159

/

, and as expected, not in the WT. This verified that TPC1 D159

/

is a

true TPC1 knockout, and will from now on be referred to as TPC1 KO.

bp
750
500

WT

TPC1 D159-/-

TPC1 mRNA
6

606 bp
7

8

9

10

11

12

13

Figure 3.11: Validation of TPC1 D159 / mutant mice as TPC1 KO by RT-PCR. Left, analysis
of mouse hepatic total RNA showed that TPC1 mRNA expression (Exon 6–13; 606 bp) was
abolished in TPC1 D159 / but not in the WT. This confirms that TPC1 D159 / mice are
a true knockout. Right, the amplified region in TPC1 mRNA. The thick line represents the
amplified region, and black boxes with numbers indicate the exons and exon numbers.
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3.2.1.12

Detection of TPC1 protein by western blotting using in-house TPC1
antibodies

The reporter -galactosidase in TPC1 XG716 suggested that TPC1 protein is endogenously
expressed in a broad range of tissues (Figure 3.8). Although this data is consistent with
the mRNA expression pattern, it is possible that during gene disruption, the vector might
aﬀect promoter activity of Tpcn1, thereby resulting in a non-physiological expression
profile. In addition to doubts over the validity of the -galactosidase-derived data, it is
also necessary to establish whether TPC1 protein is absent in these tissues of TPC1 KO
mice.
To address this, endogenous TPC1 protein was assessed by western blotting using
antibodies against TPC1. Our lab had previously raised antibodies against mouse or human
TPC1 by injecting rabbits with peptides of either mouse or human TPC1 (Table 3.1). For
each set of immunogenic peptides, two rabbits were injected.
To examine whether anti-human TPC1 antibodies might cross-react with mouse TPC1
epitopes, the human TPC1 anti-genic peptide sequence was compared with the homologous
section of mouse TPC1. The analysis showed an identity of

84% between the species

(Table 3.1). This suggests that the anti-human TPC1 antibodies raised in-house might
additionally be useful in detecting mouse TPC1 protein.

Species
Mus musculus

Homo sapiens

TPC1 epitope
TPC1 N-tail

QEQLPSKNGGSHSI

TPC1 C-tail

SRTKSDLSLKMYQE

TPC1 C-tail

IQEWYEEHAREQEQQR

TPC1 C-tail

APAAQQPPGSRQRSQTVT

TPC1 C-tail

TPC1 N-tail

FRMNYSRKNQDSEVDGGITLEKEISKEE
LVAVLELYREARGASSDVTRLLETLSQME
RYQQHSMVFLGRRSRTKSDLSLKMYQE
EIQEWYEEHAREQEQQRQLSSSAAPAAQ
QPPGSRQRSQTVT
AAVSLDDDVPLILTLDEGGSAPLAPSNG
LGQEELPSKNGGSYAIHDSQAPSLSSGG
ESSPSSPAHNWEMNYQEAAIYLQEGENN
DKFFTHPKDAKALAAYL

Epitope
set
A
B

Identity to
MmTPC1 (%)
100
100
93
100

C

85

D

84

Table 3.1: Epitopes used to raise in-house anti-mouse (Mus musculus) or anti-human (Homo
sapiens) TPC1 antibodies. The % identity of the anti-genic peptide to the homologous section in
the mouse TPC1 protein is indicated on the right.
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First, TPC1 anti-sera for the four epitope sets were examined for their specificity in
detecting mouse TPC1 in western blotting. Screening the anti-sera against membranes of
HEK293T cells overexpressing mouse TPC1-mCherry in western blotting showed that
anti-sera against epitope set A or B were able to recognize a band at the expected size of
mouse TPC1 (121 kDa) in the TPC1-mCherry-overexpressing compared to the mCherryalone membranes (Figure 3.12). No specific TPC1-mCherry band was detected using the
anti-sera against epitope sets C and D.

Epitope set A
Rabbit 1

Epitope set B

Rabbit 2

Rabbit 1

TPC1- mCherry TPC1- mCherry
kDa mCherry Control mCherry Control kDa

100

100

70

70

Epitope set C
Rabbit 1

130
100
70

TPC1- mCherry
mCherry Control

130

130

kDa

TPC1- mCherry
mCherry Control

Rabbit 2

Epitope set D

Rabbit 2

Rabbit 1

TPC1- mCherry TPC1- mCherry
mCherry Control mCherry Control kDa

TPC1- mCherry
mCherry Control

Rabbit 2
TPC1mCherry
mCherry Control

130
100
70

Figure 3.12: Examining the specificity of in-house anti-sera raised against mouse (epitope set
A) or human (epitope set B-D) TPC1 in western blotting using 50 µg membranes from HEK293T
cells overexpressing mouse TPC1-mCherry or mCherry (control). Anti-sera were collected from
two rabbits immunized with each epitope set. The arrows indicate the mouse-TPC1-mCherry
protein (predicted size of 121 kDa).

107

3. CHARACTERIZATION OF TPC MUTANT MICE
Next, to test whether TPC1 anti-sera were able to detect the endogenous mouse
TPC1 protein, TPC1 anti-sera were tested against the WT and TPC1 KO mouse hepatic
membranes in western blotting. As TPC1 KO showed no expression of TPC1 mRNA
(Figure 3.11), it was assumed that there could be no expression of TPC1 protein and so
this could be used as a negative control.
Western blots showed that none of the TPC1 anti-sera tested were able to detect a band
of expected size (94 kDa) that distinguishes WT from the TPC1 KO (Figure 3.13). This
was surprising since anti-sera against epitope set A or B were able to detect overexpression
of mouse TPC1 protein in western blotting (Figure 3.12). It is likely that the endogenous
level of TPC1 protein is too low to be detected by this western blotting method. If
TPC1 anti-sera did bind endogenous TPC1, the signal was probably masked by the other
non-specific signals.
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Epitope set A
Rabbit 1
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TPC1 KO

Epitope set B

Rabbit 2
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TPC1 KO
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TPC1 KO
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130
100
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Figure 3.13: Western blots of 50 µg WT and TPC1 KO mouse hepatic membranes were probed
with in-house anti-sera raised against mouse (epitope set A) or human (epitope sets B-D) TPC1
to detect endogenous TPC1 protein. TPC1 KO hepatic membranes were used as the negative
control. The predicted size of TPC1 protein is 94 kDa.
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3.2.2
3.2.2.1

Generation and analysis of TPC2 KO mouse
Identification of a TPC2 gene-trapped mutant ES cell line

Searches in the gene trap consortia also revealed a potential TPC2 mutant mouse ES cell
line for generating TPC2 KO mice, TPC2 YHD437 (BayGenomics). Similar to the gene
trap vector in TPC1 XG716 ES cell line, the gene trap vector of the YHD437 cell line
comprised a splice acceptor sequence, -geo, and a polyadenylation signal. Furthermore,
the insertion site of this vector was also near the 5’-end of Tpcn2 gene between exon 1
and 2 (Figure 3.14B). This suggests that TPC2- -galactosidase protein, like TPC1- galactosidas, is also likely to be non-functional, as the protein would be very truncated
with no transmembrane domains. Translation of the TPC2- -geo mRNA predicts a protein
of only 20 N-terminal TPC2 amino acid residues fused to -galactosidase (Figure 3.14B).
Although the gene trap vector in TPC1 XG716 failed to generate a full TPC1 knockout
mouse, it was probable that the same problems would not compromise a TPC2 genetrapped knockout: a study that analysed all OmniBank gene trapped ES clones showed
that >96% of non-embryonic lethal mouse lines led to a complete abolition of WT
mRNA [299]. Thus, gene trap mutagenesis is very eﬀective, and gene trap skipping occurs
only in the rare cases like TPC1 where the insertion was in a very long intron (>30 kbp).
Analysis of the vector insertion locus in TPC2 YHD437 showed that the intron was only
⇠4 kbp, suggesting the skipping is less likely to occur. TPC2 YHD437 ES cell line was
therefore purchased for the purpose of generating a TPC2 KO mouse.

3.2.2.2

Generation of TPC2 YHD437 mutant mice

In collaboration with MRC Harwell (Oxfordshire, UK), a similar procedure that was used
to generate TPC1 XG716 mice was employed to generate TPC2 YHD437 mutant mice
(Figure 3.2). TPC2 YHD437 ES cells that have a genetic background of 129P2/OlaHsd
(white fur) were injected into a blastocyst from a mouse of C57BL/6 genetic background
(black fur). The blastocyst containing both TPC2 wild-type (WT) and mutant ES cells
was then implanted into a pseudopregnant female mouse. Chimeric oﬀspring contained
both WT and mutant Tpcn2 genes, and are identified by a mixtures of patches of black
and white fur respectively. These were then crossed with a WT C57BL/6 mouse (black),
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(A)

WT
5 Kbp

Tpcn2

Untranslated region
Translated region

TPC2 DNA

5’

Promoter

Exon 1

Exon 2

Exon 3

Exon 25

3’

Transcription
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Exon 1
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TPC2 protein
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(B)

TPC2 YHD437
5 Kbp

Tpcn2
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Untranslated region
Translated region
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Exon 1
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Transcription
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Figure 3.14: (A) Top: TPC2 mRNA/genomic DNA alignment. Blocks represent exons and the
line indicates introns. Blue and red blocks indicate the untranslated and the translated regions
of mRNA respectively. Middle: in wild-type ES cell line, the endogenous promoter initiates
transcription of Tpcn2, followed by normal splicing to form mature mRNA. Translation of this
mRNA forms the native TPC2 protein. (B) Gene trapping in TPC2 YHD437 ES cell line. Top:
the gene trap vector is randomly inserted in intron 1 of Tpcn2 (arrow). The vector comprises
a splice acceptor (SA) sequence, the -geo gene, and a polyadenylation (pA) signal. Bottom:
insertion of this vector interrupts the normal splicing and causes -geo to be spliced to endogenous
TPC2 mRNA. This results in a truncated TPC2- -geo fusion mRNA. When translated, the
resulting peptide comprises 20 N-terminal amino acid residues of TPC2 protein fused to the
-galactosidase.
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to ensure that the Tpcn2 mutant allele has been incorporated into the germ cells. The
resulting TPC2 YHD437 heterozygote (+/–) was then crossed to obtain WT (+/+) and
TPC2 YHD437 homozygous (–/–) mutant mouse colonies. Since TPC2 YHD437 was
generated in the same way as TPC1 XG716, they also share the same genetic background.
3.2.2.3

Genotypic analysis of TPC2 YHD437 mutant mice

To confirm the generation of TPC2 YHD437 homozygotes (–/–), the mice were genotyped
by 3-primer PCR using genomic DNA isolated from ear clips. PCR primers were designed
based on the gene trap insertion site previously identified. WT (+/+), TPC2 YHD437
homozygous (–/–) and heterozygous (+/–) mice were identified by the presence of WT
TPC2 only, TPC2- -geo mutant only, or both alleles respectively (Figure 3.15). WT and
TPC2- -geo mutant alleles were identified by the PCR products of 493 bp and 336 bp,
respectively on agarose gels. TPC2 YHD437

/

mice were then bred further to continue

germ-line transmission of TPC2 mutant alleles.

bp
750
500
250

+/+

TPC2 YHD437
-/-

+/TPC2 WT (+) allele
11

493 bp

TPC2 mutant (-) allele
SA
1

2

336 bp
-geo

pA

2

Figure 3.15: 3-primer PCR analysis of genomic DNA isolated from mouse ear clips. Left, WT
(+/+), TPC2 YHD437 homozygous (–/–) and heterozygous (+/–) mice were identified by PCR
product size: 493 bp (+/+), 336 bp (–/–), or both 493 and 336 bp (+/–). Right, amplified regions
in the genomic DNA. Thick lines represent the amplified regions, black boxes with numbers
indicate the exons and exon numbers, white box indicates the gene trap vector (splice acceptor
(SA) sequence, -geo gene, polyadenylation (pA) signal), thin lines represent the introns, and
vertical lines show primer loci.
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3.2.2.4

TPC2 YHD437 as the TPC2 knockout (TPC2 KO) mouse

RT-PCR that probed for TPC2 between exons 4 to 8 (564 bp) was used to examine whether
TPC2 mRNA expression is abolished by the gene trapping and check that no skipping of
the gene trap vector occurred in TPC2 YHD437

/

. RT-PCR analysis demonstrated that

the expression of TPC2 was completely abolished in TPC2 YHD437

/

, and as expected,

TPC2 was expressed in the WT (Figure 3.16). Additionally, RT-PCR successfully amplified
TPC2 exon 1 fused with -geo mRNA in TPC2 YHD437

/

(411 bp), confirming that

TPC2 expression was trapped. As expected, TPC2- -geo mRNA was not observed in the
WT (Figure 3.16).
Results from this section verified that the transcription of Tpcn2 in TPC2 YHD437

/

had been successfully interrupted by the insertion of the gene trap vector (Figure 3.15),
resulting in a truncated TPC2- -geo mRNA (Figure 3.16). Since TPC2 is no longer
expressed in TPC2 YHD437

bp
750
500
500
250

WT

/

, it will from now on be referred to as TPC2 KO.

TPC2 YHD437-/TPC2 mRNA
1

2

564 bp
3

4

TPC2- -geo mRNA
411 bp
-geo
1
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5

6

7

8

9

pA

Figure 3.16: Validation of TPC2 YHD437 / mutant mice by RT-PCR. Left, analysis of
mouse hepatic total RNA showed that TPC2 mRNA (Exon 4–8; 564 bp) was abolished in
TPC2 YHD437 / but not in the WT. This confirms that TPC2 YHD437 / mice are a true
knockout. RT-PCR also amplified the TPC2- -geo mRNA, confirming the abolition of TPC2
mRNA expression was due to successful gene trapping (Exon 1– -geo; 411 bp). Right, amplified
regions in the mRNA. Thick lines represent the amplified regions, black boxes with numbers
indicate the exons and exon numbers, and white box indicates the gene trap vector (splice acceptor
(SA) sequence, -geo gene, polyadenylation (pA) signal).
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3.2.2.5

Endogenous TPC2 mRNA expression in mouse tissues

The tissue distribution of TPC2 mRNA was analysed by RT-PCR, which directly probed
for the TPC2 exon 4–8 (564 bp) in the WT mice, or indirectly probed for the promoterless
reporter -geo mRNA (from the gene trap vector) that has been spliced into TPC2 mRNA
in TPC2 KO mice (TPC2 exon 1- -geo; 411 bp). RT-PCR analysis demonstrated that
TPC2 is expressed in all tissue types tested including brain, kidney, liver, spleen, heart,
pancreas, and trachea (Figure 3.17A and 3.17B). This is consistent with the reported
expression of TPC2 in mouse tissues as examined by northern blotting [307]. This
ubiquitous expression of TPC2, like TPC1 (Figure 3.7), suggests that it may have a
fundamental role in the organism. Furthermore, the expression of TPC2 was abolished in
all TPC2 KO tissues tested (Figure 3.17A), confirming a complete disruption of Tpcn2
gene.
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Figure 3.17: RT-PCR analysis demonstrating the mRNA expression of (A) TPC2 in a broad
range of the WT but not TPC2 KO mouse tissue types, and of (B) TPC2- -geo in a range of
TPC2 KO mouse tissue types to report tissue-related TPC2 expression. The amplified mRNA
regions are depicted below (TPC2 exon 4–8, 564 bp; TPC2 exon 1- -geo, 411 bp). Black lines
represent the amplified region, black boxes with numbers indicate the exons and exon numbers,
and white box indicates the gene trap vector (splice acceptor (SA) sequence, -geo gene, and a
polyadenylation (pA) signal).
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3.2.2.6

Detection of endogenous TPC2 protein in TPC2 YHD437 mice by
western blotting using antibodies against

-galactosidase

In TPC1 XG716, the TPC1- -galactosidase fusion protein proved useful for reporting
tissue-dependent TPC1 expression profile (Figure 3.8). To have an indication of endogenous
tissue-dependent TPC2 expression profile, TPC2- -galactosidase protein in various TPC2
KO tissue homogenates was probed by an anti- -galactosidase antibody in western blotting.
Tissues homogenates from TPC1 XG716 were used as a positive control.
Figure 3.18 showed that western blotting failed to detect any band representing
TPC2- -galactosidase protein in the tested tissue types of TPC2 KO (predicted size of
152 kDa). It is speculated that the level of the endogenous TPC2 protein is lower than the
endogenous TPC1 in the WT, thus, the level of TPC2- -galactosidase protein might be
too low to be detected by the conditions used for western blotting. Alternatively, the gene
trap vector inserted in the Tpcn2 gene might aﬀect promoter activity of Tpcn2, which
results in a non-physiological expression profile or inhibits the translation of TPC2- -geo
into TPC2- -galactosidase.
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Figure 3.18: Western blots of 50 µg TPC1 XG716 and TPC2 KO mouse tissue homogenates
were probed with an anti- -galactosidase antibody to detect TPC- -galactosidase protein. The
expression of TPC2- -galactosidase protein in TPC2 KO is assumed to indicate the expression
of endogenous TPC2 in the WT. Predicted size of TPC2- -galactosidase is 152 kDa. Tissues
homogenates from TPC1 XG716 were used as the positive control for -galactosidase detection.
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3.2.2.7

Detection of TPC2 protein by western blotting using in-house TPC2
antibodies

To avoid the side-eﬀect generated by gene trap insertion, endogenous TPC2 protein was
assessed by western blotting using antibodies against TPC2. Similar to TPC1, our lab has
raised antibodies against mouse or human TPC2 by injecting rabbits with two peptides
of either mouse or human TPC2 (Table 3.2). For each set of immunogenic peptides, two
rabbits were injected.
To examine whether anti-human TPC2 antibody might cross-react with mouse TPC2
epitopes, the human TPC2 anti-genic peptide sequence was compared with the homologous
section of mouse TPC2. Analysis showed that there was only ⇠50–60% identity between
the species (Table 3.2). This suggests that the anti-human TPC2 antibodies raised
in-house might be less advantageous in detecting mouse TPC2 protein.

Species

TPC2 epitope

Epitope
set

Identity to
MmTPC2 (%)

Mus musculus

TPC2 N-tail
TPC2 C-tail

FIEDAIKYRSIYHR
NFLHRWDPQGHKQL

E

100
100

Homo sapiens

TPC2 internal
TPC2 internal

GGKQDDGQDRERLTY
VKEHPPRPEYQSPFL

F

53
66

Table 3.2: Epitopes used to raise in-house anti-mouse (Mus musculus) or anti-human (Homo
sapiens) TPC2 antibodies. The % identity of the anti-genic peptide to the homologous section in
the mouse TPC2 protein is indicated on the right.
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First, TPC2 anti-sera for the two epitope sets were tested against membranes of
HEK293T cells overexpressing mouse TPC2-mCherry to examine their specificity in
detecting mouse TPC2 protein in western blotting. Disappointingly, none of the in-house
TPC2 antibodies were able to detect a specific band of mouse TPC2 (predicted size of
110 though normally observed at 90 kDa [307]) in the TPC2-mCherry-overexpressing
compared to mCherry alone membranes in western blotting (Figure 3.19). This suggests
that the TPC2 antibodies might not be useful in detecting mouse TPC2 protein.

Epitope set E
Rabbit 1

Epitope set F

Rabbit 2

Rabbit 1

Rabbit 2

TPC2- mCherry TPC2- mCherry TPC2- mCherry
TPC2- mCherry
kDa mCherry Control mCherry Control mCherry Control mCherry Control
130
100
70

Figure 3.19: Western blotting of 50 µg membranes from HEK293T cells overexpressing TPC2mCherry or mCherry (control) using in-house TPC2 anti-sera to examine whether the antibodies
could detect mouse TPC2 protein. Anti-sera were collected from two rabbits immunized with
each epitope set (Table 3.2). The predicted size of TPC2-mCherry protein is 110 kDa.
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To ascertain whether TPC2 anti-sera could be used to detect endogenous TPC2 protein,
TPC2 anti-sera were tested against the WT and TPC2 KO mouse hepatic membranes in
western blotting. TPC2 KO was used as a negative control as it was assumed that there
would be no expression of TPC2 protein. Figure 3.20 shows that none of the in-house
TPC2 anti-sera were able to detect a band of the expected molecular weight of 86 kDa
(though normally observed at ⇠70 kDa [307]) that distinguishes WT from the TPC2 KO.
This agrees with the previous results from overexpressing mouse TPC2 (Figure 3.19).
In summary, western blots suggest that the in-house TPC2 antibodies were unable
to recognize their specific antigen in the western blotting technique. In order to detect
endogenous expression of TPC2 protein to gain further insight into the tissues in which it
plays a role, it is important to develop or search for more specific antibodies that would
recognize mouse TPC2.
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Epitope set F
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WT2
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Epitope set E Epitope set F
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Rabbit 2

TPC2 KO kDa WT2 TPC2 KO WT2
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Figure 3.20: Western blotting of 50 µg WT or TPC2 KO mouse hepatic membranes using inhouse TPC2 anti-sera to detect endogenous expression of TPC2 protein. Anti-sera were collected
from two rabbits immunized against each epitope set (Table 3.2). TPC2 KO hepatic membranes
were used as the negative control. The predicted size of TPC2 protein is 86 kDa.
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3.2.3

Quantitative TPC mRNA expression in mouse liver

Thus far, the RT-PCR technique used to determine mRNA expression has been endpoint RT-PCR. End-point RT-PCR only determines the presence or absence of TPC
expression but gives no indication of the quantity. In order to measure the mRNA level
of TPC1 and TPC2 quantitatively, RT-quantitative PCR (RT-qPCR) was employed. Any
diﬀerences observed in the expression levels of TPCs might yield insights into their distinct
physiological regulatory roles.
Furthermore, TPC single KOs exhibited no gross phenotypes; this might be due
to redundancy and/or compensation by the remaining TPC. Thus, it is informative to
investigate whether any up-regulation of the remaining isoform has occurred in single
KOs to compensate for the eliminated TPC, and if so, the extent of the compensation.
Finally, residual expression of TPC1 in TPC1 XG716 suggested that TPC1 XG716
might be a hypomorph (partial knockdown of TPC1, Figure 3.4), so it would be interesting
to quantify the reduction in TPC1 expression. If the expression is significantly reduced
(compared to the WT), TPC1 XG716 would be useful in investigating TPC1 functions.
Liver was also used to measure the level of TPC mRNAs for the reasons described in
Section 3.2.1.4. Additionally, the sex of the mice was also taken into account as many genes
have shown tissue-specific sexual dimorphism [296]. It is also interesting to examine any
eﬀect the genetic background might have on TPC expression. The genetic backgrounds
of TPC1 and TPC2 single KOs are diﬀerent, each knockout strain therefore has its own
distinct WT. To avoid confusion, the wild-types for TPC1 KO and TPC2 KO will be
referred to as WT1 and WT2, respectively.
3.2.3.1

TPC1 and TPC2 mRNA expression levels in wild-type mice

To address the question of whether the level of TPC mRNA expression is diﬀerent, TPC1
and TPC2 mRNA levels in WT liver were compared in two diﬀerent background strains,
and in both sexes. RT-qPCR revealed that the expression level of TPC1 mRNA was at
least five-fold higher than TPC2, regardless of the sex or genetic background (Figure 3.21).
Additionally, the expression level of TPC2 mRNA was significantly higher in females
compared to males in both mouse strains (Figure 3.21). A similar sex-trend was also
observed in TPC1 but the level was only significantly higher in the WT2 but not WT1
119

3. CHARACTERIZATION OF TPC MUTANT MICE
(Figure 3.21). Furthermore, the TPC2 mRNA level is significantly higher in females of
WT2 than WT1 (Figure 3.21).
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Figure 3.21: RT-qPCR reveals the expression levels of TPC1 and TPC2 WT liver mRNA in two
diﬀerent genetic background strains, and in each sex. The wild-types for TPC1 KO and TPC2
KO are referred to as WT1 and WT2 respectively. Results are expressed as mean ± S.E.M. in a
log scale, n = 4-8, ***P < 0.001, **P < 0.01, and *P < 0.05. The results were log transformed
to enable a more symmetrical distribution, thereby allowing parametric statistical tests to be
performed [23, 85].

The results from the RT-qPCR analysis suggest that TPC1 is the predominant isoform
in both sexes. The relatively low expression of TPC2 mRNA may account for the inability
to detect TPC2- -galactosidase protein in TPC2 KO under the conditions used for western
blotting (Figure 3.18). Additionally, sex and the genetic background were shown to have a
significant eﬀect on the expression of TPCs, highlighting the importance of using animals
of the same genetic background and sex in future studies.
It is necessary to emphasize that the study was only conducted in liver; the ratio
of TPC1 to TPC2 may vary between diﬀerent tissue types. Furthermore, some tissues
may be more susceptible to sex hormone regulation than the others. Future studies on
the expression level of other mouse tissue types will be needed to validate the above
conclusions.
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3.2.3.2

Compensation exerted by the remaining TPC expression in TPC
single KOs.

Given that numerous pieces of evidence indicate that TPCs are the NAADP-gated Ca2+
channels and that NAADP is known to play an important role in many tissue and cell
systems including skeletal muscle diﬀerentiation [5, 103], it was surprising that single KO
mice were viable and exhibited no gross phenotypes. One possible explanation is that
TPCs are redundant. Additionally, it is likely that compensation has occurred, and the
expression of the remaining TPC or other proteins linked in the signalling pathway has
up or down-regulated in order to compensate for the eliminated TPC.
The possibility of compensation by the remaining TPC isoform in TPC single KOs was
examined by RT-qPCR. Since sex had been shown to have an eﬀect on TPC expression
in WT mice, any compensation was also likely to vary depending on the sex of the KO
mice. RT-qPCR analysis showed that when TPC1 was knocked out, there was no change
in the expression level of TPC2 mRNA in the male (Figure 3.22A), in contrast, the
expression level of TPC2 mRNA in the female mice was significantly increased by 15%
(Figure 3.22B). On the other hand, when TPC2 was knocked out, the level of TPC1
mRNA increased significantly (by 41%) in the male (Figure 3.22C) but not in the female
(Figure 3.22D). These results reveal that the expression of the remaining TPC is upregulated to compensate for the eliminated TPC, and that interestingly, this compensation
is sex-specific.
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Figure 3.22: Hepatic mRNA levels of TPC1 and TPC2 in the WT and TPC single KO mice
of each sex. Each TPC single KO was compared with the WT of the same genetic background.
TPC1 KO shares the same background as WT1, and TPC2 KO shares the same genetic background
as WT2. n = 4–8, ***P < 0.001, and **P < 0.01. The results were log transformed to enable a more
symmetrical distribution, thereby allowing parametric statistical tests to be performed [23, 85].
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3.2.4

Determining the level of TPC1 expression knocked down and the
possible compensatory TPC2 expression in TPC1 XG716.

In Section 3.2.1.4, the potential TPC1 KO generated by gene trapping (referred to as
TPC1 XG716) was suggested to be a TPC1 hypomorph, as some TPC1 expression has
been disrupted (detected by the TPC1- -geo mRNA) but not all (Figure 3.4).
Indeed, RT-qPCR showed that the level of TPC1 mRNA was significantly decreased
(49%) in the female TPC1 XG716 compared to WT2 (Figure 3.23B), however, no diﬀerence
was observed in the male (Figure 3.23A). These results demonstrated that the female TPC1
XG716 mouse is a TPC1 hypomorph, but not the male. Thus, the female TPC1 XG716
could be used as an appropriate model for studying the eﬀects of partial TPC1 knock
down in NAADP-mediated Ca2+ signalling. Furthermore, in TPC1 XG716, diﬀerences of
the TPC1 expression between sexes support the idea that the expression of TPC mRNAs
is sex-dependent. Sex-dependent regulation of TPC1 expression may have an impact on
the gene disruption in TPC1 XG716, resulting in the observed sex diﬀerences.
Interestingly, although the level of TPC1 mRNA in TPC1 XG716 was decreased
significantly in females, no diﬀerence was observed in the level of TPC2 compared to WT
(Figure 3.23D). This may be explained by the redundancy eﬀect. As TPC1 expression
was not completely abolished in TPC1 XG716, the residual TPC1 together with the basal
level of TPC2 may be suﬃcient to compensate for the loss of some TPC1 expression,
therefore there is no need for TPC2 expression to be up-regulated. In contrast, although
the level of TPC1 mRNA was not reduced in the male TPC1 XG716, the level of TPC2
mRNA still increased significantly (2.2-fold) compared to WT (Figure 3.23C). This is
highly unexpected, so it is assumed that insertion of gene trap vector had non-specific
eﬀects on gene expression.
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Figure 3.23: Hepatic mRNA levels of TPC1 and TPC2 in TPC1 XG716 and its respective
wild-type (WT2). n = 4–8, ***P < 0.001, and *P < 0.05. The results were log transformed
to enable a more symmetrical distribution, thereby allowing parametric statistical tests to be
performed [23, 85].
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3.2.5

Sex-dependent regulation of TPC mRNA expression

The observed sex-specific diﬀerences (Figure 3.21, 3.22 and 3.23) raise an interesting
question as to whether there are any sex-specific regulatory elements in TPC genes.
Searches in the ORegAnno (Open Regulatory Annotation) for reported regulatory regions
and transcription factor binding sites revealed an estrogen receptor ↵ (ER↵)-binding site
within the long intron of Tpcn1 in mouse liver, upstream of the gene trap insertion (Figure 3.24A) [105]. The presence of this ER↵-binding site provides a plausible explanation
for the higher TPC1 mRNA level in the wild-type (WT2) female compared to their male
counterparts (Figure 3.21). Furthermore, the close proximity between the ER↵-binding
site, the gene trap, and the promoter sites of Tpcn1 suggests that the insertion of gene
trap might aﬀect the regulation of the alternative promoter by the estrogen receptor
(Figure 3.24A). This may account for the reduced level of TPC1 mRNA in female and not
male TPC1 XG716 (Figure 3.22).
Surprisingly, although the sex-specific diﬀerence in the TPC2 mRNA expression was
more pronounced than that for TPC1 in both wild-types (Figure 3.21), no sex-specific
regulatory element was found near/in the Tpcn2 gene.
In an attempt to study the eﬀect of the ER↵-binding site on the regulation of TPC
mRNA expression, TPC mRNA levels was measured in mouse embryonic fibroblasts
(MEFs) after three-hour incubation in the presence and absence of the female hormone,
oestradiol (E2 ; 100 nM). RT-qPCR showed that the levels of both TPC1 and TPC2
mRNAs were significantly increased (13% and 14%, respectively) after E2 incubation
(Figure 3.24B). This provides preliminary evidence that a female sex hormone is involved
in regulating expression of both TPC1 and TPC2.
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Figure 3.24: (A) TPC1 mRNA/genomic DNA alignment indicating sites for ER↵-binding (red
arrow), potential promoter sites (green boxes) and the gene trap insertion site (black arrow). Blue
and red boxes indicate the untranslated and the translated exonic regions of mRNA, respectively.
The line indicates introns. (B) The eﬀect of 100 nM oestradiol (E2 ) on the expression levels of
TPC1 and TPC2 mRNA in MEFs. E2 and control MEFs were incubated with 100 nM E2 or the
control culture media for three hours. Results were normalized to the control value, n = 7, **P <
0.01, and *P < 0.05.
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3.2.6

Compensation exerted by the other proteins in TPC2 KO

Although in TPC single KOs, the redundancy and compensation of the remaining TPC
might alleviate some phenotypic eﬀects that would otherwise be caused by the eliminated
TPC, it is likely that other proteins in the same signalling pathway also play a part in
compensation. In collaboration with MRC Harwell (Oxfordshire, UK), microarray analysis
was conducted with male TPC2 KO mice (and the respective WT) on the global scale
in an attempt to identify proteins involved in the compensation. (Only male mice were
analyzed due to cost limitations). Thus, the expression levels of thousands of genes were
monitored simultaneously from the same RNA preparation.
Expression analysis from microarray showed that in total, 140 genes were up- or
down-regulated upon deletion of TPC2. Specifically, there was at least two-fold increase
in mRNA expression of 11 genes (Figure 3.25), and at least two-fold decrease in mRNA
expression of 129 genes in TPC2 KO compared to the WT (Figure 3.26). Description
of the genes is detailed in Appendix Tables 3.1 and 3.2. This supports the previous
hypothesis and suggests that the compensation occurred on a global scale.
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Figure 3.25: Genes for which expression was up-regulated by at least two-fold in the liver of
male TPC2 KO mice in comparison to the WT as measured by microarray analysis (n = 6). The
arrow indicates the gene further analysed by RT-qPCR. Description of the genes is detailed in
Appendix Table 3.1.
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Figure 3.26: Genes for which expression was down-regulated at least two-fold in the liver of
male TPC2 KO mice in comparison to the WT as determined by microarray analysis (n = 6).
The arrow indicates the gene further analysed by RT-qPCR. Description of the genes is detailed
in Appendix Table 3.2.
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The ability to screen thousands of genes simultaneously makes microarray analysis
a powerful tool to identify genes that are diﬀerentially expressed. However, the exact
level of expression still requires a more sophisticated technique, such as RT-qPCR. To
validate the microarray analysis by RT-qPCR, one gene that was up-regulated (Accn5 )
and another gene that was down-regulated (Klk6 ) were chosen to be further analysed by
RT-qPCR. These genes were chosen as they exhibited the greatest diﬀerential expression
values. Accn5 is the gene for intestinal amiloride-sensitive cation channel 5; Klk6 is
abbreviation of kallikrein 6. Slc12a3 was initially chosen as the down-regulated gene for
further investigation, but under the experimental conditions a good signal could not be
detected so Klk6 was selected instead.
RT-qPCR analysis showed that the level of Accn5 mRNA was indeed up-regulated in
TPC2 KO compared to the WT. In contrast to microarray analysis where nearly 10-fold
up-regulation was observed, RT-qPCR showed that the expression was only increased
roughly 1.6-fold in TPC2 KO compared to the WT (Figure 3.27). Surprisingly, although
the expression of Klk6 mRNA was shown to be down-regulated in the microarray analysis,
RT-qPCR showed that the expression was in fact up-regulated in TPC2 KO compared the
WT (Figure 3.27). It is important to note that during the RT-qPCR analysis, there was a
high degree of variations in the expression level of Klk6 in TPC2 KO. This suggests that
the probe and primer pair chosen to detect Klk6 might benefit from further optimisation.
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Figure 3.27: Expression analysis by RT-qPCR to confirm the results from microarray. The
expression levels of Accn5 and Klk6 mRNA were measured in WT and TPC2 KO male liver.
Accn5 and Klk6 were chosen based on their high degree of diﬀerential expression in microarray
analysis. Results are normalized to the lowest value of the control, n = 4, *P < 0.05.
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Overall, analyses from microarray and RT-qPCR showed that the expression levels of
many other proteins, in addition to the remaining isoform in TPC single KO (Figure 3.22),
are up- or down-regulated to compensate for the eliminated protein. This further suggests
that the lack of gross phenotypes observed in TPC DKO may be a result of multiple
compensatory mechanisms that have been invoked to counterbalance the deletion of the
proteins.
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3.2.7

Generation and analysis of TPC double KO (DKO) mouse

Thus far, TPC1 and TPC2 single KOs were generated as valuable tools for investigating
the physiological roles of each endogenous TPC. Interestingly, TPC single KOs exhibited no gross phenotypes. One possibility is that the function of TPCs is redundant
and the eliminated TPC can be compensated for by the remaining TPC to resume normal functions. To avoid the redundancy issue, TPC1 KOs (TPC1 D159) were further
bred with TPC2 KOs (TPC2 YHD437) to generate TPC double knockouts (DKO). Oﬀspring from breeding of TPC1 KO and TPC2 KO should be heterozygote for TPC1 and
TPC2 (TPC1+/ /TPC2+/ ). TPC1+/ /TPC2+/ mice were then crossed to obtain WT
(TPC1+/+ /TPC2+/+ ) and TPC1 and TPC2 homozygous mutant (TPC1

/

/TPC2

/

)

mice.
3.2.7.1

Genotypic analysis of TPC1 D159/TPC2 YHD437 mutant mice

Oﬀspring from crossing TPC1+/ /TPC2+/ mice were genotyped using genomic DNA
isolated from ear clips via the same 3-primer PCR strategy to identify the WT or TPC
mutant alleles that they carry. For TPC1, WT (+/+), TPC1 D159 homozygous (–/–)
and heterozygous (+/–) mice were defined by their WT TPC1 only (376 bp), homologous
recombinant TPC1 mutant only (459 bp), or both alleles respectively. For TPC2, WT
(+/+), TPC2 YHD437 homozygous (–/–) and heterozygous (+/–) mice were defined by
the presence of WT TPC2 only (493 bp), TPC2- -geo mutant only (336 bp), or both
alleles respectively.
To increase the chance of breeding mice homozygous for the mutant alleles (TPC1
/TPC2

/

/

), mice that were homozygous mutants for one gene and heterozygous for

another gene (such as TPC1

/

/TPC2+/ ) were bred with each other. Double TPC

mutants i.e. TPC1

/

were further bred to continue germ-line transmission of

/

/TPC2

TPC1 and TPC2 mutant alleles.
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Figure 3.28: 3-primer PCR analysis of genomic DNA isolated from mouse ear clips. Left, for
TPC1, WT (+/+), TPC1 D159 homozygous (–/–) and heterozygous (+/–) mice were defined by
their WT TPC1 only (376 bp), homologous recombinant TPC1 mutant only (459 bp), or both
alleles respectively. For TPC2, WT (+/+), TPC2 YHD437 homozygous (–/–) and heterozygous
(+/–) mice were defined by their WT TPC2 only (493 bp), TPC2- -geo mutant only (336 bp), or
both alleles respectively. Right, amplified regions in the genomic DNA. Thick lines represent the
amplified regions, black boxes with numbers indicate the exons and exon numbers, white boxes
indicate the gene targeting vector containing LacZ-neo marker/selection gene, or the gene trap
vector (splice acceptor (SA) sequence, -geo gene, and polyadenylation (pA) signal), thin lines
represent the introns, and vertical lines show primer loci.
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3.2.7.2

TPC1 D159/TPC2 YHD437 as the TPC double knockout (TPC
DKO) mouse

To confirm that the expression of both TPCs is abolished in TPC1

/

/TPC2

/

, RT-PCR

that probed TPC1 (exon 6–13; 606 bp) and TPC2 (exon 4–8; 564 bp) mRNA expression
was conducted. Analysis confirmed that expression of both TPCs were indeed abolished in
TPC1

/

/TPC2

/

in contrast to the WT, where both TPC1 and TPC2 were expressed.

