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Abstract vii

Abstract

The Two-pore channel (TPC1-3) family represents a recently identified class of
endolysosomal ion channels. TPCs were originally proposed to be promising candidate
channels for NAADP-induced Ca? release. However, subsequent studies have emerged to
propose an alternative view where TPCs may be Na*-selective channels regulated by the
lysosome-specific phosphoinositide PI(3,5)P2 or voltage in an isoform-dependent manner.
This thesis asks the question of whether pharmacological and ion permeation properties of
TPCs, in particular the human TPC2, may satisfy or may be consistent with the requirement
of a potential NAADP-sensitive Ca?-release channel. These fundamental properties of
hTPC2 were approached using patch-clamp electrophysiology and confocal fluorescence
microscopy, and were analyzed quantitatively to extract relevant physical parameters

important to our understanding of their physiological and functional significance.

Chapter 2 presents the basic electrophysiological characterization of hTPC2. It follows a
logical way by first determining the ion permeation properties, followed by the investigation
of its physical relation with fractional Ca* current and Ca? nanodomains to rigorously
prove that this Na* selectivity is sufficient to ensure negligible Ca?* leakage both
experimentally and theoretically. This follows the logic that matter must not be created nor
destroyed so that a Na*-selective channel that poses a physiologically significant energy
barrier to Ca? permeation from one side would not lead to the creation of Ca? on the other

side.

Chapter 3 represents a natural progression from Chapter 2 and is aimed at investigating the
underlying mechanisms responsible for the electrophysiological ion selectivity observed.
This chapter also follows a logical way by first identifying spermine as a high valence
intracellular blocker, its mutual antagonism with different external ionic species that allows
the determination of ion-binding affinity, followed by the determination of the concentration
dependence of ion conduction to identify possible lower affinity binding. By considering all
the above qualities, the outcome is a coherent description and connection of ion binding
selectivity, kinetic selectivity and ion binding configuration with the observed

electrophysiological selectivity.

Chapter 4 discusses the missing puzzles and how these questions might be addressed.
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Introduction 1

1 Introduction

1.1 Ca* signaling

Ca? is a ubiquitous intracellular signal that regulates a plethora of cellular processes
[1]. Resting [Ca*] in the cytosol is typically kept at ~100nM. Upon stimulation by
extracellular signals, Ca?" in the cytosol increases in a time- and space-dependent
manner. This increase in cytosolic [Ca*] triggers a plethora of downstream cellular
processes that are eventually manifested as physiological responses such as muscle

contraction.

In order to use Ca* for signal transduction, every compartment in the cell possess
protein machinery that either bind or transport Ca?*. Specialized Ca*-sensing
proteins are present in the cytosol, which change conformation upon binding Ca?,
and act as molecular switches to trigger downstream processes [2-5]. To maintain
the appropriate gradient for Ca?* to diffuse, the energy-dependent Ca? pump
SERCA on the ER membrane and buffering proteins in the ER lumen serve to
concentrate Ca? in the ER [6, 7]. The plasma membrane also possesses Ca?
extrusion mechanisms including the PMCA Ca* pump and Na*/Ca?-exchanger
(NCX) [8]. Ca*-permeable channels in the membrane of ER or SR including the IP3
receptors and ryanodine receptors [9, 10] and plasma membrane including voltage-
gated Ca? channels (VGCC) [11], ORAI channels [12], and some Ca*-permeable
transient receptor potential (TRP) channels [13] provide pathways for Ca? to diffuse
down its concentration gradient into the cytoplasm (provided that voltage permits).
Upon cell stimulation, these so-called Ca? release channels open, cytosolic Ca?* level

increases which then returns to resting level through the action of Ca? pumps.



2 Ca2+-mobilizing second messengers

Finally, to prevent excessive increase in cytosolic [Ca*] and to fine-tune the
spatiotemporal characteristic of the Ca? transient, there are also Ca?*-buffering

proteins in the cytosol that bind Ca? but have minimal sensor function [14].

1.2 Ca*-mobilizing second messengers

Receptor activation at the plasma membrane is signaled to intracellular effectors
through the use of small molecules termed second messengers. Several second
messenger systems exist to mediate distinct receptor signals but the general
working of these systems is homologous. Activation of G protein-coupled receptors
(GPCRs) activates trimeric G proteins, which enables the alpha subunit to dissociate
and activate second messenger-generating enzymes at the plasma membrane [15].
Receptor tyrosine kinases (RTKs) can also lead to the generation of second
messengers by recruiting second messenger-generating enzymes through
phosphorylated tyrosine residues in the signaling complex [16]. Membrane-bound
messengers can diffuse laterally to activate membrane-bound targets while soluble

ones can diffuse into the cytosol to activate their protein targets.

Various soluble second messengers have been identified. cAMP and IPs are the most
established second messengers as the individual steps that lead to their synthesis
and degradation following receptor activation are well-established [17]. Work has
also been done on identifying novel molecules that may function as second
messengers. These include cADPR and NAADP [18]. Nevertheless, the step-by-step
mechanisms of their generation and degradation following receptor activation
remain poorly understood despite more than 25 years of research. While cAMP
activates protein kinase A and Epac [19], IPs activates an ER Ca?-permeable channel
known as the IPs receptor channel (IPsR) and causes a rise in cytosolic Ca?" [10].
cADPR and NAADP may also function as Ca?-mobilizing messengers although

their action is less-well known as their receptor targets are not well-established.
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cADPR probably acts in part through the ryanodine receptor channel (RyR) [20]
while the putative NAADP-sensitive channel may be located on acidic vesicles such

as the endolysosomes rather than the ER [21].

Agonist
GPCR
DAG P1(4,5)P,
PLC Ga )
?2?? Y
IP, cADPR NAADP
7?7
7?7?
> »
IP.Rs RyRs (?) PO
ER or SR

acidic vesicles

Figure 1.1 Second messenger systems for Ca’*-mobilization

Possible mechanisms activated downstream of GPCR activation that leads to intracellular Ca?*
mobilization. IP3 is generated via a mechanistically established pathway, while the equivalent signal
transduction mechanisms for cADPR and NAADP are not well understood and controversial. IP; and
cADPR target the neutral Ca”" store ER or SR, while NAADP seems to act on acidic Ca®" store that is
physically separated from the ER or SR, but may functionally interact with the ER/SR during CICR.

1.3 IPs

IPs was the first Ca?*-mobilizing second messenger identified to mediate agonist-
induced Ca? transients [22]. IPs is generated by hydrolysis of the plasma membrane
phosphoinositide PI(4,5)P2, which is mediated by the enzyme phospholipase C
(PLC) [23]. PLCp is activated by the Gq alpha subunit following GPCR activation
[23] while PLCYy is recruited to the plasma membrane by binding to phosphorylated

tyrosine residues upon RTK activation in the receptor protein complex [16]. IPs is
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rapidly metabolized by either IPs 3-kinase or inositol polyphosphate 5-phosphatase
[24].

The IPs receptor (IPsR1) was first identified from cerebellar fraction and was shown
to bind IPs; and mediate IPs-induced Ca?* release from microsomes [25-27]. Two
isoforms designated IPsR2 and IP3sR3 were subsequently identified [28]. IPsRs are
homo- or hetero-meric tetramers of ~1000kDa [29]. Cryo-EM studies have shown
that IPsRs, like the RyRs, have a ‘mushroom’ shape consisting of the large cytosolic
N-terminal domain and a narrower channel domain [30]. This large cytosolic
domain contains the IPs binding domain, the so-called suppressor domain, and
various binding sites for other modulatory proteins and/or anchors for protein
kinases/phosphatases [31]. IPsRs function as Ca?-permeable channels in the ER
membrane and have a very high unitary conductance, both of which are consistent

with their role in Ca? release [10].

IPsRs are Ca*-sensitive on the luminal and cytosolic side [10]. There is evidence
showing that IPs activates IPs receptors by modulating this inherent cytosolic Ca?
sensitivity. In the absence of IPs, cytosolic Ca?* sensitivity is biphasic where
activation occurs within 100-500nM and inhibition occurs within 500nM-1uM [10,
32, 33]. IPs appears to relieve this inhibition by raising the ICso of this inhibition
thereby broadening the activation window [10, 33]. Some have proposed that IPs
also stimulates cytosolic Ca* binding as well as relieving Ca? inhibition [29].
Nonetheless, these mechanisms are likely to allow higher open probability of IPsRs
when cytosolic IPs level increases. This increase in ‘leakiness” may allow Ca? release
from distant clusters of IPsRs to coalesce into a global Ca?* transient via a processed

known as Ca?-induced Ca?* release (CICR) [10].

How IP3 binding leads to the activation of the IPsRs is not known in detail. IPs

binding is mediated by the IPs binding core (IBC) in the large N-terminal domain
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[34]. The affinity of IPs binding appears to be regulated by the suppressor domain
and is increased when the suppressor domain is truncated [35]. Nevertheless, the
suppressor domain, although it inhibits IPs binding, seems to be required for
channel activation [36]. A mechanism has thus been proposed [29] where IPs
binding to the IBC brings together the two IBC subdomains. This conformational
change may then be propagated through the suppressor domain to open the

channel.

14 cADPR

cADPR, along with NAADP, was subsequently identified to mobilize Ca?" from Ca?
stores in sea urchin egg homogenate (SUEH) [37, 38]. cADPR can be produced in
vitro from NAD by ADP-ribosyl cyclases including CD38 (a mammalian
homologue) [39, 40]. Endogenous level of cADPR has also been observed to increase
upon agonist stimulation [41, 42]. There is some evidence that CD38 may be
responsible for cADPR synthesis in vivo [43], although the exact enzymatic pathway
that leads to its synthesis and degradation is poorly known. Moreover, CD38 is an
ectoenzyme, which poses a topological problem for substrate access and regulation
[43, 44]. Thus, how it may perform its proposed function is still poorly understood.
cADPR antagonists such as 8-NH2-cADPR and the cell-permeant 8-Br-cADPR have

been developed to investigate the potential role of cADPR in various cell types [45].

cADPR activates an IP3 receptor-independent mechanism probably involving the
RyR. Nonetheless, like how it is synthesized in vivo, the exact mechanism is also not
precisely known. It was initially observed that cADPR might modulate a CICR-like
mechanism, which suggested the likely involvement of the RyR [46, 47]. It was later
recognized that this may be more complex than a direct action on the RyR and may
involve RyR-binding proteins such as FKBP12.6, which was shown to possess a high
affinity cADPR binding site [48] and may be dissociated from the RyR thus
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potentiating RyR activity upon binding cADPR [49]. However, the RyR proposal as
a whole remains controversial due to conflicting reports [20]. Aside from its
potential effect on the RyR, cADPR has also been shown to accelerate Ca? uptake
into the SR and ER, probably involving SERCA [50, 51], but see [49, 52]. This may
have an impact on Ca? release by the RyR as luminal Ca? is a known positive
regulator of the RyR [53, 54] and some positive regulators of the RyR, for example

caffeine, have been shown to sensitize the RyR to luminal Ca? [55].

1.5 NAADP

1.5.1 Discovery of NAADP as a Ca?-mobilizing molecule

NAADP is an emerging putative intracellular second messenger that activates
intracellular Ca?* release mechanisms. NAADP was discovered in 1987 [37] as a by-
product in alkaline-treated NADP and was found to potently stimulate Ca?* release
from SUEH vesicles via a unique mechanism independent of the then emerging
second messenger IPs and the other NAD metabolite cADPR. Notably, NAADP,
cADPR and IPs all produce homologous desensitization, a unique mechanism in sea
urchin egg, but show no cross-desensitization, indicating that each of these

molecules probably acts at their own receptors.

The chemical identity of NAADP was first determined in 1995 [56] and was found
to differ from its parent metabolite NADP by a single base-to-acid substitution at
the nicotinamide group of NADP. Purified NAADP was shown to have the highest
potency amongst the known Ca?*-mobilizing second messengers and its half-
maximal concentration was shown to be 30nM in this seminal study. Consistent
with the first study, the activity of purified NAADP was also found to be insensitive

to inhibitors of the cADPR and IPs pathways and shows homologous
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desensitization. At the whole-egg level, microinjection of purified NAADP also

evokes Ca? transients, although it is more complex in nature than in SUEH.

o
" ot
© Il
H o O/\P\éo
H
O\L,H H
o 0
b
A CIGA
H N\ PT )
T )~
N / N
NADP NAADP

Figure 1.2 Chemical structure of NADP and NAADP

NAADP differs from NADP by a nicotinamide-to-nicotinic acid substitution (highlighted in green and
orange circles respectively). Shown is the protonation state at pH 7.4 as predicted from
chemicalize.org. Ring numbering of the adenine and nicotinic acid group is also shown for NAADP.

1.5.2 Pharmacology of NAADP binding and function

1.5.2.1 Sea urchin eggs

NAADP binding was first observed in SUEH [57-59] and has an ICso of 0.1-10nM in
homologous displacement experiments, comparable to its ECso observed in Ca?
release assays. Notably, in addition to the use-dependent desensitization described
earlier, NAADP responses also show desensitization towards pre-activating
concentrations of NAADP [57, 60]. Although this high affinity desensitization is

relatively well documented, the mechanism is still unclear and no corresponding
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binding activity has been observed within the concentration range where this

desensitization occurs [57-59].

The pharmacology of the NAADP receptor is poorly understood despite its
relatively well-characterized homologous properties. NAADP activity in Ca*
release assays can be inhibited by drugs that antagonize mammalian voltage-gated
Ca? channels [60, 61], purinoreceptor antagonists PPADS, and some well-known
low affinity blockers of K* channels [61], whereas not much has been reported for
drugs that compete with NAADP binding, except for low affinity competition by
NADP, cADPR and PPADS [58, 59, 62]. While this list may be useful to distinguish
the action of NAADP from that of cADPR and IPs, the non-specific nature of these

drugs makes them less useful chemical probes.

1.5.2.2 Mammalian cells

NAADP binding in mammalian tissues was first observed in brain [63] and has
since been observed in various tissues including heart [64], liver [65], pancreas [66],
smooth muscle [67, 68], platelets [69], T-lymphocytes [70] and some cultured cell
lines [66, 71]. In some but not all systems, mammalian membranes show a two-
phase binding profile, which consists of two displacement affinities with varying
ratios of the Bmax's and ICso's. The ICso of the higher-affinity displacement varies
considerably across different tissues and studies in the range of 5nM to 1uM (but
see [68]). In general, this is 100- to 1000-fold lower affinity than NAADP binding

observed in SUEH membranes.

The pharmacology of NAADP binding in mammalian cells is similarly poorly
characterized but is also displaced at low affinity by NADP and cADPR [64-67],
although in some cases the selectivity between NAADP and NADP can be as low as
10-fold [66] to less than 100-fold [64]. It is therefore not known how NAADP-
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binding proteins may bind NAADP selectively in the cytoplasm where NADP
concentration is typically 1-10uM [72-74], a concentration that is enough to

completely displace high affinity NAADP binding in some systems [64-67].

NAADP has been demonstrated in some mammalian systems [71, 75-77] to trigger
Ca? transients, although this has remained dubious in some cases where
experiments are not well controlled [78-80]. This is in part due to the considerable
difficulty in delivering NAADP into the cytoplasm, although this has not been an
issue for the universally accepted Ca?-mobilizing second messenger IP3, which is
similarly highly charged and require similar delivery methods. Nevertheless, there
are cases where the delivery method is verified with IPs and/or cADPR, effect of
NAADP is not observed in the same cell types [81, 82] reported to possess NAADP-

sensitive Ca?* release mechanisms [71, 76, 78].

Where full concentration-response profile is constructed, NAADP activity is
generally biphasic, showing low-affinity activation (<1-10uM) and high-affinity
inhibition (>10-100uM) [69, 71, 75, 76, 83-88]. The Hill slopes of the ECso and ICso
however lack consistency across studies and can vary from ~0.5 to ~2 [69, 71, 75, 76,
83-87, 89, 90], making even simple mechanistic description impossible (see [90] for a
non-realistic complete bell-shaped profile within 10-100nM). This bell-shaped
profile is different from the behavior of NAADP receptors in sea urchin egg,
suggesting intrinsic differences in the mode of action despite that both systems
exhibit a Hill slope of ~1 for NAADP binding. Although this low affinity inhibition
is relatively well documented, the mechanism is unclear and, like in sea urchin eggs,
no corresponding specific binding activity has been observed within the

concentration range where this inhibition occurs.
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1.5.3 Structure-activity relationship of NAADP

Basic insights into the structure-function relationship of NAADP can be revealed by
comparing NAADP with its low affinity analogues. Readers can refer to Figure 1.2
for the structure and numbering of NAADP. The 1000-fold NAADP/NADP
selectivity of binding and Ca?* release in SUEH immediately suggests the
importance of a negatively charged group in the 3'-position of the pyridine ring.
That NAAD does not compete for binding also suggests that a phosphate group on
the adenine ribose ring at the 2'-position is an important determinant of NAADP

binding.

Chemical substitutions focusing on these moieties and the adenine ring have further
revealed the details of the above requirement in SUEH. For example, substitution of
the 3'-carboxylic acid of the pyridine ring with other moiety with slightly larger
sizes still yields NAADP-like activity with lower affinities, suggesting that the
interaction with the NAADP-binding protein can tolerate slightly larger negatively
charged group at this position [91, 92]. Changing the position of the 2'-phosphate to
2'-3'-cyclic phosphate to 3'-phosphate gradually decreases affinity to 10- and 100-
fold respectively, which reveals that the proximity to the 2'-position on the adenine
ribose ring is required for the high affinity of NAADP [91]. The amino group at the
6'-posisiton on the adenine ring is also critical to the high affinity of binding as
substitution to a chemically similar hydroxyl group yielded approximately 1000-
fold lower affinity [91].

Recently, it has been shown that the 5'-position of the pyridine ring is relatively
tolerable to substitution with small chemical groups such as methyl, ethyl and azido
groups with only minimal changes in both binding and functional affinities [93].

Taking advantage of this knowledge and its photoreactivity, 5'-azido-NAADP has
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subsequently been used as a photoaffinity-labeling probe to aid the search of the

elusive NAADP-binding protein (see below).

1.5.4 Pharmacological tools to study NAADP

1.5.4.1 Ned-19

In light of the poor pharmacology of the NAADP receptor, virtual screening, an in
silico screen that ranks compounds according to chemical, geometrical and
electrostatics similarity with NAADP, has recently been performed as a rational and
inexpensive approach to identify high affinity and selective compounds aimed at
competitively displacing NAADP [94]. Ned-19 was identified as the most effective
compound that appeared to antagonize both NAADP activity in SUEH in both Ca?
release and binding assays in the nanomolar range in its trans form. Ned-19 is
probably a competitive antagonist as it can completely abolish NAADP binding
[94]. Its low off rate probably explains why Ned-19 only decreased the efficacy of
NAADP while it had no effect on the ECso of NAADP in Ca? release assays [94].
Nevertheless, a recent study has failed to reproduce the effect of Ned-19 in similar

experiments using SUEH [95].

Ned-19 has since been used as a probe for NAADP involvement in mammalian
cells. However, Ned-19 binding has only recently been tested in mammalian cells
and displays only low affinity displacement of NAADP binding in platelets with an
ICso of 100uM [69]. Its antagonist activity has been characterized against
physiological stimuli such as glucose and VEGF with functional ICso's of 10-20puM in
beta [94] and endothelial cells [96] respectively. However, it would be interesting to

assess its antagonist activity directly against NAADP for comparison. Because Ned-
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19 is fluorescent, Ned-19 has also been used in an attempt to label NAADP receptors
in live cells [84, 86, 90, 94, 97], although before the demonstration of Ned-19 binding
in mammalian preparations. However, this approach has yielded mixed results

depending on the individual studies' perspective.

A slightly worrying issue is that the effective concentration of Ned-19 varies
considerably across studies [83, 84, 86, 89, 90, 96, 98] and has been reported to be
effective at concentrations as low as 100nM [83, 90], ~100- to 1000-fold lower than
the ICs0's determined to date. Some have suggested, although without any evidence,
that Ned-19 may be transported into the cell via an unknown transporter. An
additional confounding issue, as has been reported in some studies (though not
investigated systematically), is that Ned-19 itself could trigger spurious Ca?*
transients [90, 99], but again the concentration at which Ned-19 reported to induce

Ca? transients is also inconsistent [90, 99].

1.5.42 BZ194

BZ194 was developed through chemical optimization based on the low affinity
inhibitory effect of nicotinic acid on NAADP-induced Ca? transients [100]. BZ194
has been characterized directly against NAADP-induced Ca? transients in T-
lymphocytes and SKBR3 cells and has a functional ICso of 1-10uM [95, 100],
although so far it has not been tested in binding displacement assay in mammalian
cells. As BZ194 has only been used in ICso characterization (titrated against one
concentration of the agonist) and not tested in binding experiments, it is unclear
how this drug acts. Also, despite its activity in mammalian systems, BZ194 however
shows no inhibitory activity on NAADP-induced Ca?* release in SUEH and does not

compete for NAADP binding, showing species dependence [95].
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1.5.5 NAADP targets acidic Ca* stores

1.5.5.1 Sea urchin eggs

NAADP was first shown to target a non-ER Ca? store in SUEH where it induced
Ca? release in the presence of the SERCA inhibitor thapsigargin, a condition that
completely abolished cADPR and IPs-induced Ca?" release [101]. This feature was
elegantly demonstrated in whole sea urchin egg where the Ca?" stores targeted by
NAADP and cADPR or IPs can be physically separated via gentle centrifugation
[102]. This NAADP-sensitive region is enriched with lysotracker staining [103],
suggesting the involvement of acidic organelles. Indeed, it was subsequently shown
that GPN, an osmolytic agent that specifically disrupts lysosomes, specifically
abolished NAADP- but not cADPR- or IP:-induced Ca? transients in whole sea
urchin egg [103]. The specificity of GPN towards cathepsin-rich lysosomes
demonstrates for the first time that NAADP-induced Ca? release in sea urchin eggs

is likely of lysosomal origin.

In addition to Ca?* events, it has been discovered that NAADP is also able to induce
alkalinization of the lumen of a subpopulation of acidic vesicles in sea urchin eggs
[104, 105]. In whole-egg, this effect was completely abolished by BAPTA and was
also dampened by EGTA [105], suggesting possible requirement of a highly
localized Ca?* increase. This nanometer spatial proximity is therefore also consistent
with that the NAADP effector is located on the acidic vesicles themselves. In
contrast to the case in sea urchin egg, this alkalinization phenomenon has however

not been readily observed in mammalian cells.

1.5.5.2 Mammalian cells
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Similar to sea urchin eggs, NAADP mainly targets acidic Ca?" stores in mammalian
cells. In the majority of studies, NAADP-induced Ca?* release can be completely
abolished by either bafilomycin or nigericin, agents that selectively abolish
lysosomal Ca?* loading, or GPN, suggesting a strong lysosomal component [67, 77,
106]. In some studies, NAADP has also been observed to mobilize Ca?" from isolated
nuclei and can be abolished by the SERCA inhibitor thapsigargin, suggesting direct
involvement of the ER [107, 108]. While the above demonstrate some extreme cases
of store utilization, there are also cases where bafilomycin/nigericin/GPN or
thapsigargin/ryanodine/heparin alone partially inhibit NAADP responses [89, 98,
108], showing dual store utilization. The interpretation of this latter phenomenon is
more difficult as, in addition to the confounding Ca*-induced Ca? release (CICR)
property of the ER, arguments would generally have to rely on the completeness of

inhibition, which to some extent is uncertain in most cases.

1.5.6 Functional interactions between acidic and ER Ca?* stores

Although NAADP and cADPR/IPs appear to activate independent receptors in
SUEH, NAADP-induced Ca?* transients or fluctuations in whole egg exhibits a
considerable ER component, reflecting a complex interplay between the different
Ca? stores. This difference may be attributed to the loss of the organellar

architecture normally found in whole egg but is lost in SUEH.

In whole sea urchin egg, NAADP induces a fast Ca? transient or wave, which can
be inhibited by either cADPR or IPs antagonists [109]. The rate of Ca? release and
the amplitude of the Ca?* transient appears to be decreased, which is more profound
when both antagonists are present at the same time [109]. Therefore, the kinetics of
the NAADP Ca? release mechanism is inherently much slower and the releasable

Ca? of this store is likely to be lower, requiring amplification using ER Ca?" for the
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robust Ca* waves seen normally when NAADP is applied alone. Recently, it has
been suggested that this amplification may also involve feed-forward Ca?" signals
from the ER to amplify NAADP levels [105]. This idea is intriguing as this suggests
that ER Ca? signals are in turn required to amplify the highly localized Ca?" increase
induced by NAADP to produce luminal alkalinization of cortical acidic vesicles in

response to sperm entry [105].

At a longer time scale, NAADP is also associated with the tendency of sea urchin
egg to produce low amplitude Ca? fluctuations [110]. This has also been shown to
be dependent on the ER Ca? stores, while the longer-term mechanism seems to in

part involve an enhancement of the ER Ca?* load [110].

Similar phenomena have since been observed in mammalian cells where cADPR or
IPs antagonists or SERCA inhibitors were observed to partially or to great extent
inhibit NAADP-induced Ca? transients or responses [77, 87, 98, 106]. These
investigations are generally less detailed than those studied in sea urchin eggs, but
similarly suggest either an increase in ER store loading or CICR for an amplified
signal, depending on cell types. However, although compelling, direct evidence for
a direct CICR-type cross-talk seems to be lacking. For example, one would quantify
the difference in activity readouts of the respective organelles in the presence of

cellular BAPTA or EGTA and perform quantitative kinetic analysis.

1.5.7 NAADP as an emerging putative intracellular second messenger

NAADP production and acidic Ca?* store usage have been relatively well
documented in the literature, which support the notion that NAADP may be a
putative second messenger as discussed below. However, the molecular

components including enzymes or G protein-like components involved in this
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pathway are virtually unknown. Thus, although there is evidence that NAADP may
play a role in signal transduction, unlike its counterpart IPs whose signal
transduction pathway is well established and well accepted, this, in addition to its
variable properties and unknown receptors, remains another missing link to

concretely including NAADP as a second messenger.

1.5.7.1 Agonist-specific utilization of acidic Ca? stores

One emerging theme in this area is that agonists known to evoke Ca?* transients
seem to be able to utilize different Ca> stores to different extent. This was first
demonstrated in pancreatic acinar cells where GPN selectively abolishes CCK but
not ACh responses while thapsigargin abolishes ACh but not CCK responses,
suggesting that CCK may be preferentially coupled to acidic Ca?* store usage while
ACh primarily uses ER Ca? stores [77]. Similar observations had been observed
with high inhibitory concentration of NAADP, which selectively abolished CCK-
but not bombesin-induced Ca?" oscillations [111]. Given the acidic store usage by
NAADP and ER store usage by IPs [77] this implicates NAADP as a potential
second messenger involved in receptor signal transduction. Similar agonist-specific
phenomena have since been observed to varying extent in other cell types including
pancreatic beta cells [77], neurons [112], astrocytes [84], endothelial cells [113, 114]
and smooth muscle cells [67]. Ned-19, despite its own uncertainties, also appears to
selectively inhibit agonist responses in an agonist-specific manner [84, 96],

providing support to this view.

In addition to the more extreme case of store utilization, there are cases where
thapsigargin inhibits the Ca? transient to great extent, GPN or bafilomycin alone
does not completely abolish the Ca? transient [84, 113, 114], making it difficult to

suggest a triggering role for acidic Ca?" stores but may suggest parallel usage of
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both acidic and ER Ca?* stores with minimal cross-talk. This appears to be typical for

some agonists, which show combined store usage.

1.5.7.2  Agonist-specific production of NAADP

NAADP levels in cells have been measured by either a radioligand binding assay
[115] or an enzymatic cycling assay [116], both of which have the potential to detect
specifically NAADP but not NADP. The enzymatic cycling assay requires NADase
treatment to selectively remove NADP and NAD [116], while in the radioligand
binding assay, it was reasoned that through sample dilution it is possible to
selectively detect NAADP based on its high affinity [115], although NADase

treatment should be helpful.

Like agonist-specific usage of acidic Ca* stores, it has been shown in many cell
types that, in an agonist-specific manner, agonist stimulation can lead to an increase
in NAADP level in the sample, although considerable variability is often
encountered between samples [41, 83, 84, 112, 117, 118]. Consistent with the above,
NAADP production seems to be linked with agonists that are coupled to acidic
stores, while not observed in those that target the ER [41, 77, 112]. Most studies
demonstrate an NAADP transient upon agonist stimulation, which typically rises to
its peak in 30-60s followed by a slower decay, corresponding somewhat to the
kinetics of the agonist-induced Ca? transients [41, 68, 84, 112]. However, although
this phenomenon is relatively well documented, few studies have shown the
concentration-dependence of NAADP production in response to agonist

stimulation, an example of which can be found in [41].



18 NAADP

1.5.8 NAADP-binding proteins

Despite more than two decades of effort, the identity of the NAADP-binding
protein remains unknown. Interest in identifying the NAADP-binding protein has
been re-ignited due to the recently available photo-cross-linkable NAADP analogue
32P-5N3-NAADP, which can be cross-linked to the binding protein upon UV
illumination [66, 119]. This probe retains its high binding affinity towards the sea
urchin NAADP-binding protein (ICso ~ 18nM in displacement assay) with 100- to
1000-fold selectivity compared to NADP [119], although its affinity towards the
mammalian NAADP-binding protein has not been determined in a displacement

assay with 5N3-NAADP being the cold ligand [66, 119].

The use of this probe has revealed that the sea urchin and mammalian NAADP-
binding protein(s) exhibit considerable biochemical differences. While the sea
urchin NAADP-binding protein appears to be tightly membrane-associated (or
maybe an integral membrane protein), its mammalian counterpart can be recovered
in both the soluble and whole-membrane fractions [66, 70], indicating that it can
exist as a soluble protein. Also, by analyzing the selectivity for NAADP against
NADP using densitometry on an SDS-PAGE gel, it was found that the sea urchin
NAADP-binding protein is ~40 and ~45kD [119], while its mammalian counterpart
is ~22-23kD [66, 70]. Its use also confirms the low NAADP/NADP selectivity in
some, but not all, mammalian NAADP binding activity reported previously (see
above) as this 22-23kD band also has low NAADP/NADP selectivity (8-15-fold) in

mouse pancreas and some cell lines including HEK293 cells [66, 70].

Consistent with previous findings that TPC2 overexpression in HEK293 cells only
increased binding by ~3-fold [65], these new studies also found no alteration in the
Bmax and ICso of this 22-23kD putative NAADP-binding proteins upon

overexpression and knockout of TPC1 or TPC2 individually [66]. The low molecular
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weight of this putative NAADP-binding protein also confirms the notion that TPCs
(816aa and 752aa respectively) are unlikely to be the NAADP-binding protein. This
result also indicates that the presence of TPCs should not alter the ECs0 of NAADP
activity and thus appears to challenge the claim that TPC1 overexpression increases

NAADP sensitivity in SKBR3 cells by shifting the NAADP ECso [99].

1.5.9 Ca? uptake mechanisms of the lysosome

Lysosomes store a considerably amount of Ca%*, with free Ca* concentration
estimated to be ~500uM [120, 121]. This is consistent with the observations where
osmotic disruption of lysosomes by GPN leads to cytosolic Ca?* increases that are

eventually removed via non-lysosomal pumps [122].

Lysosomal Ca?* uptake depends critically on the sizable pH gradient across the
lysosomal membrane. Careful experiments by Christensen et al have shown that, in
macrophages, dissipation of lysosomal pH with bafilomycin is correlated with a
decrease in lysosomal [Ca?] and clamping lysosomal pH to >6 with NH4Cl results in
lysosomal Ca? release into the cytosol [120]. Similar experiments, although without
luminal pH calibration and in a different species, have shown that clamping
extravesicular Ca?" at increasing concentrations alkalinizes acidic vesicles to a new
steady-state pH in SUEH [123]. The reciprocity of these phenomena suggests that
Ca? uptake into the lysosomes may be mediated via a H*-Ca? exchange-like

mechanism.

Based on these observations, a recent review by Morgan et al have explored a range
of potential H*-Ca* exchange stoichiometric ratios and showed that an
electroneutral exchange (2H"* for 1Ca?) is likely to reproduce semi-quantitatively the

Ca? gradient so far observed across the lysosomal membrane [124]. Indeed, H*-Ca?
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exchange mechanisms of different stoichiometric ratios can also recapitulate the
qualitative features of the time-lapse data in pH clamp experiments from
Christensen et al. These predictions therefore suggest that a H*-Ca?* exchange
mechanism may be a major determinant of Ca*" uptake in lysosomes. Although H*-
Ca? exchangers (CAX) have been identified in lower organisms such as yeast, they
are absent from higher vertebrates [125, 126]. Thus, the molecular identity of the
putative transporter involved in lysosomal Ca?" uptake has yet to be identified to

validate these predictions.

1.6 Two-pore channels (TPCs)

Two-pore channels (TPCs) were first cloned in 2000 in an attempt to identify novel
voltage-gated ion channels [127]. Sequence analysis has indicated that TPCs likely
belong to the tetrameric ion channel superfamily which includes channels with
diverse function including Kv, Nav, Cav channels, two-pore domain K* channels
(Kzp), ligand-gated/regulated CNG/HCN channels, Kca channels, Kir channels and
TRP channels [128]. As now revealed by a growing number of experimental
structures, common to all channels in this superfamily is a tetrameric pore-forming
domain formed by the S5-6 helices (or S1-2 in Kxr & Kir). Each pore-forming
monomer, except Ko and Kir, is covalently connected to its own membrane-
spanning regulatory domain formed by the S1-4 helices. In Kv, Nav and Cav
channels, the regulatory domains, primarily the 54 helix, act as voltage sensors that
trigger the opening of the pore-forming domain in response to changes in
transmembrane voltage, allowing ion conduction. In addition to S1-4, channel
function is also regulated by cytosolic domains, which are typically involved in
ligand sensing in ligand-gated ion channel and inactivation properties in voltage-

gated ion channels.
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Figure 1.3 The voltage/ligand-gated tetrameric channel superfamily
Adapted from [128]

1.6.1 Isoforms

The TPC family consists of four isoforms (TPC1-3 and plant TPC, see below). TPC
genes are represented in most eukaryotes but so far no prokaryotic homologue has
been found. Nevertheless, not all three isoforms are present in every genus [65, 129,
130]. In plants, only one TPC isoform is present, which appears to have very
different ligand sensitivity and permeation properties [131] compared with

vertebrate TPCs (see below). Most vertebrates have all three isoforms but the TPC3
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gene exists as a pseudogene in human and closely related rodents and primates and

is thus not expressed [65, 129, 130].

H. sapiens

TPCA1

S. purpuratus

TPC3

root plant TPC

S. purpuratus

D. rerio

A. thaliana

TPC2

S. purpuratus

H. sapiens

0.05

Figure 1.4 Phylogenetic relationship between TPC isoforms

Phylogram of TPCs. The 4 isoforms are highlighted as indicated. The root is shown as black dot, which
shows the split between plant and animal TPCs. Model organisms are labeled to show their
evolutionary relationships. This tree was generated according to multiple alignment of >100 TPC-like
protein sequences (ClustalW) using the Neighbour-Joining algorithm in ClustalX and was displayed
using FigTree (http://tree.bio.ed.ac.uk/software/figtree/). Scale bar indicates substitution per residue.

More detailed evolutionary relationship and classification of TPCs can be inferred
from phylogenetic tree. We have performed an extensive phylogenetic analysis on
>100 TPC-like protein sequences, which shows that the TPC family can be classified
into two main groups — TPC1-3 and plant TPC (Figure 1.4). As shown in Figure 1.4,
the putative common ancestor of TPCs diverged to become TPC1-3 and plant TPC

at an evolutionarily early stage. Indeed, all non-plant TPCs have lost the two Ca?*-
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binding EF hand domains commonly found in plant TPCs [131]. The putative
common ancestor of TPC1-3 then diverged to form the TPC1 clade and TPC2/3
clade, which were later separated into the TPC2 and TPC3 clades. From this tree, all
TPC isoforms from the model organism S. purpuratus (sea urchin) appears to be an
outgroup compared to most other TPCs in their respective groups (Figure 1.4). This
suggests that TPCs from S. purpuratus are more distantly related to most other TPCs
and might have diverged substantially since a considerably early stage. Other

phylogenetic analysis on TPCs can be found in [65, 130].

1.6.2 Expression pattern

TPC1 transcripts appear to have restricted expression pattern in the initial report
[127] while appear to be uniformly present in most tissues in [132]. Recent western
blot analysis on mouse tissues has shown that TPC1 is expressed most prominently
in kidney, liver, lung, spleen and adipose tissues, moderately in heart but are
undetectable in brain and pancreas [133]. This expression pattern agrees
considerably with the expression pattern in northern blots reported in [127] but
seems to disagree with [132]. A splice variant of TPC1, named TPC1B, due to the
presence of a downstream intronic alternative promoter, has recently been detected
by RT-PCR at the transcript level in tissues including kidney, liver, brain and spleen

[133].

TPC2 transcripts have less restricted expression pattern but are most prominently
expressed in kidney and liver, considerably low in other tissues, marginally
detectable in brain and testis but not in skeletal muscles [65, 132]. Western blot
analysis has not been possible due to the lack of specific antibodies and thus the
relative expression of TPC2 amongst different tissues has not been systematically

investigated at the protein level.
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1.6.3 Structure and channel assembly

Before introducing the channel topology, it is useful to examine the terminology
used to define the two sides of the membrane. The lysosomal or luminal side is
geometrically equivalent to the extracellular space and will be used synonymously
with the external side. Because of this geometric equivalence, we will adhere to the
conventional polarity of membrane potential. It is perhaps easier to recognize that
the cytosolic side of the lysosomal membrane is equivalent to the cytosolic side of

the plasma membrane and will be used synonymously with the internal side.

Hydropathy analysis [65, 127] and secondary structure prediction (JPred3 [134])
have indicated the likely existence of 12 transmembrane helices in TPCs,
corresponding to two sets of conserved ion transport domains (Figure 1.5). Each
ion-transport domain consists of an extra-pore domain (51-54) and a pore-forming
domain (55-56). This 'two-pore' feature is 'intermediate’ amongst other channels in
this superfamily, which typically have one set (Kv channels) or four sets (Nav and
Cav channels) of ion transport domains, and may represent an evolutionary
transition (Figure 1.3). Therefore, TPCs likely function as dimers (akin to
symmetrical heterotetramers) with a stoichiometric order similar to that of Ko
channels, whose crystal structure has been recently determined [135, 136]. Similar to
other voltage-gated ion channels, the S4 helices of TPCs have alternate sequence of
the positively charged arginine and the potentially positively charged lysine, which

may act as a voltage sensor in TPC1 and TPC3 (see below).
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A. Cartoon of topology inferred from hydropathy analysis and secondary structure prediction.