To ensure that the lack of TPC1 and TPC2 expression in TPC1

/TPC2

/

was not

/

due to a batch of bad RNA extraction, a housekeeping gene, beta-Actin (Actb), was chosen
as a positive control. As expected, analysis showed that Actb was expressed in the WT and
TPC1

/

/TPC2

/

(447 bp, Figure 3.29). The results verified that TPC1

/

/TPC2

/

is a true TPC DKO where the expression of both TPCs was abolished.
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Figure 3.29: Left, RT-PCR analysis of the mouse hepatic total RNA showed that TPC1 (Exon
6–13, 606 bp) and TPC2 mRNA (Exon 4–8; 564 bp) were both expressed in the WT, but
completely abolished in TPC1 / /TPC2 / . A housekeeping gene, beta-Actin (Actb), that acted
as a positive control was shown to express in both WT and TPC1 / /TPC2 / (Exon 2–4,
447 bp). Right, amplified regions in the mRNAs. Black lines represent the amplified regions, and
black boxes with numbers indicate the exons and exon numbers.
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3.3

Discussion

The lack of selective inhibitors and the diﬃculties in abolishing gene expression in primary
cells prompted generation of TPC single KO mice in order to distinguish the physiological
roles of each TPC isoform. Three TPC single mutant ES cell lines, TPC1 XG716, TPC1
D159, and TPC2 YHD437, were obtained from government funded knockout consortia.
TPC mutant mice were then generated in collaboration with Harwell or obtained directly
from EMMA; these mutant mice were first validated by 3-primer PCR to ensure they
are homozygous carrying mutant alleles (–/–) introduced by either gene trapping or gene
targeting (Figure 3.3, 3.10, and 3.15). Disruption of the gene expression resulting from the
mutation was then examined by RT-PCR. RT-PCR established that single TPC mutants,
TPC1 D159 and TPC2 YHD437 were the true TPC1 and TPC2 single KOs, respectively
(Figure 3.11, and 3.16).

3.3.1

TPC1 mRNA expression in TPC1 XG716

Although the Tpcn1 gene was mutated by the insertion of the gene trap vector, TPC1
mRNA was still expressed in TPC1 XG716 (Figure 3.4). The observed TPC1 mRNA
expression in TPC1 XG716 comprised both the

N-TPC1 (the shorter TPC1 variant),

and the longer TPC1 mRNA that escaped from the trap (Figure 3.30). Initiation of the
N-TPC1 transcription was possibly driven from an alternative promoter downstream of
the gene trap vector insertion, thus avoiding the trap. Long introns have been associated
with flanking alternatively skipped exons and this is likely to be the reason for the gene
trap skipping [137]. Indeed, in TPC1 XG716, the gene trap vector was inserted in the
long intron (intron 2) of Tpcn1, which is more likely to be involved in alternative splicing.
It is possible that alternative splicing occurred around the long intron of Tpcn1, thereby
escaping the entrapment.
Although the gene trap was skipped, this was not constitutive as some TPC1 mRNAs
were being trapped. This suggests that the expression of TPC1 was partially knocked
down in TPC1 XG716. Precise quantitation by RT-qPCR revealed that TPC1 XG716
was indeed a hypomorph (a partial knockdown of TPC1), the expression level of TPC1
mRNA being significantly reduced, but interestingly only in the female and not male liver
(Figure 3.22). The expression level was reduced by roughly 50%, suggesting that TPC1
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Figure 3.30: An explanation of the observed TPC1 mRNA expression in TPC1 XG716. The
gene trap vector comprises a splice acceptor (SA) sequence, the -geo gene, and a polyadenylation
(pA) signal. During transcription, the SA sequence recruits the endogenous splicing machinery
and interrupts normal splicing. The splicing process terminates at the pA signal and produced a
TPC1- -geo mRNA. Although the gene trap vector was inserted in the intron 2 of Tpcn1, the
observed TPC1 mRNA expression may be attributed to a longer TPC1 mRNA that escaped the
trapping as a result of alternative splicing, and the presence of the shorter N-TPC1 mRNA.
During normal splicing, TPC1 was fused to -geo mRNA whereas during alternative splicing,
the endogenous splicing machinery bypassed the SA sequence and spliced exons downstream of
the vector, producing the longer mRNA. The promoter for transcribing N-TPC1 was possibly
downstream of the gene trap vector, therefore the expression of N-TPC1 mRNA was unaﬀected.

XG716 could be used as an informative model to study TPC1 functions. The degree of
compensation in TPC1 XG716 might be much milder than in the full KO, thus possibly
allowing a truer phenotypic representation of the eﬀect of reducing TPC1 expression.
In an attempt to explain the sex-specific TPC1 mRNA reduction in TPC1 XG716, a sexspecific regulatory element, ER↵-binding site was found in the Tpcn1 gene (Figure 3.24A).
This regulatory element was located in intron 2 in close proximity to the gene trap
insertion site, and also to the alternative promoters of

N-TPC1. It is possible that

the insertion of the vector aﬀects the regulation of the alternative promoter by estrogen
receptor. Additionally, whether the reduced level was due to disruptions of the longer or the
alternative TPC1 mRNA expression remains to be clarified, as RT-qPCR amplification was
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performed between Tpcn1 exon 15 to 16, which is included in both mRNAs. Furthermore,
it is important to note that RT-qPCR was only conducted on liver tissue, and the level of
reduction might vary between diﬀerent tissue types due to diﬀerent regulatory elements.

3.3.2

Expression of TPC1 and TPC2

TPC1 and TPC2 mRNAs were shown to co-express in a broad range of tissues (Figure 3.7
and 3.17A). This together with the reported versatility of NAADP signalling in various
cell or tissue systems [103] suggests that TPCs have a fundamental role in organisms.
However, the co-expression of TPCs makes it diﬃcult to identify their individual roles.
The TPC single KO mice generated here should help to diﬀerentiate the physiological
roles of each TPC isoform. Additionally, to further dissect their roles, the subcellular
localizations of TPCs will be investigated in Chapter 4.
RT-qPCR in mouse livers of two genetic background strains revealed that TPC1 is
the predominant isoform over to TPC2 at the RNA level (Figure 3.21). This agrees with
the findings of Zong et al. where higher mouse TPC1 mRNA expression was observed
by northern blotting [307]. Additionally, TPC1 has also been reported as the isoform
predominantly expressed in human (SKBR3 cell line), rat (PC12 cell line) and sea urchin
(eggs) [39]. Although TPC1 mRNA is more abundant, it remains unclear as to whether
this translates into higher protein abundance as discrepancies are often observed between
the reported mRNA and protein levels [211]. The discrepancies can arise from the
true biological diﬀerences between the abundance of mRNA and protein, or from other
methodological issues such as the sensitivity of the techniques and sample processing [211].
One item of evidence to support the observation that protein expression of TPC1 is
higher than TPC2 comes from western blotting using anti- -galactosidase antibody to
probe for the TPC- -galactosidase proteins in tissues from TPC gene-trapped mutants.
Under the same conditions, the western blots revealed a much more prominent band in
TPC1 XG716 than in TPC2 KO (Figure 3.18). The band for TPC2 was barely visible.
It is also important to note that not all TPC1 proteins were trapped. The detected
expression only indicated a portion of the trapped TPC1 expression; this further suggests
that the overall TPC1 expression is higher than TPC2. However, there is always the
possibility that the insertion of the gene trap vector might aﬀect the promoter of the
136

3.3 Discussion
gene, thus aﬀecting the detected trapped expression. Nevertheless, the results reported
here strongly suggest that the expression level of endogenous TPC1 protein is higher than
TPC2 in mouse tissue types.
A recent study has reported that although both TPCs were expressed in undiﬀerentiated
myoblasts and in the earliest embryonic stages of skeletal muscle, only the expression
level of TPC2 mRNA was down-regulated during diﬀerentiation and skeletal muscle
development [5]. As the tissue used in the expression studies was liver from adult mice
(⇠8 weeks), it is possible that TPC2 expression has already become down-regulated during
development similar to skeletal muscle. Therefore, the expression of TPC2 appears to be
lower than TPC1 in the adult mouse.
In order to confirm that the endogenous TPC proteins are expressed in a wide range
of tissues, our lab has developed anti-sera against mouse and human TPC1. Some TPC1
anti-sera (targeting epitope set A and B, Table 3.1) recognized mouse TPC1 in the
TPC1-mCherry-overexpressing membranes in western blotting (Figure 3.12). However,
they were unable to detect the endogenous TPC1 protein in hepatic membranes.
Possible explanations for this are that the detection method was not sensitive enough,
and/or the endogenous signal is masked by stronger signals from non-specific bands
detected by other IgGs in the rabbit serum. These problems might be overcome by
purifications of the specific antibodies. Since TPC1 antibodies were from rabbit serum,
antibody purification might be needed to enrich TPC1-specific antibodies and thus
eliminate non-specific interactions in anti-TPC1 sera (i.e. improve signal to noise ratio).
Purification of TPC1 anti-sera might yield antibodies suitable for detecting the endogenous
TPC1 protein, and thereby useful to determine which tissue type TPC1 protein is expressed.
Alternatively, a more sensitive detection method may need to be used.
Although in-house antibodies were unable to directly detect the endogenous TPC
proteins, endogenous expression was identified by the reporter TPC- -galactoidase fusion
protein in the TPC1 XG716. The bands detected for TPC1- -galactosidase were slightly
higher than the predicted size, this may be a result of post-translational modification such
as glycosylation. Glycosylation may be tested by endoglycosidases, Peptide: N-Glycosidase
F (PNGase-F), which cleaves oligosaccharides from glycoproteins or glycolipids. This
should shift the bands to a smaller size.
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Consistent with the endogenous expression pattern of TPC1 mRNA (Figure 3.7),
TPC1- -galactosidase protein was shown to be expressed in liver, brain, kidney, and
spleen. In liver [52] and brain [215], NAADP has been shown to bind to these tissue
membranes. Furthermore, NAADP has been shown to release Ca2+ from microsomes in
hepatocytes [177]. However, the function of NAADP in kidney has not been investigated.
Given the high expression level of TPC1 in liver and kidney, and that NAADP has shown
to play a role in liver, it is likely that NAADP also plays a role in kidney.
It is important to understand the tissue expression profiles of diﬀerent protein isoforms.
For instance, ryanodine receptors (RyRs) have three isoforms; RyR1, RyR2, and RyR3.
Each isoform has a diﬀerential tissue expression: RyR1 is predominantly expressed in
skeletal muscle, whereas RyR2 is found in cardiac muscle [93]. Mirroring this principal
tissue-expression profile, mutations in those isoforms are intricately linked to several
debilitating skeletal or cardiac myopathies in human [149, 175]. Thus, tissue distribution
of TPC protein expression should be further explored when specific TPC antibodies
become available.

3.3.3

Expression of

N-TPC1

Genes with alternative promoters are reported to be more diﬀerentially expressed and/or
susceptible to diseases such as cancer [164]. The discovery of

N-TPC1 raises the question

as to whether its expression is tissue-specific. Interestingly, the expression of

N-TPC1

was found in all the tissues tested (Figure 3.7B), suggesting potential roles of this variant
in a broad range of tissues. This expression pattern is also consistent with the expression
pattern of the lower TPC1 bands (i.e. a smaller molecular weight) in the northern
blot [307].
Searches in the human cDNA library also revealed homologues of a longer TPC1
variant (e.g. BC150203) and a shorter
mouse

N-TPC1, human

N-TPC1 (accession number AK296268). Like

N-TPC1 was also initiated in the long intron 2, possibly

from an alternative promoter. Similar to the predicted protein sequence in mice, it had a
truncation of 68 amino acid residues in the N-terminus. This suggests that

N-TPC1 may

be evolutionarily conserved. Interestingly, searches in mouse or human cDNA libraries did
not find an equivalent

N isoform of TPC2, this might be because Tpcn2 gene does not
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have a long intron near the 5’-end like Tpcn1, thereby the chance of having an alternative
promoter is reduced.
In this chapter, the characterization of

N-TPC1 was only conducted at the mRNA

level; whether or not this mRNA can be translated successfully into protein is still unknown.
The fact that this mRNA has an alternative start codon suggests that

N-TPC1 is not

a futile mRNA; it is likely to be translated into a protein. If this indeed is the case, it
would be interesting to investigate its role in NAADP-mediated signalling. There are
many proteins in the literature that have a N-terminally truncated form attributed to
the presence of alternative promoters [147]. Some alternative forms, such as

Np73 and

Np63 of p73 (tumor protein p73) and p63 (tumor protein p63) respectively, function as
dominant negatives, whilst others such as DNMT3a2 ( N variant of cytosine 5-methyl
transferase enzyme) functions the same but its intracellular localization is altered compared
to the full length form [147]. Thus, the next key step is to determine whether

N-TPC1

mRNA could be successfully translated into protein. This question will be addressed in
Chapter 4.

3.3.4

Sex-dependent regulation of TPC expression

Sex-specific diﬀerences were observed in the endogenous levels of TPC mRNAs in wildtypes. In female, the level of TPC2 mRNA was shown to be higher than the male in two
diﬀerent genetic background strains (Figure 3.21). Similarly, the level of TPC1 mRNA
was shown to be higher in female than male in one strain but not in the other. The
ER↵-binding site found in Tpcn1 (described above) may help to explain the sex-related
diﬀerences. Although searches did not find any sex-specific regulatory element in Tpcn2, it
is speculated that TPC2 gene might also be regulated by sex-specific regulatory elements
that have yet been reported. Sex-dependent regulation is not unique to TPCs: many
other non-selective cation channels in the TRP (Transient Receptor Potential) family have
also been reported to be regulated by sex hormones, including TRPC4 by estrogen [62],
TRPM8 by testosterone [32], TRPV4 [132] and TRPV6 [37] by progesterone.
Expression studies in MEFs provided preliminary evidence that regulation of TPC
mRNA expression might be sex-dependent. A three-hour incubation of oestradiol (100
nM) significantly up-regulated both TPC1 and TPC2 mRNA expression (Figure 3.24B).
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However, the increase was only ⇠1.13-fold. Estrogen has been reported to up-regulate
expression of other genes, for example, ↵2C -adrenoceptors in smooth muscle by 2–4fold [91], and eNOS (endothelial nitric oxide synthase) and iNOS (inducible nitric oxide
synthase) in coronary artery by 1.7- and 27-fold, respectively [186]. The extent of upregulation observed in this study therefore seemed modest. There are two possible reasons
for this: MEF cells were originally prepared from a mixture of male and female embryos
and additionally this cell type may not exhibit high expression of estrogen receptors.
Future expression studies in MEF cells stably transfected with estrogen receptor, or in
other cells expressing a high level of estrogen receptors, such as female breast cancer cells,
MCF-7, may yield more information on the sex-dependent regulation of TPC expression.

3.3.5

Compensation in TPC KOs

Given that TPCs are likely to be fundamentally important in organisms, it is surprising
that in TPC single KOs, mice exhibited no gross phenotypes. In TPC single KOs,
the phenotypes arising from the loss of individual proteins were probably alleviated by
redundancy and/or compensation by the remaining TPC, and also by compensation by
other proteins. Indeed, RT-qPCR in TPC single KOs revealed that the expression of the
remaining TPC was up-regulated to compensate for the loss of one isoform (Figure 3.22).
Furthermore, the compensation was sex-specific. It is diﬃcult to interpret the observed
sex-specific diﬀerences, although it can be speculated that the significant increase in the
level of TPC1 mRNA in the male and not female TPC2 KO mice was due to a lower basal
level of TPC1 mRNA in the male WT2. Thus when TPC2 mRNA was abolished, an
up-regulation of TPC1 expression was required for the loss of TPC2 in males to function
normally. The basal level of TPC1 mRNA in females was higher, therefore it might be
suﬃcient to compensate for the loss of TPC2.
Interestingly, when TPC1 was knocked out, TPC2 mRNA expression was up-regulated
in female TPC1 KOs but not in male. This was not expected. As the basal level of TPC2
is significantly lower in male than in female WT1, a higher degree of TPC2 compensation
in the males would be expected. Until more is known about the functions and regulatory
elements of individual TPCs in liver, it will be diﬃcult to interpret the results from the
RT-qPCR analysis. Despite the diﬃculty in inferring the physiological function, the data
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clearly showed that the expression of the remaining TPC is sex-specifically up-regulated
to compensate for the loss of the other isoform in TPC single KOs.
Compensation by the other proteins was also investigated at a global level by microarray
analysis. Expression analysis revealed a large number of genes whose expression was
either up- or down-regulated in TPC2 KO compared to the WT. The vast numbers of
genes involved in compensation for the deletion of a single gene indicates the complexity
of cellular expression in restoring normal functions.
In microarray analysis, the gene that was most up-regulated in TPC2 KO was Accn5
(Figure 3.25), and RT-qPCR also showed that Accn5 was up-regulated (Figure 3.27). Accn5
(amiloride-sensitive cation channel 5) belongs to the amiloride-sensitive degenerin/epithelial
Na+ channel (DEG/ENaC) family [288] and is predicted to function in epithelial transport.
In mouse, the predominant tissue expression of Accn5 is in brain, liver, small intestine,
kidney, and lung [244]. Based on the localization of its human homologue, Accn5 is likely
to localize to the plasma membrane [247]. Channel electrophysiology has shown that
Accn5 is selective for Na+ and is constitutively active at physiological extracellular ion
concentrations [288]. In TPC2 KO, it is possible that deletion of TPC2 would reduce the
NAADP-elicited Ca2+ release from acidic stores (the trigger response) and the subsequent
Ca2+ release from the ER (by CICR). The reduced Ca2+ release in the cytosol would
then reduce the activity of Na+ /Ca2+ electrogenic exchanger (NCX). NCX removes one
Ca2+ ion from the cytosol in exchange for three Na+ ions, resulting in net movement of
one positive charge [72]. Thus, in TPC2 KO, less Na+ will be imported into the cytosol
as less Ca2+ needs to be removed in order to maintain Ca2+ homeostasis. However, the
membrane potential may become more hyperpolarized as there is a reduced positive charge
moving into the cell. Accn5 would therefore become up-regulated to increase Na+ influx
to maintain the electrochemical gradient.
In microarray analysis, Klk6 was down-regulated in TPC2 KO male mice. Klk6 is
known as kallikrein 1 (Klk1 ), a tissue kallikrein, and is a serine protease that forms
kallidin from kininogen [54, 232]. Kallidin activates kinin receptor type 1 (B1 ) but more
potently at the type 2 (B2 ) [54]. Activation of B2 kinin receptor is known to lead to
endothelium-dependent vasodilatation [281]. NAADP has been reported to play a role in
vasoconstriction of pulmonary [36, 138] and coronary [302, 303] arterial smooth muscle
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cells. In TPC2 KO, NAADP-mediated vasoconstriction is likely to be reduced, thus Klk6
may be down-regulated to prevent excessive vasodilatation.
However, determination of the Klk6 mRNA level using RT-qPCR showed that the
level was significantly up-regulated in TPC2 KO (Figure 3.27). Although discrepancies
between microarray analysis and RT-qPCR often occur, it is rarely to this extent. In
general, RT-qPCR oﬀers a more accurate estimate of the relative expressions. The polarity
of the regulation (i.e. up- or down-regulation), however, usually correlates between the
two methods [167], but for Klk6, the discrepancy was both in extent and direction. This is
probably due to the fluorescent probe and primer set used for detecting Klk6 in RT-qPCR
as a high variability was observed across the samples. Future studies with a better set
of fluorescent probe and primers are needed to confirm the microarray findings. It is
important to emphasize that all expression analyses, by both RT-qPCR and microarray,
were conducted only on liver tissue. Since each TPC isoform may have a diﬀerential
role in diﬀerent tissues, the degree of redundancy and compensation may therefore vary
between tissues.
Although compensatory mechanisms might be complicating the interpretation, the
generation of single TPC knockouts has proven highly beneficial in studying endogenous
functions of single TPC isoforms. Using TPC2 KO mice, TPC2 has been shown to play a
crucial role in NAADP-mediated responses in pancreatic -cells [52] and bladder smooth
muscle [90]. It is possible that in these systems, TPC2 is the dominant channel; or
alternatively, that there is not the scope for TPC redundancy here compared to other
tissue types in which TPCs are more redundant, and the loss of one isoform can be
functionally compensated for by the remaining isoform. It would be interesting to measure
the levels of TPC mRNAs in pancreatic -cells and bladder smooth muscle to determine
whether TPC2 is the predominant isoform, and the extent of compensation provided
by the remaining TPC. There are two IP3 receptor subtypes that are important in the
mouse pancreatic acinar cells, IP3 R2 and IP3 R3. While knocking out one IP3 R failed to
significantly alter agonist-induced Ca2+ signalling in pancreatic acinar cells, knocking out
both IP3 R2 and IP3 R3 completely abrogated the agonist-induced Ca2+ signalling [99].
To circumvent the eﬀects of redundancy and compensation by the remaining isoform
in single KOs, TPC1 and TPC2 double KO (TPC DKO) were generated (Figure 3.29).
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The TPC DKO will hopefully elucidate important physiological functions governed by the
TPC family, in particular, systems where both genes are highly redundant. Furthermore,
similar to TPC single KOs, no gross phenotypes were observed in TPC DKO mice. This
emphasizes the significance of compensatory mechanisms that are involved to tolerate the
deletion of two proteins.
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3.4

Conclusions

Expression analysis showed that mouse TPC1 and TPC2 are co-expressed in a broad range
of tissue types. This is consistent with the study by Zong et al. [307] and implies their
fundamental importance in multicellular organisms. Resolving the subcellular localizations
of both TPCs will greatly assist further elucidation of their individual roles.
RT-qPCR analysis showed that in mouse liver, the level of TPC1 expression was
significant higher than TPC2, supporting the study by findings by Brailoiu et al. [39], in
which the expression level of TPC1 was found to be higher in sea urchin eggs, rat (PC12)
and human (SKBR3) cell lines. The expression of TPCs was also shown to be dependent
on the sex and genetic background. Preliminary experiment with oestradiol treatment
also supports the finding that the regulation of TPC expression is sex-dependent, possibly
by an estrogen promoter.
Table 3.3 shows a set of useful mouse models that has been generated. RT-qPCR
analysis demonstrated that the remaining isoform could up-regulate to compensate in TPC
single KOs. Microarray analysis in TPC2 KO male mice also showed that compensation
could occur by up- or down-regulation of other genes. The occurrence of compensation
may help to explain the lack of gross phenotypes observed in these mice mutants.
Although the TPC1 hypomorph was an incomplete knockout, during validation it led
to the discovery of an alternative TPC1 mRNA ( N-TPC1). Furthermore, the reporter
gene in TPC1 hypomorph was useful in providing information such as the expression
level and pattern of endogenous TPC1 protein. Using the TPC KO mice generated and
characterized in this chapter, it will be exciting to embark on a new era of understanding
the endogenous functions of the TPC family.

Mice
TPC1 KO
TPC1 H
TPC2 KO
TPC DKO

Expression
TPC1 TPC2

⇥
#
X

⇥

X
X

⇥
⇥

Respective WT
WT1
WT2
WT2
WTD

Table 3.3: Characterization of TPC mutant mice. ⇥ indicates no expression, X indicates
expression, and # indicates a lower expression. The respective wild-type (WT) indicates the WT
mice that shared the same genetic background as the mutant mice. Abbreviations: KO, knockout;
H, hypomorph; DKO, double knockout.
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Table 3.1: Description of the genes that were up-regulated by at least two fold in TPC2 KO
compared to the WT as measured by microarray analysis.
Gene

Accession number

Tnmd

NM022322

Lias

AK003351

2010321J07Rik

NM028094

2200002D01Rik

AK008617

Description
Mus musculus tenomodulin (Tnmd), mRNA.
Mus musculus 18-day embryo whole body cDNA, RIKEN full-length enriched library,
clone:1110003F10 product:unclassifiable, full
Mus musculus RIKEN cDNA 2010321J07 gene (2010321J07Rik), mRNA.
Mus musculus adult male stomach cDNA, RIKEN full-length enriched library,
clone:2200002D01 product:weakly similar to HAI-2 RELATED

Apip

NM019735

Mus musculus monocyte macrophage 19 (Mmrp19), mRNA.

Cxcl13

NM018866

Mus musculus chemokine (C-X-C motif) ligand 13 (Cxcl13), mRNA.

Asns

NM012055

Mus musculus asparagine synthetase (Asns), mRNA.

Rbp1

NM011254

Mus musculus retinol binding protein 1, cellular (Rbp1), mRNA.

2200001I15Rik

NM183278

Mus musculus RIKEN cDNA 2200001I15 gene (2200001I15Rik), mRNA.

Accn5

NM021370

Mus musculus amiloride-sensitive cation channel 5, intestinal (Accn5), mRNA.

Fpr-rs7

NM177317

Mus musculus formyl peptide receptor, related sequence 7 (Fpr-rs7), mRNA.
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Table 3.2: Description of the genes that were down-regulated by at least two fold in TPC2 KO
compared to the WT as measured by microarray analysis.
Gene

Accession number

Description

Dpep1

NM007876

Mus musculus dipeptidase 1 (renal) (Dpep1), mRNA.

Tacstd1

NM008532

Slc6a18

NM011730

Mus musculus tumor-associated calcium signal transducer 1 (Tacstd1), mRNA.
Mus musculus solute carrier family 6 (neurotransmitter transporter), member 18 (Slc6a18),
mRNA.

Evc

NM021292

Mus musculus Ellis van Creveld gene homolog (human) (Evc), mRNA.

Tmem27

NM020626

Mus musculus transmembrane protein 27 (Tmem27), mRNA.

Lamb1-1

NM008482

Mus musculus laminin B1 subunit 1 (Lamb1-1), mRNA.

Ly6a

NM010738

Slc1a1

NM009199

Mus musculus lymphocyte antigen 6 complex, locus A (Ly6a), mRNA.
Mus musculus solute carrier family 1 (neuronal/epithelial high aﬃnity glutamate transporter,
system Xag), member 1 (Slc1a1),

Prss8

NM133351

Mus musculus protease, serine, 8 (prostasin) (Prss8), mRNA.

Inpp5a

NM183144

Mus musculus inositol polyphosphate-5-phosphatase A (Inpp5a), mRNA.

Ly6d

NM010742

Mus musculus lymphocyte antigen 6 complex, locus D (Ly6d), mRNA.

Slc12a1

NM183354

Mus musculus solute carrier family 12, member 1 (Slc12a1), transcript variant 2, mRNA.

D630035O19Rik

NM145932

Mus musculus RIKEN cDNA D630035O19 gene (D630035O19Rik), mRNA.

Akp2

NM007431

Mus musculus alkaline phosphatase 2, liver (Akp2), mRNA.

Amn

NM033603

Mus musculus amnionless (Amn), mRNA.

2010204K13Rik

NM023450

Mus musculus RIKEN cDNA 2010204K13 gene (2010204K13Rik), mRNA.

Nox4

NM015760

Mus musculus NADPH oxidase 4 (Nox4), mRNA.

Igf2bp1

NM009951

Mus musculus insulin-like growth factor 2, binding protein 1 (Igf2bp1), mRNA.

Bicc1

NM031397

Slc22a5

NM011396

Mus musculus bicaudal C homolog 1 (Drosophila) (Bicc1), mRNA.
Mus musculus solute carrier family 22 (organic cation transporter), member 5 (Slc22a5),
mRNA.

Slc12a3

NM019415

Mus musculus solute carrier family 12, member 3 (Slc12a3), mRNA.

9130020G10Rik

NM025786

A330103N21Rik

AK020732

Slc22a12

NM009203

Mus musculus RIKEN cDNA 9130020G10 gene (9130020G10Rik), mRNA.
Mus musculus adult male spinal cord cDNA, RIKEN full-length enriched library,
clone:A330103N21 product:unclassifiable, full
Mus musculus solute carrier family 22 (organic anion/cation transporter), member 12
(Slc22a12), mRNA.

Atp1b1

NM009721

Slc5a2

NM133254

Mus musculus ATPase, Na+/K+ transporting, beta 1 polypeptide (Atp1b1), mRNA.
Mus musculus solute carrier family 5 (sodium/glucose cotransporter), member 2 (Slc5a2),
mRNA.

Mep1a

NM008585

Mus musculus meprin 1 alpha (Mep1a), mRNA.

Timp3

NM011595

Mus musculus tissue inhibitor of metalloproteinase 3 (Timp3), mRNA.

Atp6v1a1

NM007508

Mus musculus ATPase, H+ transporting, V1 subunit A, isoform 1 (Atp6v1a1), mRNA.

Plxdc2

NM026162

Mus musculus plexin domain containing 2 (Plxdc2), mRNA.

0610006O14Rik

NM133764

Mus musculus RIKEN cDNA 0610006O14 gene (0610006O14Rik), mRNA.

Tm7sf1

NM031999

Mus musculus transmembrane 7 superfamily member 1 (Tm7sf1), mRNA.

BC035947

NM178117

Mus musculus cDNA sequence BC035947 (BC035947), mRNA.

Atp6v1b2

NM007509

4933421H10Rik

AK036871

Mus musculus ATPase, H+ transporting, V1 subunit B, isoform 2 (Atp6v1b2), mRNA.
Mus musculus adult female vagina cDNA, RIKEN full-length enriched library,
clone:9930020M10 product:similar to CDNA FLJ32111 FIS,

C130037N17Rik

NM198024

Syt11

AK017268

Maf

BC041683

Mus musculus RIKEN cDNA C130037N17 gene (C130037N17Rik), mRNA.
Mus musculus 6 days neonate head cDNA, RIKEN full-length enriched library,
clone:5430404N14 product:unknown EST, full insert
Mus musculus avian musculoaponeurotic fibrosarcoma (v-maf) AS42 oncogene homolog,
mRNA (cDNA clone IMAGE:4221113), partial cds.

Col4a1

NM009931

Mus musculus procollagen, type IV, alpha 1 (Col4a1), mRNA.

Vil2

NM009510

0610009B10Rik

BC030878

Mus musculus villin 2 (Vil2), mRNA.
Mus musculus RIKEN cDNA 0610009B10 gene, mRNA (cDNA clone MGC:31388 IMAGE:4241631), complete cds.

C030022K24Rik

NM029912

Mus musculus RIKEN cDNA C030022K24 gene (C030022K24Rik), mRNA.

2010001H14Rik

NM027227

Mus musculus RIKEN cDNA 2010001H14 gene (2010001H14Rik), mRNA.

D630029K05Rik

NM175330

Slc16a9

NM025807

Mus musculus RIKEN cDNA D630029K05 gene (D630029K05Rik), mRNA.
Mus musculus solute carrier family 16 (monocarboxylic acid transporters), member 9
(Slc16a9), mRNA.

(Continued overleaf )
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Table 3.2: Description of the genes that were down-regulated by at least two fold in TPC2 KO
compared to the WT as measured by microarray analysis. (Continued)
Gene

Accession number

0610030I09Rik

NM001001444

Glb1l

BC021773

Description
Mus musculus defensin beta 29 (Defb29), mRNA.
Mus musculus galactosidase, beta 1-like, mRNA (cDNA clone MGC:28635 IMAGE:4222994),
complete cds.

Phf6

NM027642

Mus musculus PHD finger protein 6 (Phf6), mRNA.

Ndrl

NM008681

Mus musculus N-myc downstream regulated-like (Ndrl), mRNA.

AI467606

NM178901

Mus musculus expressed sequence AI467606 (AI467606), mRNA.

Fhl1

NM010211

Mus musculus four and a half LIM domains 1 (Fhl1), mRNA.

4833439L19Rik

NM133797

Mus musculus RIKEN cDNA 4833439L19 gene (4833439L19Rik), mRNA.

Map17

NM026018

Slc22a6

NM008766

Rab11fip5

NM177466

2210404O07Rik

BC036160

Mus musculus membrane-associated protein 17 (Map17), mRNA.
Mus musculus solute carrier family 22 (organic anion transporter), member 6 (Slc22a6),
mRNA.
synonyms: GAF1, RIP11, C75969, D6Ertd32e, mKIAA0857, 9130206P09Rik; isoform 1 is
encoded by transcript variant 1; Mus musculus RAB11 family interacting protein 5 (class
I) (Rab11fip5), transcript variant 1, mRNA.; isoform 2 is encoded by transcript variant 2;
Mus musculus RAB11 family interacting protein 5 (class I) (Rab11fip5), transcript variant
2, mRNA.
Mus musculus RIKEN cDNA 2210404O07 gene, mRNA (cDNA clone IMAGE:4984207),
partial cds.

Umod

NM009470

Lrpap1

NM013587

Gatm

NM025961

Adra2b

BC055783

Mus musculus uromodulin (Umod), mRNA.
Mus musculus low density lipoprotein receptor-related protein associated protein 1 (Lrpap1),
mRNA.
Mus musculus glycine amidinotransferase (L-arginine:glycine amidinotransferase) (Gatm),
mRNA.
Mus musculus adrenergic receptor, alpha 2b, mRNA (cDNA clone IMAGE:6404050), partial
cds.

Tacstd2

NM020047

Mus musculus tumor-associated calcium signal transducer 2 (Tacstd2), mRNA.

Ngfa; Klk5

NM010915

Mus musculus kallikrein 5 (Klk5), mRNA.

Pdzk1

NM21517

Mus musculus PDZ domain containing 1 (Pdzk1), mRNA.

Dab2

NM023118

D630042F21Rik

AK085571

1700016C15Rik

AK006014

Mus musculus disabled homolog 2 (Drosophila) (Dab2), mRNA.
Mus musculus 0 day neonate kidney cDNA, RIKEN full-length enriched library,
clone:D630042F21 product:unknown EST, full insert
Mus musculus adult male testis cDNA, RIKEN full-length enriched library, clone:1700016C15
product:hypothetical protein, full insert

Tcfcp2l1

NM023755

Mus musculus transcription factor CP2-like 1 (Tcfcp2l1), mRNA.

Gstm5

NM010360

Mus musculus glutathione S-transferase, mu 5 (Gstm5), mRNA.

Cyp2j13

NM145548

2810434M15Rik

AK013242

M6B; Gpm6; AI593561

AK020224

Mus musculus cytochrome P450, family 2, subfamily j, polypeptide 13 (Cyp2j13), mRNA.
Mus musculus 10, 11 days embryo whole body cDNA, RIKEN full-length enriched library,
clone:2810434M15 product:hypothetical protein,
Mus musculus 15 days embryo male testis cDNA, RIKEN full-length enriched library,
clone:8030496P19 product:glycoprotein m6b, full

Gabrp

NM146017

Bsnd

NM080458

Mus musculus gamma-aminobutyric acid (GABA-A) receptor, pi (Gabrp), mRNA.
Mus musculus Bartter syndrome, infantile, with sensorineural deafness (Barttin) (Bsnd),
mRNA.

Slc34a1

NM011392

Mus musculus solute carrier family 34 (sodium phosphate), member 1 (Slc34a1), mRNA.

Scnn1g

NM011326

Mus musculus sodium channel, nonvoltage-gated 1 gamma (Scnn1g), mRNA.

Gpr56

NM018882

Mus musculus G protein-coupled receptor 56 (Gpr56), mRNA.

2410014A08Rik

NM175403

Mus musculus RIKEN cDNA 2410014A08 gene (2410014A08Rik), mRNA.

B130017I01Rik

NM172525

Mus musculus RIKEN cDNA B130017I01 gene (B130017I01Rik), mRNA.

D030060O14Rik

NM153140

Mus musculus RIKEN cDNA D030060O14 gene (D030060O14Rik), mRNA.

Cpe

NM013494

Mus musculus carboxypeptidase E (Cpe), mRNA.

Neu1

NM010893

Mus musculus neuraminidase 1 (Neu1), mRNA.

Nqo1

NM008706

Mus musculus NAD(P)H dehydrogenase, quinone 1 (Nqo1), mRNA.

Defb1

NM007843

Mus musculus defensin beta 1 (Defb1), mRNA.

Uchl1

NM011670

Mus musculus ubiquitin carboxy-terminal hydrolase L1 (Uchl1), mRNA.

Prss35

NM178738

Mus musculus protease, serine, 35 (Prss35), mRNA.

Star

NM011485

Mus musculus steroidogenic acute regulatory protein (Star), mRNA.

Klk6

NM010639

Mus musculus kallikrein 6 (Klk6), mRNA.

Aldoa

NM007438

Mus musculus aldolase 1, A isoform (Aldoa), mRNA.

beta enolase

X70182

M.musculus mRNA for muscle-specific beta enolase.

Gmds

NM146041

Mus musculus GDP-mannose 4, 6-dehydratase (Gmds), mRNA.

(Continued overleaf )
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Table 3.2: Description of the genes that were down-regulated by at least two fold in TPC2 KO
compared to the WT as measured by microarray analysis. (Continued)
Gene

Accession number

Description

Pgam2

NM018870

Mus musculus phosphoglycerate mutase 2 (Pgam2), mRNA.

Vil1

NM009509

Mus musculus villin 1 (Vil1), mRNA.

Saa2

NM011314

Mus musculus serum amyloid A 2 (Saa2), mRNA.

Akr1b7

NM009731

Mus musculus aldo-keto reductase family 1, member B7 (Akr1b7), mRNA.

Gal

NM010253

Cgref1

BC023116

A330103N21Rik

BC027571

Mus musculus galanin (Gal), mRNA.
Mus musculus cell growth regulator with EF hand domain 1, mRNA (cDNA clone
MGC:28551 IMAGE:4206019), complete cds.
Mus musculus RIKEN cDNA A330103N21 gene, mRNA (cDNA clone IMAGE:1363058),
partial cds.

Calml4

NM138304

Mus musculus calmodulin-like 4 (Calml4), mRNA.

Plscr2

NM008880

Mus musculus phospholipid scramblase 2 (Plscr2), mRNA.

Msi2h

NM054043

Mus musculus Musashi homolog 2 (Drosophila) (Msi2h), mRNA.

Lrrk2

NM025730

Mus musculus RIKEN cDNA 4921513O20 gene (4921513O20Rik), mRNA.

Cubn

AF197159

Kcnj1

NM019659

Mus musculus cubilin mRNA, partial cds.
Mus musculus potassium inwardly-rectifying channel, subfamily J, member 1 (Kcnj1),
mRNA.

E130010M05Rik

NM177015

Mus musculus RIKEN cDNA E130010M05 gene (E130010M05Rik), mRNA.

Kl

NM013823

Slc5a1

NM019810

Slc16a4

NM146136

Mus musculus klotho (Kl), mRNA.
Mus musculus solute carrier family 5 (sodium/glucose cotransporter), member 1 (Slc5a1),
mRNA.
Mus musculus solute carrier family 16 (monocarboxylic acid transporters), member 4
(Slc16a4), mRNA.

Gsn

NM146120

Mus musculus gelsolin (Gsn), mRNA.

Hexb

NM010422

Mus musculus hexosaminidase B (Hexb), mRNA.

Pkm2

NM011099

Mus musculus pyruvate kinase, muscle (Pkm2), mRNA.

Ckb

NM021273

Mus musculus creatine kinase, brain (Ckb), mRNA.

Sfrp1

NM013834

Mus musculus secreted frizzled-related sequence protein 1 (Sfrp1), mRNA.