B. Cartoon of putative quaternary structure depicting how the secondary structure may be organized
in space. Shown are the S7-12 of two opposite subunits with the middle and C-terminal domain.
This prediction is based on the evolutionary relationship between TPCs and voltage-gated
channels and on the available experimental structures of voltage-gated channels. Orange spheres
represent putative Na® ions in the selectivity filter but the exact configuration and the extent of ion
occupancy are unknown. CT, C-terminal domain.

C. Potential organization of the cytosolic domains of TPCs (bottom view). Both the middle domain
and the C-terminal domain immediately follow the putative pore helices (S6 and S12 respectively)
and may thus be organized as a cytoplasmic tunnel as inferred from the crystal structure of the
cytosolic domains of K. channels [137-140]. Orange sphere depicts a Na® ion to show how the
potential cytoplasmic tunnel may form.

Figure 1.5 Putative structure of TPCs
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Similar to other channels in this superfamily, the pore domain (55-6) of TPC1 has
been shown to be capable of assembling into a tetramer [141]. This is consistent with
the non-interacting nature of the non-pore helices (S1-4) observed in experimental
structures of channels within this superfamily where the pore helices form the main
contact points of tetramerization [135, 142-148] (although some channels have
contributions from cytosolic domains). A rather surprising observation is that when
each S1-6 from the 1%t and 2" ion transport domains are expressed individually,
these monomeric units fail to form tetramers [141]. This may suggest that
subsequent evolutionarily events might have rendered concatenation of two

homologous but non-identical subunits a requirement for proper channel assembly.

The two TPC isoforms (TPC1 and 2) have been shown to co-immunoprecipitate (co-
IP) upon overexpression [149]. Interaction between homologous channel subunits
however needs to be treated with caution, as co-IP and functional evidence alone or
combined do not indicate the formation of a heteromer between TPC1 and TPC2
subunits. Comparison of cross-linking pattern of either TPCs from wild-type and
single knockout animals will be required to formally address this question, as has
been exemplified elegantly in the interaction between homotrimeric P2X4 and P2X7
channels [150], which were previously thought to heteromerise based on co-IP and

functional evidence [151].

1.6.4 Localization

TPCs are localized almost exclusively to the endolysosomal system. Recombinant
TPC1 tends to have a wider distribution across functionally distinct endolysosomal

compartments and can be found in early, recycling, late endosomes and sometimes
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lysosomes [65, 96, 112]. The distribution of recombinant TPC2, however, seems to be
more restricted to the lysosomes [65]. The lysosomal distribution of TPC2 is
dependent on a conserved di-leucine motif that is contained in its N-terminus and
mutation of which leads to plasma membrane localization [152] consistent with that
this motif is recognized by the endocytic machinery [153]. The interpretation of the
distribution of heterologously expressed TPC3 in common cell lines is more difficult
as it is not normally present as functional proteins in human and closely related
rodents and primates [65]. For example, recombinant expression of various TPC3
from different species has yielded mixed localization patterns [65, 154, 155].
Therefore, proper analysis of the localization of these channels will require
immunocytochemistry experiments on endogenous proteins when specific
antibodies are available. Recombinant TPC1 and TPC2 are both heavily glycosylated
[65, 83, 132], which may afford protection from the harsh proteolytic environment in

the lysosomal lumen.

1.6.5 Permeation and gating properties of vertebrate TPCs

In this section, we will focus mainly on studies examining macroscopic current with
channel expression verified with fluorescence. It is perhaps not as confident to
discuss in detail studies that characterize novel ion channels using mixed
organelle/protein preparations, but these are summarized in Table 1.2 and are
discussed where appropriate. On examination of these tables, one can notice that
studies reporting macroscopic current of TPCs have yielded consistent results
(Table 1.1), while heterogeneous results have been obtained in studies using
organelle/bilayer/single channel studies (Table 1.2). More specific discussion on this

matter can be found in Chapter 2.
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Table 1.1 Permeation and gating properties of TPCs from macroscopic current

recordings using traditional patch-clamp with expression verified by fluorescence

Isoform

TPC1

TPC2

TPC2
TPC2

TPC2

TPC2

TPC3

Species
Human
Human

Human
Human

Human
Human

Zebra
fish

Configura-
tion
Whole-lyso

Whole-
cell/lyso
Whole-lyso
Whole-
cell/lyso
Whole-
vacuole
Whole-cell

Whole-cell

PX/PNa
Na* (1) >>> K+ (0.01) ~ Ca2* (0.005)

Na+ (1) > Li (0.9) >>> Ca?* (0.1) = K* ~ Cs*
(0.03)

Na+ (1) >>> K+ (~0.01)

Na+ (1) >>> K+ (~0.1)

Na+ (1) >>> K+ (0.05) ~ Ca?* (0.05)

Na* (1) > Li* (0.94) >>> Ca? ~ Ba?" (0.04) >
K+ (0.03) = Cs* (0.02) = Mg?* (<0.02)

Na* (1) >>> K* ~ Cs* (0.01) ~ Ca* (nd, but
gave no current)

Ligand

PI(3,5)P:

PI(3,5)P:
PI(3,5)P:

PI(3,5)P2
External

H+

Voltage

depolariz
ation

depolariz
ation

* Only ligands showing statistical significance or with a full concentration-response profile
determined are shown.

Table 1.2 Permeation and gating properties ascribed to TPCs recorded from mixed

organelle/protein preparations

Isoform

TPC1

TPC1

TPC2

TPC2
TPC2

TPC2

Species
Human

Human

Mouse

Human
Human

Human

Configura-
tion

Bilayer

Bilayer

Port-a-
patch
whole-lyso
Bilayer
Inside-out

Inside-out

Px/Py or unitary conductance (v)

Px/Psa ~ 22, vy mnot applicable
(asymmetrical ionic conditions)

Px/Pna: H* (67) >> K* (1.6) ~ Na* (1) 2 Ca?
0.9)

Px/Pca: H* (503) >>> K* (9) > Na* (1.1) 2
Caz (1)

YNa ~ 68pS, Yk ~ 87pS, yca ~ 19pS

Pca/Px  ~ 1000, Yy not applicable
(macroscopic current)

Px/Pca ~ 0.4, yk ~ 300pS, yca ~ 15pS

Px/Py not determined, ycs ~ 128pS, yca ~
40pS

Px/Py not determined, ycs ~ 12pS

*  Px/Py were converted into Px/Pna When possible.
* Note in [162], the two sequences of Px/Pna reported are somewhat non-equivalent.
* Unitary conductance values are not readily comparable since no studies have attempted to
determine y-[ion] relationship. Nevertheless, since these values are obtained typically at 100-
200mM Jion], these values in fact do vary considerably across studies.
* Unitary conductance should not be confused with relative permeability. Nevertheless, in the
classical case, unitary conductance is a linear function of absolute permeability under symmetrical
ionic condition. Therefore, in cases where Px/Pna hence absolute permeability is low, y should not
be readily detectable.
* Because of the uncertainty in this group of studies, one should be cautious on the interpretation of
pore mutants or any mutagenic effects.

Ligand
NAADP,
pH, Ca?

NAADP,
C a2t

NAADP

NAADP
NAADP

NAADP

Voltage

hyperpol
arization

[160]
This

thesis
[155]

Ref.

[161]

[162]

[163]

[164]
[152]

[165]
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1.6.5.1 Classical ion selectivity of TPCs

Whole-cell/lyso patch-clamp studies have shown that recombinant TPCs are Na*-
selective channels with an electrophysiological selectivity sequence quantitatively
similar to that of Nav channels (Table 1.1). On the other hand, studies recording
from biochemically isolated proteins or lysosomes have yielded heterogeneous
results with no clear permeability sequence identified (Table 1.2). This is difficult to
reconcile, but the currents from these studies show no resemblance to the reported
macroscopic TPC current. It is possible that additional biochemical procedures
and/or different experimental conditions may have contributed to this discrepancy.
Nonetheless, in the future, the purity of these preparations will need to be assessed
more fully to exclude the possibility that additional channels and/or organelles

might have contributed.

Whole-cell/lyso patch-clamp studies demonstrated that, amongst biologically
relevant ions, recombinant TPCs are 50-fold and at least 10-fold more selective for
Na* than K* (Px/Pna = 0.02) and Ca?* (Pca/Pna = 0.04-0.1) respectively [155-157, 160].
This selectivity has been shown to be both experimentally and theoretically
sufficient to ensure negligible leakage of Ca? through the channel at external [Ca?']
that occurs physiologically (see Chapter 2). Therefore, this property alone suggests
that TPCs cannot directly support Ca* signaling as a Ca?-release channel, in
contrary to what has been assumed previously based on indirect evidence.
Importantly, this selectivity sequence appears to be quantitatively reproducible
across different expression systems, membrane environment and the presence of
either PI(3,5)P2 or external protons as stimuli [155-160] (Table 1.1), suggesting that,
like other ion-selective channels within this superfamily (Kv, Nav and Cav channels),

selectivity is a robust signature of the channel.
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1.6.5.2 Gating regulation of TPCs

1.6.5.21 TPC1

Recombinant human TPC1 (hTPC1) has been shown to give rise to non-inactivating
voltage-gated currents upon membrane depolarization in voltage-clamp
experiments [156]. Activation of hTPC1 is slow and the activation time constant is
on the order of 500ms [156], which is ~100-fold slower than Nav channels, while the
deactivation time constant is ~100ms. The lack of inactivation mechanism in hTPC1
is also different from the rapidly inactivating property seen in Nav channels upon
depolarization [156]. Voltage-dependent activation is lost when the arginine
residues in S4 are neutralized through conserved mutagenesis, suggesting that, like

other voltage-gated ion channels, the 54 also serves as a voltage sensor in hTPC1.

Unlike Nav channels, the voltage threshold for activation in hTPC1 is very high. At
external pH 4.6, Vso is approx. +90mV [156], suggesting activation is likely to be
minimal at physiological voltages at this pH. However, the Vso of hTPC1 can be
lowered by alkalinizing the external pH, approaching ~OmV at pH 6.6 [156]. This is
likely to have important physiological implications as the wide distribution of
hTPC1 in the endolysosomal system (see above) suggests that hTPC1 is likely to
experience different pH ranging from 4 to 7 in its lifetime. Given this pH
dependency, the contribution of hTPC1 to membrane potential is likely to be highest
in early and recycling endosomes where the pH is ~5.5-6.5, and may remain
minimally activatable in the lysosome given the ultra high voltage threshold at pH
4.6.

Native TPC1-like Na* current has been observed in endolysosomes in various cell
types including macrophages, cardiac myocytes and kidney cells with matching Vso

and voltage sensitivity [156]. Current-clamp experiments have revealed that these
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endolysosomes undergo depolarization upon injection of a depolarizing current,
which correspond somewhat to the magnitude of the TPC1-like current on the same
endolysosome [156]. Indeed, the sustained feature of the depolarization seems to be
consistent with the non-inactivating characteristics of voltage gating in both hTPC1
and the native TPCl-like current. These experiments have therefore revealed a
novel type of membrane potential regulation in the endolysosomal system, distinct

from the pulsatic nature of action potentials at the plasma membrane.

1.6.5.22 TPC2

Unlike TPC1 and TPC3 (below), recombinant TPC2 is not gated by voltage,
although TPC2 shows increasing inactivation at increasingly hyperpolarizing
voltage in voltage-clamp experiments. Recombinant human TPC2 (hTPC2) has been
shown to be activated by the lysosome-specific phosphoinositide PI(3,5)P2 from the
intracellular side [157-160] with an ECso of 100nM-1uM and a Hill slope of ~1 [157,
160]. From our experiments, hTPC2 activity can also be potentiated by external
protons with an ECso of ~pH 6.4 and a Hill slope of ~1 (Ch.2). Although whether
these ligands may act on hTPC2 directly and how they exert their co-stimulatory
effects are not yet known, they are rational candidates for physiological regulation

as both ligands are native to the lysosome where TPC2 resides.

There is a debate on whether TPC2 may be regulated by the putative second
messenger NAADP. It has been proposed [65, 98, 112, 132, 166, 167] that TPCs in
general may be important to the generation of NAADP-induced Ca? release, which
appeared to show positive correlation, although mild in some cases, with the
expression level of these channels. This is intriguing as the pharmacology of
NAADP-induced Ca* release also correlates well with the endolysosomal

localization of these channels (see above). However, although this hypothesis is
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appealing, the underlying evidence does not indicate whether TPCs may function as

a Ca*release channel, neither do these results suggest direct regulation by NAADP.

So far, traditional patch-clamp studies recording macroscopic currents including
ours have failed to detect or detected statistically insignificant activity changes in
TPC2 when the previously proposed agonist NAADP is applied [156-160]. Several
single-channel studies and studies using isolated lysosomes, however, reported that
TPCs in general may be NAADP-sensitive [83, 161-165]. Nonetheless, on closer
examination, these single-channel currents generally display different permeation
properties than the reported macroscopic current, which, on the other hand, are
very consistent (compare Table 1.1 and Table 1.2). It is possible that, in addition to
the elusive NAADP-binding protein, other co-factors might be important for
NAADP sensitivity for example Rab-GTPase interaction with the N-terminus of
TPC2 [168] (see below). How these proteins work together is not clearly known as a
study reported that TPC2 lacking the N-terminus remained capable of conferring
NAADP-induced Ca? transients [152].

There is evidence that TPC2 may be regulated by serine/threonine kinases including
JNK, p38 and mTOR, which seem to be required for the suppressive effect of
cytosolic Mg-ATP [158, 159]. However, with the exception of mTOR, which is in
part retained at the periphery of the lysosome via interaction with the lysosomal
Rag-GTPase complex [169], how JNK and p38 kinase activity may regulate TPC2 is
less clear as these experiments were performed on isolated membranes excised
away from the cytoplasm [159]. Whether these observations are due to direct
phosphorylation of TPC2 has also yet to be determined although the results so far

are consistent with the requirement of kinase activity.

1.6.523 TPC3
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Recombinant Danio rerio TPC3 (drTPC3) has been shown also to give rise to non-
inactivating voltage-gated currents upon membrane depolarization in voltage-
clamp experiments [155]. Activation of drTPC3 is only slightly faster than hTPC1
and both the activation and deactivation time constants are ~250ms [155]. The
difference in symmetry of activation and deactivation in hTPC1 and drTPC3
suggests that although both channels appear to have slow kinetics and lack
inactivation mechanisms, gating transitions in these channels are probably quite

different.

Similar to hTPC], the voltage threshold of drTPC3 is also high and the Vso is approx.
+75mV [155], thus activation is also likely to be minimal at physiological voltages at
this pH (7.4). Nevertheless, HEK293T cells expressing drTPC3 were able to generate
ultra-long action potentials upon the injection of a brief depolarizing current [155],
owing to the self-regenerative nature of its voltage gating properties. Therefore, the
membrane potential remains stabilized near Ena despite the return to a basal
holding current and the membrane only repolarizes upon injection of a large

hyperpolarizing current that deactivates drTPC3 [155].

Xenopus laevis TPC3 (xITPC3) has been suggested to be the channel responsible for
the depolarization-induced non-inactivating voltage-gated Na* current in Xenopus
oocyte [155]. This is based primarily on the somewhat similar kinetics and the
requirement of induction, although recombinant xITPC3 has a lower voltage
threshold and the kinetics do not match completely [155]. Morpholino knockdown
experiments will be needed to confirm this proposal, which have been unsuccessful
probably due to the confounding issue where genes with two differing sequences

may code for the same protein [155].
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1.6.6 Protein-protein interactions with TPCs

Protein-protein interactions play key roles in modulating ion channel functions.
Through wunbiased approaches such as transcriptome-wide screens and co-
immunoprecipitation (co-IP)-mass spectrometry or rational predictions, recent
studies have identified a growing list of previously unknown TPC-interacting
proteins including Rab GTPases [168], mTOR [158], LRRK2 [170], syntaxin-7 [171],
TRPML1 [165] and Hax-1 [172]. Some of these proteins are indeed localized to the
endolysosomes and appear to have modulatory effects and may confer ligand

sensitivity in some cases.

1.6.6.1 mTORC1

Recent studies have shown that the mTORC1 complex translocates to the lysosomes
in response to amino acid repletion [169]. mTOR interaction with TPC2 has been
observed in co-IP experiments and found to be required for the suppressive effect of
ATP on TPC2, which critically depends on a lysosomal localization of mTORC1
[158]. TPC2 knockout mice have normal lysosomal pH, but appear to have lost the
ability to sustain lysosome acidification upon nutrient depletion and thus protein
catabolism is impaired [158]. It has been proposed that in the fed state TPC2 activity
is partially suppressed and is increased in response to nutrient starvation as
mTORC1 translocates to the cytoplasm and cellular ATP level decreases. This may
then allow for the lysosomal membrane potential to be dragged towards Ena to
oppose the self-abortive hyperpolarizing effect of proton pumping [158]. This model
therefore requires that Ena is more positive than Eproton, although the Na* gradient

across the lysosomal membrane is poorly known [124, 157, 173].
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1.6.6.2 Rab-GTPases

Rab-GTPases have been identified to interact with TPC1 and TPC2 through co-IP-
mass spectrometry and was subsequent verified in overexpression systems [168]. It
was observed that TPC2 but not TPC1 overexpression induces pigmentation defects
in Xenopus oocyte, which could be corrected by a Rab7 inhibitor [168]. However,
rather inconsistently, this study also claims that Rab interaction with TPC2 at the N-
terminus is required for NAADP-induced Ca? release [168], despite that the same
authors previously demonstrated that a TPC2 lacking the N-terminus (AN-TPC2)

remains capable of supporting NAADP-induced Ca?* transients [152].

1.6.6.3 LRRK2

LRRK?2, a kinase overexpressed in Parkinson's disease, has also been shown to co-IP
with TPC2 when overexpressed in HEK293T cells [170]. The LRRK2 effect on
autophagosome number upon overexpression was found to be decreased by co-
expressing a putative pore mutant of TPC2 [170], although caution should be made
when interpreting some of these mutants (see notes under Table 1.2). Nevertheless,
a recent study found that TPC2 but not TPC1 silencing reverted some of the
lysosomal morphologies in fibroblasts from a LRRK2 mutant Parkinson's disease
patient [174]. Further investigations should provide better insights into the potential

role of TPC2 in Parkinson's disease.

1.6.7 Cellular functions of TPCs

So far, the role of TPC1 and TPC2 in the general functioning of the endolysosomal

system is not clear. Endocytic receptor trafficking such as EGFR trafficking was
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shown to be impaired in mouse embryonic fibroblast [171] while appeared to be
normal in another study using the same cell type [133]. Similarly, toxin trafficking
was shown to be impaired [154] while appeared to be normal in another study [133].
Lysosomal pH is also unaffected in most studies upon overexpression or knockout
of TPC2 [133, 158, 166, 171] except that TPC2 knockout cells were unable to retain an
acidic lysosomal pH upon starvation [158]. Cathepsin processing also appears to be
normal upon experimental manipulation of TPC2 [166, 171]. Nevertheless, fusion
processes involving the late endosomes/lysosomes with other organelles may be

partially impaired in cellular processes such as autophagy.

1.6.7.1 NAADP-induced Ca? release

As discussed above, TPCs are Na*-selective channels (Table 1.1 and refs therein)
shown to be experimentally and theoretically sufficient to ensure negligible Ca?*
leakage (Ch.2) and show no concentration-dependent regulation by NAADP in
HEK293 cells (see above) where the NAADP-binding protein is present [65, 66].
Nevertheless, based on the seminal study [65] and studies alike [99, 132], many
efforts have followed this perspective that TPCs may be the gate for NAADP-
induced Ca? release. This hypothesis has now been tested in several native
preparations and rather coincidently, TPC silencing or knockout cells from native
preparations indeed appeared to almost abolish or at least partially reduce NAADP-
induced Ca? release [87, 98, 167]. Some studies have also shown that expression of
TPC may correlate positively with the effect of NAADP or negatively with the effect
of Ned-19 [96, 114, 166, 174], but see [90]. Given the now better characterized
electrophysiological properties, these results may suggest that TPCs may be
required to support NAADP-induced Ca? release, but likely via an indirect,
supportive role in native preparations where additional factors are concomitantly

present. Nevertheless, as minimal endolysosomal perturbations are observed upon
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changes in TPC expression (see above), how this is accomplished will require

further investigation.

1.6.7.2 Autophagy

In the context of autophagy, it was originally observed that TPC2 overexpression in
astrocytes leads to increase in the number of autophagosomes in response to
NAADP-AM and was thus concluded that NAADP and TPC2 may promotes
autophagy [175]. An independent study has however shown that TPC2
overexpression alone without NAADP is sufficient to increase in the number of
autophagosomes [166]. Indeed, more in depth investigation by the latter study has
shown that TPC2 overexpression impairs autophagy progression most likely by
inhibiting fusion of autophagosome with late endosomes/lysosomes without
concomitantly impairing cargo degradation in the lysosomes and minimal alteration
in lysosomal pH [166]. In both cases, the increase in autophagosome number could
be reverted by BAPTA-AM [166, 175], suggesting an inhibitory role for cytosolic
Ca?in the TPC2 effect on autophagy progression.

1.6.7.3 Cellular differentiation

TPCs have also been implicated in cellular differentiation process in myoblasts and
embryonic stem cells. Knockdown of TPC1 or TPC2 reduced the expression of
skeletal muscle markers and the number of multi-nucleated cells upon induction of
differentiation [86], suggesting a role of TPCs in this process. In embryonic stem
cells conditioned to undergo neural differentiation, TPC2 but not TPC1 has been
shown to suppress the differentiation into neural progenitor cells while is required
in subsequent differentiation into post-mitotic neurons [167]. Interestingly, both

studies showed a dramatic reduction of TPC2 but not TPC1 RNA levels within 1-2
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days after induction, which remain low throughout the later stages of differentiation
[86, 167]. These studies therefore demonstrate the isoform-specific role of TPCs in
cellular differentiation, although the underlying mechanism is less clear since only
subtle endolysosomal changes is observed wupon TPC knockdown or

overexpression.

1.6.8 Whole-animal studies on TPCs

The generation of TPC knockout (Tpcn2”-) mice has allowed the investigation of the
role of individual TPCs in whole-animal studies. So far, only permanent knockout
animals have been reported and the generation of tissue-specific and/or the
combined use of an inducible promoter should prove useful to circumvent potential

compensatory mechanisms in permanent knockout animals.

1.6.8.1 Susceptibility to hepatosteatosis

In a recent whole-animal study, Tpcn2” mice have been shown to be more
susceptible to the development of fatty liver and liver damage than wild-type mice
when fed with high cholesterol diet [171]. At the cellular level, BODIPY fluorescence
from LDL-BODIPY was found to accumulate in late endosome/lysosome in Tpcn2"
MEFs [171], probably retained due to a non-dissipating lipophilic environment that
causes dye retention, but could be induced by BAPTA-AM in wild-type MEFs
which suggests a role for cytosolic Ca? [171]. However, how these observations
connect mechanistically is unclear, although exaggerated accumulation of
cholesterol droplets in Tpcn2” hepatocytes is obvious and enzymes involved in

cholesteryl ester synthesis seem also to be upregulated considerably [171].
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1.6.8.2 Neoangiogenesis

There is also evidence that TPC2 but not TPC1 may be required in VEGF-induced
neoangiogenesis. At the whole-animal level, injection of VEGF-containing matrigel
into wild-type animal readily results in the formation of blood vessels in the
matrigel while this effect is abolished in Tpcn2” but not Tpcn1’- mice [96]. In single-
cell experiments, partial silencing of TPC2 indeed resulted in a considerable
reduction in the amplitude of the VEGF-induced Ca? transient, which is
accompanied by impaired performance in in vitro angiogenesis assays [96].
Nevertheless, how these observations connect mechanistically will, again, require
further investigation. It is also not known how these animals developed a

functioning vascular system given this neoangiogenic defect.

1.7 Conclusion

Since the first exciting discovery of IPs;, other potential endogenous products have
been explored concerning their potential to mobilize Ca* physiologically. Despite
more than 25 years of research on these other candidates including cADPR and
NAADP, canonical Ca* release channels including IPsRs, RyRs and Cav channels
remain the most established and dominant pathways for Ca? mobilization. The
introduction above has highlighted the fact that it has proven difficult to translate
the potential physiological function of cADPR and NAADP from sea urchin eggs to
mammalian systems, given the uncertainty of crucial mechanisms concerning
upstream mechanism, enzymatic pathway and receptor targets. This may be due to
the fact that sea urchin eggs and mammalian systems probably have very different

physiology at the cellular level.
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Indirect evidence such as those from Ca? imaging experiments have implicated the
potential involvement of TPCs in the NAADP effect. These indirect measurements
must stand the test of further experiments that directly examine the channel
properties of TPCs. Patch-clamp electrophysiology on cells overexpressing TPCs,
unlike methods that require further biochemical procedure such as organelle and/or
protein isolation, is the most direct and least convoluted experimental approach to
examine their channel properties. Using this technique, together with quantitative
fluorescence measurements and analysis, this thesis asks the question of whether
pharmacological and ion permeation properties of TPCs, in particular the human
TPC2, may satisfy or may be consistent with the requirement of a potential

NAADP-sensitive Ca?*-release channel.
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2 Ion permeation properties of hTPC2

2.1 Abstract

Controversies surround the Ca? permeability of endolysosomal two-pore channels
(TPCs) and whether they may be targets of the emerging Ca? mobilising messenger
NAADP (Nicotinic Acid Adenine Dinucleotide Phosphate). Using combined
electrophysiology, imaging and modelling approaches with a plasma-membrane
targeted human TPC2 (LM'L2/AA, hTPC2™) expressed in HEK293 cells, we found
that, under these conditions, hTPC2™ is a H*.-activated Na*-selective channel
capable of conducting Na* within the lower physiological range (relative to
extracellular [Na*]). The permeability ratios of group I monovalent cations to Na*
are similar to the voltage-gated Na* channel and the Pca/Pna is 0.05. Consequently,
the fractional Ca? current through hTPC2™ is close to zero (<0.0004) under
physiological extracellular ionic conditions. Importantly, using experimentally
verified models, we found that the permeation parameters of hTPC2 cannot support
physiologically relevant [Ca*]i increase, while that of a non-selective cation
channels (NMDA-R) can. Our quantitative analysis therefore allowed us to
differentiate hTPC2 from non-selective cation channels, which are known to and
able to participate directly in Ca? signalling, and suggests negligible role for h-TPC2

to directly function as a physiologically relevant Ca? source.

2.2 Introduction

TPCs have been proposed to play an important role in NAADP-induced Ca?* release
in mammalian cells [65, 99, 132]. Through experimental manipulation of expression
levels, it was found that the presence of TPCs in various mammalian preparations
may correlate to the observation of NAADP-induced Ca?* release [65, 98, 99, 132,
176]. It has thus been proposed that TPCs may be the long sought NAADP-sensitive
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Ca? release channels with Ca? permeability assumed prior to electrophysiological
characterization. Several subsequent studies reported the observation of putative
NAADP-activated single-channel currents that may possess characteristics
consistent with Ca?" release channels [152, 164]. Single-channel Ca? currents with
15pS [164] and 40pS [152] were observed that were ascribed to TPC2 and Pca/Px was
found to be 2.6 [164].

Recently, during the time of this DPhil, by directly recording the macroscopic
current of endolysosomal TPC2, several studies have reported that TPC2 may be
Na*-selective channels regulated by PI(3,5)P> and ATP, while being insensitive to
NAADP [157-160]. The Pca/Pna of TPC2 was found to be 0.1 under standard bi-ionic
conditions [157], resembling that of the mammalian voltage-gated Na* channel
[177]. TPC2 appeared also to be impermeable to the large monovalent ions K* and
Cs* [157], in contrast to the single-channel studies described above where single-
channel K* conductance as high as 300pS [164] and Cs* conductance of 128pS [152]
were reported. Moreover, macroscopic TPC2 current showed considerable time-
dependent inactivation [157], a property not found in the putative NAADP-
activated single-channel current [164]. These discrepancies suggest that properties
of channels of dissimilar types might have been attributed to TPC2 (compare Table
1.1 and Table 1.2).

Recent reviews [178-180] have suggested that channels with a Pca/Pna of <0.1 may
leak high enough Ca? despite the absence of any Ca? current without any
justification. Some have also suggested functional similarity between NMDA-R and
TPC2 in terms of Ca? permeation [159, 180] while the difference in Ca?*
permeability is in fact 20-fold (Pca/Pna of NMDA-R ~2 [181]; Pca/Pna ~0.05-0.1 ([157,
160] and this thesis). Here, we sought to resolve the current controversies by
obtaining permeation parameters of the human TPC2 (hTPC2) to allow quantitative

characterization of the physical behaviour of ion signalling through and in the
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nanometer vicinity of hTPC2. We found that the fractional Ca?" current of hTPC2 is
close to zero (<0.0004) and that the probability of Ca? signalling, relative to an
ideally non-selective cation channel (Pca/Pna = 1), is also close to zero (relative
probability ~2 x 107). Thus, our quantitative data suggest negligible role for hTPC2,
and generally channels with Pca/Pna ~0.05, to directly function as a physiologically

relevant Ca? source.

2.3 Methods

2.3.1 Molecular biology and constructs

A modified Quick-change mutagenesis protocol [182] was used to generate the
plasma membrane-targeted LL/AA hTPC2-mCherry using hTPC2-mCherry as the
template (in the vector pcDNA5/TO (Life Technologies)), with the following primers
(0.5ul of 20uM each, from Life Technologies),

Forward: 5 GAG CCC GCA GCA GGC GGG GCC CGC GGC GGT GGC GGC GACTGG
Reverse: 5 GCC TGC TGC GGG CTC CGA CTC CGC CTG GGG TTC CGC CAT CCA

in a 20yl reaction using Pfu (2x Hotstart, Agilent) as the DNA polymerase. The PCR
product was purified using the QIAquick PCR purification kit according to
manufacturer instructions. The purified PCR product (30ul) was digested with 1.5ul
Dpnl (Fermentas) in a 35ul reaction to remove methylated DNA template. The
Dpnl-digested PCR product (3.5ul) was transformed into Z-competent (Zymo
research) NEB5alpha cells (50ul, made from chemically competent NED5alpha cells
(New England Bio lab)) according to manufacturer protocol. Transformed bacteria
were plated on LB-ampicillin agar plates and incubated overnight at 37°C. Single

colonies were cultured in 2.5ml LB-ampicillin overnight and had plasmid purified
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using a miniprep kit (Fermentas). Miniprep plasmids were subjected to sequencing
to identify colonies containing the desired mutation (LL/AA). One of the colonies
containing the desired mutation was selected for large-scale plasmid purification
from a 150ml culture in LB-ampicillin using a maxiprep kit (Qiagen). The final
purified plasmid, full length LL/AA hTPC2, was subjected to sequencing to confirm
the desired mutation and to ensure that no other mutations were introduced by

PCR.

2.3.2 Cell culture and recombinant expression

HEK293 and HeLa cells were cultured in DMEM (Sigma) supplemented with 1%
penicillin-streptomycin-L-glutamine (PSG, Sigma) and 10% FBS (Lonza), and were
maintained in a humidified atmosphere containing 5% CO2. HEK293 cells were
transiently transfected with the cDNA of interest (hTPC2™ or hCav3.1 (Addgene
plasmid 45811)) using the standard calcium phosphate precipitation method. 2pg of
DNA were used per transfection for a 35mm cell culture dish. Plasmid DNA was
diluted in a 100pl 240mM CaClz solution and was mixed, while vortexing, with
100ul 2x HBS. The co-precipitated plasmid was then added drop-wise directly to the
medium. Cells were split 4-6 hrs post-transfection and were seeded at low density
on poly-D-lysine-coated (Sigma) glass coverslips for patch-clamp experiments. For
imaging experiments, HeLa cells cultured in DMEM supplemented with 1% PSG
and 10% FBS on non-coated glass coverslips were transiently transfected with 2ug
plasmid per 35mm cell culture dish using the jetPEI method (Polyplus transfection)
according to manufacturer protocol. Cells were fed with fresh medium 4-6 hrs post-
transfection to minimize toxicity. Recordings were typically performed 24-48hrs

post-transfection.
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2.3.3 Electrophysiology

The standard whole-cell voltage-clamp technique [183] was employed to record
macroscopic whole-cell current of HEK293 cells expressing the construct of interest.
Voltage clamp was performed using the Axopatch 200B amplifier controlled by the
Clampex 10.3 software and the data were digitized through Digidata 1322A (all
from Molecular Devices). Raw signals were analog-filtered through a 4-pole Bessel
low-pass filter with a cutoff frequency of 5kHz and the sampling frequency was
10kHz. Data for display and plotting I-V curves were filtered offline with a
Gaussian low-pass filter at a cutoff frequency of 250Hz. All plotted voltages were
corrected for liquid junction potential according to [184], which was calculated in
the Clampex 10.3 software. Borosilicate patch pipettes (3-6MQ when filled with
standard pipette solution, Harvard apparatus) were pulled using a vertical puller
(Narishige) and were fire-polished using a microforge (Narishige). Single cells with
moderate fluorescence (relative to all transfected cells), or occasionally doublets
with both cells exhibiting fluorescence, were selected for patch-clamp experiments.
Only cells with series resistance below 10M(), or occasionally below 15M(), were

subjected to analysis.

2.3.4 Solutions

2.3.4.1 pHo activation experiments

External (mM): 121 NaCl, 5.4 KCl, 2 CaCl, 0.8 MgClz, 6 NaHCOs, 5.5 D-glucose, 25
HEPES, pH 8.00, 7.40 or 7.00; 25 MES for pH 6.50 or 5.50, titrated with NaOH
Internal (mM): 125 NMDG-MeSOs, 20 NaCl, 1.13 MgCl, 1 EGTA, 10 HEPES, pH
7.20, titrated with NMDG-OH
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Note: These solutions are referred to as normal solutions.

2.3.4.2 Na" influx experiments

Na*-free External (mM): 127 NMDG-CI, 5.4 KCl, 2 CaCl, 0.8 MgClz, 5.5 D-glucose,
25 HEPES, pH 7.40; titrated with NMDG-OH

External (mM): 121 NaCl, 5.4 KCl, 2 CaCls, 1.13 MgClz, 6 NaHCOs3, 5.5 D-glucose, 25
HEPES, pH 7.40; titrated with NaOH

To iso-osmotically reconstitute the indicated [Na‘]o, Na*-free external solution in the

bath was mixed with external solution at the desired ratio at the time of addition.

2.3.4.3 Ca* imaging in the whole-cell configuration

External (mM): 121 NaCl, 5.4 KCl, 2 CaCl, 0.8 MgClz, 6 NaHCOs, 5.5 D-glucose, 25
HEPES, pH 7.40; titrated with NaOH

Internal (mM): 125 K-gluconate, 20 NaCl, 1.13 MgCl;, 1 EGTA, 3 MgATP, 0.3
NaGTP, 10 HEPES, pH 7.20, titrated with KOH

2.3.44 Fractional Ca? current experiments

External (mM): 121 NaCl, 5.4 KCl, 2 CaCl, 0.8 MgClz, 6 NaHCOs, 5.5 D-glucose, 25
HEPES, pH 6.50, titrated with NaOH

Internal (mM): 125 NMDG-MeSOs, 20 NaCl, 1.13 MgClz, 1 Fluo4-Ks, 10 HEPES, pH
7.20, titrated with NMDG-OH
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2.3.4.5 Bi-ionic solutions for monovalent ions

External (mM): 145 X-Cl, 5.5 D-glucose, 25 MES, pH 5.50, titrated with NMDG-OH
Xrepresents Li, Na, K, Cs or NMDG.

Internal (mM): 125 Na-gluconate, 20 NaCl, 1 EGTA, 10 HEPES, pH 7.20, titrated
with NaOH

When K* is the external monovalent ion, ImM BaCl: was added to block
endogenous Kir-like currents that occur in a subpopulation of cells. External Ba*

does not block hTPC2™ at ImM.

2.3.4.6  Bi-ionic solutions for [Ca*]o titration

External:

95mM [Ca?]o (mM): 95 CaClz, 5.5 D-glucose, 25 MES, pH 5.50, titrated with Ca(OH)2
10mM [Ca*]o (mM): 10 CaCl;, 130 NMDG-C], 5.5 D-glucose, 25 MES, pH 5.50,
titrated with HCI

ImM [Ca*]o (mM): 1 CaCly, 143.5 NMDG-C], 5.5 D-glucose, 25 MES, pH 5.50,
titrated with HCI

Internal (mM): 125 Na-gluconate, 20 NaCl, 1 EGTA, 10 HEPES, pH 7.20, titrated
with NaOH

Note: in some experiments, especially those performed at pHo 5.5, most external CI-
was substituted with MeSOs and at least 5mM Cl- was always present in the

external solutions.

2.3.5 Live-cell confocal imaging
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Fluorescence changes were monitored on the stage of the Ti Eclipse microscope
using the Nikon Al confocal imaging system (Nikon) equipped with a 60x (NA
1.49) oil objective in the laser-scanning mode. Data were recorded using the NIS
elements software (Nikon). For time-lapse experiments, confocal images of 256x256
pixels were taken at 1-2s intervals. Photomultiplier (PMT) voltage was set so that
the basal fluorescence level is roughly 1/8 of the maximal dynamic range of the
detector in order to accommodate dynamic changes in fluorescent signals during
the experiments. Varying PMT voltages across experiments do not affect the
outcome of the experiments, as fluorescent signals were all normalized to the basal
value (F/Fo) and were converted to intracellular ion concentration whenever
possible from the F/Fo data. Fluo-4, Fluo-3, ANG-2 and Fura-Red were excited using
a 488nm laser. The emitted fluorescence from Fluo-3, Fluo-4 and ANG-2 were band-
pass filtered at 525-575nm, while Fura-Red fluorescence was band-pass filtered at

663-738nm, before detection with the photomultiplier.

2.3.5.1 Na"influx experiments

HeLa cells were loaded with 5uM ANG2-AM (TefLabs) in normal extracellular
solution for 40 minutes at room temperature in the dark. Cells were washed 3 times
and were incubated with dye-free Na*-free extracellular buffer (Na* being replaced
with NMDG*) for 20 minutes at room temperature for dye de-esterification. Cells
were then imaged immediately. F/Fo data were obtained after subtraction from

background fluorescence.