Cidec

NM178373

Mus musculus cell death-inducing DFFA-like eﬀector c (Cidec), mRNA.

Avpr2

NM019404

Mus musculus arginine vasopressin receptor 2 (Avpr2), mRNA.

Dnajc12

NM013888

Mus musculus DnaJ (Hsp40) homolog, subfamily C, member 12 (Dnajc12), mRNA.

Runx1

NM009821

Fxyd2

NM052824

Mus musculus runt related transcription factor 1 (Runx1), mRNA.
synonym: Atp1g1; isoform c is encoded by transcript variant c; sodium pump gamma chain;
sodium/potassium-transporting ATPase gamma chain; ATPase, Na+/K+ transporting,
gamma 1 polypeptide; Mus musculus FXYD domain-containing ion transport regulator
2 (Fxyd2), transcript variant c, mRNA.; isoform a is encoded by transcript variant a;
Mus musculus FXYD domain-containing ion transport regulator 2 (Fxyd2), transcript
variant a, mRNA.; isoform b is encoded by transcript variant b; Mus musculus FXYD
domain-containing ion transport regulator 2 (Fxyd2), transcript variant b, mRNA.

Odc1

NM013614

Lrp2

Y08566

Hsd3b1

NM008293

Mus musculus hydroxysteroid dehydrogenase-1, delta<5>-3-beta (Hsd3b1), mRNA.

Olfm1

NM019498

Mus musculus olfactomedin 1 (Olfm1), mRNA.

Cyp4b1

NM007823

Mus musculus cytochrome P450, family 4, subfamily b, polypeptide 1 (Cyp4b1), mRNA.

Crat

NM007760

Mus musculus carnitine acetyltransferase (Crat), mRNA.

Cml4

NM023455

Mus musculus camello-like 4 (Cml4), mRNA.

Cyp21a1

NM009995

Mus musculus cytochrome P450, family 21, subfamily a, polypeptide 1 (Cyp21a1), mRNA.

Hsd3b4

NM008294

BC013476; Cyp4a10

NM201640

0610012A11Rik

AK002574

Mus musculus hydroxysteroid dehydrogenase-4, delta<5>-3-beta (Hsd3b4), mRNA.
synonym: MGC18880; Mus musculus cDNA sequence BC013476 (BC013476), mRNA.; synonyms: RP1, Cyp4a, D4Rp1, AI647584; cytochrome P450, 4a10; Mus musculus cytochrome
P450, family 4, subfamily a, polypeptide 10 (Cyp4a10), mRNA.
Mus musculus adult male kidney cDNA, RIKEN full-length enriched library,
clone:0610012A11 product:hypothetical Serpins containing

Mus musculus ornithine decarboxylase, structural 1 (Odc1), mRNA.
M.musculus mRNA for gp330.
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Chapter 4

TPC Localization and Sorting
Signals
4.1

Introduction

The identity of the Ca2+ stores activated by NAADP was first shown to be the reserve
granules (lysosome-related organelles) in sea urchin eggs [70], as the Ca2+ release evoked
by NAADP was inhibited by pharmacological agents that target these acidic stores [70].
Subsequent studies independently verified that NAADP recruits acidic stores such as
lysosomes in various mammalian cell types [40, 138, 293]. TPCs were proposed as the
NAADP receptor because of their homology to Ca2+ channels and their localization in
the acidic organelles/endo-lysosomal system [39, 41, 42, 52, 217, 219, 243, 307]. Table 4.1
presents all the localization studies conducted on TPCs to date.
The term “acidic Ca2+ stores” refers to a collection of organelles from endosomes,
lysosomes, lysosome-related organelles, and secretory vesicles to the Golgi apparatus [216].
These organelles are known to exhibit a range of luminal pH (4–7) and [Ca2+ ] (µM–
mM) [166, 216, 277]. Together with the fact that the luminal pH and [Ca2+ ] have been
reported to regulate TPC2 channel activity [231, 248], this suggests it is important to
investigate the subcellular localization of individual TPCs (to specific organelle compartments). This would allow further insight into the roles of individual TPCs and the
versatility of NAADP-mediated Ca2+ signalling.
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Table 4.1: Summary of the reported TPCs localization.
Method

Species

TPC

Tag

Expression system

Markers/Organelles

co-localization

TT

Sp

1

GFP/mCherry

SKBR3/HEK293

Full

TT

Sp

1

mCherry

HEK293

Lysotracker/Acidic stores
LAMP2/Late endosomes &
lysosomes

TT/I

Sp

1

mCherry

AMO

TT

Sp

2

GFP/mCherry

SKBR3/HEK293

TT

Sp

2

GFP

SKBR3

TT

Sp

2

mCherry

HEK293

TT

Sp

2

mCherry

HEK293

TT/I

Sp

2

mCherry

AMO

TT

Sp

3

GFP/mCherry

SKBR3/HEK293

TT

Sp

3

mCherry

HEK293

TT

Sp

3

mCherry

E+I

Sp

3

TT/I

Sp

M
M
M

N/A

References
[41]/[243]

Some

[243]

Cortex and intracellular puncta

[243]

Lysotracker/Acidic stores
LAMP1/Late endosomes &
lysosomes
LAMP2/Late endosomes &
lysosomes

Full

[41]/[243]

Full

[41]

Full

[243]

TfR/Recycling endosomes

Some
Cortex and intracellular puncta

[243]

N/A

[243]

Lysotracker/Acidic stores
LAMP2/Late endosomes &
lysosomes

Full

[41]/[243]

Full

[243]

HEK293

TfR/Recycling endosomes

[243]

-

Sp eggs

N/A

3

mCherry

AMO

N/A

Some
Cortical and some
in deeper puncta
Cortex and intracellular puncta

Sp

1

GFP

XLO

N/A

Intracellular

[41]

Sp

2

GFP

XLO

N/A

Intracellular

[41]

Sp

3

GFP

XLO

N/A

Intracellular

[41]

Substantial

[39]

Substantial

[39]

LAMP1/Late endosomes &
lysosomes
Endo/Early & late
endosomes

[243]
[243]

TT

Hs

1

GFP

SKBR3

TT

Hs

1

mRFP

SKBR3

TT

Hs

1

GFP

SKBR3

KDEL/ER

No

[39]

M

Hs

1

mRFP

XLO

RFC/Plasma membrane

No

[39]

M

Hs

1

GFP

XLO

Partial

[39]

M

Hs

1

GFP

XLO

Partial

[39]

S+I

Hs

1

GFP or His

HEK293

RhoB/Endosome
LAMP1/Late endosomes &
lysosomes
LAMP2/Late endosomes &
lysosomes

Some

[52]

S+I

Hs

1

GFP or His

HEK293

M6PR/Late endosomes

Some

[52]

S+I

Hs

1

GFP or His

HEK293

EEA1/Early endosomes

Some

[52]

S+I

Hs

1

GFP or His

HEK293

Tfn/Recycling endosomes

Substantial

[52]

(Continued overleaf )
Abbreviations: At, Arabidopsis thaliana (Thale cress); AMP, Arabidopsis mesophyll protoplasts;
AMO, Asterina miniata (Starfish) oocytes; CytC, Cytochrome C; E, Endogenous; Gg, Gallus gallus
(Chicken); GM130, cis-Golgi Matrix protein; Hs, Homo sapiens (Human); I, Immunocytochemistry;
LAMP1 and LAMP2, Lysosomal-Associated Membrane Protein 1, and 2 respectively; TT,
Transient Transfection; M, microinjection; M6PRs, mannose 6-phosphate receptors; Mm, Mus
musculus (Mouse); PDI, protein disulphide isomerase; RFC, Reduced Folate Carrier; RhoB, Ras
homolog gene family, member B; S, Stable cell line; Sp, Strongylocentrotus purpuratus (Sea urchin);
TfR, Transferrin Receptor; XLO, Xenopus laevis (African clawed frog) oocytes.
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Table 4.1: Summary of the reported TPCs localization. (Continued)
Method

Species

TPC

Tag

Expression system

M

Hs

M

Hs

2

GFP

2

mRFP

TT

Hs

2

GFP

SKBR3

TT

Hs

2

GFP

SKBR3

TT

Hs

2

mRFP

SKBR3

TT

Hs

2

mRFP

SKBR3

S+I

Hs

2

HA

HEK293

S+I

Hs

2

HA

S+I

Hs

2

HA

S+I

Hs

2

S+I

Hs

S+I

References

Markers/Organelles

co-localization

XLO

Lysotracker/Acidic stores

Substantial

[217]

XLO

RFC/Plasma membrane
LAMP1/Late endosomes &
lysosomes

No

[39]

Full

[39]

KDEL/ER
Endo/Early & late
endosomes

No

[39]

No

[39]

RFC/Plasma membrane
LAMP2/Late endosomes &
lysosomes

No

[42]

Full

[52]

HEK293

Lysotracker/Acidic stores

Substaintial

[52]

HEK293

EEA1/Early endosomes

No

[52]

HA

HEK293

M6PR/Late endosomes

Little

[52]

2

HA

HEK293

PDI/ER

No

[52]

Hs

2

HA

HEK293

GM130/Golgi apparatus

No

[52]

S+I

Hs

2

HA

HEK293

No

[52]

E+I

Hs

2

-

HEK293

CytC/Mitochondria
LAMP2/Late endosomes &
lysosomes

Full

[52]

TT

At

1

GFP

AMP

Vacuoles (plant lysosomes)

-

[219]

Partial

[52]

S+I

Gg

3

GFP

HEK293

LAMP2/Late endosomes &
lysosomes

S+I

Gg

3

GFP

HEK293

M6PR/Late endosomes

Partial

[52]

TT+I

Mm

1

EGFP

HEK293

Plasma membrane & nuclei

-

[307]

Full

[52]

Full

[52]

S+I

Mm

2

HA

HEK293

S+I

Mm

2

HA

HEK293

LAMP1/Late endosomes &
lysosomes
LAMP2/Late endosomes &
lysosomes

S+I

Mm

2

HA

HEK293

Lysotracker/Acidic stores

Substantial

[52]

TT+I

Mm

2

EGFP

HEK293

Plasma membrane & nuclei

No

[307]

TT+I

Mm

2

-

COS-7

Plasma membrane

No

[307]

TT+I

Mm

2

-

COS-7

Full

[307]

TT+I

Mm

2

-

COS-7

Calnexin/ER
LAMP1/Late endosomes &
lysosomes

Full

[307]

TT+I

Mm

2

-

COS-7

Mitotracker/Mitochondria

No

[307]

Although a study has shown that in mouse, similarly to other species, TPC1 localizes
intracellularly [307], the study did not identify specific organelle compartments. From
localization studies in human and sea urchin TPC1, it is assumed that mouse TPC1 is
localized to acidic stores, specifically the endosomes (and other unidentified compartments) [39, 41, 52]. The localization for mouse TPC2 is better characterized; it is now
know that it localizes specifically to late endosomes/lysosomes [52, 307]. This raises an
interesting question as to what governs the targeting of these proteins to their required
destinations.
Many lysosomal membrane proteins, such as LAP (Lysosomal acid phosphatase) [204],
LAMP1 (Lysosomal-Associated Membrane Protein 1) [204] and TRPML [236], are known
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to be sorted to late endosomes/lysosomes by two major pathways: the direct pathway,
which involves traﬃcking of the newly synthesized proteins from the trans-Golgi network
(TGN) directly to late endosomes/lysosomes; and the indirect pathway, in which the newly
synthesized proteins are first transferred from the TGN to the plasma membrane. The
protein is then subsequently internalized and delivered to late endosomes/lysosomes by
the endocytic pathway [204, 236].
The pathway that proteins employ depends on their sorting signals: short amino acid
sequences on the cytosolic domains. Specific proteins or protein domains (Table 4.2) recognize these signals and mediate the diﬀerent transportation events, such as internalization,
lysosomal targeting, basolateral targeting and TGN-to-endosomes sorting, to transport
the target proteins to their ultimate destination.
There are two major types of sorting signals that are responsible for sorting of
transmembrane proteins to endo-lysosomes: tyrosine-based and dileucine-based (Table 4.2).
Their names reflect the critical residues on the consensus motifs. Tyrosine-based sorting
signals contain YXX or NPXY consensus motifs, and dileucine-based sorting signals
contain [DE]XXXL[LI] or DXXLL consensus motifs (X represents any amino acid, and
represents an amino acid residue that has a bulky hydrophobic side chain).

Signal type
NPXY
YXX
[DE]XXXL[LI]
DXXLL

Putative recognition proteins
or protein domains

Events

Clathrin terminal domain, µ2 subInternalization
unit of AP-2, PTB domain of Dab2
Internalization, lysosomal targeting,
µ subunits of AP complexes
basolateral targeting
Internalization, lysosomal targeting,
µ and/or subunits of AP complexes
basolateral targeting
VHS domain of the GGAs

TGN-to-endosomes sorting

Table 4.2: Proposed recognition proteins or protein domains and functions of the endosomal/lysosomal sorting signals. Amino acid residues are denoted by their single letter code. X
denotes for any amino acid residue and denotes for an amino acid residue that contains a
bulky hydrophobic side chain. Abbreviations: AP, adaptor protein; Dab2, disabled-2; GGAs,
Golgi-localized, -ear-containing, ARF-binding proteins; PTB, phosphotyrosine-binding; TGN,
trans-Golgi network; VHS domain present in Vps27p, Hrs, Stam. Table is adapted from [38].
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Many well-known proteins in the endo-lysosomal system possess YXX motifs, including lysosomal membrane proteins such as LAMP1 and LAMP2, endocytic receptors
such as the transferrin receptor, and intracellular sorting receptors such as the mannose 6-phosphate receptors (M6PRs) [38]. Similarly, many transmembrane proteins that
localize to late endosomes/lysosomes possess the [DE]XXXL[LI] motifs [38], for example, NPC1 (Niemann-Pick disease, type C1) and LIMP-II (Lysosome membrane protein
II). Additionally, some transmembrane proteins in the other specialized compartments
of the endo-lysosomal system also possess the [DE]XXXL[LI] motifs such as GLUT4
(Glucose transporter type 4) in stimulus-responsive storage vesicles, and tyrosinase in
premelanosomes and melanosomes [38].
Combinations of the motifs leads to multiple transport events (Table 4.2). Additionally,
residues that flank the motif and the position of the motif within the cytosolic domains
can further fine-tune the strength and specificity of the signals. For most of the YXX
motifs that target lysosomes, the motifs tend to have the following features: a glycine (G)
before the tyrosine residue, acidic residues (D or E) at the X positions. They are located
at the C-terminus and 6–9 residues downstream from the final transmembrane domain.
For the [DE]XXXL[LI] motifs, an acidic or serine (S) residue prior to the motif tends to
further strengthen the signal. In addition, where the [DE]XXXL[LI] motif is involved
in the lysosomal targeting then its position tends to be very near the transmembrane
domain (6–11 residues) or at the N- or C-termini [38]. Knowing the importance of the
sorting motifs, this chapter will investigate the role of these sorting motifs in mouse TPCs
in directing traﬃcking to the correct destination.
In summary, in many systems, TPCs have been shown to localize intracellularly in
the acidic stores — distinct from the ER. However, limited information on the subcellular
localization of mouse TPC1 and the discrepancy between reports concerning mouse TPC2
localization prompted the investigation of subcellular localization of mouse TPCs in a
mouse cell line. Additionally, lysosomal sorting signals of mouse TPCs have not been
studied in detail before. The second part of this chapter reports the investigation of
mouse TPC sorting signals. Furthermore, an endogenous truncated TPC1 isoform was
identified (Chapter 3), however, it is still not known whether

N-TPC1 is just a futile

mRNA or it could be translated into a protein. The last part of this chapter addresses this
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question, and if it does, the localization of

N-TPC1 will be investigated. Additionally, it

would be interesting to identify any lysosomal-targeting sorting signals that are absent in
the truncated fragment of

N-TPC1. If so, how does the loss aﬀect the localization of

N-TPC1 compared with FL-TPC1?
As shown in Chapter 3, FL-TPC1,

N-TPC1, and TPC2 were all expressed in a

broad range of tissue types. This suggests that they may have fundamentally important
physiological roles. As TPCs are co-expressed in various tissue types, it is diﬃcult to
elucidate the roles of individual TPCs. Thus, by examining the localization profiles of
TPCs at a subcellular level, this would hopefully give further insights into the roles of
individual TPCs.

154

4.2 Results

4.2
4.2.1
4.2.1.1

Results
Localization of mouse TPCs
Generation and validation of the mouse TPC vectors

While several studies have revealed the localization of mouse TPC2 to be late endosomes/
lysosomes, information on mouse TPC1 localization is limited. Although it is known
that it localizes intracellularly, the specific organelle(s) are largely unknown (Table 4.1).
Studies on human TPC1 suggest a broad distribution of localization: not only late
endosomes/lysosomes but also early and recycling endosomes [39, 52].
In the absence of specific mouse TPC antibodies to detect endogenous TPCs in immunocytochemistry, mCherry-tagged mouse TPC vectors were constructed (Section 2.4.2).
TPC1 or TPC2 cDNAs were cloned and fused to mCherry sequence in a mammalian
expression vector (pcDNA5/TO, which contains the SV-40 promoter). To validate the
recombinant vectors (pcDNA5/TO.TPC.mCherry), the vectors were overexpressed in Human Embryonic Kidney 293 T (HEK293T) cells. The HEK293T cell line stably expresses
the large T-antigen; together with the SV-40 promoter this allows episomal replication
of the vector DNA. Analysis of the vectors was achieved by western blotting using the
membranes of HEK293T cells that had been transfected with the recombinant vectors,
and with an antibody against mCherry (↵-multi-red (5F8)).
Figure 4.1 shows that two bands were detected for membranes overexpressing TPC1or TPC2-mCherry in western blotting. The upper bands (black arrows) are likely to
represent the fully-glycosylated TPC proteins whereas the lower bands (orange arrows)
are likely to represent the core-glycosylated protein [307]. Thus, the diﬀerences observed
in the bands are possibly due to diﬀerent degrees of glycosylation.
In membranes from cells overexpressing mouse TPC1-mCherry, the lower band reflects
protein at the predicted size of 121 kDa for TPC1-mCherry. In TPC2-mCherry membranes,
the lower band was at a much smaller size than the predicted (⇠80, compared to 110 kDa).
This is consistent with the previous finding of a band lower than the predicted size in
western blotting [307].
Western blotting demonstrated that mCherry-tagged TPC proteins can be successfully
expressed in mammalian cells that had been transfected with the recombinant vectors
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carrying TPC-mCherry cDNA. The proteins expressed also appeared to be stable as the
sharp bands suggest little degradation. They were thus considered suitable for localization
studies.

TPC1
kDa -mCherry

TPC2
kDa -mCherry
130

130
100

100

70

70

Figure 4.1: Expression vectors pcDNA5/TO.TPC1.mCherry and pcDNA5/TO.TPC2.mCherry
produced stable TPC1-mCherry and TPC2-mCherry proteins, respectively, when transiently transfected in HEK293T cells. Western blotting of 25 µg membranes from HEK293T cells transiently
transfected with pcDNA5/TO.TPC1.mCherry (10 µg, left) and pcDNA5/TO.TPC2.mCherry
(10 µg, right) produced two bands in either membranes when probed with ↵-multi-red (5F8). The
upper (black arrows) and the lower bands (orange arrows) are likely to represent the fully- and
the core-glycosylated proteins, respectively [307]. The lower band detected in the TPC1-mCherry
membranes was of the expected size of TPC1-mCherry (121 kDa). In line with the previous
finding [307], a much lower band (⇠80 kDa) was detected in the TPC2-mCherry membranes than
the predicted size of TPC2-mCherry (110 kDa).
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Mouse TPC1 localization

To study the subcellular localization of mouse TPC1, mCherry-tagged mouse TPC1 was
overexpressed in mouse embryonic fibroblasts (MEF) to enable the intracellular tracking.
MEF cells were chosen because they have a larger cytosol to nucleus ratio, allowing
organelles to be distinguished more easily. More importantly, the use of MEF cells
circumvents potential artefacts that can arise from heterologous TPC expression, as the
native machinery directs proteins to the correct locations.
Localization was investigated by comparing the extent of overlapping fluorescence
emission from mCherry-tagged TPC1 (red) and GFP-tagged organelle markers (green)
co-transfected in MEF cells. Four GFP-tagged organelle markers were used to examine the
localization of TPC1 in diﬀerent compartments of the endo-lysosomal system: Lysosomalassociated membrane protein 1 (LAMP1) for late endosomes/lysosomes, transferrin
receptor (TfR) for recycling endosomes and subdomains of endosomes, KDEL retention
motif (KDEL) for endoplasmic reticulum (ER), and Early Endosome Antigen 1 (EEA1)
for early endosomes.
Figure 4.2 shows representative images for each co-transfection; from these, Pearson’s
coeﬃcients were calculated for each cell. Analyses of images showed that TPC1 highly
co-localized with LAMP1 and TfR (Pearson’s coeﬃcient = 0.75 ± 0.02 and 0.71 ± 0.03,
respectively), and to a lesser degree with EEA1 and KDEL (Pearson’s coeﬃcient =
0.44 ± 0.02 and 0.44 ± 0.05, respectively). This indicates that mouse TPC1 localizes
predominantly in late endosomes/lysosomes, and recycling endosomes and subdomains of
endosomes, but not in early endosomes, or the ER.
Since TfR identifies both recycling endosomes and subdomains of endosomes, MEF
cells that had been transfected with TPC1-mCherry were stained with filipin to distinguish
these two compartments. Filipin is a fluorescent antibiotic that binds specifically to the
highly enriched cholesterol in recycling endosomes [117]. Figure 4.2 shows that TPC1mCherry overlapped with filipin minimally (Pearson’s coeﬃcient = 0.34 ± 0.03), suggesting
that TPC1 is not localized in recycling endosomes. Thus, TPC1 is more likely to be
localized in the subdomains of endosomes.
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Figure 4.2: (A) The extent of co-localization as measured by Pearson’s coeﬃcient of TPC1mCherry with LAMP1-GFP, TfR-GFP, EEA1-GFP, KDEL-GFP, or filipin in fixed MEF cells.
Each cell (n) is indicated by a black dot, n = 10-19. (B) Representative images of organelle markers
(left), TPC1-mCherry (centre) and merged images of the organelle markers and TPC1-mCherry
(right).

158

4.2 Results
4.2.1.3

Mouse TPC2 localization

To examine the subcellular localization of mouse TPC2, fluorescent emission from mCherrytagged TPC2 (red) was compared with GFP-tagged organelle markers (green; LAMP1,
TfR, KDEL, and EEA1) co-transfected in MEF cells.
Figure 4.3 shows representative images for each co-transfection; from these, Pearson’s
coeﬃcients were calculated for each cell. Like mouse TPC1, mouse TPC2 overlapped
predominantly with LAMP1 (Pearson’s coeﬃcient = 0.75 ± 0.02). However, mouse TPC2
showed minimal degree of overlap with TfR, EEA1 or KDEL (Pearson’s coeﬃcient = 0.45
± 0.02, 0.48 ± 0.02, and 0.49 ± 0.04, respectively). This indicates that mouse TPC2
primarily localizes in late endosomes/lysosomes, but not in early or recycling endosomes,
or the ER. Filipin staining was not required for TPC2 as there was minimal overlap with
TfR.
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Figure 4.3: (A) The extent of co-localization as measured by Pearson’s coeﬃcient of TPC2mCherry with LAMP1-GFP or TfR-GFP, EEA1-GFP, or KDEL-GFP in fixed MEF cells. Each
cell (n) is indicated by a black dot, n = 13-20. (B) Representative images of organelle markers
(left), TPC2-mCherry (centre) and merged images of the organelle markers and TPC2-mCherry
(right).
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4.2.2

Sorting signals of TPCs

4.2.2.1

Searching sorting signals in TPCs

Having established that mouse TPC1 localizes primarily to late endosomes/lysosomes
and some unidentified subdomains of endosomes (but not early or recycling), while TPC2
localizes predominantly to late endosomes/lysosomes, the important question arises as
to which sorting signals are involved in directing TPCs to their required destinations,
resulting in NAADP-evoked spatially organized Ca2+ signals.
To understand the sorting signals, the amino acid sequences of mouse TPCs were first
examined. There are two main types of endosomal/lysosomal sorting signals: dileucinebased, and tyrosine-based. Dileucine-based motifs are [DE]XXXL[LI] or DXXLL, and
tyrosine-based motifs are YXX or NPXY [38]. The results of searches for these four
particular motifs in mouse TPC1 and TPC2 amino acid sequence are summarized in
Table 4.3.

4.2.2.2

Mapping sorting signals in TPCs

Although a particular motif is detected in the sequence, its position relative to the
transmembrane domains, and to the N- or C-termini also aﬀects its functions. Specifically,
proteins that are targeted to late endosomes/lysosomes tend to have the [DE]XXXL[LI]
motif 6–11 amino acid residues from the transmembrane domain, or very near the N- or
C-termini. In order to examine the relative position of the predicted sorting signals to the
transmembrane domains of mouse TPCs, the positions of the mouse TPC transmembrane
domains were first predicted based on comparison to rat TPC1 [127].
Alignment of mouse TPCs against rat TPC1 protein sequence in Figure 4.4 showed
that mouse TPC1 shared ⇠96% sequence identity with rat TPC1, and ⇠19% with mouse
TPC2. Due to the low homology of mouse TPC2 with TPC1, it is not clear whether the
putative transmembrane regions of mouse TPC2 can be predicted accurately from the
rat TPC1 sequence. Consequently, mouse TPCs and rat TPC1 were further aligned with
the putative transmembrane regions of the voltage-gated Ca2+ and Na+ channels [127].
Figure 4.5 shows that many of the residues conserved in the transmembrane domains of
voltage-gated Ca2+ and Na+ channels, mouse TPC1, and rat TPC1 were also similar,
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Mouse TPC1
Sorting signal
[DE]XXXL[LI]
DXXLL

YXX

NPXY

Mouse TPC2

Position

Amino acid sequence

Position

Amino acid sequence

7 - 12

DdvpLI

4-9

EeqpLL

235 - 240

DillLL

113 - 118

EafcLL

737 - 742

DvtrLL

235 - 239

DilLL

440 - 444

DsdLL

101 - 104

YlfV

43 - 46

YrsI

304 - 307

YlsI

47 - 50

YhrM

310 - 313

YfiM

62 - 65

YsnV

347 - 350

YglL

145 - 148

YfmV

361 - 364

YrqF

296 - 299

YnqF

449 - 452

YlvV

322 - 325

YevL

480 - 483

YlvF

458 - 461

YifI

534 - 537

YfiV

463 - 466

YylL

554 - 557

YrnV

519 - 522

YgpL

579 - 582

YysF

574 - 577

YyvF

608 - 611

YrfI

656 - 659

YfvL

625 - 628

YyyL

651 - 654

YiiM
-

-

Table 4.3: Predicted dileucine-based ([DE]XXXL[LI] and DXXLL) and tyrosine-based (YXX
and NPXY) sorting signals in the mouse TPC1 and TPC2 amino acid sequences (ExPasy
proteomics). The motif in bold is missing from N-TPC1. Amino acid residues are denoted by
their single letter code. X denotes any amino acid residue, and denotes an amino acid residue
that contains a bulky hydrophobic side chain. Capital letters refer to the critical residues on the
consensus motifs and small letters refer to non-critical residues.
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if not, conserved, in mouse TPC2 [127]. This indicates that the putative positions of
transmembrane domains in mouse TPC2 could be predicted based on the positions in rat
TPC1.
Once positions of the predicted transmembrane domains in mouse TPCs were identified,
the positions of the sorting signals in mouse TPCs were then re-examined in relation to
the transmembrane domains (Figure 4.4). This revealed that the [DE]XXXL[LI] motifs
could be important in directing both TPC1 and TPC2 to endo-lysosomes, as both TPCs
possess the [DE]XXXL[LI] motifs near their N- or C-termini, like many late endosomal
and lysosomal proteins.
ΔN-TPC2
ΔN-TPC1
M AVS LD D DV PL IL T LD EA ES AP LPP SN SLG Q EQ LP S KN GG SH S IH NSQ V PSL VS G AD S P P SS P T G HN W E M N YQE A A IY L Q E GQN N DK FFT

MmT PC 1
RnT PC 1 M SVI LD D DV LL IL T LD EE LS AP LTP SN GLG Q ED LP S KN GG GQ S GP NSQ V PSL VS G AD S P P SS P P G HN W E M N YQE A A IY L Q E GQN N DK FFT
MmT PC 2 - --- -- - -- -- -- - -- -- -- -- --- -- -MA A EE QP L LG RG RG S GQ --- - --- -- - -- - - V HS G A A AD Q E L C IDQ A V VF I E D AIK Y RS IYH
1 ... .. . .1 0. .. . .. .. 20 .. ... .. .30 . .. .. . .. 40 .. . .. ... 5 0.. .. . .. . 6 0 .. . . . .. . 7 0 . ... . . .. 8 0 . ... . .. .90

DI S1

DI S2

MmT PC 1 H PKD AR A LA AY LF V HN HF FY MM ELL TA LLL L LL SL C ES P- -- - -- --- - -AV PV L KL H T Y VH A T L EL F A L M VVV F E LC M K L RWL G FH TFV
RnT PC 1 H PKD AR A LA AY LF V HN HF FY MM ELL TA LLL L LL SL C ES P- -- - -- --- - -AV PA L KL R T Y VH A T L EL F A L M VVV F E LC M K L RWL G FH TFV
MmT PC 2 R -MD AG S LW LY RW Y YS NV CQ RV LGF II FLI L IL AF V EV PS SF T KT ADV R YRS QP W QP P C G LT E T I EA F C L L AFL V D LS V K G YLV G QA QLQ
. ... .. . 10 0. .. . .. .1 10 .. ... .. 120 . .. .. . .1 30 .. . .. ..1 4 0.. .. . .. 1 5 0 .. . . . .. 1 6 0 . ... . . .1 7 0 . ... . .. 180

DI S3

DI S4

DI S5

MmT PC 1 R HKR TM V KT SV LV V QF IE AI VV LVR QT SH- V RV TR A LR CI FL V DC RYC G GVR RN L RQ I F Q SL P P F MD I L L L LLF F M II F A I LGF Y LF STN
RnT PC 1 R HKR TM V KT SV LV V QF IE AI VV LVR QT SH- V RV TR A LR CI FL V DC RYC G GVR RN L RQ I F Q SL P P F MD I L L L LLF F M II F A I LGF Y LF STN
MmT PC 2 Q NLW LL A YF MV LV V SV VD WI VS LSL AC EEP L RM RR L LR PF FL L QN --S S MMK KT L KC I R W SL P E M AS V G L L LAI H L CL F T I IGM L LF TIG
. ... .. . 19 0. .. . .. .2 00 .. ... .. 210 . .. .. . .2 20 .. . .. ..2 3 0.. .. . .. 2 4 0 .. . . . .. 2 5 0 . ... . . .2 6 0 . ... . .. 270

DI P

DI S6

MmT PC 1 P SD- -- - -- -- PY F ST LE NS IV NLF VL LTT A NF PD V MM PS YS R NP WSC V FFI VY L SI E L Y FI M N L LL A V V F DTF N D IE K H K FKS L LL HKR
RnT PC 1 P SD- -- - -- -- PY F NT LE NS IV NLF VL LTT A NF PD V MM PS YS R NP WSC V FFI VY L SI E L Y FI M N L LL A V V F DTF N D IE K H K FKS L LL HKR
MmT PC 2 E KDE AQ D QE RL AY F RN LP EA LT SLL VL LTT S NN PD V MI PA YT Q NR AFA L FFI VF T LI G S L FL M N L LT A I I Y NQF R G YL M K S LQT S LF RRR
. ... .. . 28 0. .. . .. .2 90 .. ... .. 300 . .. .. . .3 10 .. . .. ..3 2 0.. .. . .. 3 3 0 .. . . . .. 3 4 0 . ... . . .3 5 0 . ... . .. 360
MmT PC 1 T AIQ HA Y GL LA SQ R RP AG IS YR QFE G- --- - LM RF Y KP RM SA R ER FLT F KAL NQ S NT P L L SL K D F YD I Y E V AAL Q W KA K R N RQH W FD ELP
RnT PC 1 T AIQ HA Y HL LV SQ R RP AG IS YR QFE G- --- - LM RF Y KP RM SA R ER FLT F KAL NQ S NT P L L SL K D F YD I Y E V AAL Q W KA K K N RQH W FD ELP
MmT PC 2 L GAR AA Y EV LA SR A GP AG TT PE LVG VN PET F LP VL Q KT QL NK T HK QAI M QKV QS Y EG R P M LA D E F QK L F D E VDK G V AK E R P LKP Q YQ SP. ... .. . 37 0. .. . .. .3 80 .. ... .. 390 . .. .. . .4 00 .. . .. ..4 1 0.. .. . .. 4 2 0 .. . . . .. 4 3 0 . ... . . .4 4 0 . ... . .. 450

DII S1

DII S2

DII S3

MmT PC 1 R TAF LI F KG IN IL V NS KA FQ YF MYL VV AVN G VW IL V ET FM LK G GN FTS K HVP WS Y -- - - L VF L T I YG V E L F MKV A G LG P V E YLS S GW NLF
RnT PC 1 R TAF LI F KG IN IL V NS KA FQ YF MYL VV AVN G VW IL V ET FM LK G GN FIS K HVP WS Y -- - - L VF L T I YG V E L F MKV A G LG P V E YLS S GW NLF
MmT PC 2 - --- -- F LQ TA QF I FS HH YF DY LGN LV ALG N LL SI C VF LV LD S DL LPG E RDD FV L GI L D Y IF I L Y YL L E L L FKV F A LG L P G YLS Y HS NVF
. ... .. . 46 0. .. . .. .4 70 .. ... .. 480 . .. .. . .4 90 .. . .. ..5 0 0.. .. . .. 5 1 0 .. . . . .. 5 2 0 . ... . . .5 3 0 . ... . .. 540

DII S3

DII S4

DII S5

MmT PC 1 D --- -- - FS VT AF A FL GL LA LT LN- -- --- - -- -- - ME PF YF I VV LRP L QLL RL F KL K K R YR N V L DT M F E L LPR M A SL G L T LLT F YY SFA
RnT PC 1 D --- -- - FS VT AF A FL GL LA LT LN- -- --- - -- -- - ME PF YF I VV LRP L QLL RL F KL K K R YR N V L DT M F E L LPR M A SL G L T LLT F YY SFA
MmT PC 2 D GLL TI I LL VS EI C TL AV YR LP HSG WK PEQ Y GP LS L WD MT RL M NT LIV F RFL RI I PN I K P MA E V A NT I L G L IPN L R AF G G I LVV A YY VFA
. ... .. . 55 0. .. . .. .5 60 .. ... .. 570 . .. .. . .5 80 .. . .. ..5 9 0.. .. . .. 6 0 0 .. . . . .. 6 1 0 . ... . . .6 2 0 . ... . .. 630

DII S5

DII P

DII S6

MmT PC 1 I VGM EF F NG RL TP N CC NT ST VA DAY RF INH T VG NK T KV EE GY Y YL NNF D NIL NS F VT L F E LT V V N NW Y I I M EGV T S QT S H W SRL Y FM TFY
RnT PC 1 I VGM EF F SG RL SP N CC NS ST VA DAY RF INH T VG NK T KV EE GY Y YL NNF D NIL NS F VT L F E LT V V N NW Y I I M EGV T S QT S H W SRL Y FM TFY
MmT PC 2 M IGI NL F RG VI VP - PG NS SL VP DNN SA VCG - -- -- - SF EQ LG Y WP NNF D DFA AA L IT L W N VM V V N NW Q V I L EAY K R YA G P W SMV Y FV LWW
. ... .. . 64 0. .. . .. .6 50 .. ... .. 660 . .. .. . .6 70 .. . .. ..6 8 0.. .. . .. 6 9 0 .. . . . .. 7 0 0 . ... . . .7 1 0 . ... . .. 720

DII S6

ΔC-TPC2

ΔC-TPC1

MmT PC 1 I VTM VV M T- II VA F IL EA FV FR MNY SR KSQ D SE VD S GI VI EK E MS KEE L MAV LE L YR E E R GT S S D VT R L L D TLS Q M EK Y Q Q NSM V FL GRR
RnT PC 1 I VTM VV M T- II VA F IL EA FV FR MNY SR KSQ E SE VD S GI VI EK E MS KEE L LAI LE L HR E A R GT S S D VT R L L D TLS Q M EK Y Q Q NSM V FL GRR
MmT PC 2 L VSS VI W IN LF LA L LL EN FL HR WDP QG HKQ L LV GT K QM SV EL M FR --- - -DI LE E PK E E E -- - - - -- - - - - --- L M EK L H K HPH L HL CR. ... .. . 73 0. .. . .. .7 40 .. ... .. 750 . .. .. . .7 60 .. . .. ..7 7 0.. .. . .. 7 8 0 .. . . . .. 7 9 0 . ... . . .8 0 0 . ... . .. 810
MmT PC 1 S RTK SD L SL KM YQ E EI QE WY EE HAR EQ EQQ K LR GS V PG PA AQ Q PP GSR Q RSQ TV T
RnT PC 1 S RTK SD L SL KM YQ E EI QE WY EE HAR EQ EQQ Q LR GS A PS PA AQ Q TP GSR Q RSQ TV T
MmT PC 2 - --- -- - -- -- -- - -- -- -- -- --- -- --- - -- -- - -- -- -- - -- --- - --- -- . ... .. . 82 0. .. . .. .8 30 .. ... .. 840 . .. .. . .8 50 .. . .. ..8 6 0.. .. .

Figure 4.4: Amino acid sequence alignment of mouse TPC1 (AAH58951), TPC2 (AAI41196)
and rat TPC1 (AAH62072) using Clustal W2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/).
Dileucine-based [DE]XXXL[LI] and DXXLL motifs are coloured in red and green letters, respectively. Tyrosine-based YXX motifs are indicated in blue letters. Orange bars represent putative
transmembrane domains I (DI) or II (DII) and segment (S) 1–6. Green bars represent the pore
loops (P). The arrows indicate the first amino acid residue of the N-terminal truncated protein
( N) and the last amino acid residue of the C-terminal truncated protein ( C). Black background
indicates conserved residues and the grey background indicate residues, which are the same but
not conserved.
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S1
DIII
DI

DIV
DII

S2

N WF E T F IV F MI LL S S G AL AFED I
N WF E T F IV F MI LL S S G AL AFED I
R YF E V V IL V VI AL S S I AL AAED P
T IF T N L IL F FI LL S S I SL AAED P
K MF D H V VL V FI FL N C V TI ALER P
H FF Y M M EL L TA LL L L L LS LCES P
H FF Y M M EL L TA LL L L L LS LCES P
N VC Q R V LG F II FL I L I LA FVEV P

Na b r
Na s km
Ca N
Ca L
Ca T
Rn T PC 1
Mm T PC 1
Mm T PC 2

- QV F DI SI M IL I CL N M VT MMV ETD
- QV F DI SI M IL I CL N M VT MMV ETD
- PP F EY FI M AM I AL N T VV LMM KFY
- TY F EY LM F VL I LL N T IC LAM QHY
- HY L DL FI T FI I CV N V IT MSM EHY
- KA F QY FM Y LV V AV N G VW ILV ETF
- KA F QY FM Y LV V AV N G VW ILV ETF
H HY F DY -L G NL V AL G N LL SIC VFL

N ab r
N as k m
C aN
C aL
C aT
R nT P C1
M mT P C1
M mT P C2

I K SL R TL RA L RP LR A LS R --F EGM RV
I K SL R TL RA L RP LR A LS R --F EGM RV
I K SL R VL RV L RP LK T IK R --L PKL KA
V K IL R VL RV L RP LR A IN R --A KGL KH
L R VL R LL RT L RP LR V IS R --A PGL KL
- - -V R VT RA L RC IF L VD C RYC GGV RR
- - -V R VT RA L RC IF L VD C RYC GGV RR
- - -L R MR RL L RP FF L LQ N --S SMM KK

Na br
Na sk m
Ca N
Ca L
Ca T
Rn TP C1
Mm TP C1
Mm TP C2

F RV I RL AR IG RI LR L IK GA KG IRT
F RV I RL AR IG RV LR L IR GA KG IRT
F -- L RL FR AA RL IK L LR QG YT IRI
F -- F RL FR VM RL VK L LS RG EG IRT
I RI M RV LR IA RV LK L LK MA TG MRA
- -F I VV LR PL QL LR L FK LK KR YRN
- -F I VV LR PL QL LR L FK LK KR YRN
- -L M NT LI VF RF LR I IP NI KP MAE

- -- - -I NL VF IVLF T GE CV LK LISL R
- -- - -I NM VF IIIF T GE CV LK MFAL R
- -- - -L NI VF TSMF S ME CV LK IIAF G
- -- - -L NM LF TGLF T VE MI LK LIAF K
- -- - -C NY VF TIVF V FE AA LK LVAF G
- -W S YL -- VF LTIY G VE LF MK VAGL G
- -W S YL -- VF LTIY G VE LF MK VAGL G
F VL G IL DY IF ILYY L LE LL FK VFAL G

S4
DIII
DI

DIV
DII

S3

A DKV FT YIFI LE ML L KW VA YG Y
A DKV FT YIFI LE ML L KW VA YG F
L DYI FT GVFT FE MV I KM ID LG L
F DIV FT TIFT IE IA L KM TA YG A
S NYI FT AIFV AE MM V KV VA LG L
L ELF AL MVVV FE LC M KL RW LG F
L ELF AL MVVV FE LC M KL RW LG F
I EAF CL LAFL VD LS V KG YL VG Q

Na br
Na sk m
Ca N
Ca L
Ca T
Rn TP C 1
Mm TP C 1
Mm TP C 2

AWC W LDFL IV DV SL V SLTA N
AWC W LDFL IV DV SI I SLVA N
LWN I LDFI VV SG AL V AFAF S
YFN I LDLL VV SV SL I SFGI Q
SWN L LDGL LV LV SL V DIVV A
KRT M VKTS VL VV QF I EAIV V
KRT M VKTS VL VV QF I EAIV V
LWL L AYFM VL VV SV V DWIV S
- --G WN -IFD FV VV I LS IVGM FL A- - --G WN -IFD FV VV I LS IVGL AL S- - --A WN -VFD FV TV L GS ITDI LV T- - --P WN -VFD FL IV I GS IIDV IL S- - --R WN -QLD LA IV L LS LMGI TL E- - --G WN -LFD FS VT A FA FLGL LA L- - --G WN -LFD FS VT A FA FLGL LA L- H SNV FD GLLT II LL V SE ICTL AV YR L

S5

Pore Loop

SI MN V LL VC LI FW LI F SI MG VNLF AG
SI MN V LL VC LI FW LI F SI MG VNLF AG
NV LN I LI VY ML FM FI F AV IA VQLF KG
TI GN I VI VT TL LQ FM F AC IG VQLF KG
PI GN I VL IC CA FF II F GI LG VQLF KG
PF MD I LL LL LF FM II F AI LG FYLF ST
PF MD I LL LL LF FM II F AI LG FYLF ST
EM AS V GL LL AI HL CL F TI IG MLLF TI

F DN VGF GY LS LL QV ATF KG WM DI MY
Y DN VGL GY LS LL QV ATF KG WM DI MY
Y DN VLW AL LT LF TV STG EG WP MV LK
F DN VLA AM MA LF TV STF EG WP EL LY
F DN LGQ AL MS LF VL SSK DG WV NI MY
F NT LEN SI VN LF VL LTT AN F P DV MM
F ST LEN SI VN LF VL LTT AN FP DV MM
F RN LPE AL TS LL VL LTT SN NP DV MI

A L FN I GL LL FL VMFI Y AIFG MS NFAY V
A L FN I GL LL FL VMFI Y SIFG MS NFAY V
A L PY V CL LI AM LFFI Y AIIG MQ VFGN I
A L PY V AL LI VM LFFI Y AVIG MQ VFGK I
Q V GN L GL LF ML LFFI Y AALG VE LFGR L
R M AS L GL TL LT FYYS F AIVG ME FFSG R
R M AS L GL TL LT FYYS F AIVG ME FFNG R
N L RA F GG IL VV AYYV F AMIG IN LFRG V

FE TF G NS MI CLFQ IT T SA GW DGLL A
FE TF G NS II CLFE IT T SA GW DGLL N
FR TF L QA LM LLFR SA T GE AW HEIM L
FQ TF P QA VL LLFR CA T GE AW QDIM L
FS NF G MA FL TLFR VS T GD NW NGIM K
FD NI L NS FV TLFE LT V VN NW YIIM E
FD NI L NS FV TLFE LT V VN NW YIIM E
FD DF A AA LI TLWN VM V VN NW QVIL E

S6
DIII
DI
DIV
DII

Na b r
Na s km
Ca N
Ca L
Ca T
Rn T PC 1
Mm T PC 1
Mm T PC 2

L YM Y LY FV I FI I FG S F F TL NL F IG VI ID NF
L YM Y LY FV I FI I FG S F F TL NL F IG VI ID NF
M EL S IF YV V YF V VF P F F FV NI F VA LI II TF
V EI S IF FI I YI I II A F F MM NI F VG FV IV TF
P WM L LY FI S FL L IV S F F VL NM F VG VV VE NF
- -- - VF FI V YL S IE L Y F IM NL L LA VV -- -- -- - VF FI V YL S IE L Y F IM NL L LA VV -- -- -- - LF FI V FT L IG S L F LM NL L TA II -- --

N a br
N a sk m
CaN
CaL
CaT
R n TP C1
M m TP C1
M m TP C2

-S VG I FF F VS YI I IS F LV VV N MY I A VI LEN FS
-S IG I CF F CS YI I IS F LI VV N MY I A II LEN FN
-D FA Y FY F VS FI F LC S FL ML N LF V A VI MDN FE
-S FA V FY F IS FY M LC A FL II N LF V A VI MDN FD
-A LS P VY F VT FV L VA Q FV LV N VV V A VL MKH LE
SH WS R LY F MT FY I VT - MV VM T II V A FI LEA FV
SH WS R LY F MT FY I VT - MV VM T II V A FI LEA FV
GP WS M VY F VL WW L VS S VI WI N LF L A LL LEN FL

Figure 4.5: Sequence alignment of putative segments (S) 1–6 of the transmembrane domains
III (DIII) and IV (DIV) in rat brain sodium channel (Nabr; X03638.1), rat skeletal sodium
channel alpha subunit (Naskm; M26643.1), human N-type calcium channel alpha-1 subunit (CaN;
M94172.1), human L-type calcium channel alpha-1 subunit (CaL; L04569.1), human T-type
calcium channel alpha-1H subunit (CaT; AF051946.3), and S1–6 of the transmembrane domains I
(DI) and II (DII) in rat TPC1 (RnTPC1; AAH62072), mouse TPC1 (MmTPC1; AAH58951) and
TPC2 (MmTPC2; AAI41196). Alignment was based on the study by Ishibashi et al. [127]. Black
background indicates conserved residues, dark grey background (with yellow letters) indicates
residues which are the same but not conserved, and the light grey background (with black letters)
indicate similar residues.
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TPC1. Mouse TPC1 has three [DE]XXXL[LI] motifs (red letters in Figure 4.4): the
two at the N- and C- termini are likely to be involved in sorting, whereas the third is
in the transmembrane domain I segment 5 (DIS5), and is thus unlikely to be involved.
Interestingly, there is an acidic D residue prior to the N-terminal motif (DDVPLI) and
a serine (S) residue prior to the C-terminal motif (DVTRLL), which may increase the
strength of the signal [38]. The presence of the serine residue also raises the possibility of
the protein being regulated by serine phosphorylation-dependent internalization (for the
subsequent transportation of the protein to lysosomes). The motif (SDKQTLL) on CD3has been reported to be involved in serine phosphorylation-dependent internalization of
the T-cell antigen receptor (from the cell surface for lysosomal degradation) [38].
In Chapter 3, a native variant of TPC1 mRNA was identified. It is named

N-TPC1

because translation of this mRNA predicts a protein of 69-amino acid truncation on
the N-terminus relative to FL-TPC1 (purple arrow in Figure 4.4 indicates the start
position of

N-TPC1). This truncation eﬀectively removes a potential [DE]XXXL[LI]

motif (DDVPLI) from the N-terminal as shown in Figure 4.6. The implications of this for
N-TPC1 localization will be considered later in this chapter.

TPC1
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ΔN

807

Figure 4.6: Illustration of the terminal [DE]XXXL[LI] motifs (red blocks) in mouse FL-TPC1
and N-TPC1.

Most DXXLL motifs are known to be positioned near the C-terminus, and to mediate
its function [38]. Mouse TPC1 has one DXXLL motif, however, it was not positioned near
the C-terminus. The DXXLL motif in mouse TPC1 overlaps the [DE]XXXL[LI] motif in
the D1S5 (Figure 4.4), so it seems unlikely for this predicted DXXLL motif to play a role
in sorting.
Although 13 YXX -type tyrosine motifs were found in TPC1 (blue letters in Figure 4.4),
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many were positioned on the putative transmembrane domains, and none were located
6–9 residues from the transmembrane domain, or at the C-terminus. Thus, from analysis
of sorting signals position within the protein, it seems that the [DE]XXXL[LI] motifs are
the dominant (if not sole) players in directing TPC1 to its final destination.
TPC2. In mouse TPC2, two [DE]XXXL[LI] motifs were found, one at the N-terminal,
and the other in segment 2 of transmembrane domain I (DIS2) (red letters in Figure 4.4).
However, no signal strengthening residue such as the acidic or serine residue was found
prior to the motif. Given the known characteristics of the [DE]XXXL[LI] motifs for
lysosomal targeting, it appears that the N-terminal motif is likely to be involved in sorting,
whereas the putative motif in DIS2 is non-functional (Figure 4.7).

TPC2

1

FL

731

Figure 4.7: Illustration of the terminal [DE]XXXL[LI] motif (red block) in mouse FL-TPC2.

Similar to mouse TPC1, mouse TPC2 has one DXXLL motif; it is not located near
the C-terminus, but between DIIS1 and DIIS2 (green letters in Figure 4.4). Therefore, it
also seems unlikely that this predicted DXXLL motif in TPC2 plays a role in targeting.
Furthermore, there were 11 YXX -type tyrosine motifs identified in TPC2 (blue letters
in Figure 4.4); however, many were also positioned on putative transmembrane domains
(similar to TPC1). None of the YXX -type tyrosine motifs was located at 6–9 residues
from the transmembrane domain, or at the C-terminus.
Overall, like mouse TPC1, it seems that the [DE]XXXL[LI] motifs is the principal
element directing TPC2 to its final destination.
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4.2.3

Significance of [DE]XXXL[LI] motifs in TPCs

Mapping of the established endo-lysosomal sorting signals in TPCs in relation to structural
units has suggested an essential role for the [DE]XXXL[LI] motifs in directing TPCs to
lysosomes.
To examine the role of the [DE]XXXL[LI] motifs in a protein to mediate successful
sorting, the number and the positions of the motifs are now reviewed. Both TPCs have
potential terminal [DE]XXXL[LI] motifs for lysosomal targeting. TPC1 has two, one
at each terminus, whereas TPC2 has only a C-terminal motif. Furthermore, predicted
translation of

N-TPC1 protein revealed that it lacks the N-terminal [DE]XXXL[LI]

motif. This immediately raises two questions: are the [DE]XXXL[LI] motifs at the termini
crucial in directing TPCs to lysosomes as predicted, and, if so, are both TPC1 motifs
required for successful transport to lysosomes? Answering the latter question also helps
to know whether the presence of the only C-terminal [DE]XXXL[LI] motif would enable
N-TPC1 to be successfully transported to lysosomes.
4.2.3.1

Generation of the truncated mouse TPC vectors

TPC1. To address these questions, TPC1 cDNAs with truncations of either the Nterminus, the C-terminus, or both were generated by PCR using primers designed to
exclude the terminal [DE]XXXL[LI] motifs (Section 2.4.2, Figure 4.4). TPC1 with
truncated N-terminus, C-terminus, or both termini will be referred to as
C-TPC1, or

N-TPC1,

NC-TPC1, respectively (Figure 4.8).

Since the alternative TPC1 protein has a truncation of the N-terminus that eliminates
the [DE]XXXL[LI] motif, the N-terminal truncation of TPC1 ( N-TPC1) was generated
to match the shorter variant of endogenous TPC1. As there is no commercially available
cDNA clone for

N-TPC1 (unlike the I.M.A.G.E. clone for FL-TPC1; Section 2.1.2),

N-TPC1 cDNA was cloned from mouse kidney total RNA (Section 2.4.1).
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Figure 4.8: Truncations of mouse TPC1 to remove the terminal [DE]XXXL[LI] motifs. The
longer variant of endogenous TPC1 is designated the full-length (FL). Truncations of the Nterminus (equivalent of the shorter variant of endogenous TPC1), the C-terminus, or both termini
are designated N, C, or NC, respectively. The [DE]XXXL[LI] motifs are indicated by red
blocks.

TPC2. TPC2 cDNAs with truncations of the N- or C-terminus were similarly generated
(Section 2.4.2). Figure 4.4 shows the truncated regions of the termini. TPC2 with
truncations on the N- or C-terminus will be referred to as

N-TPC2, and

C-TPC2,

respectively (Figure 4.9). Although there is no [DE]XXXL[LI] motif on the C-terminus of
mouse TPC2, a small part of the C-terminus was still truncated as a control to investigate
the eﬀect of truncation without any [DE]XXXL[LI] motif. The wild-type TPC2 (without
truncation) will be referred to as the full-length TPC2 (FL-TPC2).
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Figure 4.9: Illustration of terminal truncations in mouse TPC2 to remove the [DE]XXXL[LI]
motif. The wild-type TPC2 without any truncation is designated as the full-length (FL). Truncations on the N-terminus, or the C-terminus are designated as N, or C, respectively. The
[DE]XXXL[LI] motifs are indicated in red blocks.
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4.2.3.2

Validation of the truncated mouse TPC vectors

Like FL-TPCs, truncated TPC cDNAs were inserted and fused to mCherry sequence
in a mammalian expression vector (pcDNA5/TO) to allow the truncated protein to be
expressed and monitored in cells. To ensure that the truncated TPC-mCherry can be
expressed in a mammalian system from the recombinant vectors, membranes of HEK293T
cells that had been transiently transfected with the recombinant vectors were probed by
an antibody against mCherry in western blotting.

TPC1. Figure 4.10 (left) shows pairs of bands detected for membranes overexpressing
N-TPC1 by western blotting. Notably, the upper bands in

C-TPC1 and

NC-TPC1

were extremely faint to almost non-existent. As previously mentioned, the upper bands
(black arrows) are likely to represent fully-glycosylated TPC proteins whereas the lower
bands (orange arrows) are likely to represent core-glycosylated protein [307]. Thus, the
diﬀerences observed in the level of the upper bands are possibly caused by diﬀerent degrees
of glycosylation.
In the membranes of TPC1 with single truncations, the lower band reflected proteins
at the predicted sizes of 114 and 112 kDa ( N-TPC1-mCherry and

C-TPC1-mCherry,

respectively). In contrast to the sharp bands observed for single truncation in TPC1
constructs, the bands detected in the

NC-TPC1-mCherry membranes ranged from the

predicted size of ⇠100 to less than 50 kDa. This suggests that protein was unstable and
subject to degradation in the absence of both N- and C-termini.

TPC2. Figure 4.10 (right) shows the two bands detected for membranes overexpressing
C-TPC2 in western blotting. The upper band in membranes overexpressing

N-TPC2

was not prominent (Figure 4.10). Similarly to full-length constructs, the diﬀerences
observed in the level of the upper bands are possibly the result of diﬀerent degrees of
glycosylation.
In line with the previous observation (Figure 4.1), smaller lower bands than the
expected size of 108 and 106 kDa were detected in the
membranes respectively (Figure 4.10).
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Figure 4.10: Expression vectors bearing truncated TPC-mCherry were able to produce protein
when transiently transfected in HEK293T cells. Western blotting of 25 µg membranes from
the HEK293T cells overexpressing truncated TPC1-mCherry (10 µg, left) and truncated TPC2mCherry (10 µg, right) produced one or two bands in the membranes when probed with ↵multi-red (5F8) antibody. Upper (black arrows) and lower (orange arrows) bands are likely to
represent proteins that are fully- and core-glycosylated respectively [307]. Variation in the level of
glycosylation is likely to account for the diﬀerences observed in the upper bands. The lower bands
detected in the N- and C-TPC1-mCherry membranes were of the predicted size of 114 and
112 kDa respectively. In contrast, the bands detected in the NC-TPC1 membranes ranged from
the predicted size of ⇠100 to less than 50 kDa, indicating protein degradation. As for full-length
constructs (Figure 4.1), bands were detected at a lower apparent molecular mass (⇠80 kDa) than
predicted for TPC2-mCherry (108 and 106 kDa for N- and C-TPC2-mCherry respectively).

Western blotting demonstrates that truncated TPC-mCherry proteins can be successfully expressed in mammalian cells that had been transfected with the recombinant vectors
carrying truncated TPC-mCherry cDNA. This is also the first evidence to demonstrate
that the naturally-occurring short variant of TPC1 mRNA ( N-TPC1; AK137626) is
not a futile mRNA; it could be translated into protein. Furthermore, mCherry-tagged
truncated TPC proteins appeared stable only when at least one native terminus was
present. Truncations in both termini of TPC1 protein resulted in unstable proteins that
was highly susceptible to degradation.
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4.2.3.3

Localization of the truncated mouse TPCs

To examine whether deletion of the [DE]XXXL[LI] motif(s) by terminal truncations
altered the localization of TPCs specifically in late endosomes/lysosomes, mCherry-tagged
truncated TPCs were co-transfected with GFP-LAMP1 in MEF cells. Typical images are
shown in Figure 4.11 and 4.12.
TPC1. Deletion of the N- or C-terminal [DE]XXXL[LI] motif on TPC1 did not have a
significant eﬀect on the localization to late endosomes/lysosomes relative to FL-TPC1
(Pearson’s coeﬃcient = 0.72 ± 0.02 and 0.74 ± 0.02 in

N and

C, respectively compared

to 0.75 ± 0.02 in FL-TPC1; Figure 4.11 and 4.13). This suggests that one [DE]XXXL[LI]
motif (on either N- or C-terminus) was suﬃcient to direct mouse TPC1 to late endosomes/lysosomes.
Co-localization with LAMP1 decreased significantly when both N- and C-terminal
[DE]XXXL[LI] motifs were deleted ( NC-TPC1; Pearson’s coeﬃcient = 0.54 ± 0.02,
Figure 4.11 and 4.13). However, western blotting of the

NC-TPC1-mCherry membranes

showed that truncations at both termini had a detrimental eﬀect on the integrity of the
protein. The protein with truncations on both termini appeared to be severely degraded
compared to the full-length (Figure 4.1) or single-terminal truncations (Figure 4.10). This
may partly explain the reduced co-localization.
TPC2. Surprisingly, removal of the single [DE]XXXL[LI] motif of TPC2 (from Nterminus to produce,

N-TPC2) did not significantly aﬀect the overlap with LAMP1

(Pearson’s coeﬃcient = 0.75 ± 0.02 for both FL- and

N-TPC2, Figure 4.12 and 4.13).

This was unexpected as, apart from the [DE]XXXL[LI] motif, no other significant sorting
signal was found in the initial searches. It is likely that truncations of these proteins
alter their stability. This hypothesis is supported by observation that truncation of the
C-terminus of TPC2 ( C-TPC2) did not eliminate any sorting signal, but interestingly,
the degree of overlapping with LAMP1 was significantly increased (Pearson’s coeﬃcient
0.85 ± 0.01, Figure 4.12 and 4.13).
It is possible that the unexpected results of these experiments were artefacts that arose
from the extensive truncation rather than just elimination of the targeted signal sequences.
To investigate this, an alternative approach was employed to remove the [DE]XXXL[LI]
motifs.
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Figure 4.11: Representative images of (left) LAMP1-GFP, (centre) the full-length (FL), the
truncated N- ( N), C- ( C), or both N- and C-terminal ( NC) TPC1-mCherry, and (right)
merged images of both LAMP1-GFP and the full-length (FL), or the truncated ( ) TPC1-mCherry
in MEF cells.
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Figure 4.12: Representative images of (left) LAMP1-GFP, (centre) the full-length (FL), the
truncated N- ( N), or C- ( C) TPC2-mCherry, and (right) merged images of both LAMP1-GFP
and the full-length (FL), or truncated ( ) TPC2-mCherry in MEF cells.
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Figure 4.13: The extent of co-localization as measured by Pearson’s coeﬃcient of LAMP1-GFP
with the full-length (FL), the truncated N- ( N), the truncated C- ( C), or both the truncated
N- and C-terminal ( NC) TPC-mCherry, and TPC-mCherry that had mutated [DE]XXXL[LI]
motif(s) (to AXXXAA) on the N- (⇤N), the C-terminus (⇤C), or both the N- and C-termini
(⇤NC) in MEF cells. Each cell (n) is indicated by the black dot for TPC1 and grey dot for TPC2,
n = 19–28, ***P < 0.001 and **P < 0.01.
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4.2.3.4

Generation of the mutated mouse TPC vectors

In order to remove the [DE]XXXL[LI] motifs by an alternative method, the motifs were
mutated by site-directed mutagenesis (SDM). The resulting constructs are annotated
with the prefix

⇤.

SDM was used to mutate the crucial amino acid residues in the

[DE]XXXL[LI] motifs (to AXXXAA; A = alanine), thereby retaining the native protein
length. The purpose of this approach was to determine whether the reduced co-localization
of

NC-TPC1 with LAMP1 was attributable to protein degradations or to the loss of both

[DE]XXXL[LI] motifs, and to investigate further why the deletion of only [DE]XXXL[LI]
motif in TPC2 appeared to have no significant eﬀect.
Figure 4.14 shows the position of the mutations introduced in TPCs. For TPC1,
mutations were introduced to the [DE]XXXL[LI] motifs in the N-terminus, the C-terminus,
or both termini; these are termed

⇤N-TPC1, ⇤C-TPC1 and ⇤NC-TPC1, respectively

(Figure 4.14A). Similarly, mutation of the N-terminal TPC2 [DE]XXXL[LI] motif produced

⇤N-TPC2 (Figure 4.14B).
4.2.3.5

Validation of the mutated mouse TPC vectors

To enable mutated TPC cDNAs to be expressed and monitored in cells, mutant TPC
cDNAs were inserted and fused to mCherry sequence in a mammalian expression vector
(pcDNA5/TO). The recombinant vectors (pcDNA5/TO.mutated TPC.mCherry) were
then transiently transfected into HEK293T cells.
To examine whether the mutated TPC-mCherry can be expressed in a mammalian
system from the recombinant vectors, membranes of HEK293T cells that had been
transfected with the recombinant vectors were probed by ↵-multi-red (5F8) in western
blots.
TPC1. Figure 4.15 (left) shows the two sharp bands detected in membranes overexpressing mutated TPC1 by western blotting. The upper bands, probably representing
the fully-glycosylated ⇤N- and ⇤C-TPC1, were clearly detected. In contrast, the upper
band was not very evident in the ⇤NC-TPC1 membranes. Diﬀerences observed may be
attributable to variations in the extent of glycosylation [307].

The lower bands, which probably represent the core-glycosylated proteins [307], were
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Figure 4.14: Illustration of terminal mutations by site-directed mutagenesis (SDM) of TPC1
and TPC2 to remove the [DE]XXXL[LI] motifs. Mutations at the N-terminus, the C-terminus,
or both termini are designated ⇤N, ⇤C, or ⇤NC, respectively. The [DE]XXXL[LI] motifs are
indicated in red blocks, and crosses (x) represent the mutations.

detected in all mutated TPC1-mCherry membranes at the predicted size of 121 kDa.
TPC2. Figure 4.15 (right) shows the two sharp bands detected in membranes overexpressing

⇤N-TPC2 in western blotting.

The upper band (probably representing the

fully-glycosylated ⇤N-TPC2) was, however, less visible (Figure 4.10). As expected, the

lower band (probably representing the core-glycosylated ⇤N-TPC2) was smaller than the
predicted 110 kDa (Figure 4.15) [307]. Likewise, the diﬀerences observed between the

level of the upper and lower bands are possibly caused by diﬀerent extents of glycosylation
(full- or core-).
Western blotting confirmed that mutated TPC-mCherry proteins could be expressed
in mammalian cells that had been transfected with recombinant vectors carrying the
mutated TPC-mCherry cDNA. Furthermore, distinct bands in western blotting provided
evidence that the mutated TPC-mCherry proteins were stable.
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Figure 4.15: Western blotting of 25 µg membranes from HEK293T cells transiently transfected
with pcDNA5/TO.mutated (⇤) TPC1.mCherry (10 µg, left), and pcDNA5/TO.mutated (⇤)
TPC2.mCherry (10 µg, right) produced lower bands at the predicted size of mutated TPC1mCherry (121 kDa) when probed with antibody ↵-multi-red (5F8). Similar to the FL-TPC2mCherry, a lower band (⇠80 kDa) was detected that was much smaller than the predicted size of
mutated TPC2-mCherry (110 kDa). The upper (black arrows) and lower bands (orange arrows)
probably represent proteins that are fully-glycosylated and core-glycosylated, respectively [307].
Variations in the degrees of glycosylation are likely to account for the diﬀerences observed in the
apparent molecular weights of bands.
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4.2.3.6

Localization of the mutated mouse TPCs

To compare the eﬀect of removing the [DE]XXXL[LI] motif(s) by SDM to those by
truncation, the localization of TPCs to late endosomes/lysosomes was compared. This
was achieved by co-transfection of mCherry-tagged mutant TPCs and GFP-LAMP1 in
MEF cells; example images are shown in Figure 4.16.
TPC1. Similarly to the co-localization pattern of truncated TPC1, mutations on the Nor C-terminal [DE]XXXL[LI] motifs in TPC1 resulted in a similar extent of overlapping
with LAMP1 compared to the WT full-length TPC1 (Pearson’s coeﬃcient = 0.75 ± 0.02
and 0.73 ± 0.03 for ⇤N and ⇤C-TPC1, respectively; Figure 4.13 and 4.16). Additionally,
mutations of the [DE]XXXL[LI] motifs on both N- and C-termini in TPC1 significantly
reduced the overlapping with LAMP1 (Pearson’s coeﬃcient = 0.58 ± 0.03, Figure 4.13
and 4.16). This verifies the previous hypothesis for TPC1: that one [DE]XXXL[LI] motif
is suﬃcient to direct mouse TPC1 to late endosomes/lysosomes, and mis-sorting only
occurs when both dileucine motifs are deleted.
TPC2. In contrast to the previous finding, mutation of the single [DE]XXXL[LI]
motif in TPC2 significantly reduced the extent of overlapping with LAMP1 (Pearson’s
coeﬃcient = 0.64 ± 0.02 compared to the FL-TPC2, and also

N-TPC2; Figure 4.13

and 4.16). This indicates that the [DE]XXXL[LI] motif is critical in directing TPC2 to
late endosomes/lysosomes. The lack of diﬀerence observed between

N- and FL-TPC2 is

probably attributable to eﬀects caused by the loss of amino acid residues by truncation.
In summary, results from co-localization studies showed that the [DE]XXXL[LI] motifs
on the termini are important for directing TPCs to late endosomes/lysosomes. In TPC1,
where there are two, the [DE]XXXL[LI] motifs are redundant; even when both terminal
[DE]XXXL[LI] motifs were removed (either by truncation or mutation), the extent of
co-localization was not completely abolished. The residual co-localization suggests that
other sorting motifs such as tyrosine motifs may also play a role in directing TPCs to late
endosomes/lysosomes.
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Figure 4.16: Representative images of (left) LAMP1-GFP, (centre) TPC-mCherry that had
mutated [DE]XXXL[LI] motif(s) (to AXXXAA) at the N- (⇤N), C-terminus (⇤C), or both termini
(⇤NC), and (right) merged images of both LAMP1-GFP and the mutated (⇤)-TPC-mCherry in
MEF cells.
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4.2.4

N-TPC1 Localization

In Chapter 3, the endogenous mRNA of the shorter TPC1 variant ( N-TPC1) was shown
to be expressed in tissues that also express FL-TPC1 (Figure 3.7). Furthermore, despite
the absence of an N-terminal [DE]XXXL[LI] motif in

N-TPC1, it nonetheless localized

to late endosomes/lysosomes (Figure 4.13). The similarity between FL- and

N-TPC1

expression patterns prompted further investigation of their distinct roles by elucidating
other subcellular localization of

N-TPC1.

Figure 4.17B shows representative examples for each co-transfection, from which
Pearson’s coeﬃcients were calculated for each cell. Co-transfecting mCherry-tagged
N-TPC1 with GFP-tagged organelle markers (TfR, EEA1, and KDEL) in MEF cells
showed that the localization of

N-TPC1 was significantly lower in recycling endosomes,

subdomains of endosomes, and early endosomes compared to the FL-TPC1 (Pearson’s
coeﬃcient = 0.54 ± 0.03 (TfR) and 0.28 ± 0.03 (EEA1)). In contrast, the localization
of

N-TPC1 was significantly higher in the ER (Pearson’s coeﬃcient = 0.62 ± 0.03,

Figure 4.17B) compared to the FL-TPC1 (Figure 4.17A). The lower levels in subdomains
of endosomes and early endosomes may be partly explained by an increase in the ER
retention caused by the N-terminal truncation.
As TPC channel activities have been reported to be governed by the luminal pH and
[Ca2+ ] [231], the diﬀerences in subcellular localization between FL- and

N-TPC1 suggest

that each variant may exert distinct regulation depending on the acidic stores that it
localizes to.
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Figure 4.17: (A) Summary of the extent of co-localization as revealed by Pearson’s coeﬃcient
for the longer (full-length, FL-TPC1), and the shorter ( N-TPC1) TPC1-mCherry variants with
TfR-GFP, EEA1-GFP, or KDEL-GFP in MEF cells (n = 10–22, ***P < 0.001 and **P < 0.01).
(B) Representative images of (left) GFP-tagged organelle markers, (centre) N-TPC1-mCherry,
and (right) merged images of both organelle markers and N-TPC1-mCherry in MEF cells.
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4.3
4.3.1

Discussion
Localization of TPCs

In this chapter, localization of mouse TPC1,

N-TPC1 and TPC2 was studied in detail.

This provided the first evidence that the subcellular localization of mouse TPC1 is primarily
in late endosomes/lysosomes, and subdomains of endosomes, likely between early and
late endosomes (Figure 4.2). This is consistent with observations for human TPC1,
which also has the conserved [DE]XXXL[LI] motifs and localizes mainly in endosomes
and late endosomes/lysosomes [39, 52]. In contrast to the study by Zong et al., which
showed that mouse TPC2 localizes in both late endosomes/lysosomes and in the ER,
results here demonstrated that mouse TPC2, similar to human, localizes primarily in late
endosomes/lysosomes but not in the ER (Figure 4.3) [217, 307]. Although Zong et al.
detected mouse TPC2 in the ER, functional studies showed that NAADP-evoked Ca2+
release was not significantly altered by 1 µM thapsigargin but by bafilomycin in TPC2expressing cells. This indicates that the TPC2 channels in the ER were inactive [307].
Functional studies in cells overexpressing human TPC2 showed that NAADP induced
Ca2+ release in two phases: an initial ramp phase directly from the acidic stores and the
second large Ca2+ transient phase indirectly from the ER by CICR [52]. It is likely that
human TPC2 is localized in late endosomes/lysosomes in proximity to the ER, so the
Ca2+ trigger induced by NAADP can be amplified by InsP3 Rs, or RyRs on the ER by
the CICR mechanism [52, 103]. Thus, it is possible that mouse TPC2, like human, is
located in late endosomes/lysosomes very near the ER; the resolution of the camera was
not suﬃcient to diﬀerentiate the ER staining from that of adjacent lysosomes in the study
by Zong et al. [307].
Furthermore, Zong et al. used a monkey kidney cell line (COS-7) — diﬀerent from
the mouse cell line (MEF cells) that was used in this study. Mouse cell lines are probably
more appropriate for investigating mouse protein traﬃcking as they contains the necessary
machinery to direct proteins to the correct localization. The disparate results between
Zong et al. and this study may therefore be explained by the possibility that mouse TPC2
localizes diﬀerently in a heterologous system. Lastly, since all proteins are synthesized in
the ER, and the localization study by Zong et al. used overexpression, it is likely that the
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mouse TPC2 was excessively expressed in their system, resulting in some ER retention.
To further examine whether TPC2 localizes in the ER, additional cell lines and ER
markers might be required. It should be noted that both the work of Zong et al. and this
study have overexpressed the protein to examine its localization. Overexpression of TPCs
has been demonstrated to alter the vesicular traﬃcking and lysosomal distribution [243].
The best solution for identifying physiological localization is probably by using antibodies
to probe for the endogenous expression. Unfortunately, there was no available mouse
antibody that was able to detect endogenous TPCs by immunocytochemistry. It might
be beneficial in the future to generate antibodies for this purpose.

4.3.2
4.3.2.1

Lysosomal sorting signals & sorting mechanisms of TPCs
TPC1

Given that lysosomal-targeting signals tend to be located near the cytosolic termini, and
as the N- and C-termini of TPCs were recently confirmed to be cytosolic [122], it is
likely that TPCs have the lysosomal-targeting signals. Bioinformatic analysis revealed
that mouse TPC1 has two potential lysosomal targeting [DE]XXXL[LI] motifs, one at
each terminus. To date, the mechanism by which the [DE]XXXL[LI] motif(s) direct
TPC1 to late endosomes/lysosomes is still unclear. Studies have shown that human or
mouse TPC1 is localized intracellularly and not in the plasma membrane, even when both
[DE]XXXL[LI] motifs were removed [42, 307]. Results from this study agreed with previous
findings [42, 307] and further showed that both [DE]XXXL[LI] motifs are important in
directing mouse TPC1 to late endosomes/lysosomes. Truncation or mutation of one TPC1
terminal [DE]XXXL[LI] motif had no significant eﬀect on the co-localization with LAMP1;
co-localization was only significantly decreased when both [DE]XXXL[LI] motifs were
abolished. This provides strong evidence that both terminal [DE]XXXL[LI] motifs are
active and mutually redundant as either [DE]XXXL[LI] motif was suﬃcient to target TPC1
to late endosomes/lysosomes. However, it is not known whether both [DE]XXXL[LI]
motifs are recognized by the same molecular machinery for lysosomal targeting or whether
each [DE]XXXL[LI] motif is recognized by diﬀerent molecular machinery, and therefore
targeted to lysosomes by diﬀerent pathways (similar to the system employed by TRPML1).
TRPML1, also referred to as mucolipin-1 or MCOLN1, is a cation channel that
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localizes to late endosomes/lysosomes. Its channel activity and regulation is still in
debate but the following conducting ions have been reported: Ca2+ , K+ , Na+ , H+ , and
Fe2+ [166, 236]. Like TPC1, TRPML1 has two [DE]XXXL[LI] motifs, each near the
N- and the C-termini. Mutation of both [DE]XXXL[LI] motifs in TRPML1 completely
eliminated the localization to lysosomes [235, 236, 285]. TRPML1 takes either a direct or
indirect pathways to lysosomes. In the direct pathway, TRPML1 migrates from the Golgi
apparatus to late endosomes/lysosomes by using interactions between the N-terminal
[DE]XXXL[LI] motif and clathrin adaptor AP-1 and AP-3. In the indirect pathway,
TRPML1 travels from the Golgi apparatus to the plasma membrane where the C-terminal
[DE]XXXL[LI] motif is recognized by clathrin adaptor AP-2 and internalised by the
endocytic pathway (from early endosomes and to late endosomes/lysosomes) [236, 285].
It is possible that TPC1, like TRPML1, has two distinct [DE]XXXL[LI] motifs which
recruit diﬀerent sorting mechanisms, thereby similarly travelling by both the direct and
indirect pathways (Figure 4.18). One of the ways to determine whether TPC1 takes the
indirect pathway is to examine changes in the localization of TPC1 in response to altered
AP-2 expression. In addition to the well-established clathrin-dependent endocytosis,
endocytosis can also occur independently of the clathrin. With the increasing knowledge
of traﬃcking pathways and their associated proteins it should become easier to test and
further distinguish the traﬃcking pathways that TPCs employ [114].

4.3.3

N-TPC1

The identification of an endogenous alternative TPC1 mRNA,

N-TPC1 (Chapter 3)

raised the question as to whether the protein has an endogenous function and a role in
NAADP-mediated Ca2+ signalling, or whether it is merely a futile mRNA. Three lines of
enquiry support the hypothesis that

N-TPC1 is functional and releases Ca2+ : (1) the

analysis of cDNA showed that the transmembrane domains of
(Figure 4.4), thus

N-TPC1 are unaltered

N-TPC1 should still form a channel in the membrane allowing passage

of Ca2+ . Indeed, N-terminal truncated human TPC2, though mis-located due to the
loss of the [DE]XXXL[LI] motif, still released Ca2+ [42]. It is important to note that
in Chapter 3, no endogenous equivalent

N version of TPC2 was found.