2.3.5.2 Ca* imaging in the whole-cell configuration.

Fluo3/Fura-Red ratiometric imaging was performed. Stable hTPC2.HA HEK293
cells were loaded with 2uM Fluo3-AM (Life technologies) and 5uM FuraRed-AM
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(Life technologies) in normal extracellular solution for 40 minutes at room
temperature in the dark. Cells were washed 3 times with extracellular buffer and
were then imaged ratiometrically in the whole-cell patch-clamp configuration. De-
esterification period was omitted as the time required for obtaining a successful
whole-cell configuration and recording serves essentially as a de-esterification
period. Fluorescence intensity from each channel was background-subtracted before
obtaining F/Fo data. The Fluo-3 F/Fo data were then ratioed with the Fura-Red F/Fo

data to obtain the R/Ro signals.

2.3.5.3 Fractional Ca?" current measurements

Simultaneous patch-clamp recording and Ca? imaging was performed to record
current and Ca* as required for the analysis. ImM Fluo-4 (penta-potassium salt,
Life Technologies) was included in normal internal pipette solution without EGTA
and EDTA. Upon achieving the whole-cell configuration, Fluo-4 diffuses into the
cell and was allowed to reach equilibrium. This typically takes 5-6 minutes using
pipettes with 3-5MQ) resistance and followed an exponential time course in most
cases. Fractional Ca* current experiments were then performed upon complete
equilibration of Fluo-4. Background fluorescence subtraction was not required here
as the data were required as absolute changes in fluorescence amplitude. As such,
specific to this set of experiments, the PMT voltage and the pinhole size were both
kept constant for all the conditions examined. Images of 512x512 pixels were

recorded at 30 fps using the resonant scanning mode.

2.4 Data analysis

241 Determination of permeability ratios
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Standard symmetrical bi-ionic conditions were used to determine the permeability
ratios of various monovalent cation to Na* (Px/Pna). Under this condition, the

permeability ratio is given by

Erey = E-'111<PX) (21)
F Pna

where Erv is the reversal potential, R, T and F have their usual thermodynamic

meanings.

For divalent cations, the permeability ratio was determined by plotting Erev against
[divalent cation] and fitting the data with Erev predictions using the GHK current

equation accounting for Ina, ldgivalent and Iieak, given by

ltotal = Ina + Ldivalent + lieak

[ion]io - [ion]ii eZP (2.2)

Ii = z&-F-Pi-D - 1= oD

where D = VF/RT, z is the valence, V is the membrane potential, [ion]ii. indicates the
it" jonic species inside or outside, P is the absolute permeability of the i ionic

species.

2.4.2 Analysis of pHo-dependence

The pHo-response data were fitted to the Hill equation in the form,

1 (2.3)

I'= Imax 1 4 1Qn(pH - pEC50)

where n is the Hill coefficient and p is -logo.
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2.4.3 Stationary noise analysis

Stationary noise analysis [185] was performed for stationary currents taken at minus
40mV of a duration of 500ms. The analog signals were, as described in the method
above, low-pass filtered at 5kHz and were then filtered offline with a Gaussian low-
pass filter at 800Hz. We assumed that most high frequency non-channel noises were
filtered at this cutoff frequency and that channel noise likely dominates. The
variance was computed for each test condition (pHo 5.5-7.4) and was plotted against
the respective mean currents (I). The resulting variance-<I> relationship was fitted

with the equation

~1
N

_ (2.4)
variance = i1 —

=Z|

where i is the single-channel current and N is the number of channels.

2.4.4 Estimating the single-channel Na* conductance of hTPC2

The single-channel Na* conductance was estimated using the following

transformation (Ch.8 by Gray [186]),

. variance (2.5)
[ = ———
I-(1—Py)

where variance is the variance of the stationary current, <I> is the mean macroscopic
current and Po is the open probability. The digitized data were further low-pass
tiltered with a Gaussian filter at a cutoff frequency of 800Hz before calculating the

variance. Estimation was performed at pHo 5.5 at a symmetrical Na* gradient at
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145mM. The Po was taken at 0.5 from the results of stationary noise analysis of
proton activation (Figure 2.5D), but the Po at this pH is likely lower than 0.5 and so
using a Po of 0.5 would give an upper limit for the estimated unitary conductance.
The resulting unitary currents were plotted against voltage to yield the slope

unitary conductance (y) for a 145mM symmetrical Na* gradient.

2.4.5 Fractional Ca?* current measurements

Fractional Ca?* currents were measured using the method of Schneggenburger et al
1993 [187]. Briefly, single HEK293 cells were loaded with 1mM fluo-4 through a
patch pipette. The saturating [fluo-4] allows the capture of all the Ca? ions that have
entered the cell through an elicited current according to Neher & Augustine 1992
[188],

KFluo-4
AFluo4-Ca = Ca infux - (2.6)
1+ Krfluo4 + Kendo

where Kfiuo4 and kendo are the buffering ratio of fluo-4 and endogenous buffers

respectively. Under this condition,
AFca = k- AFluo4-Ca = k- AQca (2.7)
AFns = k- AFluo4-Ca = k- Pt AQns (2.8)

where k is a proportionality constant, Q is the charge in coloumb, P is the fractional
Ca? current and F is the fluorescence change in arbitrary units. The fractional Ca?

current (Ps) is therefore given by [187],

_ Fns . Fca (2.9)
Qns QCa

P+
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Simultaneous patch-clamp recording and Ca? imaging was performed to obtain the
experimental values of F and Q, and the experimental Pt was derived according to
eq.(2.9). For the determination of Fca and Qca, recombinant hCav3.1 (T-type Ca*

channel) currents were recorded.

The relationship between Pr and Pna/Pca can be obtained by rearranging the GHK
current equation describing the sum of parallel [181, 187], independent Ina and Ica

under symmetrical [Na*] and negligible intracellular [Ca?'],

1 (2.10)

Prxa) ([Nal) 2VF/(RT))/4
1+ (PCa) ([Ca2+]o) @ - e (K ))

where [Na*] is the symmetrical Na* concentration on either side of the membrane

and [Ca*]o is the external concentration of Ca?".

24.6 Modelling Na* flux

Na* influx was modelled by numerically integrating the GHK current equation

using the forward Euler method,

d [Na+]i
dt

= ZZ'F'D'PmaX'<
Km
7wl
z-F-vol

where D = VF/RT, V is the membrane potential, vol is the cell volume assuming a

[Na]o ) _ ([Na*]o — [Nat]iezP ) (2.11)
+ [Na']o 1—ezD

spherical cell of 10um. We arrived at the following empirical relationship by noting
that the experimental time constant of Na* flux is a Michaelis-Menten function of

[Na+]0/



54 Data analysis

[Na]o (2.12)

P = PmaX e
Km + [Na+]o

2.4.7 Modelling global Ca? transient

Global Ca?* transients were modelled by numerically integrating the differential

equation in the form [187],

F At
AF o = 6'[\] WAt — ?-AF ® (2.13)

where T is the time constant of decay. The experimental values of F/Q and I (a
family of Intec2 at different step voltages) were used to drive Ca? influx. The
resulting AF were converted into [Ca*]see assuming a spherical cell of 10um radius

and was scaled according to the buffering ratio of the cell [188],

A [Ca2+]tota1 (214:)

AlCa?*|free =
[ ]f 1 4+ Kendo

A Kendo value of 63 [189] was used.

24.8 Modelling Ca* nanodomain

Ca? nanodomains were modelled according to a reaction-diffusion model [190,

191],

@ = DcaV2(A[Ca?]) — kon*[Bltree* (4[Ca?*]) + kott*[CaB] (2.15)
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where Dca is the diffusion coefficient of free Ca?', kon and kot are the association and
dissociation rate constants respectively, [B]tee is the concentration of the free buffer
of interest and [CaB] is the concentration of the Ca?-bound buffer of interest. With
the use of the excess buffer and equilibrium approximations [190], the analytical

solution is given by

[total ) . _% (216)

AC2+ ree:P'<—
[Cax]s “"\4nDcFr

where

N[ =

) (2.17)
A= (%)

where r is the radial distance from the channel pore and iwt is the total unitary
current at -60mV. The experimental values of Pt and iwt obtained in this study were
used to predict the characteristics of the putative Ca?* nanodomain of the hTPC2.
The results were compared to a non-selective ion channel case, the NMDA receptor
channel, using values obtained from [181] and [192]. For the numerical values of the

parameters used in the simulations, see Table 2.1.

The relationship between the hemispherical volume (A[Ca?]trec > 300nM) and Pca/Pna

was described empirically (within the range of Pca/Pna under investigation),

Pca
radius (A[Ca?+]free > 300nM) ~ A; - PC

Na

PCa)3 (2.18)

hemispherical volume (A[Ca* |tee > 300nM) ~ Az - (P
Na

where A1 and A: are proportionality constants.
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For stochastic simulation of Ca* nanodomains, we generated random numbers that
obey the Ca?* nanodomain model using the inverse transform method [193]. The
probability density function of the model was approximated using a power series
containing 10 terms. The resulting random numbers representing the simulated
radial distances were transformed into their corresponding X, y and z coordinates in
spherical coordinates using uniformly distributed random 0 and o, and were

plotted in three-dimension using Igor Pro (Wavemetrics).

2.4.9 Data analysis

Data analysis, curve fitting, statistical tests and modelling/simulations were
performed in Excel (Microsoft) and Prism 5 (GraphPad software). Data are
presented as mean + S.E.M.. Parameters obtained from curve fitting are presented as
value * standard error of fit. The student’s t-test was used to test for potential
statistical difference between two groups. For multiple comparisons, ANOVA was
used, followed by the Tukey’s HSD test when significant difference was detected by
ANOVA. P values of <0.05 were considered statistically different.
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2.5 Results

251 Recombinant expression of hTPC2 alone does not support NAADP-
induced Ca?* release in HEK293 cells

We performed experiments similar to Figure 2 in Calcraft et al 2009 by introducing
free NAADP into the same stock of hTPC2.HA-stable cell via whole-cell patch-
clamp. Ratiometric imaging using Fluo-3/FuraRed was used to avoid confounding
signals that may not correspond to genuine Ca?" transients. Immunocytochemistry
was used to verify the expression of hTPC2.HA in the stable cell line as shown in
Figure 2.1A. We kept the series resistance low to facilitate rapid dialysis of NAADP
into the cell under investigation and monitor the seal by simultaneously recording

plasma membrane currents.

Figure 2.1B shows the R/Ro signals upon the establishment of the whole-cell
configuration (t=0) when NAADP is present at the indicated concentration in the
pipette solution. It can be seen that NAADP neither at 100nM (n=16) nor at 10uM
(n=5) induced well-defined Ca? transients that were reported in Calcraft et al 2009.
We therefore performed positive control experiments to verify that our
experimental conditions can report Ca? transients induced by the more established
Ca?-mobilizing messenger IPs. As shown in Figure 2.2B, IPs introduced into the cell
using identical methods, cell line and solutions induced robust Ca?* transients (note
the difference in the scale of the y-axis) in 100% of the cells investigated (n=13). We
also checked that our NAADP, which was freshly reconstituted at the time, was
indeed active using SUEH. As expected, NAADP at 100nM in the cuvette induced
Ca? release from SUEH vesicles that is self-desensitizing without affecting the

action of cADPR (Figure 2.2A).
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hTPC2.HA-stable zoomed
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Figure 2.1 NAADP failed to evoke Ca* transients in HEK293 cells stably expressing
hTPC2.HA

A. Confocal images showing expression of hTPC2.HA in the stable HEK293 cell line but not in control
HEK293 cells. hTPC2 was visualized by immunofluorescence using an anti-HA antibody.

B. NAADP did not evoke Ca®" transients in HEK293 cells stably expressing hTPC2.HA at a pipette
concentration of 100nM and 10uM. Cells were co-loaded with 2uM Fluo3-AM and 5uM FuraRed-
AM for 40 minutes and were imaged ratiometrically. R/R, indicates Fluo-3/Fura Red intensity ratio.
Shown above the traces are the expected dialysis time profile of NAADP given the averaged
series resistance according to Pusch & Neher 1988 [194].
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Figure 2.2 Positive controls for the NAADP experiments shown in Figure 2.1
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Positive control showing that NAADP is active. 100nM NAADP was added to sea urhin egg
homogenate to induce Ca”" release from vesicles that shows homologous desensitization without
affecting cADPR-induced Ca®' release as originally observed in [56]. n = 3.

Positive control showing robust IPs-induced Ca®" transients in HEK293 cells stably expressing
hTPC2.HA. Robust Ca”" transients were observed upon break-in following a characteristic lag
time. n =13.

Relation between series resistance and lag time showing that these experimental quantities are
closely and positively correlated [194], an important check to validate the dialysiszprocess but is
missing from all studies employing this method in the study of NAADP-induced Ca“" release. It is
therefore difficult to assess the validity of the results obtained in many previous studies claimed to
be NAADP-induced Ca®* release [65, 78-80, 85, 94, 154, 176, 195, 196] using this method.

A
control (n=6) 100nM NAADP (n=8)
& &
& &
O
30s 30s
B C
124 2007
104
0 Z 150
x 61 S 1007
8 3
o 4 £
= 50
24 ° <
0- 0 T T T 1
‘O\ Q 0 5 10 15 20
006‘ \000 & R series (MOhm)
s

Figure 2.3 NAADP does not evoke intracellular [Ca2+] changes in MEFs

A.

Experiment as in Figure 2.1 but performed with MEFs. NAADP at 100nM pipette concentration did
not evoke specific Ca?" transients in MEFs in the whole-cell configuration. n = 6 for control and 8
for 100nM NAADP.

Peak R/Ry is not significantly different between control and 100nM NAADP. p=0.18, student’s t-
test.

Lag time does not correlate with series resistance, indicating that the R/Ro fluctuations cannot be
attributed to substances diffusing from the pipette; compare with IP3 in Figure 2.2.

In addition, as mouse embryonic fibroblasts (MEFs) were claimed to be robust

responders to NAADP-AM at the time [197], we performed the same experiment
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using MEFs under the same experimental conditions. We found that MEFs in fact
do not respond to free NAADP at a pipette concentration of 100nM (Figure 2.3).
This seems to be consistent with the lack of NAADP binding in these cells (in-house
unpublished data).

2.5.2 Plasma membrane targeting of hTPC2

Results from the above experiments point to two questions — 1) is hTPC2 NAADP-
sensitive in HEK293 cells, and 2) is hTPC2 a Ca?-permeable channel? Addressing
these questions requires direct assessment of the channel properties of hTPC2.
However, as hTPC2 is intracellular, it is not directly amenable to the traditional
whole-cell patch-clamp technique. We therefore targeted hTPC2 to the plasma
membrane by mutating its N-terminal di-leucine motif [152] (LL/AA hTPC2.mCh or
hTPC2™). Indeed, as can be seen in Figure 2.4, hTPC2™ when overexpressed in
HEK293 cells exhibit a surface-bound pattern of expression common to plasma
membrane proteins. Moreover, its detection by TIRF, in which excitation intensity
decays exponentially within 200nm from the coverslip, further suggests successful

targeting to the plasma membrane.

confocal
TIRF

Figure 2.4 Plasma-membrane targeting of hTPC2

Representative confocal (left) and TIRF (right) images of HEK293 cells transiently expressing the di-
leucine mutant LL/AA hTPC2.mCh.
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253 hTPC2™ can be activated by external H*

The lysosomal lumen has a pH of 4.6. To mimic this acidic environment, we
lowered the external pH from 7.4 to a moderately acidic pH 5.5. Lowering to pH 4.6
was not possible as this leads to cell deterioration. We found that robust activation
of hTPC2™ occurs as the external environment becomes more acidic (Figure 2.5A).
This current is not observed in non-transfected cells and cells expressing a putative
pore-dead mutant (D276K hTPC2PM) (Figure 2.7A), indicating that this current is
likely mediated by functional TPC2.

Instantaneous currents were plotted against the applied voltage, which shows the
inwardly rectifying properties of the hTPC2™ current given the asymmetrical Na*
gradient used (Figure 2.5B). The I-V curves reversed at a reversal potential close to
Ena (experimental = 37.4 + 0.6 mV, Ena = +46.6mV, Eca = +154mV), suggesting that the
dominant permeating ion could be Na‘, which was also the only dominant
monovalent ion present. Nevertheless, because of the presence of other
physiological cations, bi-ionic recording conditions are required to rigorously

measure relative permeabilities as shown below.

At hyperpolarizing voltages, the current exhibits slow decay without an
accompanying activation phase. We suspect that the lack of an activation phase may
be due to a potential component of voltage-dependent potentiation that is too fast to
be resolved. We also suspect that fast unblocking of internal NMDG* likely
underlies the exaggerated rectification, as the internal solution had 125mM NMDG*".
We observed that internal NMDG* probably blocks hTPC2 when present at high
concentration, as symmetrical Na* recording condition containing symmetrical
NMDG* result in an strongly inwardly rectifying current, while symmetrical Na*

recording conditions without NMDG" results in a linear I-V curve (not shown). The
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potential fast potentiation and slow decay suggest that hTPC2 exhibits some

voltage-dependent characteristics.
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Figure 2.5 Proton-activated current through hTPC2™

A.

pHo-dependent activation of hTPC2™. hTPCZPM-expressing HEK293 cells were recorded in
standard external and internal solutions (see method for solution composition) using a voltage
step-pulse protocol; Vhoa = +40mV, Vi = -40mV. Shown are averaged recordings of n = 5-8 cells
for each condition.

I-V plot of the instantaneous currents under increasingly acidic external environment showing pH-
dependent activation of hTPC2™, n = 5-8 cells for each condition.

pH-dependent increase in the current density taken at -100mV. The data were fitted to eq.(2.3).
The parameters obtained from the fit are ECsq = 6.46 + 0.12 pH units and Hill slope = 1.09 + 0.28.
Stationary noise analysis of the stationary currents taken at -40mV. Each data point represents the
mean current amplitude <I> and the corresponding variance of each cell under the indicated pH
conditions. The obtained relationship between variance and <I> suggests that an increase in P,
likely underlies the increase in <I>. The data were fitted to eq.(2.4). The parameters obtained from
the fit are i = -0.06 £ 0.01pA, N = 34462 + 29155 and <I|>max = -2064.46pA at -40mV (the non-zero
x-intercept).

The concentration-response profile is shown in Figure 2.5C, which identifies an ECso

of 6.46 + 0.12 pH units. Exogenous PI(3,5)P2 was not required under this condition

and hTPC2™ appeared to be functional at cellular ATP level as constitutive current
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was observed immediately after break-in before any significant dialysis can occur
(complete dialysis of cellular K* typically requires ~1min). Substantial loss of cellular

ATP instantaneously upon break-in is therefore unlikely.

To investigate whether external protons may activate hTPC2™ by increasing its
open probability (P.), we performed stationary noise analysis with the stationary
currents obtained at -40mV. The variance-mean current plot shown in Figure 2.5D
shows that the variance increases with <I> within the range of investigation. This
trend is consistent with an increase in Po, suggesting that hTPC2™ may be activated
at the Po level under acidic conditions. Nevertheless, because of the limited range of
investigation, the maximal Po cannot be measured unambiguously. This is reflected
from the fit. While the estimated i has a small standard error of fit and is thus a
more reliable estimate, the estimated N, the total number of channels, is ambiguous.
This is due to the fact that i is the slope at 0, which is reasonably well represented by
the data. Regardless, our data indicate that hTPC2 can be and may be constitutively

activated at lysosomal pHo.