N-TPC2

generated in the study by Brailoiu et al. was truncated purposely to mis-locate TPC2 to
the plasma membrane in order to measure the channel activity [42]. In contrast,
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Early
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Recycling
endosome

Unidentified
subdomains
of endosomes
TPC1

TPC2

Golgi

Late
endosome

Lysosome

Figure 4.18: Schematic showing the localization of mouse TPC1 (red) and TPC2 (blue) and
possible traﬃcking pathways in the endo-lysosomal system. TPC1 and TPC2 are possibly
traﬃcked by the direct pathway in which proteins in the Golgi apparatus are directly sorted to
late endosomes/lysosomes (light arrows). In addition, TPC1 might be traﬃcked by the indirect
pathway in which proteins in the Golgi apparatus are sorted to the plasma membrane and
subsequently internalised in the clathrin-coated pits by the endocytic pathway (dark arrows).
Dotted arrows represent the recycling pathway where some early endosomes become recycling
endosomes. Recycling endosomes receive the cargo proteins from the early endosomes and recycle
them back to the plasma membrane.

identified in Chapter 3 is expressed endogenously in both human and mouse. (2) Western
blotting demonstrated that the

N-TPC1 mRNA (AK137626) was not futile; it was

translated into protein possibly from the alternative endogenous ATG start codon. In
addition, the loss of 69 amino acid residues in the N-terminus of TPC1 did not result in
any noticeable protein degradation (Figure 4.10). (3) The localization study showed the
typical TPC1 punctate pattern in late endosomes/lysosomes, even though more protein
was retained in the ER (Figure 4.17B). Alternatively, it is possible that some
localized in the ER, however, whether or not this ER-localized

N-TPC1 is

N-TPC1 would function

needs to be tested in future. Diﬀerent localization pattern of the FL- and

N-TPC1 may

reflect distinct channel activities and regulations as acidic stores possess diﬀerent luminal
pH and [Ca2+ ] [166, 216, 277]; these environment parameters are known to alter channel
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activities [231].
In western blotting analysis, two proteins bands were detected for each mouse TPCmCherry protein. Previous studies had attributed the two bands to diﬀerent glycosylation
of TPC proteins. The upper band represents the fully-glycosylated form whereas the
lower band represents the core-glycosylated protein. The glycosylation was asparagine
(N)-linked as two bands were shifted lower after endoglycosidase treatment by Peptide:
N-Glycosidase F (PNGase-F) [122, 307]. Diﬀerent ratios between the upper and the lower
band in FL-TPC1 and

N-TPC1 suggest that proteins were glycosylated to diﬀerent

levels. Since N-linked glycosylation has been reported to regulate NAADP-elicited Ca2+
release [122], this supports the theory that FL-TPC1 and

N-TPC1 have distinctive

roles in NAADP-mediated Ca2+ signalling. However, it is important to note that Nlinked glycosylation (for both TPCs) occurs at the pore loop region. The study that
reported the regulation by N-linked glycosylation in NAADP-elicited Ca2+ release was
done by mutating asparagine to glutamine. Thus, the enhanced NAADP-evoked Ca2+
release in the N-linked glycosylation TPC mutant may result from an alteration to the
ion-conducting pore rather than from the loss of N-linked glycosylation [122].
The likelihood of an endogenous function for

N-TPC1 raised the question of how it

would diﬀer from FL-TPC1. One possible hypothesis is that FL-TPC1 and

N-TPC1 are

targeted by diﬀerent molecular machinery and therefore reach late endosomes/lysosomes
by diﬀerent pathways. Cells that exclusively use one particular pathway may employ
N-TPC1 more readily than FL-TPC1, and vice versa. Alternatively, if both FL- and
N-TPC1 are sorted by the same pathway,
to FL-TPC1, in the same way as

N-TPC1 might act as a dominant negative

Np73 functioning as the dominant negative to p73

(tumor suppressor protein p73) [147].
Furthermore,

N-TPC1 might serve to interfere with dimer formation and thus down-

regulate the Ca2+ release via FL-TPC1. TPCs have two homologous six-transmembrane
domains, and are predicted to be an evolutionary intermediate between voltage-gated
Ca2+ or Na+ channels and TRP channels, which have four homologous domains and
one six-transmembrane domain, respectively. Since TRP channels assemble in tetramers,
TPCs are predicted to form dimers. The N-terminus of TRPC4 has been shown to
contain domains that are important for the TRP channels assembly [157]. It is possi186
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ble that

N-TPC1 still interacts at the C-terminus but is unable to form a functional

channel with FL-TPC1 as the N-terminus is missing, rather forming dysfunctional TPC1
dimers. Alternatively, given that both

N-TPC1 and FL-TPC2 are localized to late

endosomes/lysosomes, there is a possibility that

N-TPC1 might form a heterodimer

with FL-TPC2 to regulate its function.

4.3.4

TPC2

Bioinformatic analysis revealed that mouse TPC2 has a single [DE]XXXL[LI] motif at
the N-terminus. This [DE]XXXL[LI] motif was shown to be important in directing mouse
TPC2 to late endosomes/lysosomes, as the co-localization of TPC2 with LAMP1 was
significantly reduced when the single [DE]XXXL[LI] motif was removed. This is consistent
with human

N-TPC2, where the removal of the sole [DE]XXXL[LI] motif abolished

lysosomal localization [42]. Surprisingly, the co-localization of mouse TPC2 with LAMP1
was only significantly reduced when the [DE]XXXL[LI] motif was removed by mutation,
and not by truncation. One likely explanation is that truncation removes other amino acid
residues in addition to the target [DE]XXXL[LI] motif. This may result in a non-specific
eﬀect that masks the true eﬀect mediated by the loss of [DE]XXXL[LI] motif. This
interpretation is supported by the analysis of

C-TPC2 where truncation interfered with

the co-localization with LAMP1 even though the truncation region did not contain any
[DE]XXXL[LI] motif (Figure 4.13). Furthermore, excessive truncations might decrease the
stability of the protein and facilitate degradation as observed in the case of

NC-TPC1

(Figure 4.10). Truncated proteins may be more susceptible to proteolysis or ubiquitination
pathways, and thus be more susceptible to degradation.
Localization studies showed that both mouse TPCs remained intracellularly located,
even after removal of all terminal [DE]XXXL[LI] motifs. It would be interesting to discover
where the proteins reside, if not targeted to late endosomes/lysosomes, (retained in the
ER, or mis-targeted to other organelles?) This would broaden our understanding the
traﬃcking pathways employed by TPCs.
In human TPC2, removal of the [DE]XXXL[LI] motif resulted in protein mis-location
from lysosomes to the plasma membrane [42]. Surprisingly, the localization of mouse
TPC2 was still punctate and not peripheral after the [DE]XXXL[LI] motif removal. The
intracellular localization is consistent with a previous finding [307], suggesting that mouse
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TPC2 is not mis-located to the plasma membrane. However, this will need to be confirmed
using a plasma membrane marker. It is interesting though that, given the sequence
similarity between mouse and human TPC2, they do not necessarily behave the same.
The retained intracellular localization after the [DE]XXXL[LI] motif removal can be
explained if mouse TPC2 travels exclusively by the direct pathway and never to the
plasma membrane (Figure 4.18). With this pathway, mouse TPC2 would not accumulate
in the plasma membrane when the [DE]XXXL[LI] motif is deleted. Human TPC2, however,
might travel by the indirect pathway, so the loss of the [DE]XXXL[LI] motif in

N-TPC2

prevents the interaction with, for example, AP-2 that is involved in the internalization,
thus resulting in accumulation in the plasma membrane.
Even when all terminal TPC [DE]XXXL[LI] motifs had been removed, TPCs did not
completely lose their localization to late endosomes/lysosomes. Some residual TPCs were
still targeted to late endosomes/lysosomes. This suggests that other sorting signals such
as tyrosine motifs may also play a role in the lysosomal targeting of TPCs. Although
no evident candidate tyrosine motifs were found in the initial searches (Table 4.3), the
possible involvement of these motifs should be investigated.

4.3.5

Role of TPCs in endo-lysosomal system

In the endo-lysosomal system, luminal Ca2+ is essential for vesicle fusion [172, 230]. Fusion
occurs either homotypically between early and late endosomes, or heterotypically between
late endosomes and lysosomes in order to convey their contents and membrane proteins
to the pathway for degradation or ubiquintination. Luminal Ca2+ is also required for
condensing luminal content to form lysosomes after heterotypic fusion [172, 230]. An
imbalance in the intracellular Ca2+ homeostasis can lead to lysosomal storage diseases
such as mucolipidosis type IV or Niemann-Pick Type C [142, 165, 286]. A recent study
has shown that alterations in sea urchin TPC expression aﬀect vesicular traﬃcking, and
lysosomal size, distribution, and storage, this indicates involvement of TPCs in lysosomal
biogenesis and lysosomal storage disorders [243].
TPC1 has a broader subcellular distribution than TPC2, suggesting that they may
employ diﬀerent traﬃcking pathways. Thus, TPC1 might be more involved in vesicular
traﬃcking as it has a broader distribution, whereas TPC2 (predominantly localized in
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late endosomes/lysosomes) might be more involved in heterotypic fusion and luminal
content condensation. Furthermore, if

N-TPC1 is functional, it might serve to expand

the armoury in regulating the complex endo-lysosomal system.
Although there are still many issues remaining to be solved in the endo-lysosomal
field, recent discoveries of NAADP-gated Ca2+ release via TPCs in the endo-lysosomal
system have accelerated our understanding of the role of Ca2+ in endo-lysosomes. Given
the mobility and fast turnover of the endocytic vesicles, Ca2+ release from endo-lysosomes
may function not only locally, but also globally, for example, by travelling to the ER to
facilitate Ca2+ release by CICR, or to the plasma membrane to regulate Ca2+ -sensitive
channels to alter the membrane excitability [103]. An understanding of the subcellular
distribution and the traﬃcking pathway of TPCs will help to gain further insight into the
spatial organization of NAADP-mediated Ca2+ signalling.

4.4

Conclusions

Work from this chapter provided the first evidence that a shorter variant of TPC1 ( NTPC1) is not a futile mRNA; it could be translated into a protein. It is possible that this
protein serves as an additional NAADP-gated Ca2+ channel to increase the diversity of
NAADP signals.
The localization of fluorescently-tagged mouse TPC isoforms/variants also showed
for the first time that mouse TPC1 is predominantly expressed in both subdomains
of endosomes and late endosomes/lysosomes, while

N-TPC1 and TPC2 are primarily

expressed in late endosomes/lysosomes. These results are consistent with human TPCs [39,
52]. The diﬀerential localization observed may yield insight into the spatial organization of
NAADP-evoked Ca2+ signals, and may reflect the distinct roles of TPC isoforms/variants
in regulating specific cellular events.
Investigation into the sorting signals of TPCs demonstrated that the [DE]XXXL[LI]
motifs are important for the lysosomal targeting of TPCs. In the case of TPC1, where there
are two [DE]XXXL[LI] motifs, these motifs are mutually redundant. The removal of all
[DE]XXXL[LI] motifs in TPC variants/isoforms, however, did not completely abolish their
localization to late endosomes/lysosomes. This suggests that other lysosomal targeting
motifs, such as tyrosine-based sorting signals, may also be involved.
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Chapter 5

NAADP Binding in Mouse Hepatic
Membranes
5.1

Introduction

Biochemical, pharmacological and functional studies over the past two years have established that both TPC1 and TPC2 are NAADP-gated channels [39, 42, 52, 231, 307].
However, the exact mechanism of action underlying NAADP-induced TPC activation is
still unknown.
In human TPC2-overexpressing membranes, the specific binding of NAADP was shown
to increase with biphasic aﬃnities in the nM and µM range, mirroring that of endogenous
mammalian binding (summarized in Table 5.1). Furthermore, specific binding of NAADP
was shown to be retained in immunopurified endogenous sea urchin TPC complexes, with
the aﬃnities, as well as the characteristic K+ -dependent irreversible binding [87, 243],
similar to those of the native system. These binding properties of NAADP in TPCoverexpressing systems, and immunopurified TPCs (similar to the endogenous behaviour)
established that NAADP indeed binds to TPC complexes.
Although persuasive evidence has demonstrated that NAADP binds to a component of
TPC complexes, it is possible that the NAADP target is not TPC itself but an accessory
protein that is tightly bound to TPC. The increased specific binding observed in the
TPC-overexpressing system may just be a consequence of enhanced binding complex
formations. Identification of the NAADP-binding protein would yield insight into the
mechanisms underlying NAADP-induced TPC activation. It would also facilitate the
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Kd (high aﬃnity, nM)

Kd (low aﬃnity, µM)

References

5.0
200
0.13 and 4
130
6.6

7.2
⇠1
12
4.6

[52]
[215]
[16]
[178]
[52]

Human TPC2
Rat brain microsomes
Rabbit heart microsomes
MIN6
Mouse liver

Table 5.1: Summary of NAADP Kd values in diﬀerent mammalian systems. MIN6 is a mouse
insulinoma cell line.

design of future drugs to target the NAADP signalling pathway.
There is also the question as to whether NAADP binds diﬀerently to complexes
formed from the diﬀerent TPC isoforms? Diﬀerent NAADP aﬃnities to the diﬀerent
complexes may lead to diﬀerential sensitivity of Ca2+ stores to NAADP. In light of the
distinct subcellular localization profiles of TPCs (for example, mouse TPC1 has a broader
subcellular distribution compared to TPC2 as shown in Chapter 4), this would oﬀer more
versatility in response to NAADP-evoked Ca2+ release.
To address the above questions, hepatic membranes were extracted from TPC KO mice
to study the eﬀect of knocking out one or both TPC isoforms on NAADP binding. Hepatic
membranes were chosen as northern blotting has shown that TPC mRNAs are highly
expressed in liver [52, 127, 307]. Additionally, TPCs are localized in the endo-lysosomal
compartments, which are enriched in liver [306], and liver is a large organ so provides a
reasonable sample volume/animal. Furthermore, NAADP binding has been previously
characterized in this system [52].
Prior to testing the eﬀect of knocking out TPCs on NAADP binding, the binding
assay conditions were optimized. Binding conditions had been previously studied in the
sea urchin [87] but not in mammals. In the mammalian system, the buﬀers used to study
NAADP binding were either Glu-IM (intracellular-like medium containing gluconate, see
below) [52] or 20 mM HEPES [16, 178, 215]. Glu-IM is a physiologically relevant sea
urchin buﬀer whereas 20 mM HEPES has a low osmolarity.
The ionic composition of the buﬀer is highly significant (for example, K+ concentration
in sea urchins aﬀects the kinetics of NAADP binding [87]), so choosing a suitable buﬀer is
essential. The binding kinetics of NAADP in the improved buﬀers were also examined
to confirm that the new buﬀers would be suitable for the subsequent NAADP binding
studies.
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5.2
5.2.1

Results
Optimizing experimental conditions

For studying NAADP binding in mouse hepatic membranes, Calcraft et al. used Glu-IM
for both the binding and the wash buﬀer [52]. Glu-IM, used for sea urchin egg, comprises
250 mM potassium gluconate, 250 mM N -methyl D-glucamine, 20 mM HEPES and 1 mM
MgCl2 (pH 7.2, with acetic acid). This buﬀer is not an ideal mimic of the intracellular
medium of mammalian systems: this typically contains 140 mM K+ , 5–10 mM Na+ ,
1 mM Mg2+ , and other ions such as Cl

and Ca2+ . Glu-IM is also viscous due to

the presence of gluconate; it is therefore more diﬃcult to separate bound and unbound
radioligand by rapid filtration. Although Glu-IM gave a workable signal to noise ratio (i.e.
total to non-specific binding) for NAADP binding in the mouse hepatic membranes [52],
optimizations were carried out on various components of Glu-IM in order to obtain a
more suitable mammalian buﬀer.
Calcraft et al. used 200 pM [32 P]NAADP in their binding studies [52]. In this study,
a threefold lower concentration of [32 P]NAADP was used in the new buﬀers because
the initial material for synthesizing [32 P]NAADP was [32 P]ATP rather than [32 P]NAD.
[32 P]ATP has threefold higher specific activity, so the lower concentration minimises
radiation exposure. Additionally, [32 P]NAADP synthesis is expensive and labour intensive,
so reducing the amount of radioligand used is desirable.

5.2.1.1

Wash buﬀer

To optimize the wash buﬀer Glu-IM, mouse hepatic membranes (5 mg/ml) were incubated
with 66 pM [32 P]NAADP in Glu-IM in the presence or absence of unlabelled NAADP
(1 mM) for 1 h before separating bound from unbound [32 P]NAADP in one of the five wash
buﬀers (summarized in Table 5.2). These buﬀers were designed to test the components
of Glu-IM, and the importance of each ion was determined by diﬀerent combinations of
ionic components.
Buﬀer H (77 ± 5.9%) and buﬀer HM (69 ± 5.4%) significantly increased the % specific
binding of NAADP compared to Glu-IM (32 ± 4.8%), whereas buﬀers HK250 and HK250 M
did not show enhanced specific binding (33 ± 7.4 and 32 ± 2.2% respectively; Figure 5.1).
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Buﬀer H was chosen over HM as the wash buﬀer for the subsequent binding assays because
of its superior total binding performance.

Buﬀer

Ionic composition

Glu-IM

250 mM potassium gluconate, 250 mM N -methyl D-glucamine, 20 mM HEPES, and 1 mM MgCl2

H

20 mM HEPES

HK250
HK250 M
HM

20 mM HEPES, and 250 mM potassium acetate
20 mM HEPES, 250 mM potassium acetate, and 1 mM MgCl2
20 mM HEPES, and 1 mM MgCl2

Binding (% max of all conditions)

Table 5.2: Buﬀers used for binding and washing showing its ionic composition.

100
80

Specific binding
Non-specific binding

***

***

60
40
20
0

Glu-IM

H

HK250 HK250M

HM

Figure 5.1: Eﬀect of wash buﬀer ionic compositions on the [32 P]NAADP binding in the mouse
hepatic membranes. Total binding was determined by incubating mouse hepatic membranes with
66 pM [32 P]NAADP in Glu-IM for 1 h before separating bound [32 P]NAADP from unbound by
rapid filtration in one of the five wash buﬀers: Glu-IM, H, HK250 , HK250 M and HM (n = 2 of 3
replicas). Non-specific binding (white bars) was determined by pre-incubating the membranes
with 1 mM unlabelled NAADP for 10 min before the addition of [32 P]NAADP to the reaction.
Specific binding (black bars) was derived by subtracting non-specific binding from total binding.
Results are normalized to the highest total binding value, ***P < 0.001 (1way ANOVA; post test:
Dunnett’s Multiple comparison Test).
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5.2.1.2

Binding buﬀer

To optimize the binding buﬀer, mouse hepatic membranes (5 mg/ml) were incubated with
66 pM [32 P]NAADP in each of the buﬀers indicated in Table 5.2 for 1 h before separating
bound from unbound by rapid filtration in wash buﬀer H. Buﬀers HK250 (63 ± 4.1%), HM
(66 ± 4.3%), and HK250 M (67 ± 4.8%) showed significantly increased % specific binding
compared to Glu-IM (33 ± 2.3%; Figure 5.2A). A slight increase in % specific binding
was also observed for buﬀer H (47 ± 1.4%), though this was not significant. Interestingly,
despite a higher total binding observed in buﬀer HM compared to buﬀer HK250 M, the
non-specific binding was also significantly increased (⇠20%), resulting in similar % specific
binding (Figure 5.2A).
Although buﬀer HK250 M gave the highest % specific binding, the presence of MgCl2
also increased non-specific binding, so buﬀer HK250 was chosen. However, 250 mM K+
is 1.8-fold higher than that in the intracellular mammalian medium (⇠140 mM), so a
binding buﬀer consisting 20 mM HEPES and 140 mM potassium acetate (HK140 ) was
therefore tested against buﬀer HK250 to assess the eﬀect of K+ concentration on specific
binding. Figure 5.2B shows that % specific binding was significantly higher (9%) in buﬀer
HK140 relative to buﬀer HK250 . Thus, buﬀer HK140 was selected as the binding buﬀer for
subsequent binding assays as it gave a high % specific binding and its ionic composition
is more mammalian friendly.
Buﬀer optimization for the mammalian system has not been reported before. Results
from this section revealed that by altering the composition of the wash and binding buﬀers,
the specific binding of NAADP could be increased by at least 50%.
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Binding (% max of all conditions)

(A)

(B)

100

Specific binding
Non-specific binding

80
***
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40
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20

0
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Glu-IM
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HK250 HK250M
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HK140
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Figure 5.2: Eﬀect of binding buﬀer ionic compositions on [32 P]NAADP binding in mouse hepatic
membranes. Total binding was determined by incubating mouse hepatic membranes with 66
pM [32 P]NAADP in (A) the five binding buﬀers: Glu-IM, H, HK250 , HK250 M and HM for 1
h prior to rapid filtration with wash buﬀer H (n = 2 of 3 replicas). (B) Eﬀect of lowering K+
concentration in HK250 binding buﬀer from a non-mammalian-physiological concentration of 250
mM to 140 mM in HK140 (n = 3 of 3 replicas). Non-specific binding (white bars) was determined
by pre-incubating membranes with 1 mM unlabelled NAADP for 10 min before the addition of
[32 P]NAADP. Specific binding (black bars) was derived by subtracting non-specific binding from
total binding. Results are normalized to the highest total binding value, ***P < 0.001 and *P <
0.05 (1way ANOVA; post test: Dunnett’s Multiple comparison Test).
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5.2.2

Kinetic binding studies

Analyses of radioligand binding experiments were based on the law of mass action: the
rate of a reaction is proportional to the product of the concentrations of the reactants.
Thus, the rate of association = kon ·[Ligand]·[Receptor] and the rate of dissociation =
koﬀ ·[Ligand·Receptor] where kon and koﬀ are the association and dissociation rate constants:
kon
[Ligand] + [Receptor] FGGGGGGGB
GGGGGGG [Ligand · Receptor]
koﬀ

(5.1)

At equilibrium, the rate of association equals the rate of dissociation:

[Ligand] · [Receptor] · k on = [Ligand · Receptor] · k oﬀ

(5.2)

and the equilibrium dissociation constant (Kd ) which measures the aﬃnity of a ligand to
the receptor can then be determined by rearranging Equation 5.2:
[Ligand] · [Receptor]
k oﬀ
=
= Kd
[Ligand · Receptor]
k on

(5.3)

Thus, by obtaining kon and koﬀ from kinetic binding studies, Kd can be evaluated.
The Glu-IM binding and wash buﬀers were improved to increase signal-to-noise
ratio (Section 5.2.1). To assess the binding kinetics of [32 P]NAADP in the new buﬀers,
dissociation and association binding assays were conducted.
5.2.2.1

Dissociation binding

Dissociation binding assays characterizes the interaction of [32 P]NAADP with the receptor
and determine whether the binding of NAADP to its receptor is reversible. This also
establishes the rate at which [32 P]NAADP dissociates from the receptor. Mouse hepatic
membranes (5 mg/ml) were incubated with 66 pM [32 P]NAADP in buﬀer HK140 for 1 h
to allow receptor·[32 P]NAADP complexes to form before dissociating [32 P]NAADP from
the receptor by adding unlabelled NAADP (1 mM) at various time points.
Comparison of fitting models in GraphPad Prism suggested that the binding dissociated
in two phases - a fast and a slow phase. 50% of bound [32 P]NAADP dissociated in 0.62
min for the fast and 72 min for the slow phase (Figure 5.3). The dissociation rate constant
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of the fast phase (koﬀ.fast ) was 1.118 ± 0.562 min
0.0097 ± 0.0255 min

1.

1

and of the slow phase (koﬀ.slow ) was

After 90 min from the initial dissociation, 20% remained bound,

possibly representing the % non-specific binding. It is important to note that koﬀ.fast was
greater than 1, indicating a low aﬃnity of the ligand for the receptor. The fast dissociation
suggests that NAADP binding complexes might dissociate during rapid filtration, which
can potentially compromise subsequent data.
Overall, results revealed that in the new buﬀers, the binding of NAADP to the receptor
was reversible, and that at least 50% of NAADP dissociated from the receptor in 60 min.
This validated the use of the new buﬀers for the following competition binding assays.
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Figure 5.3: Dissociation binding of [32 P]NAADP in the mouse hepatic membranes using the
new buﬀers. Mouse hepatic membranes (5 mg/ml) were incubated with 66 pM [32 P]NAADP
in buﬀer HK140 for 1 h before initiating dissociation by addition of 1 mM unlabelled NAADP.
Bound [32 P]NAADP was determined by rapid filtration with ice-cold buﬀer H after dissociating
for the indicated times; n = 1 of 2 replicas.
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5.2.2.2

Association binding

Association binding assays yield kon values for further characterization of the interaction
of [32 P]NAADP with the receptor. Mouse hepatic membranes (5 mg/ml) were incubated
with 66 pM [32 P]NAADP in buﬀer HK140 at various time points in the presence or absence
of unlabelled NAADP (1 mM).
Comparison of one- and two-site binding fits in GraphPad Prism suggests that NAADP
binds to the receptor at two sites rather than at one. [32 P]NAADP reached half-maximal
of the first phase at around 1.04 min, and of the second phase at around 24.8 min. The
observed rate constants were 0.664 ± 0.173 min
0.0092 min

1

1

for the fast phase (kob.fast ), and 0.0279 ±

for the slow phase (kob.slow ) (Figure 5.4).

These results indicate that an incubation time of 60 min is likely to be suﬃcient for
the subsequent saturation and competition binding assays.
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Figure 5.4: Association binding of [32 P]NAADP in mouse hepatic membranes using the new
buﬀers. Mouse hepatic membranes (5 mg/ml) were incubated with 66 pM [32 P]NAADP in buﬀer
HK140 for indicated times before rapid filtration with ice-cold buﬀer H. Non-specific binding was
determined by addition of 1 mM unlabelled NAADP in the reaction. Specific binding was derived
by subtracting non-specific binding from total binding; n = 1 of 2 replicas.
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5.2.2.3

Calculation of kon from kob obtained in association studies

The observed rate constant (kob ) values obtained from the association assay (Section 5.2.2.2) together with the koﬀ values obtained from the dissociation assay (Section 5.2.2.1) allow the calculation of kon values using:

k on =

k ob k oﬀ
[[32 P ]N AADP ]

(5.4)

rearranged from:
k ob = k on ⇥ [[32 P ]N AADP ] + k oﬀ

(5.5)

In the dissociation assay, [32 P]NAADP was shown to dissociate in two phases. If
[32 P]NAADP has a high aﬃnity for the receptor, it should have a fast association and
slow dissociation rate constant. However, the koﬀ.fast obtained from the previous section
was 1.12 min
(0.664 min

1

1 ),

which is greater than the kob.slow (0.028 min

1)

and even than the kob.fast

thus kon can not be derived from Equation 5.4. When koﬀ.slow was used

instead, kon.fast and kon.slow were determined to be 9.91 x 109 and 2.76 x 108 M

1 min 1 ,

respectively (Table 5.3).
Table 5.3 shows a summary of the kon values derived, and the previously obtained kob
and koﬀ values.

Rate constant

Value

Dissociation (koﬀ.fast )

1.118 min

Dissociation (koﬀ.slow )

0.0097 min

Observed (kob.fast )

0.664 min

Observed (kob.slow )

0.0279 min

1
1
1
1

Association (kon.fast )

9.91 x 109 M

1 min 1

Association (kon.slow )

2.76 x 108 M

1 min 1

Table 5.3: Binding kinetic summary of [32 P]NAADP for the receptor in optimised buﬀers
determined by experimental data, and by calculation from Equation 5.5.
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5.2.2.4

Evaluating Kd from association and dissociation rate constants

Using the obtained kon and koﬀ values, Kd of NAADP to its receptor was calculated by
using Equation 5.3. Where there were two koﬀ values, high aﬃnity Kd was calculated
from koﬀ.slow and kon.fast :
High aﬃnity K d =

k oﬀ.slow
k on.fast

(5.6)

and low aﬃnity Kd was calculated from koﬀ.fast and kon.slow :
Low aﬃnity K d =

k oﬀ.fast
k on.slow

(5.7)

Using equations 5.6 and 5.7, the Kd value for the high aﬃnity site was determined
to be 0.98 pM, and for the low aﬃnity site, 4.05 nM. Compared to the other reported
aﬃnities in mammalian systems (summarized in Table 5.1), these aﬃnities are 1000-fold
higher.
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5.2.3

Saturation binding

Given the gross disparity between the Kd values derived from kinetic studies (above) and
reported Kd values, it was decided to obtain directly Kd values by an alternative method,
saturation binding. Saturation binding also allows determination of the number of binding
sites (i.e. receptor density (Bmax ) in mouse hepatic membranes).
Saturation binding was conducted by incubating 5 mg/ml of the mouse hepatic
membranes at various concentrations of [32 P]NAADP for 1 h to reach equilibrium in
the presence or absence of unlabelled NAADP (1 mM). From the literature, NAADP
binds biphasically in the nM and µM range. In order to saturate the low aﬃnity site, the
concentration of [32 P]NAADP would need to be

100 µM. However, the high level of

specific activity at this concentration exceeds the departmental limitations.
Unsurprisingly, at 70 nM (the maximum permissible concentration to comply with
regulations), the binding sites for NAADP were not saturated after 1 h incubation
(Figure 5.5). This suggests that an alternative method is needed to determine the Kd of
NAADP.
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Figure 5.5: Saturation binding of [32 P]NAADP in the mouse hepatic membranes. Mouse hepatic
membranes (5 mg/ml) were incubated with various concentrations of [32 P]NAADP in Glu-IM for
1 h before rapid filtration in ice-cold Glu-IM. Non-specific binding (orange) was determined by
preincubating the membranes with 1 mM unlabelled NAADP for 10 min in the reaction before
[32 P]NAADP addition. Specific binding (blue) was derived from subtracting non-specific binding
from total binding (green); n = 1 of 2 replicas.
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5.2.4

Competition binding of NAADP in the mouse hepatic membranes

The saturation binding study showed that in order for the Kd to be determined accurately
by this technique, a concentration of greater than 70 nM [32 P]NAADP would be required.
An alternative method, which overcomes this limitation, is to determine NAADP Kd by
competition binding assays. Competition binding determines the aﬃnities of unlabelled
compounds indirectly, through quantifying the interference unlabelled ligand imposes on
the binding of radioligand to the receptor. Even if the Kd could be obtained from the
saturation binding, it still requires a substantial amount of [32 P]NAADP per experiment.
Thus, competition binding oﬀers a significant cost advantage over saturation binding.
5.2.4.1

Competition binding in the wild-type (WT) membranes

In competition binding assays, the Kd of NAADP to its receptor is determined by
homologous competition binding in which [32 P]NAADP competes with increasing concentrations of unlabelled NAADP. Studies of NAADP binding in mammalian membranes
indicated that NAADP binds to multiple sites. Although in some studies, data were
fitted to a one-site model, in the others, a two-site model was used (summarized in
Table 5.1, [16, 52, 178, 215]). In a standard implementation [32 P]NAADP would compete
with unlabelled NAADP at twelve diﬀerent concentrations. However, it is sometimes
diﬃcult to conclude whether there are two binding sites with curve from just twelve
data points. So far, the most convincing evidence for the multiple binding sites was
shown in mouse hepatic membranes; in this, two phases of NAADP binding were clearly
observed [52].
To confirm that the curve is truly biphasic in this system, a competition binding assay
with 24 concentrations of unlabelled NAADP was conducted. Competition binding of
[32 P]NAADP to the WT mouse hepatic membranes revealed a distinct biphasic curve
with Kd of 7.97 ± 2.47 nM for the high and 30.5 ± 11.3 µM for the low aﬃnity site.
Additionally, the amounts of NAADP binding to the high and the low aﬃnity sites
were roughly equal (Figure 5.6). This result clearly suggests that NAADP binding is
indeed biphasic. Furthermore, consistent with the reported aﬃnities from the two-site
model [52, 178], the high and low aﬃnities were in the nM and µM ranges, respectively.
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Figure 5.6: Competition binding of [32 P]NAADP in the WT mouse hepatic membranes. Mouse
hepatic membranes (5 mg/ml) were incubated with 24 concentrations of unlabelled NAADP in
buﬀer HK140 for 10 min prior to the addition of 66 pM [32 P]NAADP. The reaction was incubated
for 1 h before rapid filtration with ice-cold buﬀer H; n = 1 of 2 replicas.
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5.2.4.2

Specificity of NAADP-binding protein for NAADP in WT membranes

To examine the specificity of the NAADP-binding protein for NAADP, [32 P]NAADP
was competed with an established NAADP antagonist (Ned-19) [200], its derivatives
(NAD, NAAD (Nicotinic Acid Adenine Dinucleotide), NADP), and other intracellular
Ca2+ mobilizing messengers (cADPR, InsP3 , and ryanodine).
Ned-19 is a hydrophobic compound and at high concentrations, Ned-19 must be
dissolved in 10% DMSO. Interestingly, Ned-19 did not compete with [32 P]NAADP in the
mouse hepatic membranes (Figure 5.7A) despite the similarity of its three-dimensional
shape and electrostatic properties to NAADP, and the fact that it has been shown to
compete with NAADP in sea urchin homogenate [200]. This is the first evidence of Ned-19
not competing with NAADP in a mammalian system. It should be noted that unlabelled
NAADP in 10% DMSO still competed with [32 P]NAADP biphasically; however, the Kd
was approximately 10-fold higher than previous reports (high aﬃnity: 36.3 ± 11.18 nM
and low aﬃnity: 47.5 ± 28.6 µM).
Consistent with previous findings [16, 52, 215], of all the compounds tested, only NADP
competed with [32 P]NAADP (Figure 5.7B and 5.7C). Instead of binding biphasically
(like NAADP), NADP only bound to the low aﬃnity site, with Kd of 4.07 ± 0.48 µM.
This suggests that the high aﬃnity site of the NAADP-binding protein was selective for
NAADP, in contrast, the low aﬃnity site was non-selective and likely to bind to other
nucleotides. Alternatively, this may be due to the contamination with NAADP in the
commercial sources of NADP [153].
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Figure 5.7: Competition binding of [32 P]NAADP with various concentrations of (A) unlabelled
NAADP (black), and an established NAADP antagonist, Ned-19 (blue) in 10% DMSO, (B)
unlabelled NAADP (black), its derivatives (NAD (blue), NAAD (green), NADP (red)), and
(C) unlabelled NAADP and other intracellular Ca2+ mobilizing messengers (cADPR (blue),
InsP3 (green), and ryanodine (orange)) in WT mouse hepatic membranes. WT mouse hepatic
membranes were incubated with unlabelled compounds for 10 min before an addition of 200 pM
[32 P]NAADP in Glu-IM. The reaction was incubated for 1 h before rapid filtration in ice-cold
Glu-IM. Non-specific binding was determined by pre-incubating the membranes with 1 mM
unlabelled NAADP in the reaction before [32 P]NAADP addition. Specific binding was determined
by subtracting non-specific binding from total binding; n = 1-3 of 2 replicas.
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5.2.4.3

Competition binding in TPC single knockout (KO) membranes

Although both TPC1 and TPC2 have been shown to be NAADP-gated Ca2+ channels [39,
41, 42, 52, 217, 243, 307], the molecular identity of the NAADP-binding protein remains
unclear. In the previous sections, assay buﬀers were improved, and it was established
that mouse hepatic membranes constitute a good system for investigating mammalian
NAADP binding. By applying this assay technique to TPC KO mice (characterized in
Chapter 3), it is possible to examine the binding property of individual TPCs to NAADP
in an endogenous system, and to examine the eﬀect of knocking out one TPC on the
specific binding of NAADP.

TPC1 KO. Incubation of the mouse hepatic membranes with 66 pM [32 P]NAADP in
the presence and absence of unlabelled NAADP (1 mM) showed that in the TPC1 KO
membranes, specific binding was 46% higher than WT (Figure 5.8A, left); however, this
increase was not statistically significant.
The increased specific binding of [32 P]NAADP in the TPC single KO membranes raises
the question as to whether the Kd of NAADP to its receptor has altered. Competition
binding of radioligand [32 P]NAADP with various concentrations of unlabelled NAADP
showed that knocking out TPC1 did not have a significant eﬀect on the Kd of NAADP.
NAADP still bound biphasically to the TPC1 KO membranes with similar Kd (1.39 ±
0.59 nM for the high and 10.4 ± 4.29 µM for the low aﬃnity site) to the WT (2.14 ±
0.86 nM and 5.53 ± 1.47 µM for the high and low aﬃnity sites, respectively; Figure 5.8A,
right). Interestingly, the high aﬃnity fraction was increased from 0.32 ± 0.03 in the WT
to 0.44 ± 0.05 in the TPC1 KO, which correlates well with the slight increase in specific
binding observed in the TPC1 KO membranes.

TPC2 KO. In TPC2 KO, there was also no significant diﬀerence in the specific binding
of NAADP between the TPC2 KO and WT membranes (96.3 ± 12.8 and 100 ± 0.00 %,
respectively; Figure 5.8B, left).
Knocking out TPC2 also did not alter the Kd of NAADP. NAADP bound biphasically
to the TPC2 KO membranes with similar Kd (1.69 ± 1.07 nM for the high and 4.88 ±
2.30 µM for the low aﬃnity site) as the WT (2.88 ± 1.33 nM and 6.85 ± 2.80 µM for the
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Figure 5.8: Left, specific binding of [32 P]NAADP in the (A) WT1 and TPC1 KO, and the
(B) WT2 and TPC2 KO mouse hepatic membranes. Right, competition binding of 66 pM
[32 P]NAADP in (A) WT and TPC1 KO, and (B) WT and TPC2 KO mouse hepatic membranes
with various concentrations of unlabelled NAADP. Black bars or traces represent the WT whereas
red bars or traces represent TPC single KOs. The reaction was incubated for 1 h in buﬀer HK140
before rapid filtration in ice-cold buﬀer H. Non-specific binding was determined by pre-incubating
the membranes with 1 mM unlabelled NAADP in the reaction for 10 min before [32 P]NAADP
addition. Specific binding was determined by subtracting non-specific binding from total binding.
Results are normalized to the WT maximal specific binding; n = 4 of 2 replicas.
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high and low aﬃnity sites, respectively; Figure 5.8B, right). The high aﬃnity fraction
was also not significantly altered (WT: 0.40 ± 0.05, TPC2 KO: 0.33 ± 0.07).
Overall, these results revealed that knocking out one TPC isoform in the mouse hepatic
membranes did not alter the binding aﬃnity to NAADP; NAADP still bound specifically
with the Kd as reported in the literature. As mouse liver expresses both TPC1 and TPC2
(Figure 3.7A and 3.17A), it is possible that NAADP binds to the remaining TPC in the
TPC single KO membranes. Alternatively, it is possible that NAADP might bind to the
accessory protein in TPC complexes, in which case knocking out TPCs would not aﬀect
binding. The increased level of specific binding in the TPC1 KO membranes may be due
to compensatory mechanisms (e.g. up-regulating TPC2 or accessory protein(s)).
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5.2.4.4

Competition binding in the TPC double knockout (DKO) membranes

To ascertain whether the NAADP binding observed in TPC single KOs was due to
compensation by the remaining TPC or the accessory protein in the TPC complexes,
NAADP binding in the TPC double knockout (DKO) membranes was studied. Incubation
of the membranes with 66 pM [32 P]NAADP in the presence or absence of 1 mM unlabelled
NAADP revealed that NAADP still bound to the TPC DKO membranes. The binding
was specific with no significant diﬀerence to WT (108 ± 14.6 and 100 ± 0.0%, respectively;
Figure 5.9, left).
Competition bindings showed no significant change in either NAADP aﬃnity for its
receptor (Kd of 3.52 ± 1.16 and 3.32 ± 1.46 nM for the high and 6.56 ± 2.50 and 3.41 ±
1.98 µM for the low aﬃnity site in WT and TPC DKO, respectively), or in the binding
fractions for the high aﬃnity sites (0.485 ± 0.043 compared to 0.536 ± 0.069, for WT
and TPC DKO, respectively; Figure 5.9, right). Results of NAADP binding in all WT
and TPC single and double KO mouse hepatic membranes are summarized in Table 5.4.
Studies in TPC DKO membranes provide the first direct evidence that TPC is not
the binding protein for NAADP. Thus, NAADP is likely to bind to an accessory protein
in TPC complexes.