254 hTPC2™ ijs not activated by NAADP
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Figure 2.6 NAADP does not activate hTPC2™

A. Averaged current recorded from HEK293 cells transiently expressing hTPC2™ with or without
100nM NAADRP in the internal solution in response to a voltage-step protocol; Vhod = +40mV, Vi =
-40mV. n = 8 each.
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B. |-V plots for the data shown in A.

In addition, we tested whether the channel itself can be activated by NAADP. We
found that at 100nM pipette concentration, NAADP did not seem to activate any
current (Figure 2.6). This is in contrast to the robust activation observed when

extracellular pH is lowered to pH 5.5 (Figure 2.6B).
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Figure 2.7 Na" current and influx are both dependent on functional hTPC2™

A. |-V plots from HEK293 cells transiently expressing hTPC2™™ or a putative pore mutant D276K
hTPC2™. Currents were recorded at pHo 5.5 in normal extracellular and intracellular solutions
(see section 2.3.4.1). n = 7-8 each.

B. Na® influx experiments as in Figure 2.9 showing that the putative pore mutant D276K hTPC2™
was unable to mediate Na® influx in HelLa cells. For solutions, see section 2.3.4.2. n = 3-4
coverslips each.

2.5.5 hTPC2™ js a Na*-selective channel

Figure 2.8A shows the I-V plots of hTPC2™ currents under bi-ionic Na* conditions.
Internal Na* was fixed at 145mM while external Na* was varied as indicated.
Increasing external [Na‘] selectively increases inward current relative to outward
current (Figure 2.8A) and shifted the reversal potential according to the GHK

voltage prediction (Figure 2.8C), confirming the Na‘*-dependence of the hTPC2™
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current. Cl-and H* are both impermeant as the reversal potential under symmetrical
Na* gradient was close to OmV despite a sizable pH and CI- gradient (see solution
composition). We note that NMDG" is also not permeant as external [Na‘] were
varied by substitution with NMDG*, which did not affect the Erev-[Na*]o relationship
(Figure 2.8C).

To determine the monovalent ion selectivity sequence, we performed ion
substitution experiments under bi-ionic condition by substituting external Na* with
different monovalent cations. The I-V relations are shown in Figure 2.8B. The I-V
relations were normalized to the current at +100mV (as it is minimally contributed
by inward current), as the absolute amplitude of the current has no bearing on this
comparison. For some instantaneous currents where shallow rectification is
observed at about +100mV, the current was extrapolated by fitting the non-
rectifying section of the I-V curve with the GHK current equation (eq.(2.2)) for
normalization purposes. Of the group I cations, only Na* and Li*, but not the larger
K* and Cs*, gave rise to inward current when present on the external side. Reversal
potentials were converted into Px/Pna using eq.(2.1), which yielded the following
permeability sequence (Figure 2.8D): Na* (1) > Li* (0.9) >>> K*(0.06) > Cs* (0.03) >
NMDG*. We note that this permeability sequence resembles that of the voltage-
gated Na* channels, one of the most Na*-selective mammalian ion channels known

to date.
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Figure 2.8 Na*-selective ion conduction through hTPC2™

A. |-V curves showing the Na'-dependence of the hTPC2 current under bi-ionic Na® condition.
Internal [Na'] was fixed at 145mM while external [Na'] was varied as indicated, n = 4-9 each.
NMDG", an impermeant ion, was used to maintain the osmolarity of the solutions. Ai, original
scale; Aii, expanded scale.

B. I-V curves showing the relative permeability of group | monovalent cations under bi-ionic condition.
Internal [Na®] was fixed at 145mM and external Na" was substituted as indicated all at 145mM, n =
5-8 each. Bi, original scale; Bii expanded scale.

C. Reversal potential (Ery) obtained from experiments shown in A plotted against external
[monovalent ions]. The data was fitted to the GHK voltage equation (eq.(2.1)), which also accounts
for substitution with NMDG" when [Na*], was lowered.

D. Px/Pna of the indicated monovalent cations obtained using the GHK voltage equation (eq.(2.1)).
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256  hTPC2™ operates at [Na*] within the lower physiological range

To test whether this Na* current may impact on cellular Na* dynamics, we
performed Na* imaging with a fluorescent Na* indicator Asante Natrium Green-2
(ANG-2, in situ Ke=18.2mM (Figure 2.9B)). This is shown in Figure 2.9A where
[Na‘]o-dependent Na* influx at the millimolar level was observed upon iso-osmotic
re-addition of the indicated [Na*]o, indicating the high Na* permeability of hTPC2™.-
overexpressing plasma membrane. In contrast, non-transfected cells and cells
expressing a putative pore-mutant that is electrophysiologically non-functional gave

only background Na* influx (Figure 2.7B).

We fitted the flux data (Figure 2.9A) with a monoexponential function and obtained
the time constants for all [Na‘]lo. When plotted against [Na‘]o, the data follow the
Michaelis-Menten relation (Figure 2.9C) with a Km of 20.8 + 4.95mM, which indicates
that the affinity for Na* permeation of hTPC2 is well within the physiological range.
To test whether the flux data is consistent with electrodiffusion of Na*, we
numerically integrated the GHK current equation incorporated with the Michaelis-
Menten dependence of permeability (eq.(2.11) & (2.12)). Indeed, the time constants
and equilibrium [Na*]i from the model are seen to recapitulate quantitatively most

features of the flux data (Figure 2.9A, C & D).
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Figure 2.9 Na* electrodiffusion through hTPC2™

A. Na’, dependence of Na" influx in HelLa cells. Cells were loaded with 5uM ANG2-AM in normal
external solution and intracellular ANG-AM was allowed to de-esterify completely in Na'-free
external solution. Arrow indicates iso-osmotic reconstitution of the indicated [Na'], to induce Na*
influx. The Na* ionophore monensin was used to completely equilibrate the cellular [Na'] with the
external [Na'] for calibration purposes. N = 3-4 coverslips for each condition.

B. In situ calibration of ANG-2; Kq = 18.2mM (Kqreported by Teflabs = 20mM). For calibration, F/Fg
values during the plateau reached after the addition of monensin were measured. The F/Fq values
were then plotted against their respective extracellular [Na*]. Experiments performed using free
ANG-2 dye at pH 7.0 showed a similar Kq (not shown).

C. Experimental and predicted time constants of Na influx. Grey points are experimental time
constants obtained from monoexponential fits of the data in A and were fitted to the Michaelis-
Menten equation with K, = 20.8 + 4.95mM. Blue points are time constants of the predicted flux
behavior modeled by numerically integrating the GHK current equation (eq.(2.11) & (2.12)) using
the forward Euler method. The absolute permeability (given the expression level) obtained was
Pna = 1.5 x 10™cm/s and other constant parameters in eq.(2.11) & (2.12)) are Vm= +20mV, K=
20.8mM (experimental value) and spherical cell radius = 10um; T = 293K.

D. Experimental and predicted [Na']; at plateau; methods as in C.
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2.5.7 Estimating the unitary Na* conductance of hTPC2
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Figure 2.10 Estimation of slope conductance at symmetrical 145mM [Na'] gradient

A. |-V relation recorded at the indicated [Na']o; internal [Na']; was fixed at 145mM. Currents were
normalized for illustration purposes; non-modified stationary currents were used to estimate the
unitary slope conductance. n = 3-7 each.

B. i-V plot showing the estimated unitary current from A. Non-modified macroscopic currents at
voltages close to Er, were transformed according to eq.(2.5). P, was set to 0.5 but it is likely that
the maximal P, is smaller than 0.5. Smaller P, gives lower slope conductance according to
eq.(2.5). The estimated slope conductance is 15.1+1.02 pS at symmetrical 145mM [Na'].

At symmetrical 145mM [Na*], it is possible to estimate the slope unitary
conductance (y) by a transformation method based on stationary noise analysis
(eq.(2.5) and section 2.4.4). Macroscopic currents at voltages close to Erv were
transformed into unitary currents (i) according to eq.(2.5) and the P. was set to 0.5
(Figure 2.10). As a control, we performed the same procedure at decreasing [Na‘]o
while internal [Na*] was fixed. We found that as [Na*]o is decreased, y estimated by
this procedure decreased accordingly (Figure 2.10B). As expected, the estimated i is
also linearly dependent of voltage at about Erev (Figure 2.10B). The concentration and
voltage dependence together suggest that this is unlikely to be an artifact due to
other interfering electronic noise. The unitary conductance estimated using this
method is 15.1+1.02 pS at symmetrical 145mM [Na*]. This value represents an upper

limit of the estimated vy, as the maximal Po is likely lower than 0.5; the estimate
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single-channel slope conductance should in fact be lower than 15pS. However,

because of filtering, the current estimation may represent an underestimate.

2.5.8 hTPC2"™ js impermeable to Ca? at levels that occur physiologically
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Figure 2.11 hTPC2™" is impermeable to Ca** at physiological [Ca*'] levels

A. |-V curves showing concentration-dependence of ca®" in the supraphysiological range (n = 5-8
each).

B. Relationship between Ee and [Ca2+]o. Erev were obtained from experiments shown in A. The data
are overlaid with GHK current predictions modeling a sum of parallel independent Ina, Ica and lieak

with the indicated Pca/Pna. The prediction recapitulates the experimental relationship when Pca/Pna
is 0.05.

Due to the controversial Ca* permeability of hTPC2, we sought to investigate
whether physiologically relevant [Ca?]o may give rise to inward current and thus
rightward shift in the reversal potential in the absence of any competing ions. As
can be seen in Figure 2.11A, addition of ImM [Ca?]o to the NMDG*-based external
solution failed to shift the reversal potential in the positive direction. As ion
permeation is concentration-dependent, we increased the external [Ca?]o from 1mM
to 100mM and plotted the respective reversal potentials against [Ca?']o. Indeed, we
observed [Ca*]o-dependent Ca? permeation which, however, was only measurable

at [Ca*]o >bmM (Figure 2.11B), which is beyond levels that occur physiologically.
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We overlaid the data with GHK current prediction, which models the sum of
parallel, independent Ina, Ica and Iieak, and found that Pca/Pna is 0.05, consistent with
that obtained by Wang et al 2012 [157]. We also note that at lysosomal [Ca?]
(~500uM, [121]), there should be no observable Ca? current through hTPC2

according to this data.

2.5.9 F/Q ratio and fractional Ca? current (Ps)

As a more rigorous test, we investigated quantitatively the relationship between
hTPC2 current and Ca?" influx by performing simultaneous whole-cell patch-clamp
and confocal Ca* imaging. We employed the F/Q ratio test originally proposed by
Schneggenburger et al 1993 [187] to estimate the fractional Ca? current (Pf) through
hTPC2 (see methods for methodological details). We held the cell at +60mV to
minimize basal Ca? influx and Ca? influx was induced by a 1s voltage step pulse at

the indicated voltages. For the recording of hCav3.1, cells were held at -90mV.

We performed these experiments using normal external solution, i.e. external [Na*]
= 127mM, external [Ca*] = 2mM, at pHo 6.5, and normal internal solution, i.e.
internal [Na*] = 20mM, 1mM Fluo-4 without EGTA/EDTA. The normal extracellular
[Ca*] may be considered supraphysiological for the normally lysosomal TPC2 as

lysosomal [Ca?'] have been reported to be ~500uM.

As qualitatively illustrated in Figure 2.12 and quantified as F-V and I-V plots in
Figure 2.13A, we found that despite the large integral of hTPC2 currents, there was
no significant difference (p>0.05) in the amplitude of the fluorescent signals between
non-transfected and hTPC2"™-expressing cells and that their F-V curves are identical
in shape. The latter suggests that the two curves in fact obey the same underlying

function. These observations suggest that background currents due to variable seal
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resistances, and therefore the inevitable co-occurrence of non-selective currents,
account for most, if not all, of the fluorescent signals observed in hTPC2™-

expressing cells when the voltage step pulses were elicited.
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Figure 2.12 Negligible Ca®" influx through hTPC2 revealed by simultaneous patch-
clamp/Ca* imaging

Ai, Bi and Ci. Representative current recordings in expanded time-scale at the indicated voltages for
non-transfected, hTPC2™-expressing and hCay3.1-expressing HEK293 cells, respectively (n = 7-8
each). Aii, Bii and Cii. Paired current and fluorescent traces showing fluorescent increase upon the
application of a voltage protocol at the indicated voltages (see text for details).

To obtain the maximal F/Q ratio, we performed recordings from HEK293 cells
expressing the human T-type voltage-gated Ca?* channel (hCav3.1), whose Pt is
assumed to be 1. As shown in Figure 2.12C, activation of hCav3.1, with a duration as
short as <20ms, was able to elicit rapid, step-like fluorescent changes of ~200a.u.
(Figure 2.12C & Figure 2.13B), which, in addition, illustrates the high sensitivity of
our recording method. Importantly, the F-V and I-V relations obey the GHK current

equation scaled with the normalized Boltzmann equation (Figure 2.13B) and that the
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E-V plot is a mirror image, around the x-axis, of the I-V plot, indicating close

correlation between Ca? influx and charge transfer.
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Figure 2.13 |-V and F-V relations of hTPC2"" and hCay3.1

A. Paired (i) F-V and (ii) I-V curves recorded from non-transfected (grey) and hTPC2™-expressing
HEK293 cells (n=7-8 for each). All experiments were performed at pH, 6.5 in normal external
solution.

B. Paired (i) F-V and (ii) I-V curves recorded from hCay3.1-expressing HEK293 cells (n=7). The data
were fitted using the GHK current equation (eq.(2.2)) with a pure ca® component scaled with a
Boltzmann sigmoidal (Po=1/(1+exp((Vso-Vm)/Vs))). The parameters were Vso = -60mV, Vs = 5mV,
Pca = 6.8 x 10'°%cm/s, [Ca?'], = 2mM and [Ca®']; = 100nM, T = 293K.

To obtain the F/Q ratios, we plotted the mean amplitude of the fluorescent changes
<AF> against the mean charge transfer of the current (<Q>) (Figure 2.14A & B). From
linear regression, we obtained the F/Q ratios as the slope of the regression line,
which are 0.007634 + 0.0005 for hTPC2™-expressing and 18.39 + 0.6886 for hCav3.1-

expressing cells. This is justified by that Pr changes minimally at extreme voltages
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and that all of the observed fluorescent signals occurred only at extreme negative
voltages. As leak currents accounted for most of the fluorescent signals observed in
hTPC2™-expressing cells, it is difficult to estimate the true Pt from our data as it is
very close to zero. After subtraction from the control, the Pr was estimated to be

~4.15 x 10, which is ~0.04% (Figure 2.14B).
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Figure 2.14 P; (normalized F/Q ratio) of hTPC2™ and relation with Pc./Pya.

A. <F>-<Q> plot comparing the F/Q relationship of non-transfected (grey), hTPCZPM-expressing

(blue) and hCay3.1-expressing (orange) cells.

B. Control-subtracted <F>-<Q> plot comparing the F/Q relationship of hTPC2™M- (blue) and hCay3.1-
expressing (orange) cells. From linear regression, the F/Q ratio is 0.007634 + 0.0005 for hTPC2™
and 18.39 + 0.6886 for hCay3.1. The Pr of hTPC2™ is therefore ~0.0004.

C. Relationship between Ps and Pna/Pca, (i) original and (ii) expanded scale. Data points are

experimental values of Ps given the Pna/Pca obtained from bi-ionic reversal potentials. Ps of
hCay3.1 is by default 1. Data points representing ionotropic glutamine receptors (iGlu-R) were
published in Burnashev et al 1995. The blue data point represents the values obtained for hTPC2

in the current study. Line is prediction using a rearranged GHK current equation modeling a linear
summation of Ina and lca (€9.(2.10)).



Ion permeation properties of h\TPC2 75

Figure 2.14Ci & Cii show the general relationship between Pt and Pna/Pca. We found
that the P+-Pna/Pca data for hTPC2 is consistent with the experimental trend observed
in Burnashev et al 1995 [181]. The data were overlaid with prediction using a
rearranged GHK current equation modeling the sum of parallel, independent Ina
and Ica (eq.(2.10)). It can be seen that the data can be well described by the model,
despite the assumption of independence. Together, this indicates that the low Pt of

hTPC2 is a direct consequence of its high Na* selectivity.

2.5.10 Permeation properties of hTPC2 do not support physiologically relevant

Ca? influx

To conclude our data from a more quantitative perspective, we performed
simulations using parameters and experimental records obtained in our study to
investigate how the permeation parameters of hTPC2 may affect global and local
[Ca*]. Figure 2.15A shows the simulation of a family of Ca? transients for hTPC2
with different Pt values modeled with the differential equation (eq.(2.13)) using the
experimental hTPC2 current (Figure 2.12Bi) to drive ionic influx. It can be seen that,
given a moderate buffering capacity kendo = 63 [189], the experimental ionic currents
in Figure 2.12Bi was only able to give rise to a physiologically relevant Ca? transient
if the Pr of a non-selective cation channel (NMDA-R) was used, but not that of
hTPC2 (Figure 2.15A & B). This indicates that it is the Pt which is ultimately
governed by the physicochemical properties of the hTPC2 selectivity filter, that
limits the ability of hTPC2 to generate global Ca* transients even when

overexpressed and exposed to 2mM external [Ca?] (lysosomal [Ca?] is ~500uM).

We further investigated whether hTPC2 may be able to contribute to local Ca*
signalling by examining the effect of its permeation properties on the hypothetical

Ca? nanodomain. We modeled the Ca?* nanodomain of a single channel using a
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reaction-diffusion model with excess buffer approximation at equilibrium [190]. To
visualize the Ca* nanodomain, we performed stochastic simulation according to the
Ca* nanodomain model (Figure 2.16A). The plots in Figure 2.16A show the
distribution of Ca?, which represents the stochastic position of individual Ca?* ions
at equilibrium. The physical size of the Ca?* nanodomain is substantially larger for
the NMDA-R than that for hTPC2, which is expected given the large ratio difference
of Pri of the channels (~667-fold, see below for implications). Figure 2.16B shows the
decay of the local Ca? domain in one-dimension as a function of radial distance
from the channel pore. We can see that the amplitude of the NMDA-R Ca*
nanodomain is much higher than that of hTPC2 (Figure 2.16B) while the decay, as
expected from eq.(2.17), is not affect by the properties of the channel. To examine
the minimal requirement for hTPC2 to function as a physiologically relevant Ca?
source, we computed the Ca* nanodomain with varying Pr while fixing the unitary
current of hTPC2. It can be seen in Figure 2.16C that, given the size of the unitary
current of hTPC2, a Pca/Pna of >1 at the minimum is required for hTPC2 to function
as a physiologically relevant Ca?* source, using the NMDA receptor as a reference.
This corresponds to the complete loss of Na* selectivity, a requirement that is maybe

unlikely to be realized.

Table 2.1 Parameters used in the Ca?* nanodomain model

Parameter Value Units Reference

Membrane potential -120 mV

P+ hTPC2 0.0004 this thesis (Ch.2)

Pt NMDA-R 0.082 [181]

v hTPC2 10.5 pS value at Km (this thesis, Ch.3)
Y NMDA-R 51 pS [192]

Dca 7.9 x 10° cm?s’! [177]

[endogenous Ca? buffer] 50 uM [14]

kon 6 x 100 M-1s1 value of parvalbumin [14]
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Figure 2.15 Impact of P; on global Ca* transients

Family of global Ca®" transients at different holding potentials modeled using a 1st order differential
equation (eq.(2.13)), taking into account the effect of cytosolic buffering in the form of the buffering
capacity (Neher and Augustine (1992) [188]). The experimental currents of hTPC2 (Figure 2.12Bi)
were used to drive ionic fluxes and the decay time constant (1 = 9.3s) was also derived experimentally.
Pr of the NMDA receptor channel was 8.2% and Ps of hTPC2 was 0.04% as estimated in this study. A
moderate buffering capacity (ks = 63 [189]) was used. Traces for A) hTPC2 and B) the NR1-NR2C
NMDA receptor channel are shown in blue and green respectively.