WT1
TPC1 KO
WT2
TPC2 KO
WTD
TPC DKO

Kd (high aﬃnity, nM)

Kd (low aﬃnity, µM)

High aﬃnity fraction

2.14 ± 0.86

5.53 ± 1.47

0.32 ± 0.03

2.88 ± 1.33

6.85 ± 2.80

0.40 ± 0.05

1.39 ± 0.59
1.69 ± 1.07
3.52 ± 1.16

3.32 ± 1.46

10.4 ± 4.29
4.88 ± 2.30
6.56 ± 2.50
3.41 ± 1.98

0.44 ± 0.05
0.33 ± 0.07
0.49 ± 0.04
0.54 ± 0.07

Table 5.4: Summary of the Kd values of NAADP for the binding complexes in the WT, and
TPC single and double KO mouse hepatic membranes.
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Figure 5.9: Left, specific binding of [32 P]NAADP in the WTD and TPC DKO mouse hepatic
membranes. Right, competition binding of 66 pM [32 P]NAADP in WTD and TPC DKO mouse
hepatic membranes with various concentrations of unlabelled NAADP. The black bar and trace
represent the WT whereas the red bar and trace represent TPC DKO. The reaction was incubated
for 1 h in buﬀer HK140 before rapid filtration in ice-cold buﬀer H. Non-specific binding was
determined by pre-incubating the membranes with 1 mM unlabelled NAADP in the reaction
before [32 P]NAADP addition. Specific binding was determined by subtracting non-specific binding
from total binding. Results are normalized to the WT maximal specific binding; n = 4 of 2
replicas.
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5.3

Discussion

Prior to elucidating whether TPCs are the bona fide NAADP binding-protein, the buﬀers
(based on Glu-IM) was improved. Buﬀer tests showed that a combination of 20 mM
HEPES and 140 mM potassium acetate (HK140 ) as the binding buﬀer, and 20 mM HEPES
(H) as the wash buﬀer, significantly improved the signal-to-noise ratio (Figures 5.1 and
5.2). Diﬀerent ionic composition in buﬀers can enhance or inhibit binding and can also
increase or decrease the aﬃnity of the radioligand for the receptor [50]. In this study, Mg2+
was shown to enhance the binding of [32 P]NAADP both specifically and non-specifically
when binding buﬀer HM was used compared to H (Figure 5.2).

5.3.1

Kinetic binding studies in the improved buﬀers

Kinetic binding studies in the new buﬀers demonstrated that NAADP binding was still
reversible, thereby validating the use of the new buﬀers for the subsequent binding studies.
In this study, the binding of NAADP to its binding protein was shown to dissociate in
pH 7.2 buﬀers. However, in the single-channel study, NAADP-activated channel opening in
immunopurified TPC2 complexes was shown to be irreversible at pH 7.2, but reversible at
pH 4.8 [231]. The conflicting results may be explained by the duration of the experiments.
In the single channel studies, the dissociation was examined within seconds, whereas
in radioligand binding studies, the dissociation was examined over minutes/hours. If
dissociation is slow, it might not be observed within the timescale of the single channel
studies.
Association studies showed that NAADP associates in two phases, and that an incubation of 60 min was probably suﬃcient for the subsequent binding studies. The time
required for NAADP to bind to half of the binding sites in the fast phase in the mouse hepatic membranes (1.04 min for 66 pM [32 P]NAADP) is comparable to a previously reported
time, 0.6 min in rabbit cardiac microsomes, with 150 pM [32 P]NAADP [16]. Binding (i.e.
Ligand·Receptor complex) occurs when a ligand randomly collides with the receptor with
suﬃcient energy and in the correct orientation. Equilibrium is reached when the rate of
formation ([Ligand]·[Receptor]·kon ) equals the rate of dissociation ([Ligand·Receptor]·koﬀ )
Ligand·Receptor (Equation 5.2). A higher concentration of [32 P]NAADP increases the
number of random collisions, and in theory, the rate of association would also increase
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(i.e. by 2.27-fold for 150 pM instead of 66 pM [32 P]NAADP·[Receptor]·kon ), and a shorter
time would be required to reach the equilibrium.

With an increase in rate by 2.27-fold, one would expect the half-life to be 0.46 min
rather than 0.6 min for 150 pM [32 P]NAADP. The longer time required may be explained
by the fact that the experiment was performed on ice, and therefore the rate of association
would be slower. Furthermore, the association occurred in one phase, rather than two, in
rabbit cardiac microsomes [16], possibly due to the diﬀerences in species and/or tissue
type. Surprisingly, the half-life for NAADP to associate in the rat brain membranes was
10-fold longer, although the binding was done with a higher concentration of [32 P]NAADP
(1 nM) and at a higher temperature (37 C) [215]. With a higher concentration and
temperature, one would expect binding to occur at a much higher rate. It is possible
that the first phase was reached within the first minute, and this cannot be detected
accurately by rapid filtration. Thus, the study mainly measured the slow phase of NAADP
association.

The rate constants obtained from the kinetic studies (Table 5.3) can be useful in
characterizing the interaction between NAADP and its binding protein. If the law of
mass action is obeyed then the Kd of NAADP to its receptor can be accurately calculated
by koﬀ over kon (Equation 5.3). The calculated Kd (Section 5.2.2.4), however, did not
match previously reported values well (Table 5.1 and Section 5.2.4.1). The apparent
discrepancies might suggest that the binding of NAADP to its receptor did not follow
all the assumptions inherent in the law of mass action (which includes: all receptors
are equally accessible to ligands; all receptors are either free or bound to ligand; neither
ligand nor receptor are altered by binding; and reversible binding [196]). Alternatively,
the dissociation studies may have underestimated the koﬀ.fast . Assuming the kon.slow was
accurate, koﬀ.fast would need to be ⇠300 min

1

to obtain a Kd in the µM range. This

rate is probably too high to be accurately determined by rapid filtration. Furthermore,
as the rate constants were derived from duplicates of a single experiment, future studies
with more repeats are necessary to confirm accurate values.
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5.3.2

TPCs are not the direct NAADP-binding proteins

It has already been established that NAADP binds to TPC complexes [52, 243]. The
most important question now is whether NAADP binds directly to TPCs, or to accessory
proteins in TPC complexes to activate the channels? Competition binding of NAADP
to TPC DKO hepatic membranes provided the first direct evidence that TPC is not the
binding target for NAADP. Knocking out both TPCs had no eﬀect on the magnitude
of specific binding, the Kd , or the binding fractions of each aﬃnity compared to WT
(Figure 5.9). If TPC is the binding protein for NAADP, knocking out either TPC isoform
would have reduced the total level of specific binding, and the binding fraction of the
higher aﬃnity site. However, the level was not significantly altered in membranes of TPC1
and TPC2 single KO compared to the WT (Figure 5.8).
The fact that NAADP binds to an accessory protein tightly associated in the TPC complexes, rather than directly to TPCs, explains why the specific binding in the membranes
overexpressing human TPC2 increased by only 3-fold while there was a more than 250-fold
increase in TPC2 mRNA [52]. The limiting factor was the NAADP-binding protein
and not TPC itself. When TPCs are overexpressed, the accessory protein that NAADP
binds to may also become up-regulated. If the up-regulation was 3-fold compared to the
WT (as implied by the increase in specific binding), this might suggest that more TPCs
are activated by NAADP, and consequently there would be suﬃcient Ca2+ release from
endo-lysosomes to initiate CICR. This would explain why a much larger Ca2+ response
was observed in the TPC-overexpressing systems, despite the fact that TPC is not the
binding protein.

5.3.3

Multiple binding sites for NAADP in mammalian systems

In this chapter, the observation of two prominent fractions in competition binding with
unlabelled NAADP at 24 various concentrations clearly demonstrated that NAADP
binds biphasically with both a high (nM) and a low (µM) aﬃnity (Figure 5.6). This is
consistent with some previous findings [52, 178], but not with studies that suggested at
least three sites [16]. In all previous NAADP binding studies, only twelve concentrations of
unlabelled NAADP were used to cover a wide range (eight log units) and for multiple-phase
fittings. The low number of data points over a large scale might introduce ambiguity
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when attempting to infer the number of binding sites.
The study by Bak et al. reported at least three binding sites [16], two with high
aﬃnity (130 pM and 4 nM) and one low (µM) aﬃnity. As the magnitudes of the two high
aﬃnity sites were very similar, and so it is not entirely clear that these were truly distinct
sites. Although the biphasic model appears to be the most suitable for NAADP binding,
it is possible that NAADP binds with diﬀerent numbers of phases (aﬃnities) depending
on the tissue types and species.

5.3.4

Biphasic binding models

How does NAADP bind to the accessory protein in TPC complexes and thus induce TPC
activation? It may be assumed that NAADP binds biphasically to its binding protein in
TPC complexes. The biphasic binding could be due to either a single binding site with
two conformational stages, or two separate binding sites. Each biphasic binding model
will be discussed in the following sections.
5.3.4.1

Scenarios of one binding site with two conformational stages

In the literature, two possible scenarios have been proposed for singe-site binding with
two conformational stages: the GTP-dependent regulatory protein (G protein) interaction
scenario, and the receptor isomerization scenario.
1. The G protein interaction scenario describes the interaction of a G protein-coupled
receptor (GPCR) with a G protein after agonist stimulation:

[Agonist]+[Receptor]

[Agonist·Receptor]+[G]

[Agonist·Receptor·G] (5.8)

In the case of NAADP-induced TPC activation, TPC is assumed to act like the G
protein (see below; Equation 5.9).
When the GPCR is activated, agonist binding to the GPCR (Agonist + Receptor)
alters the interaction of the receptor (Agonist·Receptor) with its coupled G protein (G).
In the first part of the equilibrium where [Agonist] + [Receptor]

[Agonist·Receptor],

when Agonist·Receptor binds to the G protein, the Agonist·Receptor is eﬀectively ’lost’
in the first equilibrium. The reaction will now be driven to the right to form more
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Agonist·Receptor complexes, resulting in a higher rate kob and therefore kon , providing
that the [Agonist] and koﬀ remain constant. A higher kon and a constant koﬀ lead to a
lower Kd (i.e. a higher aﬃnity; Equation 5.3).
Figure 5.10A shows that addition of G protein increases the aﬃnity by a factor of
600 if there is no limitation in the ratio of receptors to G proteins [95, 134]. Additionally,
Figure 5.10B shows that if the availability of G proteins is limiting (for example, in
recombinant systems where the number of receptors exceeds the number of G proteins), a
biphasic competition curve would be observed. The high aﬃnity site represents the binding
of Agonist·Receptor to the G proteins, and the lower aﬃnity site measures the true aﬃnity
of the agonist to the receptor in the absence of the binding to G proteins [63, 134]. The
high aﬃnity phase arises from the formation of ternary complexes (Agonist·Receptor·G)
that can sometimes be misinterpreted as another binding site.
In the case of NAADP-induced TPC activation, binding of NAADP to the accessory
protein would change its interaction with TPC, and result in channel activation:

[N AADP ] + [P rotein]

[N AADP · P rotein] + [T P C]

[N AADP · P rotein · T P C]
(5.9)

The high aﬃnity state of the biphasic curve would reflect the binding of NAADP·Protein
to TPC, and the lower aﬃnity state would reflect the binding of NAADP to the protein
(solid line in Figure 5.10C). Thus, in TPC DKO (dotted line in Figure 5.10C), the absence
of TPCs should mirror the absence of G protein and the high aﬃnity state should no
longer exist. However, the results showed that NAADP still binds biphasically to the
TPC DKO membranes (Figure 5.9), so this scenario is rejected.

2. The other scenario involves binding at one site with two conformational stages and
is termed the receptor isomerization mechanism. This is where the binding of an
agonist to the receptor alone induces a conformational change that induces the
signal:

[Agonist] + [Receptor]

[Agonist · Receptor]
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Figure 5.10: Eﬀect of G proteins on the aﬃnity of the compounds for GPCRs in the competition
binding assays. (A) Competition binding of the antagonist [3 H]quinuclidinyl benzylate by the
agonist oxotremorine for bovine muscarinic receptors in the presence (•) and absence ( ) of
G proteins. The addition of G proteins shifted the curve to the left i.e. increased the aﬃnity
by a factor of 600. The graph is taken from [134]. (B) Competition binding of the antagonist
[125 I]AC512 by the agonist amylin for human calcitonin receptors in MCF-7 cells in a G protein
limited system. Overexpression of the receptors diminished the available G proteins in the system
and the resulting aﬃnity of agonist for the receptor becomes biphasic. The graph is taken
from [63]. (C) Hypothetic biphasic binding of NAADP to its target protein based on the G
protein interaction scenario (Equation 5.9). It is hypothesized that binding of NAADP to the
protein changes its interaction with TPC, and results in channel activation. In the WT (solid
line), the high aﬃnity state is represented by the binding of NAADP·Protein to TPC, and the low
aﬃnity state is represented by the binding of NAADP to the protein. This hypothesis is unlikely
to be the case for NAADP-induced TPC activation, as the loss of TPC in TPC DKO (dotted
line) would shift the aﬃnity of NAADP significantly to the right.
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Nicotinic acetylcholine receptor channels have been reported to isomerize (between R
and R* states), and depending on its conformation, has either a high or a low aﬃnity for
acetylcholine [13]. Specifically, R* has a high aﬃnity for acetylcholine (predicted Kd of
⇠20 nM) and R has a low aﬃnity (predicted Kd of ⇠140 µM) [13].
Figure 5.11 shows that NAADP-induced TPC activation is better described by the
receptor isomerization mechanism:

[N AADP ]+[P rotein T P C]

[N AADP ·P rotein T P C]

[N AADP ·P rotein* T P C]
(5.11)

The NAADP-binding protein appears to be very tightly bound to TPCs [52, 243], such
that binding of NAADP to Protein–TPC induces conformational changes and consequent
activation of the channel. The low aﬃnity site reflects the initial binding of NAADP
to Protein–TPC complexes to form NAADP·Protein–TPC, while the high aﬃnity site
reflects the binding of NAADP to the isomerized Protein*–TPC. The binding of NAADP
to the isomerized complexes leads to channel activation.
In TPC DKO, the NAADP binding profile was almost identical to that of the WT
(Figure 5.9); this might be because NAADP could still bind with low aﬃnity to the
accessory protein (NAADP·Protein), and with high aﬃnity to the isomerized accessory
protein (NAADP·Protein*). This isomerization, however, does not lead to channel
activation as there is no TPC. This scenario is depicted in Figure 5.11B.
5.3.4.2

Scenarios of two separate binding sites

In addition to the receptor isomerization scenario, the biphasic binding may be due to
two separate binding sites on the same binding protein, as shown in Figure 5.12.
In sea urchin, NAADP has been proposed to bind at two sites: a high-aﬃnity inhibitory
allosteric site at subthreshold NAADP concentrations (inactivation), and a low-aﬃnity
orthosteric site for the Ca2+ release (Figure 1.11) [214, 241]. Based on the models in sea
urchin [214, 241], Figure 5.12 shows a proposed model for the mammalian system. At low
concentrations, NAADP binds at the high-aﬃnity orthosteric site on the binding protein,
which opens the channel, while at high concentrations, NAADP binds at the low-aﬃnity
allosteric site on the binding protein, and thus closes the channel.
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Figure 5.11: (A) Hypothetic model of the biphasic binding of NAADP to its receptor based
on the receptor isomerization mechanism (Equation 5.11). (B) In this scenario, the binding of
NAADP to the tightly associated Protein-TPC complex (NAADP·Protein–TPC) induces the
isomerization of this complex (NAADP·Protein*–TPC) and leads to the channel opening. The two
aﬃnities observed in competition binding may be explained by the complex formation. The low
aﬃnity state is represented by NAADP·Protein–TPC whereas the high aﬃnity state is represented
by NAADP·Protein*–TPC. A similar binding profile was observed in TPC DKO, as NAADP still
bound with low aﬃnity to the binding protein (NAADP·Protein), and with high aﬃnity to the
isomerized binding protein (NAADP·Protein*), even in the absence of TPC.
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Figure 5.12: Schematic depicting the biphasic binding of NAADP at two separate binding sites
on the same binding protein.

In summary, few models have been hypothesized to explain how TPCs may be activated
by NAADP, even though TPCs were proposed not to be the NAADP-binding protein. As
discussed above, the G protein interaction scenario is unlikely to apply in this case. Rather,
models based on the isomerization scenario, together with the two separate binding site
model are likely to accurately represent the mechanisms underlying NAADP-induced
TPC activation.

5.3.5

NAADP-binding protein

The molecular identity of the NAADP-binding protein is unknown. However, it is known
that the binding is conducted in membrane preparations, so the protein is predicted to
be a membrane-integral or -peripheral protein. Additionally, the binding site is specific
to NAADP, as the NAADP derivatives, cADPR, InsP3 , and ryanodine, did not compete
with NAADP, consistent with previous finding [16]. Although NADP competed with
NAADP with µM aﬃnity, this may be attributable to the contamination with NAADP in
the commercial sources of NADP [153]. Alternatively, the low aﬃnity site on the binding
protein might not be specific for NAADP.

5.3.6

Ned-19 binding

At low concentrations (1–100 nM), Ned-19 has been shown to directly activate TPC2
channels and also potentiate NAADP-evoked TPC2 channel opening, while at high
concentrations ( 1 µM), Ned-19 inhibited NAADP-evoked TPC2 opening [231]. This
classic bell-shaped behaviour resembles that of NAADP-mediated Ca2+ release, suggesting
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that Ned-19 may act on the same site as NAADP. However, the competition study in this
chapter provided the first evidence that Ned-19 does not compete with NAADP in the
mammalian system. This is in contrast to the situation with sea urchin egg homogenate
in which Ned-19 was shown to compete with NAADP [200]. These apparently conflicting
results could be explained as species-specific diﬀerences, and this might also help to
explain why the NAADP concentration-response is diﬀerent in the mammalian system
(bell-shaped) compared to the sea urchin egg homogenate (high-aﬃnity desensitization)
(Section 1.5.1).
It is unclear where Ned-19 binds in the mammalian TPC complexes to exert its
stimulatory and inhibitory actions; since Ned-19 does not compete with NAADP, it
may or may not act on the NAADP-binding protein. Competition binding with Ned-19
analogues that do not compete with [32 P]NAADP in the sea urchin such as Ned-19.4 [241]
may perhaps be useful in investigating the mechanisms of NAADP binding in mammalian
system. Given the species diﬀerences, it might be that these Ned-19 analogues can compete
with [32 P]NAADP in a mammalian system.

5.4

Conclusions

In radioligand binding assays, improvement of buﬀers from Glu-IM to more mammalian
friendly buﬀers significantly increased the signal-to-noise ratio in mouse hepatic membranes.
Using the improved conditions, competition binding with unlabelled NAADP at 24 various
concentrations clearly showed that NAADP binds biphasically with a high (nM) and a
low (µM) aﬃnity to mouse hepatic membranes. This is consistent with previous findings
on NAADP binding in mammalian systems [52, 178].
Preliminary experiment using Ned-19 showed that Ned-19 does not compete with
NAADP in the mammalian system in contrast to the reported binding in the sea urchin
egg membranes [200].
The most exciting discoveries were the findings that TPCs are not the direct binding
protein for NAADP. This suggests that NAADP activates TPCs via binding to an accessory
protein in the TPC complexes. The next crucial step to unravel the mechanisms underlying
TPC activation is to identify the binding protein for NAADP.

221

222

Chapter 6

Role of TPCs in pancreatic acinar
cells
6.1

Introduction

As discussed in Section 1.6, pancreatic acinar cells provide an ideal model system for
studying intracellular Ca2+ release. They were also the first mammalian cell type to
demonstrate that NAADP can evoke Ca2+ responses at low concentrations, and that it
can self-inactivate at high concentrations. Furthermore, the concept that NAADP acts as
a trigger was also hypothesized based on studies in pancreatic acinar cells [57]. It would
therefore seem ideal to use this cell type as a model to study the endogenous role of TPCs.
By using its self-inactivating properties, it has been shown that various agonists employ
diﬀerent Ca2+ mobilizing messengers to evoke specific Ca2+ signals [57, 90, 103, 153, 178].
In pancreatic acinar cells, inactivating (high) concentrations of NAADP inhibited CCKand NAADP-evoked Ca2+ spikes, but not those evoked by ACh, cADPR, or InsP3 . This
strongly suggested that CCK, but not ACh, employs NAADP to evoke Ca2+ spikes [56, 57,
59]. Table 6.1 summarises the pharmacology of agonist-evoked Ca2+ spikes in pancreatic
acinar cells.
The pharmacology shown in Table 6.1 is consistent with theory that diﬀerent Ca2+
mobilizing messengers are produced in response to diﬀerent secretagogue stimulations.
CCK stimulation has been shown to increase NAADP and cADPR [294] but not InsP3
levels [179]. Furthermore, and supporting the trigger hypothesis [36, 57, 58, 138], NAADP
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NAADP (100 µM)
Bafilomycin A1 (150 nM [185] or 3 µM [293])
GPN (50 µM [293] or 200 µM [185])

CCK

NAADP (nM)

•[57]

•[57]

•[293]

•[293]

•[293]

•[293]

cADPR

ACh

InsP3

[57]

[59]

[57]

[293]

[293]/•[185]

[293]/•[185]

[293]

[293]/•[185]

[293]

Table 6.1: Pharmacology of agonist (column)-evoked Ca2+ spikes in pancreatic acinar cells.
Filled circles (•) indicate inhibition by various pharmacological agents (row), and open circles
( ) indicate no eﬀect.

was synthesized rapidly and transiently in response to CCK; more importantly, this
synthesis occurred before the onset of Ca2+ signals [294]. Stimulation by the other
secretagogue ACh, however, did not increase the NAADP, but rather cADPR and InsP3
levels [289, 294].
It has been suggested that CD38 is the mammalian ADP-ribosyl cyclase (ARC) that is
responsible for the synthesis of cADPR and NAADP [2, 74, 237]. In the pancreatic acinar
cells of CD38 KO mice, CCK could no longer stimulate NAADP or cADPR production [74].
Additionally, CCK was not able to evoke Ca2+ oscillations in the absence of extracellular
Ca2+ [74]. This suggests that the intracellular Ca2+ signalling pathway has been markedly
remodelled and that the primary source of Ca2+ oscillations was now external Ca2+ .
To gain further insight into NAADP-mediated Ca2+ signalling, there is need for
more chemical tools to inhibit NAADP signalling mechanisms beyond just NAADP selfactivation. Although NAADP (at high concentrations) is specific and reliable in inhibiting
mammalian NAADP-mediated Ca2+ signalling, it has the major disadvantage of not being
cell-permeant. Sophisticated labour-intensive techniques, such as whole cell patching,
microinjection, or tissue permeabilization, are therefore required to deliver NAADP into
cells, so cell-permeant drugs would be highly beneficial.
NAADP-evoked Ca2+ release could potentially be inhibited at the Ca2+ store level
(cf. thapsigargin for ER SERCA inhibitor), or at the receptor level (cf. heparin for
InsP3 R, and 8-NH2 -cADPR for RyR). The discovery of reserve granules (lysosome-related
organelles) in sea urchin eggs used as Ca2+ stores recruited by NAADP [70], led to
subsequent findings that acidic stores are indeed the Ca2+ stores targeted by NAADP in
mammals [40, 138, 293]. This discovery expanded the range of target sites for inhibitors
of NAADP-mediated Ca2+ signalling. Pharmacological agents such as bafilomycin A1 (an
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inhibitor of vacuolar H+ -ATPase) and GPN (osmotically lyses acidic stores) have been
frequently used to diﬀerentiate Ca2+ release mediated by NAADP from that mediated by
InsP3 or cADPR (which primarily release Ca2+ from the ER).
The fact that in pancreatic acinar cells, Ca2+ spikes evoked by CCK and ACh are
mediated by diﬀerent Ca2+ mobilizing messengers implies that diﬀerent Ca2+ stores are
associated with diﬀerent agonist-evoked Ca2+ signals. Indeed, Yamasaki et al. showed
that bafilomycin A1 and GPN were able to inhibit Ca2+ spikes in response to photolysis
of microinjected caged NAADP but not to caged InsP3 or cADPR [293]. Yamasaki et al.
further showed that CCK-mediated Ca2+ oscillations were dependent on acidic stores,
as oscillations were abolished by bafilomycin A1 and GPN. In contrast, ACh-mediated
Ca2+ oscillations persisted in the presence of these two drugs, thereby suggesting that
ACh does not release Ca2+ from the acidic stores [293].
Interestingly, another study demonstrated that InsP3 -induced spiking was sensitive
to bafilomycin A1 but not to GPN in whole-cell patched pancreatic acinar cells. In this
study, the authors concluded that InsP3 also releases Ca2+ from the acidic stores (most
likely zymogen granules) but not from lysosomes, as GPN had no significant eﬀect [185]
(Table 6.1). Zymogen granules are acidic stores that can contribute to Ca2+ spiking [273],
and are therefore susceptible to bafilomycin A1, which collapses the proton gradient. GPN
only targets cathepsin-C containing lysosome-related organelles, so it is unlikely to aﬀect
zymogen granules.
Although bafilomycin A1 and GPN inhibit NAADP-mediated Ca2+ signalling, the
discovery that other Ca2+ mobilizing messengers also recruit acidic stores prompted the
need to develop tools to inhibit NAADP-evoked Ca2+ release at the receptor level. There
are two such strategies: use of a drug that acts as an NAADP antagonist, and knockout
(or knockdown) of the NAADP-gated Ca2+ channel.
Recently, a cell-permeant NAADP antagonist, Ned-19, was discovered by virtual
screening [200]. Although Ned-19 and NAADP have quite distinct chemical structures,
they share a remarkably similar three dimensional structure and electrostatic surface
pattern, as shown in Figure 6.1 [200]. Ned-19 has been reported to possess both inhibitory
and stimulatory eﬀects depending on its concentration [231]: at high concentrations,
Ned-19 inhibited NAADP-evoked responses in many cell and tissue types (Table 6.2),
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NAADP

Ned-19

2D

3D &
electrostatic
surface

Figure 6.1: Top, two-dimensional chemical structure of NAADP and Ned-19. Bottom, threedimensional structure and electrostatic surfaces of NAADP and Ned-19. The diagram is taken
from [200].

Model
system

Cell type/TPC studied

[Ned-19]

Inhibition of NAADP

used/µM

-evoked responses

1

Channel activation

Lipid bilayer

Immunopurified human TPC2 channel [231]

Homogenates

Sea urchin egg [200]

100

Ca2+ release

Intact sea urchin eggs [200]

100

Ca2+ release

10–100

Ca2+ release

0.1–5

Ca2+ release

Skeletal muscle C2C12 cells [5]

100

Diﬀerentiation

Primary murine myoblasts [5]

100

Diﬀerentiation

1

Ca2+ release

10

Ca2+ release

100

Ca2+ release

1

Contraction

Primary mouse pancreatic -cells [200]
Cells

Primary rat uterine smooth muscle cells [6]

Human aortic endothelial cells [44]
HEK293 cells overexpressing sea
TPCs [243]
Primary rat cortical astrocytes [19]
Tissues

Whole rat uterine strips [6]

urchin

Table 6.2: Inhibitory eﬀect of Ned-19 in NAADP-evoked responses in various biological model
systems.
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while at low concentrations (1–100 nM), Ned-19 was reported to act as an NAADP agonist,
activating channel opening of immunopurified TPC2 in a lipid bilayer.
To date, persuasive evidence supports the hypothesis that TPCs are the NAADP-gated
Ca2+ channels; however, most studies have been conducted in heterologous systems [39,
41, 52, 231, 243, 248, 307]. To enable the study of the endogenous role of TPCs in NAADP
signalling pathways, TPC mutant mice (Chapter 3) provide a practical experimental
system (Table 3.3).
This laboratory has used TPC KO mice to demonstrate a key role of endogenous
TPC in NAADP-mediated Ca2+ signalling. The first major discovery was that dialysing
NAADP into pancreatic -cells via a patch pipette evoked Ca2+ -induced oscillatory inward
currents in the wild-type (WT) but not in the TPC2 KO mice [52]. Later studies showed
that in WT pancreatic -cells, glucose-evoked Ca2+ spiking is dependent on NAADP,
and that these Ca2+ spikes are significantly reduced in TPC single KOs (TPC1 KO and
TPC2 KO; Arredouani et al., unpublished data). Furthermore, it has been shown that
in bladder from WT mice, NAADP led to smooth muscle contraction, and that this was
abolished in bladder from TPC2 KO mice [90].
With the availability of Ned-19 and TPC mutant mice, these new tools will hopefully
shed light on the most critical link missing in CCK-mediated Ca2+ signalling in pancreatic
acinar cells: molecular identity of the channel that mediates NAADP-evoked Ca2+ release.
The first part of this chapter reports the validation of Ned-19 in pancreatic acinar cells,
and the second part reports examination of the role of endogenous TPCs in CCK-evoked
Ca2+ oscillations in TPC mutant mice.
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6.2
6.2.1

Results
Eﬀect of Ned-19 at a high concentration on ACh- and CCKevoked Ca2+ oscillations

It has been established that in pancreatic acinar cells, NAADP is involved selectively in
CCK- and not ACh-induced Ca2+ oscillations. Therefore, if Ned-19 is indeed an NAADP
antagonist, it should selectively inhibit CCK- and not ACh-induced Ca2+ oscillations.
As Ned-19 has never been used in pancreatic acinar cells, the inhibitory eﬀect was first
investigated at a high concentration of Ned-19.

6.2.1.1

Eﬀect of Ned-19 on ACh-evoked Ca2+ oscillations

Based on the data shown in Table 6.2, a concentration of 10 µM Ned-19 was initially
selected. As expected, Ca2+ oscillations evoked by physiological concentrations of ACh
(25–50 nM) were unaﬀected by Ned-19; this is consistent with its supposed predominant
involvement of the InsP3 -mediated signalling pathway (Figure 6.2A and 6.2B). Physiological concentrations of ACh evoked Ca2+ oscillations in 100% of cells (Figure 6.2C), and
this persisted in 91 ± 5.9% of cells following Ned-19 addition (Figure 6.2C).
6.2.1.2

Eﬀect of Ned-19 on CCK-evoked Ca2+ oscillations

There is a possibility that the sensitivity of pancreatic acinar cells to CCK could vary
between preparations. Generally, physiological concentrations of CCK (5–25 pM) were
able to evoke Ca2+ oscillations. For all experiments, low concentrations of CCK (just
above threshold level) were used. To investigate whether Ned-19 is inhibitory at 10 µM,
cells were preincubated with Ned-19 for approximately 15 min before the addition of
CCK. At this concentration, Ned-19 dramatically reduced or completely abolished Ca2+
oscillations elicited by physiological concentrations of CCK (Figure 6.3A).
Similarly, when Ned-19 was added to cells exhibiting Ca2+ oscillations evoked by a
suprathreshold concentration of CCK, the oscillations were abruptly terminated (Figure 6.3B), although occasionally, the oscillations persisted (Figure 6.3C). The peak height
and ISP (interspike period) of CCK-evoked Ca2+ oscillations before and after Ned-19
addition were analysed (described in Section 2.9.4). The amplitude threshold for peak
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Figure 6.2: Representative traces showing the eﬀect of (A) pre-treatment and (B) post-treatment
with 10 µM Ned-19 on Ca2+ oscillations evoked by physiological concentrations of ACh. (C)
% of cells responding to ACh in the presence and absence of Ned-19 (post-treatment). n = 39,
experiments were performed in 6–9 coverslips. Green and blue bars represent the presence of
Ned-19, and ACh, respectively.
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Figure 6.3: Eﬀect of 10 µM Ned-19 on CCK-evoked Ca2+ oscillations. (A) The eﬀect of Ned-19
pre-treatment on Ca2+ oscillations evoked by physiological concentrations of CCK (5–25 pM).
(B) and (C) The eﬀect of Ned-19 addition on Ca2+ oscillations evoked by physiological CCK
concentrations. Summary of the eﬀect of Ned-19 (post-treatment) on (D) the % of cells responding
to CCK, (E) the peak height and (F) ISP of CCK-evoked Ca2+ oscillations. The analysis was
conducted by comparing the peak height and ISP of CCK-evoked Ca2+ oscillations before and
after Ned-19 addition in the same cells using a paired student’s t-test. Number of cells (n) analysed
for responding cells = 44, peak height = 29, and ISP = 3, experiments were performed in 6–8
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(Ned), and ACh, respectively.
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inclusion was 0.05

340/380 ratio. Analysis showed that the peak height was significantly

reduced after Ned-19 addition (Figure 6.3E).
For the ISP analysis, only cells that continued to oscillate after the Ned-19 addition
were included; this allowed ISP after Ned-19 to be compared (as a pair) to ISP before
Ned-19 in the same cell. After Ned-19 addition, only a few cells continued to oscillate;
but for those that did, the ISP of oscillations was not significantly altered. As Ned-19
was shown to have minimal inhibition on ACh-evoked Ca2+ oscillations, ACh was added
at the end of the experiment to ensure that the cells were still viable.
Overall, >90% of WT cells showed Ca2+ oscillations in response to stimulation of
physiological concentrations of CCK (Figure 6.3D). The addition of Ned-19 abruptly
impaired such Ca2+ oscillations: <2% of cells responded to CCK in the presence of Ned-19
(Figure 6.3D).
This study shows for the first time that Ned-19 is able to selectively inhibit CCKevoked, but not ACh-evoked Ca2+ oscillations in pancreatic acinar cells. This selectivity
of Ned-19 resembles that of other established pharmacological drugs that inhibit NAADP
signalling (Table 6.1), consistent with its action as an NAADP antagonist.
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6.2.2

Investigation of the stimulatory eﬀect of Ned-19

Recently, Ned-19 at low concentrations (1–100 nM) was shown to activate immunopurified
TPC2 channel-opening in a lipid bilayer. This unexpected behaviour suggests that Ned-19
can act as an agonist to TPCs, similarly to NAADP [231]. To examine whether low
concentrations of Ned-19 can be used as an NAADP alternative (to trigger Ca2+ release
in mouse pancreatic acinar cells), cells were treated with various concentrations of Ned-19
(1 nM to 10 µM) for 15 min.
Figure 6.4 shows that there is no significant diﬀerence in the % increase of the 340/380
ratio, and shows also a similar slope between Ned-19 (at various concentrations) and the
control (0.1% DMSO) after 15 min incubation. This suggests that Ned-19 does not act as
an agonist at low concentrations in mouse pancreatic acinar cells.
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Figure 6.4: (A)-(F) Traces showing the % increase in the 340/380 ratio following Ned-19 addition.
Each line and error bar represent the % mean ± S.E.M. increase at particular time points per
coverslip. Arrows indicate the time of Ned-19 addition. (G) and (H) Summary of the % increase
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6.2.3

Investigation of the endogenous role of TPCs in CCK-mediated
Ca2+ signalling

As NAADP is known to play a role in the CCK-mediated Ca2+ signalling, and TPCs have
been shown to be NAADP-gated Ca2+ channels, it is likely that TPCs play the central
role in the CCK-mediated Ca2+ signalling. To examine the role of endogenous TPCs,
CCK-induced Ca2+ oscillations were assessed in various TPC mutant mice (Chapter 3,
summarized in Table 3.3).
It would be expected that if TPCs are not redundant, CCK-evoked Ca2+ oscillations
would be abolished in TPC single KOs. Surprisingly, in TPC single KOs, 5 pM CCK was
still able to evoke Ca2+ oscillations (Figure 6.5A, 6.5B), suggesting that the remaining
TPC had possibly compensated for the deleted TPC.
Since NAADP has been proposed to act as a trigger, it is possible that it triggers each
spike in the oscillation. The abrogation of one TPC subtype expression might therefore
decrease the overall probability of NAADP triggering in CCK-mediated signalling pathway
(i.e. result in slower oscillations). The peak height of Ca2+ spikes, however, should not
be aﬀected as it is determined by the properties of CICR. Unexpectedly, no significant
diﬀerence in the ISP of Ca2+ oscillations was observed between TPC single KOs and their
respective WTs (Figure 6.5A, 6.5B and 6.5E). Neither was a significant diﬀerence observed
in the peak height of Ca2+ spikes evoked by 5 pM CCK (Figure 6.5A, 6.5B and 6.5D).
The most striking diﬀerences were observed with TPC1 H (hypomorph), the mutant
in which mRNA expression of TPC1 was only partially knocked down. As expected, 5 pM
CCK was able to evoke Ca2+ oscillations in TPC1 H (Figure 6.5B), but, interestingly,
the ISP was significantly longer than for WT (Figure 6.5E); also, the peak height of the
spikes was significantly decreased (Figure 6.5D).
Assuming that TPCs are necessary for CCK signalling, CCK-evoked Ca2+ oscillations
observed in TPC single KOs are likely to have been generated by the remaining TPC.
Thus, it is possible that abrogation of both TPCs is required to observe a diﬀerence in
the CCK-evoked Ca2+ oscillations.
Surprisingly, 5 pM CCK was still able to elicit Ca2+ oscillations in TPC DKO cells.
The spiking frequency was significantly decreased (as assessed by the ISP of the Ca2+
oscillations) in TPC DKO compared to WT. However, the peak height of the oscillations
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Figure 6.5: Traces of Ca2+ oscillations evoked by 5 pM CCK in (A) TPC1 KO (red), (B)
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Mice
TPC1 KO
TPC1 H
TPC2 KO
TPC DKO

5 pM CCK-induced

Expression

Ca2+ oscillations

TPC1

TPC2

ISP

Frequency

Peak height

⇥

X
X

–

–

–

"

#

#

"

#

–

#
X

⇥

⇥
⇥

–

–

–

Table 6.3: Summary of 5 pM CCK-induced Ca2+ oscillations in pancreatic acinar cells of TPC
mutant mice (see Chapter 3). ⇥: no expression; X: expression; #: reduction; ": elevation; –: no
diﬀerence. Abbreviations: KO, knockout; H, hypomorph; DKO, double knockout.

was not significantly diﬀerent between the TPC DKO and WT (Figure 6.5C). Table 6.3
summaries the relative TPC mRNA levels and properties of 5 pM CCK-induced Ca2+
oscillations in TPC mutant mice relative to WT.
There are three possible explanations for the oscillations evoked by CCK in TPC DKO:
TPCs are not involved (NAADP acts on another channel to mediate Ca2+ release); or, in
WT cells TPCs are involved in CCK signalling but in TPC DKO cells CCK recruits InsP3
or cADPR instead of NAADP to trigger Ca2+ release; or in TPC DKO, CCK still recruits
NAADP but (to compensate for the deletion of TPCs) the NAADP-binding protein of
the TPC signalling complex forms a complex with alternative homologous Ca2+ channels
(e.g. TRPs). In the last of these models, NAADP would still bind to its binding protein
(Chapter 5) in the new complex, and continue to elicit Ca2+ . To test these hypotheses,
various pharmacological agents were used to dissect the CCK signalling pathway (see
below).
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6.2.4
6.2.4.1

Pharmacology of CCK-mediated Ca2+ signalling in TPC1 KO
Eﬀect of Ned-19

Since CCK still elicited Ca2+ oscillations in TPC1 KO cells (Figure 6.5), it is possible
that in TPC1 KO cells, NAADP releases Ca2+ via the remaining TPC and thus triggers
Ca2+ oscillations. If this is the case, Ned-19 should still inhibit CCK-evoked oscillations
if NAADP is recruited. On the other hand, if InsP3 or cADPR signalling pathways are
recruited, then Ned-19 should a minimal eﬀect [6, 200].
When this was tested, CCK evoked Ca2+ oscillations in the majority of WT and
TPC1 KO cells, and it was seen that Ned-19 indeed inhibited CCK-evoked oscillations
and significantly reduced the % of cells responding to CCK (Figure 6.6C) and the peak
height of CCK-evoked oscillations (Figure 6.6D) in both TPC1 KO (Figure 6.6B) and its
respective WT (Figure 6.6A). ACh (50 nM) was added after Ned-19 inhibition to confirm
that the cells were still viable.
Although Ned-19 significantly reduced the peak height of CCK-evoked Ca2+ oscillations
in both WT and TPC1 KO cells, the change in peak oscillation height after Ned-19
treatment was not significantly diﬀerent between these two cells (Figure 6.6D). No WT
cells continued to oscillate after Ned-19 treatment, and only a handful of TPC1 KO
cells continued. For these, the ISP was not significantly aﬀected by Ned-19 treatment
(Figure 6.6E).
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Figure 6.6: Ned-19 (green bar) inhibition of Ca2+ oscillations evoked by CCK (orange bar) in
(A) WT and (B) TPC1 KO. ACh (blue bar) was added following Ned-19 treatment to confirm
cell viability. Summary of the eﬀect of Ned-19 (10–20 µM) on (C) the % of cells responding to
CCK, (D) the peak height, and (E) the ISP of Ca2+ oscillations evoked by CCK (5–25 pM) in
TPC1 KO and its respective WT. The analysis was conducted by comparing the peak height
and ISP of CCK-evoked Ca2+ oscillations before and after Ned-19 addition in the same cells
using a paired student’s t-test. Number of cells (n) analysed for responding cells = 23 (WT1)
and 25 (TPC1 KO), peak height = 19 (WT1) and 23 (TPC1 KO), and ISP = 17 (WT1) and 3
(TPC1 KO), experiments were performed in 3–6 coverslips; ***P < 0.001.
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6.2.4.2

Eﬀect of GPN

CCK is known to recruit acidic stores for the release of Ca2+ by NAADP in mouse
pancreatic acinar cells [185, 293, 294]. If NAADP is still involved in CCK signalling in
TPC1 KO cells, lysing of the acidic stores by GPN should inhibit the CCK-evoked Ca2+
oscillations.
Consistent with previous findings [185, 293], GPN (100 µM) significantly diminished
CCK-evoked Ca2+ oscillations in WT (Figure 6.7A and 6.7B). In TPC1 KO, GPN also
significantly inhibited the CCK-evoked Ca2+ oscillations (Figure 6.7C and 6.7D). However,
unlike Ned-19 (with which only a few cells continued to oscillate), inhibition by GPN was
less absolute: a higher proportion of cells continued oscillating, although with a reduced
peak height. Example traces of cells that were still responsive after GPN treatment are
shown in Figure 6.7B and 6.7D.
GPN significantly reduced the % of TPC1 KO cells responding to CCK, similar to
the situation with WT cells (Figure 6.7E). Again, 50 nM ACh was able to elicit Ca2+
response from both the WT and TPC1 KO cells whose CCK-evoked oscillations had been
inhibited by GPN, suggesting that cells were still viable. Furthermore, the peak height of
Ca2+ oscillations was significantly reduced after GPN treatment but to a similar extent
in both WT and the TPC1 KO cells (Figure 6.7F). Only a few WT and TPC1 KO cells
continued to oscillate after GPN treatment. For these, the ISP appeared to be longer
although statistical analysis could not be conducted due to the small number of oscillating
cells (Figure 6.7G).
In summary, in TPC1 KO cells, CCK-evoked Ca2+ oscillations were still sensitive
to both Ned-19 and GPN. This suggests that in the absence of TPC1, NAADP is still
likely to be involved in CCK-evoked Ca2+ oscillations to release Ca2+ from acidic stores,
specifically, cathepsin-C containing lysosome-related organelles.
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Figure 6.7: GPN (green bar) inhibition of Ca2+ oscillations evoked by CCK (orange bars) in
(A) and (B) WT, and (C) and (D) TPC1 KO. ACh (blue bar) was added at the end to confirm
cell viability. The eﬀect of GPN (100 µM) on (E) the % of cells responding to CCK, (F) the peak
height, and (G) the ISP of Ca2+ oscillations evoked by CCK (5–10 pM) in TPC1 KO and its
respective WT. The analysis was conducted by comparing the peak height and ISP of CCK-evoked
Ca2+ oscillations before and after GPN addition in the same cells using a paired student’s t-test.
Number of cells (n) analysed for responding cells = 16 (WT1) and 9 (TPC1 KO), peak height =
14 (WT1) and 8 (TPC1 KO), and ISP = 1 (WT1) and 2 (TPC1 KO), experiments were performed
in 2–3 coverslips; ***P < 0.001, **P < 0.01, and *P < 0.05.
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6.2.5

Pharmacology of CCK-mediated Ca2+ signalling in TPC2 KO

In Section 6.2.3, it was shown that CCK elicited Ca2+ oscillations in TPC2 KO cells,
and it was suggested that this might due to the compensation by TPC1. However, it is
possible that TPC1 is not involved in CCK-evoked Ca2+ oscillations: perhaps TPC2 has
an essential role. This may explain why pharmacological intervention had a similar eﬀect
in TPC1 KO compared to WT cells. If TPC2 is essential, CCK-evoked Ca2+ oscillations
may be dramatically remodelled in TPC2 KO.
6.2.5.1

Eﬀect of Ned-19

An addition of Ned-19 at a high concentration completely abolished CCK-evoked Ca2+
oscillations in TPC2 KO cells (Figure 6.8B), similar to WT (Figure 6.8A). Analysis showed
that the % of cells responding to CCK after Ned-19 treatment (Figure 6.8C) and the
peak height of CCK-evoked Ca2+ oscillations (Figure 6.8D) were significantly reduced
in TPC2 KO, similar to the response of its respective WT. Additionally, none of the
TPC2 KO and WT cells continued to oscillate after Ned-19 treatment (Figure 6.8E).
6.2.5.2

Eﬀect of GPN

GPN also inhibited CCK-evoked Ca2+ oscillations (Figure 6.9C and 6.9D) in TPC2 KO
cells; inhibition was comparable to that with its respective WT (Figure 6.9A and 6.9B).
After GPN treatment, the % of TPC2 KO cells responding to CCK (Figure 6.9E) and
the peak height of Ca2+ oscillations in TPC2 KO cells (Figure 6.9F) were significantly
decreased, to a similar extent as with WT cells. However, in those cells that did continue
to oscillate after GPN addition, the ISP was unaltered in WT cells, a significantly longer
ISP was observed in TPC2 KO cells (Figure 6.9G).
In summary, similarly to the situation with TPC1 KO cells, CCK-evoked Ca2+
oscillations were still sensitive to both Ned-19 and GPN in TPC2 KO cells. This suggests
that in the absence of TPC2, NAADP is still likely to be involved in CCK signalling,
possibly by releasing Ca2+ from cathepsin-C containing lysosome-related organelles.
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Figure 6.8: Ned-19 (green bar) inhibition of Ca2+ oscillations evoked by CCK (orange bar) in
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responding to CCK, (D) the peak height, and (E) the ISP of Ca2+ oscillations evoked by CCK
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242

6.2 Results

(A)

(B)
Responders after GPN

Non-responders after GPN
WT2

340/380 ratio

1.4

2.5 pM
CCK

50 nM ACh

100 M GPN

1.4

1.2

1.2

1.0

1.0

0.8

0.8
500 s

(D)

TPC2 KO
1.4

2.5 pM CCK

100 M
GPN

1.4
100 nM ACh

1.2

1.2

1.0

1.0

0.8

0.8
500 s

0.6

(E)

500 s

0.6

(F)
WT2
100

***

TPC2 KO

80
60
40
20
0

+ GPN

CCK
+ GPN

(G)
0.5

***

WT2
***

0.4
Peak height

CCK responding
cells/coverslip (%)

50 nM ACh

2 pM CCK 100 M GPN

TPC2 KO

400

WT2

TPC2 KO
*

***

300
ISP (s)

340/380 ratio

500 s

0.6

0.6

(C)

50 nM ACh
3 pM CCK 100 M GPN

0.3
0.2

200
100

0.1
0.0

+ GPN

CCK
+ GPN

0

+ GPN

CCK
+ GPN

Figure 6.9: GPN (green bar) inhibition of Ca2+ oscillations evoked by CCK (orange bars) in
(A) and (B) WT, and (C) and (D) TPC2 KO. ACh (blue bar) was added at the end to confirm
cell viability. The eﬀect of GPN (100–200 µM) on (E) the % of cells responding to CCK, (F) the
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respective WT. The analysis was conducted by comparing the peak height and ISP of CCK-evoked
Ca2+ oscillations before and after GPN addition in the same cells using a paired student’s t-test.
Number of cells (n) analysed for responding cells = 52 (WT2) and 72 (TPC2 KO), peak height
= 49 (WT2) and 68 (TPC2 KO), and ISP = 7 (WT2) and 15 (TPC2 KO), experiments were
performed in 5–7 coverslips; ***P < 0.001, and *P < 0.05.
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6.2.6

Pharmacology of CCK-mediated Ca2+ signalling in TPC DKO

The likelihood for NAADP involvement in CCK-evoked Ca2+ oscillations in TPC single
KOs suggests that TPCs are mutually redundant: the loss of one TPC isoform can be
compensated by the action of the other isoform. Thus, the TPC DKO, in which no TPCs
are expressed, will prove highly valuable in examining the role of the TPC family in the
CCK-mediated signalling pathway. Based on the above results, it would be predicted
that the signal transduction pathway of CCK-evoked responses in TPC DKO would be
reconfigured, switching to InsP3 and cADPR to transduce Ca2+ signals.
6.2.6.1

Eﬀect of Ned-19

Surprisingly, Ned-19 still inhibited CCK-evoked Ca2+ oscillations in TPC DKO (Figure 6.10A and 6.10B). In particular, Ned-19 significantly reduced the % of cells responding
to CCK (Figure 6.10C) and the peak height of Ca2+ oscillations in TPC DKO cells
(Figure 6.10D), to a similar extent as that for WT cells. Additionally, in the few WT
and TPC DKO cells that continued to oscillate after Ned-19 treatment, the ISP was not
significantly diﬀerent between TPC DKO and its respective WT (Figure 6.10E).
6.2.6.2

TPC DKO morphology and acidic store sensitivity to GPN

Since TPCs have been reported to be important in lysosome biogenesis — in particular,
vesicle fusion and traﬃcking [165, 243] — prior to testing GPN in TPC DKO, it is
necessary to account for potential compensatory mechanisms in lysosomal physiology.
If compensation alters the lysosomal physiology in TPC DKO, the sensitivity of the
acidic stores to GPN is likely to be altered. It is therefore important to confirm that the
acidic stores are still sensitive to GPN before using GPN to investigate CCK signalling in
TPC DKO.
First, the morphology of TPC DKO and the WT cells was examined. Pancreatic
acinar cells isolated from TPC DKO (Figure 6.11A) exhibited the hallmark polarized
secretary poles; these were indistinguishable from WT cells (Figure 6.11B). To investigate
whether TPC DKO lysosomal physiology is also unaltered from WT, lysotracker red was
used to label acidic stores. Staining from lysotracker red showed that the acidic stores
were still present in TPC DKO (Figure 6.11A), similar to WT cells (Figure 6.11B).
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Figure 6.10: Ned-19 (green bar) inhibition of Ca2+ oscillations evoked by CCK (orange bar) in
(A) WT, and (B) TPC DKO. ACh (blue bar) was added at the end to confirm cell viability. The
eﬀect of Ned-19 (10 µM) on (C) the % of cells responding to CCK, (D) the peak height, and (E)
the ISP of Ca2+ oscillations evoked by CCK (5–50 pM) in TPC DKO and its respective WT. The
analysis was conducted by comparing the peak height and ISP of CCK-evoked Ca2+ oscillations
before and after Ned-19 addition in the same cells using a paired student’s t-test. Number of cells
(n) analysed for responding cells = 53 (WTD) and 37 (TPC DKO), peak height = 29 (WTD) and
35 (TPC DKO), and ISP = 3 (WTD) and 5 (TPC DKO), experiments were performed in 7–8
coverslips; ***P < 0.001, and **P < 0.01.
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Figure 6.11: (A) TPC DKO exhibited normal polarity (left) and contained acidic stores (detected
by lysotracker red staining, right). These were indistinguishable from the respective WT (B).
Images of lysotracker staining were generated by Z-stacking. (C) Diameter of 10 randomly
chosen acidic vesicles in each TPC DKO and WT cells. Total number of vesicles measured are
indicated in the bracket in 11–33 cells.

As the lysosomes have been reported to be enlarged in HEK293 cells overexpressing
sea urchin TPCs [243], it is possible that the lysosomal size is also altered in TPC DKO.
However, analysis of the diameter of the acidic stores staining showed that TPC DKO
and the WT diameters were essentially identical (Figure 6.11C).
Next, the sensitivity of the acidic stores to GPN in TPC DKO was studied. The
preliminary results show that the lysotracker staining decreased rapidly after an addition
of GPN (50 or 200 µM) and was abolished within 10 min in both TPC DKO and WT cells
(Figure 6.12), suggesting that lysosomes in TPC DKO cells are still sensitive to GPN. A
diﬀerence was observed in the rate of decrease in fluorescence between WT and TPC DKO
cells, and future investigations may be required to confirm this finding. However, as the
acidic stores are still present and sensitive to GPN in TPC DKO, GPN was used to test
whether acidic stores are recruited in CCK-evoked Ca2+ oscillations in TPC DKO.
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Figure 6.12: Staining of the acidic stores by lysotracker red was rapidly abolished upon GPN
addition (50 or 200 µM) in both TPC DKO (red trace) and WT (black trace). The fluorescence
data reflect the total red fluorescence exhibited in one cell. The fluorescence at each time point
was normalized to fluorescence at time = 0, n = 3–6 cells.

6.2.6.3

Eﬀect of GPN

In TPC DKO, GPN inhibited CCK-evoked Ca2+ oscillations (Figure 6.13C and 6.13D)
similar to WT cells (Figure 6.13A and 6.13B). Furthermore, analysis showed that after
GPN treatment, the % of cells responding to CCK (Figure 6.13E) and also the peak
height of Ca2+ oscillations (Figure 6.13F) were significantly decreased in TPC DKO to a
similar extent as that for WT cells. Interestingly, while in WT cells that continued to
oscillate after GPN addition the ISP was unchanged, in TPC DKO cells that continued
to oscillate the ISP was, however, significantly longer (Figure 6.13F).

247

6. ROLE OF TPCS IN PANCREATIC ACINAR CELLS

(A)

(B)

Non-responders after GPN
WTD

340/380 ratio

5 pM CCK

Responders after GPN

50 nM
ACh

100 M GPN

1.6

1.6

1.4

1.4

1.2

1.2

1.0

1.0

0.8

100 M GPN

5 pM CCK

0.8

500 s

0.6

(C)

500 s

0.6

(D)

TPC DKO

50 nM
ACh
20 pM CCK 100 M GPN

1.6

1.4

1.4

1.2

1.2

1.0

1.0

0.8

0.8

(E)

5 pM CCK

0.6

500 s

0.6

100

TPC DKO
**

***

Peak height

60
40
20
0

+ GPN

CCK
+ GPN

(G)
0.5

80

50 nM
ACh

500 s

(F)
WTD

100 M GPN

0.4

WTD

TPC DKO

WTD

TPC DKO

***

300

***

0.3

ISP (s)

340/380 ratio

1.6

CCK responding
cells/coverslip (%)

50 nM
ACh

0.2
0.1
0.0

+ GPN

CCK
+ GPN

***

200
100
0

+ GPN

CCK
+ GPN

Figure 6.13: GPN (green bar) inhibition of Ca2+ oscillations evoked by CCK (orange bars) in
(A) and (B) WT, and (C) and (D) TPC DKO. ACh (blue bar) was added at the end to confirm
cell viability. The eﬀect of GPN (50–200 µM) on (E) the % of cells responding to CCK, (F) the
peak height, and (G) the ISP of Ca2+ oscillations evoked by CCK (5–25 pM) in TPC DKO and its
respective WT. The analysis was conducted by comparing the peak height and ISP of CCK-evoked
Ca2+ oscillations before and after GPN addition in the same cells using a paired student’s t-test.
Number of cells (n) analysed for responding cells = 131 (WTD) and 95 (TPC DKO), peak height
= 112 (WTD) and 89 (TPC DKO), and ISP = 32 (WTD) and 44 (TPC DKO), experiments were
performed in 13 coverslips; ***P < 0.001 and **P < 0.01.
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6.2.6.4

Eﬀect of bafilomycin A1

Bafilomycin A1 is another pharmacological agent that inhibits NAADP-mediated Ca2+
signalling by interfering with acidic stores. Bafilomycin A1 targets a broader range of
acidic stores than GPN, which specifically inhibits cathepsin-C containing lysosome-related
organelles.
As expected, CCK-evoked Ca2+ oscillations were sensitive to bafilomycin A1 in WT
(Figure 6.14A). It is worth noting that the inhibitory action of bafilomycin A1 is diﬀerent
from GPN. After the addition of bafilomycin A1, the cells tended to continue oscillating
with decreasing amplitude. This is unlike GPN, where the oscillation tended to terminate
abruptly. Bafilomycin A1 might act slower than GPN as its action is dependent on the
leakiness of Ca2+ from the stores.
In TPC DKO, CCK-evoked Ca2+ oscillations were also sensitive to bafilomycin A1
(Figure 6.14B), confirming the results from GPN studies. Like GPN, bafilomycin A1
decreased the % of responding cells (Figure 6.14C) and the peak height of Ca2+ oscillations
(Figure 6.14D) in TPC DKO cells to a similar extent as that for WT cells. Additionally,
in the WT cells that continued to oscillate, no significant change was observed in the ISP
of Ca2+ oscillations; however, the ISP was significantly longer in the TPC DKO cells that
continued to oscillate after GPN addition (Figure 6.14E).
In summary, CCK-evoked Ca2+ oscillations were still sensitive to Ned-19, GPN and
bafilomycin A1 in TPC DKO cells. This suggests that even in the absence of TPCs,
CCK might still depend on NAADP to release Ca2+ from the acidic stores to evoke Ca2+
oscillations.
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Figure 6.14: Bafilomycin A1 (blue bar) inhibition of Ca2+ oscillation evoked by CCK (orange
bars) in (A) WT, and (B) TPC DKO. The eﬀect of bafilomycin A1 (3 µM) on (C) the % of cells
responding to CCK, (D) the peak height, and (E) the ISP of Ca2+ oscillations evoked by CCK
(5–25 pM) in TPC DKO and its respective WT. The analysis was conducted by comparing the
peak height and ISP of CCK-evoked Ca2+ oscillations before and after GPN addition in the same
cells using a paired student’s t-test. Number of cells (n) analysed for responding cells = 29 (WTD)
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18 (TPC DKO), experiments were performed in 3–5 coverslips; ***P < 0.001, and *P < 0.05.
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6.2.6.5

Eﬀect of extracellular Ca2+

All of the above studies had been conducted in the Ca2+ -containing buﬀer. Although
CCK-evoked Ca2+ oscillations were shown to recruit internal acidic stores in TPC DKO
(Figure 6.13 and 6.14), it is still possible that the Ca2+ entry from the extracellular
medium is altered due to remodelling as has been reported for CD38 KO mice [74]: in WT
cells, CCK-evoked Ca2+ oscillations are less sensitive to extracellular Ca2+ , and oscillation
can persist for minutes in the absence of extracellular Ca2+ [188, 297]. However, in CD38
KO cells, CCK-evoked Ca2+ oscillations were significantly dependent on extracellular
[Ca2+ ], as CCK was not able to evoke oscillation in the absence of extracellular Ca2+ .
Stimulation of cells with 10 pM CCK in the extracellular buﬀer containing either Ca2+
or no Ca2+ with 100 µM EGTA (Ca0) showed that CCK was able to evoke Ca2+ oscillations
in both WT and TPC DKO cells regardless of extracellular Ca2+ (Figure 6.15A and
6.15B). Furthermore, in both cell types, the % of cells responding to CCK (Figure 6.15C)
and the peak height of Ca2+ spikes (Figure 6.15D) were independent of extracellular Ca2+ .
Unexpectedly, the removal of extracellular Ca2+ significantly decreased the ISP of Ca2+
oscillations (i.e. higher frequency) in the WT, but had no eﬀect on TPC DKO cells.
In summary, Ca2+ entry in CCK-evoked Ca2+ oscillations appeared to be unaﬀected
by the presence or absence of TPCs. In the absence of extracellular Ca2+ , the ISP of
CCK-evoked Ca2+ oscillations was significantly decreased in the WT cells; however, the
number of cells tested was too small to draw a firm conclusion.
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6.3

Discussion

The main function of pancreatic acinar cells is to secrete fluid and digestive enzymes
in response to agonist stimulations. Remarkable progress has been made over the past
30 years in elucidating the details of this sophisticated stimulus–secretion signalling
pathway. Cancela et al. clearly demonstrated the recruitment of NAADP by CCK [57, 59].
Subsequent studies by Yamasaki et al. identified the Ca2+ stores that NAADP uses [293],
as well as confirming the selectivity of the agonists for diﬀerent messengers by measuring
changes in NAADP, cADPR, and InsP3 levels [294]. More recently, Cosker et al. showed
that CD38 is likely the enzyme responsible for the synthesis of NAADP [74]. Currently,
the outstanding question is the molecular identity of the channel that is gated by NAADP
to mediate Ca2+ release. Of these, TPC is perhaps the most credible candidate.

6.3.1

Ned-19

There are two approaches to investigate the role of TPCs in NAADP signalling in
CCK-mediated Ca2+ oscillations: first, by using an NAADP antagonist, and second, by
knocking TPCs down or out. Ned-19 is the first established cell-permeant antagonist of
NAADP [200]. It is a relatively new drug and to date, it has been shown to selectively
inhibit NAADP-mediated Ca2+ signalling pathway in sea urchin homogenate [200] and
rat uterine smooth muscle cells [6].
The inhibitory action of Ned-19 in mammalian cells was observed at high concentrations (Table 6.2). In this chapter, the potential use of Ned-19 in pancreatic acinar cells
as an NAADP antagonist has been investigated. 10 µM Ned-19 selectively inhibited the
CCK-mediated Ca2+ signalling pathway that is known to employ NAADP but not ACh,
which is NAADP-independent (Figure 6.2 and 6.3). Furthermore, in agreement with
the trigger hypothesis whereby NAADP-induced Ca2+ release is amplified by CICR to
generate Ca2+ oscillations [57, 70, 138, 185, 293], Ned-19 had the tendency to interrupt
Ca2+ oscillations abruptly. However, whether or not Ned-19 can act as a true NAADP
antagonist in pancreatic acinar cells needs to be empirically tested by using NAADPAM (a membrane permeant ester that is broken down by cytosolic esterases to release
NAADP) or by direct intracellular dialysis of NAADP. As Ned-19 has been shown to
inhibit NAADP-evoked responses in many mammalian cell types (Table 6.2), it is likely
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that Ned-19 could also serve as an NAADP antagonist in pancreatic acinar cells.
Interestingly, at low concentrations Ned-19 has been reported to act as an agonist in the
mammalian system [231]. Although studies here could not detect any diﬀerences between
low concentrations of Ned-19 and DMSO (control), one cannot discount the possibility
that the amount of Ca2+ release was undetectable. The inability to detect the response
may either be due to the fact that the pure NAADP-dependent response may be very
small in pancreatic acinar cells, as the release is primarily from endosomes/lysosomes [226],
or that the high aﬃnity dye, Fura-2, is buﬀering and repressing responses. If the latter,
then using a lower aﬃnity dye (which buﬀers more weakly) might improve resolution.
Furthermore, the small Ca2+ release evoked by low concentrations of Ned-19 may not be
amplified because the InsP3 and cAPDR were at the basal level. In order to observe an
amplified response in future studies, CICR channels could perhaps be ‘tickled’ by treating
cells with either low concentrations of InsP3 /cADPR or else by sensitizing their cognate
receptors with the sulphydryl agent thimerosal (a sulphydryl-group-oxidising agent [270]).

6.3.2

Why knocking out one TPC isoform aﬀects some systems and
not the others?

The diﬃculties of transfection and maintaining primary cells such as pancreatic acinar
cells prompted the decision to generate TPC KO mice. TPC mutant mice characterized in
Chapter 3 provide a selection of powerful tools to examine the role of TPCs in CCK-evoked
Ca2+ signalling. Given the importance of NAADP in CCK-evoked Ca2+ oscillations, and
the fact that TPCs are the NAADP-gated Ca2+ channels, it was surprising that CCK
was still able to evoke Ca2+ oscillations in TPC single KOs with oscillatory properties
and pharmacology similar to wild-type.
This contrasts with other NAADP-dependent systems, such as glucose-stimulated
mouse pancreatic

-cells [52], [Arredouani et al, 2011, unpublished], and carbachol-

stimulated mouse bladder smooth muscle [90], where knocking out TPC2 alone had a
profound eﬀect on agonist and NAADP-mediated responses. This suggests that in these
systems, TPCs are not redundant and that TPC2 is the predominant or important isoform.
It is possible that diﬀerent systems have diﬀerent spatial organization (i.e. proximity)
of acidic stores to the ER, thereby explaining the apparent discrepancies. There is
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precedent for diﬀerent organelles to tether to each other in a juxtaposition for eﬀective
communication during Ca2+ signalling; for example, it has been shown that mitochondria
tether to the ER via mitofusin 2 for eﬀective mitochondrial Ca2+ uptake [46]. In pulmonary
arterial smooth muscle cell, the close proximity of lysosomes to the SR in the lysosome-SR
(trigger) zone has been proposed to underlie amplification of lysosomal Ca2+ release
evoked by NAADP and its agonist (vasoconstrictor hormone endothelin-1) via RyRs on
the SR [138]. Although in a diﬀerent smooth muscle, it is possible that the trigger zone
also exists in bladder smooth muscle, and as TPC2 has a restricted localization to late
endosomes/lysosomes (albeit in MEF cells, Figure 4.3), it may be more involved than
TPC1 in the ‘trigger zone’.
On the other hand, the spatial organization of TPC-localized acidic stores in relation
to the ER may be diﬀerent in pancreatic acinar cells (cf. TPCs with the SR in the bladder
smooth muscle). In pancreatic acinar cells, although the majority of the ER has been
shown to be distributed in the basolateral region, some ER terminals extend into the
apical region and appeared to surround acidic stores [112, 113, 225]. Additionally, the ER
extensions and the acidic stores have been reported to be extremely close (< a few hundred
nanometers) in the apical region [110]. This close proximity of the acidic stores to the ER
may form the trigger zone in pancreatic acinar cells. Furthermore, in pancreatic acinar
cells, InsP3 Rs have been shown to be predominantly localized to the apical region, while
the localization of RyRs are more broadly distributed to the basolateral region [126, 156].
Thus, Ca2+ release evoked by NAADP in the trigger zone is likely to be amplified by
InsP3 Rs in pancreatic acinar cells.
It is possible that in pancreatic acinar cells, the area of the trigger zone is larger than
that in pulmonary arterial smooth muscle cells, and that both TPCs are localized at the
trigger zone, thus causing the redundancy of TPCs in CCK signalling (compensation by
the remaining TPC in TPC single KOs). It would therefore be pertinent to study the
localization of TPCs in pancreatic acinar cells, in particular, its relation to amplifiers such
as InsP3 Rs and RyRs. Furthermore, a similar redundancy was observed in InsP3 R2 or
InsP3 R3 single KOs; ACh and CCK were still able to elicit Ca2+ responses in pancreatic
acinar cells of single KOs, while the Ca2+ responses were completely abolished in the
absence of both InsP3 R2 and InsP3 R3 [99].
255

6. ROLE OF TPCS IN PANCREATIC ACINAR CELLS

6.3.3

Acidic stores in pancreatic acinar cells

In pancreatic acinar cells, acidic stores comprise the members of the endo-lysosomal
system (such as endosomes and lysosomes) and also the secretory (zymogen) granules
[226, 228] that are predominantly localized in the apical region [74, 92, 185, 269, 293].
The results from TPC single KO experiments showed that both TPC single KOs were
sensitive to GPN suggesting that TPC1 and TPC2 are localized in cathepsin-C containing
lysosome-related organelles. This supports the previous finding that both mouse TPC1
and TPC2 are localized in late endosomes/lysosomes (Figure 4.2 and 4.3).
Interestingly, GPN did not completely abolish CCK-evoked Ca2+ signalling in some
TPC single KO cells; the residual response may be explained by the fact that mouse
TPC1 was shown to have a broader subcellular distribution than mouse TPC2 in MEF
cells. It is possible that in TPC2 KO pancreatic acinar cells, mouse TPC1 is also localized
to non-lysosomal stores (such as endosomes) which are not targeted by GPN. It is also
possible that the localization of TPC2 in TPC1 KO may have extended to endosomes in
order to compensate for the loss of TPC1 in those acidic stores. Alternatively, the residual
response may simply due to cell variations in the activity of cathepsin-C, or lysosomal
luminal pH (as the activity of cathepsin-C is pH-dependent [71]).

6.3.4
6.3.4.1

Mechanisms underlying Ca2+ oscillations
Frequency of oscillations

In view of the importance of NAADP signalling in CCK-evoked Ca2+ oscillations in WT
cells, it would be predicted that in the absence of TPCs, CCK would not to elicit any
oscillations. Quite unexpectedly, CCK was still able to elicit oscillations in TPC DKO
albeit with a lower frequency than with WT (Figure 6.5C). Interestingly, CCK-evoked
oscillations were also slower in TPC1 H (Figure 6.5B). This suggests that TPCs may be
important for CCK-evoked oscillations.
In pancreatic acinar cells, the trigger response induced by NAADP from endosomes/lysosomes may be too small to be detected; the observed oscillations evoked
by CCK probably reflects CICR amplification, as NAADP-evoked Ca2+ release from
acidic stores have been shown to be dependent on CICR [110, 226]. Several factors have
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been proposed to play a role in determining the frequency of Ca2+ oscillations: the
stimulus intensity [222, 223]; the filling of the ER store [27, 275]; and Ca2+ feedback
on the messenger production or degradation [89, 254], or at the intracellular channel
level [221].
It has been suggested that the frequency of Ca2+ oscillations is regulated by combined
contributions of SERCA, InsP3 Rs, cytosolic and the luminal ER Ca2+ concentration [27,
195, 221, 275]. It is believed that during ISP, the refilling of the ER via SERCA is
important for determining the InsP3 R sensitivity to cytosolic InsP3 and Ca2+ [27, 267],
and thereby the initiation of the next spike. The sensitivity of InsP3 Rs increases with
luminal [Ca2+ ] [27, 267]. Thus, the faster the store is refilled, the shorter the delay to the
next spike [27, 267]. Upon spike initiation, the slope of the rising edge reflects the CICR
amplification [27, 221], and when the cytosolic [Ca2+ ] reaches a certain level, further
release becomes inhibitory to InsP3 Rs [221, 267], reflected in the falling edge of the spike.
This process repeats to drive oscillations.
In TPC1 H and TPC DKO cells, the process of ER refilling may be altered; it is
possible that in these cells, there is less Ca2+ released from the acidic stores because there
are less (in TPC1 H) or no TPC channels (in TPC DKO). This reduced release may lead
to less Ca2+ being taken up into the ER store (to prime the ER store). Additionally, the
reduced Ca2+ may also reduce the Ca2+ trigger to sensitise the InsP3 Rs/RyRs to initiate
CICR. A combination of both scenarios may help to explain why the ISP is longer in
these cells.
Alternatively, Ca2+ oscillations in pancreatic acinar cells have been suggested to depend
on oscillatory InsP3 concentrations [254] as a result of Ca2+ feedback on the production of
InsP3 by phospholipase C (PLC) and degradation of InsP3 by InsP3 3-kinase. Both PLC,
specifically, PLC and InsP3 3-kinase are known to be stimulated by Ca2+ [7, 28, 89].
Knowing the importance of messenger level on regulating Ca2+ oscillations, it is possible
that Ca2+ oscillations in pancreatic acinar cells are also dependent on the oscillatory
NAADP levels.
NAADP has been reported to be synthesized by CD38 [74] and catabolized by a
Ca2+ -dependent 2’-phosphatase [26, 159]. It is not known whether CD38 is regulated
by Ca2+ , however, an NAADP synthase in sea urchin sperm has been reported to be
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regulated by Ca2+ [282, 283], thus it is possible that CD38 is Ca2+ -sensitive. Rather than
the direct regulation by Ca2+ , CD38 may be indirectly regulated by Ca2+ by cAMP. It
has been suggested that sea urchin ADP-ribosyl cyclases (ARCs) are activated by cAMP
resulting in NAADP production [291]. It is possible that the mammalian homologue
of ARCs, CD38 is also activated by cAMP via Ca2+ stimulation on specific adenylyl
cyclases (AC) isoforms [290]. In pancreas, AC isoform 8 (AC8) has been reported to be
the predominant isoform and this isoform is also known to be stimulated by Ca2+ [290].
Thus, in pancreatic acinar cells, AC8 may perhaps play a role in Ca2+ feedback on the
NAADP production. Generation of oscillatory NAADP levels may thereby depend on the
Ca2+ feedback on CD38 (directly or indirectly by cAMP crosstalk) and Ca2+ -dependent
2’-phosphatase.

As mentioned above, it is possible that the Ca2+ release from the acid stores is reduced
in TPC1 H and TPC DKO cells. This reduction in Ca2+ may reduce the overall rate
of NAADP production and degradation, resulting in a lower frequency of oscillatory
NAADP levels. Consequently, this may lead to a lower frequency of Ca2+ oscillations.
This hypothesis could be tested by directly adding more NAADP to these cells to examine
whether the frequency of oscillations is indeed dependent on NAADP concentration.

Rather than the reduced number of channels, the reduced Ca2+ release in TPC1 H
may result from the pH change in the acidic stores of these cells. Ca2+ and pH appear to
exhibit a profound interdependence in the acidic stores; it has been shown that Ca2+ filling
in acidic stores depends on the proton gradient [67], and conversely, NAADP-induced
Ca2+ release has been shown to alkalinize the acid stores [74, 192, 193]. It is possible that
a reduction in the TPC expression on the acidic stores may alter the pH of the acidic
stores. However, a study showed that the luminal lysosomal pH remained unaltered in
cells overexpressing sea urchin TPCs [243]. Nevertheless, if pH has increased, this may
help to explain the reduced Ca2+ release from the acidic stores (a whole-lysosome patching
study of mouse TPC2 has shown that NAADP-activated cation currents were abolished
when the luminal pH was increased from 4.6 to 7.2 [248]). Thus, it would be informative
to examine whether the vesicular pH is altered in TPC mutant cells in the future studies.
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6.3.4.2

Amplitude of oscillations

In addition to the longer ISP, CCK-evoked Ca2+ oscillations in TPC1 H cells also had
smaller peak heights. It is possible that the luminal ER [Ca2+ ] in these cells is reduced
(possibly due to less ER Ca2+ uptake as mentioned above), so the maximum amount of
Ca2+ released during CICR would be reduced. This could be tested by direct measurement
of the luminal ER [Ca2+ ], or by studying the amount of Ca2+ release from the ER store
by using ionomycin or by direct dialysis of InsP3 .

6.3.5

TPC1 KO versus TPC1 H

It is interesting that the parameters of the CCK-evoked Ca2+ oscillations were more
significantly altered in TPC1 H than in TPC1 KO. A hypomorphic mouse is normally
generated when the homozygous knockout is embryonic/neonatal lethal [97, 144] and
when the heterozygous knockout has no significant phenotype. It is unclear why TPC1 H
has a more significant phenotype than TPC1 KO even though its level of TPC1 protein is
reduced but not completely abolished. RT-qPCR and microarray analysis (Chapter 3)
showed that the remaining TPC and other genes could become up- or down-regulated
to compensate for the loss of one TPC isoform. It is possible that TPC1 H experiences
less compensatory mechanisms than TPC1 KO, thus explaining why its phenotype is not
masked to the same extent.