Finally, to investigate the probability that a Ca?* sensor molecule will sample the
minute space covered by the hTPC2 Ca* nanodomain, we computed the
hemispherical volume of the Ca? nanodomains with A[Ca?]tee > 300nM (a
concentration that we considered potentially competent for signalling, although we
note that some common Ca? sensors function in the 1-10uM range [9, 198-200]). We
can see in Figure 2.16D that the hemispherical volume decreases steeply, as a power
of 3, with decreasing Pca/Pna. For any given volume, this represents the fold-change
in the probability that a Ca? sensor molecule will sample the signalling-competent
volume, assuming homogeneous distribution of the sensor. This means that even
when all the sensors are within the signalling-competent volume of a non-selective
cation channel, the probability that the sensor will sample the signalling-competent

volume of hTPC2 remains virtually zero (2 x 107).
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Figure 2.16 Impact of P; on Ca** nanodomains

A. Three-dimensional visualisation of Ca®* nanodomains of hTPC2 (top) and the NR1-NR2C NMDA
receptor channel (bottom). Individual data points were computed from stochastic simulation using
the Ca®" nanodomain model described in the methods. For parameters, see Table 2.1.

B. Ca® nanodomain of hTPC2 and the NMDA receptor channel in one-dimension. Pr and i of hTPC2
were experimental values from this study. See Table 2.1 for details of other parameters.

C. Effect of varying Pr while fixing i on the hTPC2 Ca?" nanodomain. Note that channel properties
only contribute to the amplitude of the Ca?* nanodomain.

D. Signalling-competent volume as a function of Pca/Pna. Data points are hemispherical volume
corresponding to their respective radial distances of A[Caz"]free > 300nM obtained by varying
Pca/Pna in the simulation (eq.(2.16) & (2.17)). Line is empirical fit using eq.(2.18).
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2.6 Discussion

Here, we performed detailed electrophysiological characterization of hTPC2. We
found that, under our conditions, hTPC2™ functions as a H*-activated Na* channel
capable of conducting Na* at the lower physiological range. We also estimated the
fractional Ca? current through hTPC2 to be close to zero under normal extracellular
conditions, which, most importantly, is consistent with a Pca/Pna of 0.05 Moreover,
we modelled global Ca* transients and nanodomains using the experimentally
derived permeation parameters of hTPC2 and found negligible role for hTPC2 to

directly function as a physiologically relevant Ca? source.

From bi-ionic reversal potential measurements, the permeability sequence of
hTPC2™ was found to be Na* (1) > Li* (0.9) >>> K*(0.06) > Cs* (0.03) > NMDG?,
similar to that of the voltage-gated Na* channels in nerves and represents one of the
Eisenman permeability sequence [201]. A qualitative agreement between the
permeability sequence with one of the Eisenman sequence suggests that ion
conduction through hTPC2™ is consistent with the simplified quantitative picture
of the energetics associated with ion transfer to channel’s selectivity filter from the

bulk aqueous solution.

Our metric of defining ion selectivity is based on Px/Pna from the GHK voltage
equation, which has some inherent assumptions for example independent ion
movement. We feel that this assumption is not too offensive as simpler forms of ion
interaction models, i.e. non-independence, leads to the same definition of flux ratio
as in the logarithmic term of the GHK voltage equation. For example, as can be seen
in the following chapter (section 3.5.7), two competing ions following a Michaelis-
Menten-type permeation in opposite direction leads to a flux ratio that is equivalent

to that used in the GHK voltage equation, i.e. classical definition of relative
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permeability. As in many cases, the GHK voltage equation is very well followed,
which adequately describes the shift in Erev as a function of external [ion] (Figure
2.8B, Figure 2.11B and data not shown for Li* and K¥). However, higher ion
interaction models are not expected to yield the equivalent Px[X]o/Pna[Nali
expression as multiple binding steps and multiple permeating configurations all
need to be taken into account and may deviate from the GHK expectation. Thus, the
use of the GHK voltage equation and Px/Pna is justified if the degree of dependence
is low and/or experimentally verified. Essentially, the assumption of the sum of
independent currents may be thought of as fixed populations of channels (as
defined by their Km with competition accounted for) each permeating their

respective ions with different rates at quasi-steady state.

Ion permeation through hTPC2 appears to be insensitive to external pH, which may
play a crucial role for hTPC2 function. From our data, the Nernstian behavior of
[Na*] dependence of reversal potential at pHo 5.5 suggests negligible interference by
the sizable proton gradient that was present (Figure 2.8A & B). Stationary noise
analysis using data pooled from various pHo. conditions (Figure 2.5D) also suggests
that the single-channel Na* current of hTPC2 does not seem to exhibit sensitivity to
pHo changes, i.e. a well-defined slope close to zero <I>. These data may suggest that,
unlike some Nav channels [202], the hTPC2 selectivity filter may not contain
titratable residues. The different design in the selectivity filter of hTPC2 may be
particularly suited for its lysosomal localization as the lysosomal lumen is highly
acidic (pHo 4.60), which may ensure minimal interference by lysosomal protons and

thus may serve to preserve this Na* conductance.

We note that the controversy concerning the permeation properties of hTPC2 lies 1)
between macroscopic and single-channel studies (Ch.1, Table 1.1 & Table 1.2), and

2) the observation of anomalous Ca? influx claimed to be through hTPC2. Notably,
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a similar situation is also true for studies that investigate the permeation properties

of hTPC1 [156, 161, 162].

A possible reason for this discrepancy is that two different approaches have been
used - blind recording from randomly selected samples known to express hTPC2
but of partial purity and selective recording of single membrane entities known to
express hTPC2 judged by fluorescence. Unlike organelle isolation methods where
lysosomes are almost always co-purified with mitochondria and peroxisomes due to
similar densities, overexpression on the normally electrically quiescent membrane
of HEK293 cells is advantageous as the ionic current of interest can be studied in
isolation without contamination from endogenous currents. The approach used here
is therefore best suited in characterizing novel ion channels especially when their
pharmacology and permeation properties have been unknown and eliminates the

uncertainty that arises when using mixed organelles/proteins preparations.

One obvious note is perhaps on the purification procedure itself. It has not been
determined whether the detergent used, CHAPS in this case [162, 164], may
maintain the stability of the channel in solution. In one case, TPC2 was “purified”
using anti-serum [164], which may not be the purist method of isolating the channel
of interest. Western blot may show the presence of the channel [162, 164], but
probably does not indicate purity. Likewise, fluorescence image may show the
presence of a GFP-tagged lysosomal marker thereby indicating the presence of

isolated lysosomes [163], but probably does not indicate purity.

Some inherent assumptions are also present in bilayer experiments where single
channels have to be incorporated into the lipid bilayer, aside from preparation
purity and its anecdotal nature. As the channel is incorporated into the lipid bilayer
under a K* gradient in most cases, any channel that is seen incorporated will by

default be a K*-permeable channel, which is not the case for TPCs. Incorporation is
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also mostly done at voltages not beyond +/-30mV, any channel that is seen
incorporated will by default be a relatively high conductance channel. The presence
of these experimental criteria before any observations are made means that, despite
its strength in resolving single-channel kinetics, this technique may not be suitable

for characterizing novel ion channels as evidently shown in the TPC case.

We note that patch-clamp recording is inherently subjected to a set of predefined
conditions as the channel of interest inevitably sits in a membrane with potentially
function-modifying lipid components. For example, although the overall membrane
content, e.g. phosphatidylcholine, phosphatidylethanolamine, are very similar
between lysosomes and the plasma membrane, differences have been observed, for
example cholesterol content and different phosphoinositide isoforms that in part
mark the identity of their resident membranes [203, 204]. In some cases, vacuolin is
also used to yield recordable large endomembrane structures [156, 157, 159], which
may induce non-native membrane curvature and/or composition, although vacuolin
itself is usually not acutely present during the recording. Nonetheless, these
limitations equally apply to patch-clamp recordings of single-channels and crucial
components that may regulate TPC2 in a manner as robust as PI(3,5)P2 and external

protons, or abruptly change the channel properties have yet to be identified.

Despite the above concerns, it appears that patch-clamp studies recording
macroscopic current of hTPC2 have all agreed on that hTPC2 is a Na*-selective
channel [157-160], regardless of the membrane environment and the LL/AA
mutation, and our data are in line with this conclusion (Table 1.1). This consistent
result obtained from macroscopic current measurement, which reflects the
properties of a population of channels, is also in contrast to the heterogeneous
results obtained from single-channel studies [152, 161, 162, 164]. The inconsistency

between the permeation characteristics of the putative NAADP-activated single-
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channel currents and the macroscopic TPC2 currents may suggest the need to revise

the groundbreaking proposal that TPC2 may be the bona fide target of NAADP.

Another important controversial issue is the observation of anomalous Ca? influx
associated with hTPC2 expression reported in two previous studies [152, 159].
Although Brailoiu et al 2010 [152] reported Ca? current through hTPC2, it is
surprising that 1) such claim was based on a single voltage-step, thus 2) no I-V
relationship was reported, and 3) nor did Ca? dependence of the reversal potential
and rectification were examined. Importantly, their recording condition was
symmetrical 140mM Ca?* - a reversal potential of OmV is usually avoided and is
often a concern as without rigorous ion substitution experiments, it can be difficult
to distinguish channel currents from seal leak, especially when patch stability can
become problematic as 140mM Ca?*" was present in the internal solution. Similarly,
Jha et al 2014 [159] did not report a coherent relationship between Ca? current and

influx.

It is intuitive that the origin of Ca?" influx is the conduction of Ca?" ions through
open channels and thus its dependence on the fractional Ca? current (eq.(2.13)),
which is in turn governed by Pca/Pna (eq.(2.10)). Rigorous characterization of the
Pca/Pna is therefore essential to validate the notion that the observed Ca?" transient

may be due to Ca? going through hTPC2.

We attempted to readdress these issues here by 1) performing rigorous ion
substitution experiments, and by 2) estimating the fractional Ca? current, which
was crosschecked with the determined Pca/Pna, where both were further checked
with the classical theory of electrodiffusion. By examining the relationship between
Erv and [Ca%]o in the absence of competing ions, we obtained a Pca/Pna of 0.05
(Figure 2.11B). Also, by using supraphysiologically high [Ca*]. (Figure 2.11, 10mM

and 100mM), we observed [Ca?*].-dependence of the rectification, although still
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negligible compared to the Na* current. Further, through examination of the F-V
and I-V relations (Figure 2.13), we were able to rule out the possibility that charge
transfer through the large hTPC2 current could give rise to experimentally
observable Ca?* influx. Most importantly, the estimated fractional Ca* current and
the Pca/Pna are in line with existing data and the theory of electrodiffusion,

validating our experimental approach and data.

In addition to experimental approach, we examined how the Pt value may affect
Ca? signalling using a modeling approach. Our data suggest that, unlike the non-
selective pore of NMDA-R, the high Pna/Pca of hTPC2, together with its relatively
low unitary conductance, ensures low-enough Ca?* leakage and the consequential
formation of a defective Ca* nanodomain at the hTPC2 pore. Our data therefore
make instant discrimination of hTPC2 from non-selective cation channels, which are
known to and able to participate in Ca* signalling, but suggest a possible electrical
rather than a biochemical role for hTPC2. Although we cannot rule out the
contribution of auxiliary subunits that may change the permeation properties of
hTPC2, the possibility that this may allow hTPC2 to signal Ca? is maybe unlikely to
be realized since the minimal requirement corresponds to the complete loss of Na*

selectivity.

We note that our, or any, modeling data are subjected to potential errors in
parameter estimation. As the Ca?* nanodomain model depends relatively heavily on
Pri, accurate measurement of these parameters is crucial. We note that our
estimation of i is not unambiguous and can vary within 5-fold as Pomax decreases
from 0.5 to 0.1 (denominator of eq.(2.5)) and thus represents a possible source of
error. However, the occurrence of this error means that we are only likely to have
overestimated the amplitude of the TPC2 Ca?* nanodomain as the estimated i will be
5-fold smaller if a Pomax of 0.1 was used (Pomax of 0.5 was used in our calculation). In

fact, Pr is a more dominant parameter as it can vary within two to three orders of
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magnitude due to its sensitivity to changes in Pca/Pna (Figure 2.14C). Thus, given the
relatively accurate measurements we have taken for estimating the Pr of TPC2 and
its experimental agreement with Pca/Pna (Figure 2.14C), we feel that our modeling
data remain a good approximation. Nevertheless, further efforts using more

detailed models would certainly be beneficial.

Consistent with others [157-160], we found lack of observable effect of NAADP on
the hTPC2™ current (Figure 2.6). We also found no observable Ca? transients when
NAADP was dialyzed into hTPC2-stable HEK293 cells in the whole-cell
configuration (Figure 2.1), which is in line with our Ca? titration (Figure 2.11) and
fractional Ca?* current experiments (Figure 2.12 & Figure 2.13) and is most readily
explained by the lack of Ca? permeability of hTPC2 at lysosomal [Ca?']. Significant
loss of potential NAADP-binding proteins seems not plausible, as the loss of
proteins, which have very high molecular weight, would be much slower than the
influx of small molecules like NAADP [194]. These data suggest that although TPC2
may be required for NAADP-induced Ca?* release, recombinant expression of TPC2
alone is unable to recapitulate phenomena observed in pseudo-native preparations

and suggests that additional components may be required.

Our observation that hTPC2™ can be activated by H*, however, differs from other
studies showing that PI(3,5)P2 is essential for the activation of hTPC2 [157-160]. This
does not appear to be caused by plasma membrane targeting as Wang et al 2012
[157] observed PI(3,5)P: sensitivity and NAADP insensitivity in their LL/AA mutant
and the same was observed for hTPC2 expressed in plant vacuoles [160]. One
observation is that activation of plasma membrane-targeted hTPC2 may require
higher levels of PI(3,5)P2 than in lysosomes [157, 159]. A scenario akin to the BKca
channel where voltage and Ca?* exert their co-stimulatory effects is also possible
[205]. Nevertheless, hTPC2 seems to remain Na*-selective despite the presence of

the different stimuli.
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2.7 Conclusion

This is the first study applying simultaneous electrophysiological and fluorescence
measurements with quantitative analysis to examine the Ca? permeability of TPC2.
Our data have illustrated the biological extremes of the consequences of ion
selectivity by contrasting the F/Q relationship of a highly Ca?-selective channel
(Cav3.1) and a Na*-selective channel (TPC2). Our data have also shown that hTPC2
and other Na'-selective channels are unlike non-selective cation channels in that
they do not, and cannot, function as physiologically relevant Ca? source. Suggestion
of similarity in terms of Ca?* permeation between the two therefore appears to be
quantitatively inappropriate. Our study, together with other patch-clamp studies
[157-160], therefore raises concern over studies that claim the observation of
NAADP-induced Ca* release in recombinant expression systems upon
overexpression of hTPC2 [65, 99, 132, 152, 176]. Importantly, our data highlight the
natural consequence of matter conservation - low Pca/Pna results in low Pr thus
negligible Ca* influx and signalling probability. The lack of further selection
pressure may explain the rarity of mammalian ion channels with even higher Na*
selectivity, which may further imply the negligible nature of the inevitable Ca*

leakage through channels with Pca/Pna of ~0.1, including hTPC2.
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3 Ion-binding selectivity & conduction mechanisms in

hTPC2

3.1 Abstract

The permeation pathway of hTPC2 (human two-pore channel 2) was studied using
a plasma membrane-targeted hTPC2 (hTPC2™) and the tetravalent cation spermine.
We found that intracellular spermine blocks hTPC2™ (Ka~1mM) via a bi-molecular
mechanism and displays intrinsic voltage sensitivity under zero extracellular Na*
condition. Extracellular Na* decreases the observed binding energy of spermine,
which allowed the determination of equilibrium dissociation constant of the
responsible binding site. The contribution of extracellular ions to the effective
valence of spermine block suggested that this binding site is located within the
voltage field, likely at the selectivity filter external to the spermine-binding site. By
analysing the shifts in spermine binding energy, we arrived at the following
sequence of equilibrium ion selectivity (Ka) of this binding site: Li* (0.54mM) < Na*
(3.1mM) < K* (18.8mM) < Cs* (81.2mM) and Ba? (5.7mM) ~ Ca? (6.6mM) < Mg*
(80.7mM); which contrasts with the electrophysiological selectivity sequence: Na* (1)
> Li* (0.94) >> Ca?" ~ Ba? (0.04) > K* (0.03) > Cs* (0.02) > Mg? (<0.02). We found that
Li* and Na* permeation exhibit Km values higher than their respective Kd's, which
indicates a second ion-binding event that leads to ion permeation, while Ca?*
displays only one affinity and a very low ion conduction rate. This implies a knock-
on mechanism of Li* and Na* permeation and that failure to establish a knock-on-
permissive multi-ion configuration may be one of the mechanisms that prevents

Ca? from permeating at a physiologically significant rate.
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3.2 Introduction

The low relative permeability of K* and Ca? suggests, in the classical definition of
Px/Pna, that K* and Ca?* likely experience a large energy barrier when passing
through the channel than that experienced by Na* (relative to the bulk) [177]. The
classical assumptions are however not very realistic and the parameter Px/Pna gives
no information as to whether ions may bind selectively at the selectivity filter.
Hence, whether K* and Ca?* may bind at the selectivity filter is not known, as with
other impermeant ions. Here, we used intracellular spermine block to study
equilibrium selectivity by systematically determining the Kaof various group I and
IT ions. Our results suggest that electrophysiological selectivity does not necessarily
reflect equilibrium selectivity and that kinetic factors and the ability to establish a
multi-ion configuration both appear also to be fundamental in the generation of Na*

selectivity in hTPC2.

3.3 Methods

3.3.1 Cell culture and construct expression

HEK293 cells (ECACC) were cultured in DMEM (Sigma) supplemented with 1%
penicillin-streptomycin-L-glutamine (Sigma) and 10% FBS (Sigma), and were
maintained in a humidified atmosphere containing 5% CO2. LL/AA hTPC2.mCh
(Ch.2) were transiently transfected into HEK293 cells using the standard calcium
phosphate precipitation method as described in Ch.2. Recordings were performed

24-48hrs post-transfection.
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3.3.2 Electrophysiology

Whole-cell voltage-clamp recordings [183] were made on HEK293 cells expressing
hTPC2™ using the Axopatch 200B amplifier controlled by the Clampex 10.3
software communicated through Digidata 1322A (Molecular Devices). Borosilicate
patch pipettes (Harvard apparatus or Sutter) were fire-polished using a microforge
(Narishige) and had 3-6MQ) resistances when filled with standard pipette solutions.
Seals are typically 10-20GQ) before breaking in. Raw signals were analog-filtered
through a 4-pole Bessel low-pass filter with a cutoff frequency of 5kHz. Sampling
frequency was 10kHz. Data for display and plotting I-V curves were filtered offline
with a Gaussian low-pass filter at a cutoff frequency of 250Hz. Data used for kinetic
measurements were filtered offline with a Gaussian low-pass filter at a cutoff
frequency of 1kHz. All plotted voltages were corrected for liquid junction potential
according to [184] and was calculated in the Clampex 10.3 software. All the
recordings were made under bi-ionic conditions unless otherwise stated. All
recordings were performed at least 5 minutes after break-in to ensure complete
dialysis of spermine and other blockers into the cell, which was confirmed by
monitoring the time course of current decay using a voltage ramp protocol. I-V plots
were obtained strictly using the indicated voltage step protocol and were
constructed by measuring current amplitude at the end of each voltage pulse in
Clampfit (Molecular devices). Typically, the voltage step protocol was repeated at

least 3-5 times for averaging purposes to obtain smooth I-V plots.