6.3.6

CCK signalling in TPC DKO

The CCK signalling pathway in TPC DKO was examined by using various established
pharmacological agents that inhibit the NAADP-mediated signalling pathway. The results
yielded were unexpected; they showed that in the absence of TPCs, CCK-evoked Ca2+
oscillations were still sensitive to GPN (Figure 6.13), bafilomycin A1 (Figure 6.14) and
Ned-19 (Figure 6.10). This implies that the pathway is still dependent on the Ca2+ release
from the acidic stores, possibly by NAADP, in the absence of TPCs.
Although InsP3 , cADPR and NAADP have all been reported to release Ca2+ from
the acidic stores in pancreatic acinar cells [110, 185, 293], Ned-19 has been shown to
inhibit NAADP- but not InsP3 - or cADPR-mediated Ca2+ release in sea urchin egg
homogenate [200]. In the mammalian system (rat uterine smooth muscle cells), Ned-19
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has also been shown to inhibit Ca2+ release evoked by injection of NAADP, but not by
InsP3 [6]. In line with this, this study showed that Ned-19 selectively inhibited CCK- and
not ACh-evoked Ca2+ oscillations (Figure 6.2). This selectivity suggests that NAADP is
likely to act as a trigger to release Ca2+ from the acidic stores in response to CCK, even
in the absence of TPCs. Furthermore, this also suggests that InsP3 signalling pathway is
not involved in CCK-evoked oscillations in TPC DKO, as the responses were inhibited by
Ned-19.
Although Ned-19 appeared to be selective in inhibiting NAADP signalling in mammalian systems, future studies should confirm its selectivity against the direct responses
evoked by NAADP, cADPR and InsP3 in pancreatic acinar cells. Furthermore, in
pancreatic acinar cells, it is known that InsP3 signalling is involved in stimulation by
non-physiological concentrations of CCK in pancreatic acinar cells [249], if Ned-19 does not
target InsP3 signalling, it should also not inhibit oscillations evoked by non-physiological
CCK concentrations.
As NAADP is not involved in the ACh signalling pathway [59, 294], it was hypothesis
that ACh signalling would not be altered in TPC DKO cells, so this study focused on
CCK signalling. However, it would be informative to examine the pharmacology of the
ACh signalling pathway in TPC DKO cells to confirm this hypothesis.
The possibility that CCK still recruits NAADP to mediate Ca2+ release from the
acidic stores in the absence of TPCs should be further tested by using NAADP-AM or by
direct dialysis of NAADP via a patch pipette. If similar results are obtained then the
phenomenon may be explained by one of two scenarios (Figure 6.16). In the first, TPC is
not involved, and in the CCK-mediated signalling pathway NAADP activates another
channel on the acidic stores to release Ca2+ (Figure 6.16). Ned-19 would have multiple
sites of action in addition to the reported TPC complexes [231, 243] as it was shown to be
able to inhibit CCK-evoked responses via another channel in the absence of TPCs. This
channel (targeted by Ned-19 but not in the TPC complexes) would play a role in the
CCK- but not in the ACh-mediated signalling pathway, as Ned-19 showed a minimal eﬀect
in inhibiting ACh-evoked Ca2+ oscillations (Figure 6.2 and 6.3). Since Ned-19 was only
developed two years ago, more information needs to be obtained concerning its mechanism
of actions in inhibiting NAADP-mediated signalling.
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Figure 6.16: Schematics of the possible signalling pathway in CCK-evoked Ca2+ oscillations
in TPC DKO. In WT, CCK recruits NAADP to release Ca2+ from the acidic stores as the
CCK-evoked Ca2+ response is inhibited by Ned-19, GPN, and bafilomycin A1 (Baf). TPC is the
most convincing candidate for the NAADP-gated Ca2+ channel, but it is still not known whether
TPC plays a role in the CCK-evoked Ca2+ response. Studies with TPC DKO showed that in
the absence of TPC, CCK-evoked Ca2+ oscillations were still inhibited by Ned-19, suggesting
that the InsP3 - and cADPR-signalling pathways were not recruited [200] and that NAADP is the
major player. Additionally, CCK-evoked Ca2+ oscillations in TPC DKO were sensitive to GPN,
and Baf, suggesting two possible scenarios. Firstly (central panel), NAADP gates other Ca2+
channels to mediate Ca2+ release from the acidic stores in response to CCK. However, the fact
that Ned-19 still inhibited this response suggesting Ned-19 has other sites of action in addition to
the reported TPC complex [231, 243]. Secondly (right panel), NAADP-binding protein in TPC
complexes becomes promiscuous to compensate for the loss of both TPCs. These proteins start
forming new complexes with Ca2+ channels that have similar structure to TPCs in the acidic
stores, such as TRPML1. Ned-19 is still able to inhibit the response by acting on proteins of the
original TPC complexes.
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The second scenario is based on compensatory mechanisms in TPC DKO mice. Here,
the NAADP-binding protein is promiscuous, and the loss of TPCs prompts the binding
protein to form complexes with another Ca2+ channel (Figure 6.16). In the previous
chapter, it was suggested that TPCs are not the direct binding targets of NAADP. NAADP
is likely to bind to an accessory protein on the membrane tightly associated with TPC in
a complex. The molecular identity of this binding protein is still unknown, but it could
become promiscuous to compensate for the loss of TPCs. It is possible that in the absence
of TPCs, the NAADP-binding protein forms new complexes with other Ca2+ channels
that have shared structural homology with TPCs (e.g. TRP channels) on the acidic stores.
This newly formed complex would bind to and respond to NAADP, and consequently
release Ca2+ . Ned-19 would still inhibit Ca2+ release by targeting the components from
the original TPC complexes in this newly formed complex. Perhaps, Ned-19 binds to
an allosteric site (as Ned-19 does not compete with NAADP in mammalian systems,
Section 5.2.4.2) on the NAADP-binding protein to inhibit Ca2+ release. Alternatively,
Ned-19 might bind to other accessory proteins that are tightly associated in a complex
with the promiscuous binding protein.
One candidate to form the alternative complex with the NAADP-binding protein is
TRPML1. TRPML1 is a nonselective cation channel that is localized predominantly to
late endosomes/lysosomes. Several studies have reported that NAADP is able to activate
TRPML1 channel opening [300, 303] while a role of TRPML1 in NAADP-mediated Ca2+
signalling has been ruled out by others [166, 235, 292]. In particular, direct dialysis
of NAADP via patch clamping elicited Ca2+ spikes in TRPML1 KO pancreatic acinar
cells [292]. This strongly suggests that NAADP does not normally target TRPML1
channel to release Ca2+ . The study also showed that although TRPML1 does not release
Ca2+ in response to NAADP, TRPML1 and TPCs exist in the same complex [292]. This
supports the idea that in the absence of TPCs, the NAADP-binding protein that was
associated with TPCs may recruit TRPML1 in the same complex to release Ca2+ .
Many voltage-gated Ca2+ channels comprise a pore-forming subunit and auxiliary
subunits that modulate traﬃcking and the biophysical properties (such as current kinetics
and amplitude) of the pore-forming subunit [9, 203]. TPCs may well have auxiliary
subunits that contribute to channel regulation. It is therefore crucial to identify the
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molecular components of the TPC complex to further understand the signalling pathway
mediated by NAADP.
The major limitation in using knockout animals is the issue of compensation. Compensation occurs often in knockout animals to maintain near-normal function [75, 86, 176, 212,
229]. In addition to the protein promiscuity (mentioned above), there is also the possibility
that the NAADP synthesis pathway is altered. It is possible that NAADP is not synthesized upon CCK stimulation in TPC DKO, and Ca2+ oscillations are evoked by other
unknown compensatory mechanisms that are sensitive to Ned-19 and GPN/bafilomycin
A1. Future studies should examine the levels of NAADP in TPC DKO.
It is also possible that in TPC DKO cells, the Ca2+ signals evoked by CCK are
perhaps initiated from the basolateral region rather than the apical region as in the
WT [56, 57, 59, 272]. It would therefore be interesting to study the spatial-temporal
pattern of Ca2+ oscillations evoked by CCK and NAADP in TPC DKO.

263

6. ROLE OF TPCS IN PANCREATIC ACINAR CELLS

6.4

Conclusions

Thus far, although ample evidence has demonstrated that TPCs are the NAADP-gated
Ca2+ channel, results from this chapter suggest that TPCs are perhaps not as crucial to
CCK-mediated Ca2+ oscillations in pancreatic acinar cells as anticipated. In the absence
of TPCs, CCK was still able to evoke Ca2+ oscillations and the pharmacology of Ca2+
oscillations was similar to the wild-type. Future studies should confirm these results by
using NAADP-AM or by direct dialysis of NAADP via a patch pipette.
However, the eﬀect of compensation in TPC DKO must not be discarded. Compensation is suggested to occur throughout the development of many knockout mice, such as for
mice with knockout of the transient receptor potential vanilloid receptor (TRPV1) [212],
mitogen-activated protein kinase (MAPKs) [8], and prion protein (PrP) [176]. It is
equally possible that the true phenotype of TPC KOs is similarly masked by compensatory mechanisms. This could be overcome by generating more sophisticated mouse
models, for example, tissue-specific or conditional knockouts, to circumvent developmental
compensation [229].
Furthermore, if it emerges that TPCs do not have a pivotal role here, it indicates
that there are other ion channels that are activated by NAADP in the acidic stores for
the subsequent Ca2+ release. This versatility of NAADP-mediated signalling requires
elucidation.
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Chapter 7

General discussion
In the preceding chapters the implications of the experimental results were discussed
within the context of the chapters’ investigative approaches. This chapter collates the
individual strands of this research and reviews them within the broader field of Ca2+
signalling. This discussion focuses on the physiological and pathophysiological roles of
TPCs, the contribution of KO/mutant mice to NAADP-signalling research, and directions
for future investigations of TPC roles in NAADP-signalling pathways.

7.1

Roles of individual TPC isoforms

A major focus of this research was the investigation of the physiological roles of individual
mouse TPCs. This allows further insight into the versatility of NAADP-signalling pathways.
An important discovery here was that in addition to the two isoforms of mouse TPCs
(TPC1 and TPC2), there exists a shorter TPC1 variant ( N-TPC1). Although these
TPC isoforms and the TPC1 variant were shown to be expressed in all the tissue types
tested (Chapter 3), it was also clearly demonstrated that each TPC isoform and the
TPC1 variant has a distinct subcellular distribution pattern (Chapter 4). The longer
variant of TPC1 has a broader subcellular distribution, predominately in some unidentified
subdomains of endosomes and in late endosomes/lysosomes. The subcellular distributions
of

N-TPC1 and TPC2 are more restricted to late endosomes/lysosomes, with

N-TPC1

appearing to be localized more to the ER than TPC2.
The function of

N-TPC1 is currently unknown; if
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its longer variant, this adds a hitherto unrecognised pathway for NAADP-mediated Ca2+
signalling. Thus, it would be key to investigate whether
this could be done by overexpressing

N-TPC1 is sensitive to NAADP;

N-TPC1 in cells to test whether Ca2+ is released

upon NAADP stimulation, and if so, whether the release is from the acidic stores. If
cells overexpressing
possibility that

N-TPC1 do not release Ca2+ upon NAADP stimulation, there is a

N-TPC1 acts as a dominant negative to TPC channels. If this is the case,

N-TPC1 could be co-expressed with TPC1 or TPC2 to test whether the NAADP-evoked
responses in cells overexpressing TPC1 or TPC2 are altered.
The distinct subcellular localization of TPCs implies considerable versatility of NAADPmediated signalling. Local Ca2+ release from the acidic stores elicited by NAADP has been
proposed to: facilitate vesicle fusion in the endo-lysosomal system [103, 172]; to activate
Ca2+ -sensitive ion channels on the plasma membrane in order to modulate membrane
excitability and ion flux; and to act as a trigger to initiate a global response via CICR in
the ER/SR [100, 103] (Chapter 1, Figure 1.9).
Sea urchin TPCs has been shown to localize diﬀerentially in acidic stores; sea urchin
TPC2 and TPC3 localize predominantly in late endosomes/lysosomes and some in recycling
endosomes, while sea urchin TPC1 only localizes partly in late endosomes/lysosomes [243].
Diﬀerential eﬀects upon endo-lysosomal traﬃcking and functions were also observed when
cells were overexpressed with diﬀerent sea urchin TPCs; HEK293 cells overexpressing sea
urchin TPC1 exhibited the severest defect in endo-lysosomal traﬃcking and the largest
increase in lysosomal size compared to those cells ovexpressing sea urchin TPC2 and
TPC3 [243]. Interestingly, HEK293 cells overexpressing sea urchin TPC3 exhibited no
enlarged lysosomes but had defect in endo-lysosomal traﬃcking [243]. Specific TPC
isoforms/variants might therefore be involved in regulating vesicular fusion and traﬃcking in specific sections of the endo-lysosomal pathway depending on their localization
(Figure 7.1). The longer variant of mouse TPC1 may play a role in vesicular fusion
and traﬃcking of both endosomes and lysosomes, as it has a broader distribution, while
N-TPC1 and TPC2 may be more involved in lysosomal fusion, as their predominant
localization are in late endosomes/lysosomes. Additionally, the endosome-localized TPC1
may be involved in modulating membrane excitability, as the spatial organization of
endosomes is nearer to the plasma membrane than late endosomes/lysosomes.
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Figure 7.1: Diﬀerential localization of TPCs may underlie the diverse spatial organization of
NAADP-mediated Ca2+ signals and thereby the regulation of specific cellular events.

7.1.1

TPCs in the NAADP trigger hypothesis

In HEK293 cells overexpressing human TPC2, NAADP elicited a biphasic Ca2+ response:
an initial ramp due to trigger Ca2+ release from the acidic stores, and the large Ca2+
transient that results from CICR via InsP3 Rs [52].
Interestingly, while NAADP-elicited Ca2+ release was highly localized in HEK293
cells overexpressing human TPC1 (supplementary data of [52]), the release was global
in SKBR3 cells overexpressing human TPC1, and for the latter the globalization of the
Ca2+ signal was due to CICR via coupling to the RyRs [39]. These disparate results may
be partly explained by the localization of human TPC1 in diﬀerent expression systems.
In HEK293 cells, human TPC1 had minimal localization in late endosomes/lysosomes
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(supplementary data of [52]), while in SKBR3 cells, human TPC1 has a substantial
distribution in late endosomes/lysosomes [39]. Lysosomes have been shown to co-localize
with sections of the SR; this lysosome–SR junction is the trigger zone for amplification
of NAADP-elicited Ca2+ release via CICR [138, 139]. The higher proportion of human
TPC1 in lysosomes therefore implies an increased probability the trigger at this locus.
It is interesting why lysosomes and not endosomes form the trigger zone with the
ER/SR; in addition to the localization, the luminal environment (Ca2+ and pH) might
also contribute to the formation of the trigger zone. A lower luminal [Ca2+ ] has been
shown to reduce NAADP-evoked currents via TPC channels and TPC channel opening
probability [231, 248]. Together with the fact that lysosomes (⇠500 µM) have a higher
luminal [Ca2+ ] than endosomes (⇠40 µM) [166, 251], this suggests that TPC channel
activity may be reduced in endosomes compared to that in lysosomes. Although the
mechanism underlying the regulation of TPCs by luminal pH is currently unclear; an
increase in luminal pH (from 4.6 to 7.2) has been shown to abolish NAADP-evoked currents
via TPC channels [248]. As the pH in endosomes and lysosomes have been reported to
be approximately 6 [166, 251] and 4.5 [166, 277], respectively, it is possible that the
NAADP-evoked responses via TPCs are reduced in endosomes as a result of a higher pH.
Thus, the regulation of TPCs by luminal Ca2+ and pH might help to explain why the
endosome-localized TPCs are less likely to generate a trigger for CICR amplification.
As mouse TPC1,

N-TPC1 and TPC2 were shown to be localized in late endo-

somes/lysosomes (in MEF cells, Chapter 4), it is likely that NAADP-elicited Ca2+ release
via these channels would act as a local trigger for CICR amplification from the SR/ER.
However, it has been shown that NAADP was not able to elicit a large Ca2+ response
in HEK293 cells overexpressing mouse TPC1 [307]. Although the authors claimed that
mouse TPC1 is insensitive to NAADP, it might be that the increase in Ca2+ is small and
localized, and thus evaded detection in that study. Additionally, it is possible that the
localization of mouse TPC1 in HEK293 cells diﬀers from that in MEF cells, such that
mouse TPC1 does not localize in late endosomes/lysosomes; this too might explain why
the responses were not amplified.
In HEK293 cells overexpressing mouse TPC2, NAADP was indeed able to elicit
Ca2+ release; the release was not sensitive to thapsigargin, thus indicating that CICR
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amplification from the ER was not recruited in this system [307]. Interestingly, mouse
TPC2 has been shown to localize predominantly in late endosomes/lysosomes when
overexpressed in HEK293 cells, so it would be expected that the responses would have
been amplified similar to human TPC2 in HEK293 cells. This unexpected response is
therefore likely to be attributable to the use of heterologous expression systems. Thus
far, heterologous overexpression of mouse TPCs has not supported the model in which
NAADP acts as a trigger. Future functional studies using a mouse cell line could be useful
in resolving these inconsistencies.
As mentioned above, overexpression of TPCs in cells could disrupt the endo-lysosomal
traﬃcking and functions [243]. It is possible that overexpression of mouse TPCs in the
study by Zong et al. severely altered lysosomal functions; this might also explain the
discrepancies. A better transfection method is required to express the gene at physiological
levels [35, 143]; bacterial artificial chromosomes could be potentially useful, as the vector
is large and allows the entire genomic sequence of the gene with its endogenous promoters
and regulatory elements, as well as fluorescent tag to be inserted [35, 143].
Furthermore, it would be highly informative to study elementary Ca2+ signals arising
from TPC channels to shed light on their triggering properties. It is possible that the
elementary signals arise from mouse TPCs are smaller and shorter than those from the
human homologues; thus, although the localization of mouse TPC2 resembles that of
human TPC2, their Ca2+ signals may not be large enough to trigger CICR.

7.2

Accessory proteins in TPC complexes

Many ion channels, for example, voltage-gated Na+ , K+ , and Ca2+ channels [190, 203],
RyRs [149, 284], and InsP3 Rs [279], are known to form macromolecular signalling complexes, these comprise a pore-forming subunit with associated auxiliary subunits and/or
regulatory proteins (such as protein kinases, phosphatases and calmodulin).
The evidence here suggests that NAADP activates TPC by binding to an unknown
accessory protein in the TPC complexes (Chapter 5). There are precedents for nucleotidebinding accessory proteins to regulate channel activities, for example, the binding of
cADPR to FKBP12.6 in RyR complexes [202, 304]. The fact that NAADP was bound to
immunopurified sea urchin TPC complexes with the same aﬃnity as the native system [243]
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suggests that the NAADP-binding protein is tightly associated in TPC complexes. Furthermore, in Chapter 5, it was shown that NAADP was bound to the TPC DKO membranes
in the absence of TPCs, thus indicating that the binding protein is membrane-integral or
-peripheral protein.
A transmembrane auxiliary ↵2 subunit of voltage-gated Ca2+ channels has been
reported to exist independently of its channel complex, and it was hypothesized that
association/dissociation of the ↵2 subunit with the channel complex modulates the
channel conductance. It is possible that NAADP-binding protein behaves in a similar
manner with TPCs (Figure 7.2). This model would explain the NAADP binding observed
with TPC DKO membrane preparation (Chapter 5), and also for immunopurified TPC
complexes [243].
Interestingly, truncation or mutation of the N-terminal dileucine motif in human
TPC2 has been shown to result in redirection from late endosomes/lysosomes to the
plasma membrane [42]. This plasma membrane-localized human TPC2 mutant could
still be activated by nanomolar NAADP. An interesting question arises as to how the

Voltage-gated
Ca2+ channel
NAADP-binding
protein

TPC
Figure 7.2: Top, a voltage-gated Ca2+ channel is comprised of the pore-forming ↵1 subunit
and auxiliary and ↵2 subunits. ↵2 subunit may modulate the channel by association and
dissociation. The diagram is taken from [203]. Bottom, an NAADP-binding protein may also
have the ability (like the ↵2 subunit) to associate and dissociate from TPC complexes.
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NAADP-binding protein fits with this scenario. It is possible that some NAADP-binding
proteins form complexes with TPC shortly after protein synthesis in the ER, and that
these binding protein-TPC complexes are transported to their destination according to
the sorting signals on TPCs. Those binding proteins that do not couple to TPCs might
be directed to late endosomes/lysosomes (assuming that this is where they are normally
localized).
Specific auxiliary subunits or regulatory proteins have been reported to regulate more
than one class of channel. For example, the Neto1 auxiliary subunit has been shown
to regulate both N -Methyl-D-aspartate (NMDAR) and kainate receptor (KAR) classes
of ionotropic glutamate receptors [264]; protein kinase A (PKA) and Ca2+ /calmodulindependent protein kinase (CaMKII) can regulate both RyRs [149] and InsP3 Rs [279]. This
dual-role capability might also apply for the NAADP-binding protein (i.e. regulate other
channels in addition to TPCs) and is consistent with the model of ‘promiscuous’ binding
protein in the absence of TPCs in pancreatic acinar cells (Figure 6.16). As TPCs are not
found in acidic stores in pancreatic acinar cells, the NAADP-binding protein may thereby
become associated to a neighbouring channel on the acidic stores, such as TRPML1. It
has recently been reported that TRPML1 can exist in a complex with TPCs [292], as
TRPML1 was shown to co-localize and co-immunoprecipitate with TPC2, and to a lesser
extent with TPC1 [292]. This helps to explain why in TPC DKO cells, CCK was still
able to evoke Ca2+ oscillations (as NAADP could still bind to the binding protein that
regulates another channel on the acidic stores), and the oscillations were still sensitive to
Ned-19 (assuming Ned-19 acts on the NAADP-binding protein) and GPN/bafilomycin A1
(Figure 6.16).
Channels that exist in multiple isoforms, for example RyRs, have been reported to
incorporate diﬀerent components in their complexes [284]. Additionally, diﬀerent auxiliary
subunit isoforms have shown to have distinct tissue distribution profiles [9]. This may help
to explain why in some cell types such as pancreatic acinar cells, TPCs exhibit mutual
redundancy (Chapter 6) whereas in others, such as in bladder smooth muscle [90] and
pancreatic -cells [52], they do not. Perhaps in bladder smooth muscle and pancreatic
-cells, only one NAADP-binding protein isoform is expressed, and this only associates
with TPC2, whereas in pancreatic acinar cells, two NAADP-binding protein isoforms are
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expressed and each associates with just one of the isoforms.
Finally, some accessory proteins have been shown to modulate the aﬃnity of agonist
binding to the receptor, for example, an accessory protein for interleukin-1 receptor
(IL-1R AcP) [76]. This type of accessory protein may help to explain the two distinct
activation/inactivation mechanisms of NAADP (see Section 1.5.1); it is possible that two
distinct regulatory proteins are associated with the NAADP-binding protein resulting in
diﬀerential NAADP aﬃnity and activation profiles.
As TPCs have been shown to play an important role in many physiological functions [52,
90, 220, 243], it would not be surprising to discover that TPCs are regulated by a range
of accessory proteins. Future studies to identify the NAADP-binding protein and other
accessory proteins (for example, by immunopurification of TPC complexes, or aﬃnity
chromatography followed by mass spectrometry) will be essential to gain insight into the
mechanisms underlying NAADP-induced TPC activation, and to further understand the
versatility of TPC signalling.

7.3

Mutant mice to elucidate the physiological roles of NAADP
signalling

Mouse models represent a powerful tool to study a vast range of proteins for their
significance in human physiology and disease, for example, knockout/mutant mice for
InsP3 Rs and RyRs (detailed in Section 1.3.3 and 1.4.4, respectively) and p53 (tumour
suppressor protein p53); p53 KO mice have shown to be an important model for human LiFraumeni syndrome, a disorder in which cancer susceptibility is dramatically increased [88].
In this section the use of mouse models will be discussed from four aspects: a review of
the NAADP-signalling discoveries achieved using KO mice; the problems of compensatory
mechanisms in KO mice, and approaches to overcome these; the application of these KO
mice in further NAADP research; and finally, some observations on the relative merits of
gene-trapping and gene-targeting as techniques in KO mouse generation.
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7.3.1
7.3.1.1

Using knockout/mutant mice for functional analysis
Smooth muscle

NAADP has been shown to play a role in muscle contraction in many types of smooth
muscle, for example, pulmonary arterial [36, 138], coronary arterial [302, 303], testicular
peritubular [104], renal arteriolar [268], bladder detrusor [90] and uterine [6, 255].
Using CD38 KO mice, a study showed that the basal and the histamine-induced
NAADP level was not dependent on CD38 and also the base-exchange reaction in myometrial cells [255]. This work suggests that in this cell type, CD38 is not an NAADP
synthase [255].
Using the TPC2 KO mice described in Chapter 3, another study has provided further
evidence for the role of TPC in smooth muscle contraction: NAADP-evoked contraction in
bladder detrusor smooth muscle was completely abolished; in addition, agonist (carbachol)evoked contraction became insensitive to pharmacological inhibitors of NAADP signalling
pathway in the TPC2 KO tissue [90].
Although NAADP signalling was not involved in mediating carbachol-evoked contraction in TPC2 KO, the level of agonist-evoked contraction appeared not to be significantly
reduced compared to the WT [90]. This indicates that compensation may have occurred in
TPC2 KO mice. Indeed, the carbachol-evoked response appeared to be more dependent on
RyRs in TPC2 KO [90]. Microarray analysis of male TPC2 KO liver tissue (Section 3.2.6)
showed that a vast number of genes had been up- or down-regulated; perhaps because
liver and not bladder muscle was analyzed, RyR did not appear to be one of the up- or
down-regulated genes.

7.3.1.2

Pancreatic -cells

NAADP has also been shown to mediate Ca2+ release in response to agonists such as
glucose, insulin, and glucagon-like peptide-1 (GLP-1) in pancreatic -cells [4, 10, 52, 131,
136, 178, 189, 293].
A study using CD38 KO has shown that GLP-1-stimulated NAADP production is
partly dependent on CD38 in pancreatic -cells [136]. Furthermore, another study showed
that NAADP-evoked Ca2+ release was completely abolished in pancreatic -cells from
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TPC2 KO mice [52] (validated in Chapter 3), thereby confirming the role of TPC2 in
NAADP-mediated Ca2+ release in pancreatic -cells. In TPC2 KO pancreatic -cells, it
is not known whether any compensation has occurred in the agonist-evoked signalling
pathway in which NAADP is involved.

7.3.1.3

Pancreatic acinar cells

Accumulated evidence over the past few years has demonstrated a role of NAADP-mediated
Ca2+ release in pancreatic acinar cells, and that this is specifically in CCK- and not
ACh-signalling pathway [57, 59, 74, 185, 293, 294].
CD38 KO mice have proved useful in determining that CD38 is the NAADP synthase
in response to CCK stimulation in pancreatic acinar cells [74]. In the absence of CD38,
CCK could no longer stimulate NAADP production, and it was also shown that CCKevoked Ca2+ oscillations were insensitive to GPN [74]. However, the fact that CCK could
still evoke Ca2+ oscillations in CD38 KO cells suggested that compensatory mechanisms
may have occurred. Indeed, CCK-evoked Ca2+ oscillations in CD38 KO mice appeared to
have become remodelled such that the oscillations were heavily dependent on Ca2+ influx
from the extracellular medium [74].
Surprisingly, CCK was still able to evoke Ca2+ oscillations in TPC single and double
KO cells with similar pharmacological profiles to that of WT cells (Chapter 6). As
mentioned in Section 6.3, it is suspected that compensation may have occurred here
as well. However, unlike the case with the CD38 KO mice, the exact compensatory
mechanisms underlying CCK-evoked oscillations in TPC KO mice remain unclear as the
oscillations were still sensitive to Ned-19, GPN, bafilomycin A1 and were not aﬀected by
the extracellular Ca2+ . In contrast to carbachol-evoked contraction in bladder smooth
muscle (where a residual NAADP-response was observed after InsP3 R or RyR inhibition),
pharmacological inhibitors of InsP3 Rs and RyRs are unlikely to be helpful in investigations
with pancreatic acinar cells, as CCK-evoked oscillations tend to be completely abolished
by these inhibitors [59]. Direct application of NAADP in TPC DKO cells is required to
confirm unambiguously that TPCs play a role in CCK signalling. Whether or not TPCs
are involved in NAADP signalling in pancreatic acinar cells, the TPC DKO mice will be
useful in providing novel insights into the mechanism of action of NAADP signalling.
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7.3.2

Ways to overcome compensation

As mentioned above, compensatory mechanisms are likely to be occurring in the KO
mice; this perhaps underlines the importance of NAADP signalling and may further
provide a route to identifying proteins that are involved with NAADP/TPC in shaping the
agonist-evoked response. In cases like TPC DKO pancreatic acinar cells, compensation
during development may mask the true phenotype resulting from impaired signalling
(caused by the absence of TPCs). A more sophisticated mouse model would be highly
beneficial. Models such as tissue-specific or conditional KOs may help to overcome these
limitations as gene deletion could be scheduled in specific tissue and/or at a defined
time [116, 229]. Alternatively, siRNA knockdown of TPC expression could also circumvent
the masking by developmental compensation. A combination of sophisticated mouse
models with siRNA would hopefully unravel the function of TPCs in pancreatic acinar
cells.

7.3.3

Using knockout/mutant mice for other analyses

Despite the absence of a distinct phenotype due to functional compensation, important
information was obtained from analysis of these mutant mice. The use of gene-trapped
mutant mice allowed the identification of mRNA/protein expression patterns of endogenous
TPCs (Chapter 3). In addition to the self-evident benefits of using TPC KO mice to
provide a TPC-null background for functional studies, they also served as negative controls
to test antibody specificities (Chapter 3) and were essential to demonstrate that TPCs
are not themselves the NAADP-binding proteins (Chapter 5).
As an alternative to knocking out TPCs, the TPC genes could be genetically modified
by fusing to fluorescent proteins. This would allow TPCs to be monitored in a native
system in real time, and thus avoid the expression artefact resulting from heterologous or
overexpression systems.

7.3.4

Gene trapping versus gene targeting

There are currently over 460,000 trapped genes in the knockout consortia but only around
⇠10,000 targeted ES cell lines [116]. Thus, the chance of obtaining a mutant ES cell line
for a target gene (in this case TPCs) is significantly higher. Even though the number
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of trapped cell lines far exceeds the number of mouse genes (⇠20,000), only 50–70% of
genes have been trapped. This is because some genes have been trapped more than once,
while some vectors have been inserted into non-coding regions [116]. Additionally, because
gene trapping is a random process, certain regions of the genome are not susceptible to
trapping [116]. In the case of a TPC mutant ES cell line, in order to generate a true
loss-of-function (i.e. KO) mice, not only does the vector need to have been inserted in the
coding region, but the insertion site needs to be in the region upstream (near 5’-end) of
the gene.
Fortunately, ES cell lines that contain gene trap mutation near 5’-end of TPC1
and TPC2 genes were found (Chapter 3). However, while the TPC2 mutant ES cell line
successfully generated a true TPC2 KO, TPC1 mutant ES cell line generated a hypomorph.
For this reason it was necessary to generate a TPC1 KO from an ES cell line that has
been mutated by gene targeting. This time-consuming process to generate a TPC1 KO
highlights the fact that although there is a vast number of mutant ES cell lines, the best
approach is often to generate knockout mice by gene targeting where gene-targeted ES
cell lines are available.
In conclusion, the TPC KOs have provided critical insights into the physiological role
of TPCs in NAADP signalling in particular cell types. Although compensation occurs in
certain cell types, tissue-specific and/or conditional TPC KOs are likely to be the best
solution to overcome this. In addition to the above cell/tissue types mentioned, NAADP
has been reported to play a role in a myriad of cell types including white blood cells (Tlymphocytes [24] and lymphokine-activated killer (LAK) cells [237]), platelets [168, 169],
cardiac muscle [174], astrocytes [220], endothelium [44], and neuron [40]. Future studies
in these cell types in TPC KOs would accelerate our understanding of the role of TPC
family in human physiology.

7.4
7.4.1

Implications of TPCs in human diseases
Lysosomal Storage Diseases (LSDs)

TPCs are important for the regulation of Ca2+ homeostasis in the endo-lysosomal system [243], and thus dysfunction of TPCs could be responsible for lysosomal storage
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diseases (LSDs). LSDs are caused by the impairment of lysosome capability to uptake,
sort, or metabolise the material obtained during endocytosis, or autophagy due to defective
enzyme activity, resulting in accumulation of undigested material [142, 210].

7.4.1.1

Gaucher disease

Gaucher disease the most common LSD, is characterized by a defective glucocerebrosidase
activity resulting in glucosylceramide accumulation [250]. A study has shown that the
L-type Ca2+ channel blockers (diltiazem and verapamil) were able to alleviate symptoms
derived from fibroblasts in Gaucher patient [197]. As these drugs have been shown to
diminish NAADP-mediated Ca2+ release [107, 300, 301], it suggests that TPC defects
may be involved in Gaucher disease. Furthermore, the activity of glucocerebrosidase
has been shown to become reduced at pH >5 [278]. A possible interpretation is that
in Gaucher disease, NAADP-mediated Ca2+ release via TPCs is up-regulated and the
pH of the acidic stores is more alkalinized (NAADP has been shown to alkalinize the
acid stores concomitant with Ca2+ release [74, 192, 193]), thus contributing to defective
glucocerebrosidase activities. It would be interesting to confirm the above hypothesis
by using Ned-19 in Gaucher patient-derived fibroblasts to see whether inhibition of
NAADP-induced Ca2+ release via TPCs [231] alleviates symptoms.
Another symptom associated with Gaucher disease is auditory abnormalities [18, 55].
It is possible that TPC2 may also be involved in this abnormality, as the TPC2 gene
has been located to an autosomal recessive nonsyndrommic deafness locus (chromosome
location 11q13.2-q13.4) [133, 135]. However, no disease-causing mutation was found in
the TPC2 gene from an aﬀected individual [133]. Rather, the auditory abnormality
may be a result of increased TPC2 expression [305]: TPC2 overexpression has been
shown to confer excessive mechanosensitive Ca2+ signals [305]; this might impede hair
cell mechanotransduction, resulting in deafness [115].

7.4.1.2

Niemann-Pick disease type C1 (NPC1)

TPC dysfunction might also be involved in another LSD, Niemann-Pick disease type C1
(NPC1), which is characterized by the storage of multiple lipids including sphingomylin,
cholesterol, glycosphingolipids, and sphingosine [165]. In NPC disease, it is believe the
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storage of sphingosine reduces the available lysosomal Ca2+ content and thereby reduces
NAADP-mediated Ca2+ release. In NPC1 mutant cells, NAADP-evoked Ca2+ release is
reduced by around 70%. This causes impediment to vesicle fusion and traﬃcking, and
the subsequent elevated storage of cholesterol and glycosphingolipids [165]. It would
be interesting to assess the eﬀect of sphingosine storage on TPC channel activity; it is
likely that the reduction in luminal [Ca2+ ] resulting from sphingosine storage would lead
to a decrease in the sensitivity of TPC to NAADP, and thus the probability of TPC
channel opening [231]. This could explain the reduced NAADP-evoked Ca2+ release in
NPC1-mutant cells.
It would be interesting to further investigate the role of TPCs in NPC1 by isolating
cells (for example, macrophages) from TPC KO mice and treated with U18666A (a drug
used to induce an NPC disease cellular phenotype [165]). It is possible that the NPC1
disease phenotype will be exacerbated by the deletion of TPCs.

7.4.2

Diabetes mellitus type 2

As mentioned in Section 7.3.1.2, TPC is the key player in NAADP-evoked Ca2+ release
in pancreatic -cells [52]. Recently, NAADP signalling has been linked to glucose-evoked
Ca2+ oscillations in this cell type [200]. Together with the fact that glucose mediates
insulin secretion [25, 119], this suggests that NAADP-mediated Ca2+ release via TPCs
is likely to play a role in glucose-mediated insulin secretion. Dysfunction of TPCs may
therefore precipitate type 2 diabetes, as defective Ca2+ oscillations and insulin secretion
would lead to an imbalance in glucose homeostasis [10, 173].

7.4.3
7.4.3.1

Smooth muscle dysfunction
Bladder

As mentioned in Section 7.3.1.1, using TPC2 KO mice, TPC was shown to play a role
in ACh-evoked detrusor smooth muscle contraction [90]. Thus, TPC dysfunction might
contribute to bladder dysfunctions, such as unstable bladder, which is characterized
urodynamically by spontaneous or provoked involuntary contraction of detrusor, resulting
in an increase in pressure during filling [47, 276].
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7.4.3.2

Vascular

Finally, endothelin-1 has been suggested to be associated with basal vasoconstrictor
tone and the pathogenesis of hypertension [20]. Together with the fact that NAADP is
important in arteriole smooth muscle in response to endothelin-1 [36, 138, 268, 303], this
suggests that TPC mis-regulation (perhaps by a constant elevated channel activity) may
result in increased basal vascular tone and thereby precipitate hypertension. Furthermore,
it would be interesting to investigate whether NAADP-evoked arterial smooth muscle
contraction is abolished in TPC KO mice, and whether in these mice there is a decreased
basal vascular tone and possibly a lower blood pressure.

7.4.4

Pigmentation disorders

Single nucleotide polymorphisms in the human TPC2 gene has been shown to be associated
with hair colour in northern Europeans [260]; two nonsynonymous coding variants of TPC2
gene are associated with blond versus brown hair [260]. The process of pigmentation is
believed to involve the melanin production (melanogenesis) in lysosome-related organelles,
melanosomes, in melanocytes [82, 218, 274]. After maturation, melanosomes could either
stay in melanocytes or be transferred to the surrounding keratinocytes by an unclear
mechanism [82].
As NAADP has been shown to release Ca2+ from lysosome-related organelles [240],
and melanosomes have been reported to contain high [Ca2+ ] [245], it is possible that TPC2
may be localized to melanosomes and that melanosomes may act as NAADP-sensitive
Ca2+ stores. Thus, TPC2 may be involved in regulating melanogenesis by altering the
melanosomal pH, as melanogenesis has been shown to be regulated by pH [128], and
NAADP has been shown to alkalinize acidic stores [74, 192, 193]. Alternatively, TPC2
may be involved in the traﬃcking of melanosomes to keratinocytes [218]; TPCs have been
suggested to play a role in traﬃcking of acidic vesicles [243].
TPC2 dysfunction in melanosomes may thus lead to impairment of melanosome
transfer to keratinocytes, or abnormalities in melanin synthesis, resulting in pigmentation
disorders.
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7.5

Final conclusions

This chapter has reviewed the findings of the current research, hypothesised over the
potential role of TPCs (and their regulation) in cellular processes, and speculated on the
eﬀects of TPC dysfunction on human disease. In the future, a thorough understanding
of the spatial and temporal regulation of Ca2+ signals via TPCs, and the molecular
mechanisms by which localized signal are amplified globally will be central to elucidating
how NAADP regulates a myriad of physiological processes.
The studies reported in the thesis have characterized TPC KO mice and mouse
TPCs at various levels including expression, subcellular, NAADP binding, and functional.
Such studies greatly increase our understanding of the diverse Ca2+ signals evoked by
the NAADP pathway. In the future, the speculation of the diseases that TPCs are
implicated in may soon be confirmed with the availability of TPC KO mice, moreover,
the identification of proteins in TPC complexes would accelerate the design of therapeutic
drugs to target the diseases in which TPCs are likely to be involved.
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