3.3.3 Solutions

Bi-ionic monovalent external (mM):
140 X(MeS0O:s), 5 XCl, 5.5 D-glucose, 25 MES, pH 5.50
where X corresponds to NMDG*, Na¥, Li*, K* or Cs*.
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Bi-ionic divalent external (mM):

100 Mg(S0Os) 2, 2.5 MgClz, 5.5 D-glucose, 25 MES, pH 5.50
100 Ca(MeSO:s)2, 2.5 CaCly, 5.5 D-glucose, 25 MES, pH 5.50
100 Ba(MeSOs)2, 2.5 BaClz, 5.5 D-glucose, 25 MES, pH 5.50

Bi-ionic Na* internal (mM):

125 Na(MeSOs), 20 NaCl, 1 EDTA, 25 HEPES, pH 7.20 (for spermine & spermidine)
125 Na-gluconate, 20 NaCl, 1IEGTA, 4.875 MgClz, 25 HEPES, pH 7.20 (for Mg?, free
[Mg?] = 3mM)

For titration experiments, concentration was varied by mixing X* with NMDG* bi-
ionic solutions at the desired ratio. For ions whose MeSQO:s salts are not available, the
solutions were made using the corresponding hydroxide and titrated with MeSOsH.
This ensures charge balance in the solution as the amount of MeSOsH added
matches up with the concentration of the cation-hydroxide. This was experimentally
verified by calculating the final concentration of MeSOs- after titration. All external
solutions were titrated to the desired pH using 1M hydroxide solution of the inert
and impermeant ion NMDG* (NMDG*-OH) in order to keep the concentration of
the test ion unchanged. Internal solution was titrated to the desired pH using NaOH

to ensure that the only cations present are Na* and the test blocker.

3.34 Homology modeling and energy minimization

A homology model of the hTPC2 pore was constructed using Modeller 9.13 [206]
using NavMs (PDB entry: 3Z]JZ) in an open state [207] as the structural template. The
tirst pore domain (S5-56) was modeled using chain A and C and the second pore
domain (S11-512) was modeled using chain B and D. A short stretch of the external
loop between the S11 helix and the pore helix (see supplementary) was removed

due to poor loop modeling as a result of lack of homology region. Sequence
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alighment was performed with EMBOSS which uses the Needleman-Wunsch
algorithm (http://www.ebi.ac.uk/Tools/psa/emboss_needle/). The alignments agree
well with secondary structure predictions where helices and pore-loops are aligned
with their counterparts without manual interventions and can be found in the

supplementary in this chapter.

The individual hTPC2 models generated by Modeller were assembled as tetramer
using MacPymol, embedded in a preformed POPC bilayer and solvated in a water
box at 150mM NaCl using VMD [208]. The periodic boundary system had
dimensions of 77A x 77A x 77A. The system was energy-minimized for 1000 steps at
2fs/step and was further equilibrated for 250pS using NAMD2.10 [209] with
CHARM?22 force field [210] and TIP3P water model in an NPT ensemble (constant
pressure and temperature) at 310K. Electrostatic interactions were computed using
the particle mesh Ewald algorithm. The RMSD of the structure after equilibration
was 1.58A with reference to the initial energy-minimized structure and is close to

equilibrium.

3.3.5 Insilico docking

In silico docking was performed using a fully charged (4+) spermine molecule and
the energy-minimized structure of the hTPC2 model using Autodock Vina [211].
The grid for dock search had dimensions of 18A x 18A x 34A and was centered at (O,
0, -8). The center of geometry of the hTPC2 model was (0, 0, 1.3), thus the grid
overlaps with the aqueous cavity. Docking was performed 5 times and the top
twenty poses (-3.5 to -3.8 kcal/mol) from each run were extracted. Center of mass
were calculated for all 100 poses in VMD and were used to construct probability
density distributions in X, Y and Z (axes) relative to that of the hTPC2 model to

identify low-energy spermine binding regions.
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3.4 Data analysis

3.4.1 Determination of permeability ratios
The bi-ionic permeability ratio was calculated by

RT 3.1
Erev:?'ln (Px /Pna) (3-1)

where Erv is the reversal potential, R, T and F have their usual thermodynamic

meanings.

For divalent ions, the shift of Ewv by the external ion is modeled as a sum of

independent currents were used,

ltotal = INa + ldivalent + lieak

[ion]io - [ion]ii eZP (3.2)

Ii = z&-F-Pi-D - 1= oD

where D = VF/RT, z is the valence, V is the membrane potential, [ion]ii. indicates the
it" jonic species inside or outside, P is the absolute permeability of the i ionic

species.

3.4.2 Determination of voltage dependence

Although all families of data were fitted using the models detailed below, it is

nevertheless useful to quantify the observed AG for each voltage dependence curve
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for systematic analysis of the effect of a third experimental variable such as blocker

and ion concentrations. We use the following form of the Boltzmann equation [212]

1 (3.3)
AG s + ZVF)
~ RT

Fraction unblocked =
1+ exp (

where AGotbs is the free energy difference between an initial and a final states, z is the
effective valence, V is the voltage, and R, T, F have the usual thermodynamic
meanings. Using this form, and by comparison with the voltage dependence
equations below, it can be seen that AGobs is often the sum of AGspm and a function
corresponding to the third experimental variable, allowing the quantification of the

effect of this latter variable.

The voltage dependence of the I-V curves were obtained by fitting with the GHK

current equation modified with the above Boltzmann equation

ltotal = lieak + f(V)'lNa
lotal = lieak + f(V)(INa + ldivalent)

1 (3.4)
Itotal = YJieak V+ 1+ ex (AGobs + ZVF)
p RT
ionlio - [ion]ii %P
-zziZ-F-Pi-D-[ Jo - | _.]
1- ezD

where giak is the leak conductance and all other symbols indicate the same
quantities as those described in eq.(3.2) and eq.(3.3). AGobs, z, P and gieak are free
parameters that are fitted. Fixed parameters are independent variables of the
experiments, which include valence of the ion and [ion] present in the external and
internal solutions. In general, grak is very small as Erv was used to reject leaky

patches.
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3.4.3 Spermine block model

Spermine (spm) block was analyzed using a bi-molecular interaction model where a
spermine molecule penetrates fully into the aqueous cavity of the channel but not
into the selectivity filter (Scheme 3.1). The voltage profile assigned to the channel is
based on the voltage profile calculated using Poisson-Boltzmann electrostatics on
channels whose structures have been experimentally determined [213-217].
Therefore, this model refines previously used models [218, 219] by incorporating
intrinsic voltage sensitivity of the blocker, extrinsic voltage sensitivity due to
selectivity filter ion occupancy and a realistic voltage profile. It is assumed that the

voltage drop across the channel is

Vm = Vselectivity filter + Vaqueous cavity (3.5)

which correspond to the voltage drop across the channel, selectivity filter (SF) and
the aqueous cavity respectively. The voltage drop across the latter components are

approximated as linear.

voltage drop

r T T T T ,
00 02 04 06 08 1.0
Normalized coordinate

Scheme 3.1 Spermine block model
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This model gives the following expression at equilibrium

Fraction unblocked (3.6)
1

1+ exp (AGSPm + (_RT ) ln[Spm])R-I;‘ [_Zspmfspm(l - 65F)VF]>

where AGspm is the free energy change corresponding to the free and spermine-
bound states, zspm is the valence of spermine (4+ at neutral pH), fspm is the fractional
penetration into the cavity, which is assumed to be 1, s is the voltage drop across
the selectivity filter. This arranged form shows that the energetic contribution can be
decomposed into the intrinsic energy difference between the free and bound states,
the effect of altering [spermine] and voltage as a sum of the individual components.
The observed AG (AGobs), in comparison with eq(3.3), is shifted by increasing

concentration of spermine, which is given by

K,
AGops = AGgym — RT - In[spm] = RT - In ([Sp(rin ]) (3.7)

where Ku is the equilibrium dissociation constant of spermine at zero voltage.

The time constant of block (T bick) is given by

1
3.8
Zspm(l — fo—»rs)(l — 5SF)VF) ( )

Thlock =
+ Kopf - €Xp (— RT

Zoomfoors(L— 850 )VF
[spm] - ko - exp ( spmJo TSRT SF )

where fo.1s is the fractional distance from the pore entrance to the transition state
(where the highest energy barrier is encountered) and koot are the rate constants of

binding and unbinding respectively.
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3.4.4 Ion-spermine allosteric interaction model

The functional interaction between the external ion of interest and internal spermine
was analyzed using an allosteric model where spermine binds at the cavity and the
external ion binds at the selectivity filter (Scheme 3.2). Mutually exclusive binding

was not assumed initially but was often found to be the case. At equilibrium,

Fraction unblocked 3 9
[ion] ( ' )
P Zionf 65FVF)
Kl exp ( ion “})?HT
[ion] i [spm] i [ion] . [spm]
(Zionﬁ%lstVF) K3 exp (_ ZspmﬁpmgT_ 6SF)VF) K1-exp (Zionﬂr;?nﬁSFVF) K3-exp (_ Zspmf:spm(R}T_ 6SF)VF)

1+

1+

K1-exp

where the symbols have the same meanings as those employed in eq.(3.3) and the
subscript ion indicates the same quantity but corresponding to the ion. K1-4 are the

Ka of the ligand in the corresponding binding reactions.

R 2 e ;

K3 K4
K1 g
e —. - °

00 02 04 06 08 1.0
Normalized coordinate

Scheme 3.2 lon-spermine allosteric interaction model
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For analysis of [ion]-dependent shifts in AGobs, a reduced model, where the dually

bound state is omitted, is used.

Fraction unblocked (3 10)

1
=1—

[ion]
K1- exp (Zinnfic}wenfSFVF

AGgym + (—RT - In[spm]) + RT - In <1 + )> + (~zspmfipm (1 = 85)VF)

1+ exp RT

Therefore, increasing [ion] shifts the AGobs by

[ion] + K1 - exp (Zionﬂ??nfSFVF) (3.11)
)

K1-exp (M) . [spm]

AGops = AGgym + RT - 1n (

For analysis, the voltage was set to zero.
At saturating [ion], the ionic term effectively becomes

3.12
[ion] (3.12)
K1-exp (M)

RT -In| 1+

[ion]

~ RT ' In

~RT - In [ion] L RT- —ZionfionOsrVF (3.13)
K1 RT
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Therefore, at saturating [ion], the observed effective valence (zex) is the sum of Zspm

and Zion.

voltage dependence = Zspmfspm(1 — Osp)VF + ZionfionOsrVF (3.14)

Zeff = Zspmfspm(l - 6SF) + ZionfiongSF (315)

This contributes to the observed increase in zetf as [ion] increases to saturation in all

ionic species tested.

3.4.5 MWC model for ion-conduction
The conductance-[ion]o relation was modeled using a MWC model (Scheme 3.3)

where the selectivity filter displays certain tendency to alternate between a

conducting and a non-conducting mode (Yo, [Ro]/[To]).

Top row: conducting mode

Kat ! Kaz 1 ! '
= = !
To T4 ' VT
.
Yo [l
] ]
n - Kgs n - Kgz '
= =
Ro Ri Re
Bottom row: non-conducting mode scheme IV

Scheme 3.3 MWC model for ion-conduction
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The conducting mode (T) binds ion with affinity close to experimental values (Kai
and Ka2) while the non-conducting mode (R) binds ion with low affinity and is
expressed as a multiple (n) of the normal affinity Kda. Assuming only the conducting
mode in a multi-ion state accounts for the majority of permeation events (Scheme

3.3, green box with dotted line), the conductance-[ion] relationship is

[ion]? (3.16)
Ka1Ka,
duct = .
conauctance = Ymax 14+ [ion] 4 [ion]? +y <1+ [ion] + [ion]? )
Kg1 " KgiKaz 7 °° nKg1 -~ n?Kq1Kgp

where ymax is the saturating conductance which is effectively the exit rate (kex). Ka2 is

koff+kex)

effectively the K, ( , under quasi-steady-state assumption. This model was

on

invoked to explain the observed sigmoidal behavior of the concentration-
conductance relationship while taking into account the likely negative cooperativity

of sequential ion binding.

3.4.6 Data analysis

Curve fitting and statistical analysis were performed in Prism 5 (GraphPad
software). Data are presented as mean + S.E.M. unless indicated otherwise.

Parameters obtained from curve fitting are presented as value + standard error of fit.
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3.5 Results

3.5.1 Intracellular spermine blocks hTPC2™

control

+120mV

-120mV

1mM 3mM

Figure 3.1 Intracellular spermine blocks hTPC2™

Na® current was recorded in the presence of increasing concentrations of intracellular spermine. Blue
trace denotes the current trace recorded at +120mV. Extracellular [Na'] = 0OmM (145mM NMDG"), pH
5.50; intracellular [Na*] = 145mM, pH 7.20. n = 5-13 each.

When spermine was present in the pipette solution, time-dependent decay of the
hTPC2™ current was observed that becomes more profound as the concentration
increases and the voltage becomes more positive (Figure 3.1). This was quantified in
an I-V plot (Figure 3.2A), where the family of I-V relations shows a negative
conductance and the suppression becomes more complete as [spermine] increases.
The extreme outward rectification and the very negative reversal potential is due to
the ionic gradient used, zero Na‘* and 145mM Na*, which ensures that little or
virtually no leak was present that could alter the observed rectification of I-V

relation when otherwise present.



Ion-binding selectivity & conduction mechanisms in hTPC2 101

3.5.2 A bi-molecular mechanism of block
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Figure 3.2 Voltage and concentration dependence of block

A. |-V plot of the steady-state current shown in Figure 3.1. n = 5-13 each.

B. Voltage and concentration dependence of spermine block. The data points were calculated using
eq(3.3) by plugging in the experimental values of AGqps and z (extracted from A using eq.(3.4)) for
each concentration and cell; shown are averaged data. Family of data was fitted to eq.(3.6). K4 =
1.87+0.02 mM at zero voltage, dsr = 0.76+0.0013.

C. [spermine] dependence of AGqps. Data were fitted to eq.(3.7). Kq = 0.79+0.06 mM at zero voltage.
Voltage and concentration dependence of time constants extracted from Figure 3.1 by fitting the

first 100ms of the blocking event with a double exponential. Spermine block itself exhibits a single-

exponential behavior; the second exponential is attributed to the intrinsic slow decay of the current.

Family of data were fitted to eq.(3.8). kon = 132+33 M'ms”, kot = 0.229+0.013 ms™, dsr =
0.7920.02, fo 75 = 0.710.04.

To identify the mechanism of block, we quantified the effect of [spermine] on the
voltage dependence. The voltage dependence was formally quantified in Figure

3.2B, which shows a classic sigmoidal decay in fractional current as a function of
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voltage. The voltage dependence was first individually quantified using a more
natural form of the Boltzmann equation (eq.(3.3)), which allows the decomposition
of the energetic term into AGobs and the voltage dependence. In this form, it can be
seen that AGobs can be identified at OmV, while the effective valence of block
contributes to the steepness and the Vso of the curve. When AGobs is plotted against
[spermine], it can be seen that increasing [spermine] makes the AGobs more negative,
without changing the effective valence, in a manner that is well described by bi-
molecular interaction (eq.(3.7)). Using this model (eq.(3.6)), the family of voltage
dependence curves in Figure 3.2B can be fitted globally using the same parameter
set with the only changing parameter being [spermine]. The K4 of spermine at this
blocking site is 1.87+0.02 mM at zero voltage. The exponential dependence on
voltage of the Kq, can be naturally inferred from the voltage dependence (Figure 3.2

& eq.(3.6)).

Because the data were recorded under zero extracellular Na*, we conclude that this
represents intrinsic voltage dependence where an observable voltage gradient is
present in the path involved in spermine block. According to this model (Scheme
3.1), assuming that spermine penetrates fully into the aqueous cavity but not into
the selectivity filter (eq.(3.5), fspm=1), the voltage drop across the selectivity filter is

0.76+0.0013 and the remaining voltage drop is therefore 0.24.
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Figure 3.3 Voltage sensitivity is a function of blocker valence

A. |-V plots of control and spermine, spermidine or Mg2+ present at 3mM in internal solution. Ai,
original scale; Aii, expanded scale. n = 5-9 each.

B. Voltage dependence extracted from A using eq.(3.4). Data were fitted with eq.(3.6) with dsr fixed
to 0.75 according to C; fug = 0.82+0.04; Ky of spermine = 0.69+0.05mM; Ky of spermidine =
0.51+0.02mM; Kq4 of Mg2+ = 0.79+0.05mM (all at OmV).

C. Relationship between z. and blocker valence. Line is constrained to go through the origin as
required and has a slope (1 - dsr) of 0.25+0.01.

We further quantified the time constant of block to investigate the voltage
dependence of the underlying rate constants. Figure 3.2D shows the voltage
dependence of the blocking time constant at different [spermine]. It can be seen that
the time constants display a bi-phasic voltage dependence, suggesting that kon and
kott are both intrinsically voltage dependent. The asymmetry of the voltage
dependence may also suggest that the peak of the energy barrier is not located at the

mid point between the pore entrance and the aqueous cavity. Importantly,
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increasing [spermine] selectively increases the on rate constant in a linear fashion,
while having no effect on the off rate (Figure 3.2D). The family of curves was well
titted globally to eq.(3.8), which further shows that spermine block conforms with a
bi-molecular mechanism. From this fit, we found that the kon is 132+33 M'ms, kot is
0.229+0.013 ms’, the position of the energy barrier is 0.71+0.04 (closer to the cavity),
and the voltage drop across the selectivity filter is 0.79+0.02, consistent with the
equilibrium data discussed above. The Ka from the kinetic data is also consistent

with the equilibrium data above, where kofi/kon is 1.74mM.

3.5.3 Voltage sensitivity is a function of blocker valence

As the control current exhibits negative conductance at more extreme positive
voltages, we tested whether the voltage sensitivity z.« may be a function of blocker
valence. We tested the effect of blockers with lower valence: spermidine, which has
a similar structure but has a valence of 3, and Mg?, which has been reported to
block hTPC2 previously [159] and has a valence of 2. As expected, the presence of
these blockers resulted in substantial suppression of the outward current and
negative changes in conductance (Figure 3.3A). The underlying voltage dependence
was extracted using eq.(3.4). Indeed, the voltage sensitivity zes, i.e. the slope,
decreases with blocker valence (Figure 3.3B) and appears to be a linear function of
blocker valence (Figure 3.3C). This indicates that the voltage dependence observed
is indeed a block and that these blockers may have very similar site of action. The
slope of this plot is 0.25+0.01 (Figure 3.3C), which corresponds to the fractional
voltage drop across the aqueous cavity and is consistent with the result obtained

from the spermine data alone.
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Figure 3.4 Na" affects the energetics of block and permeates

A.

B.

I-V plot of the steady-state current in ion titration experiments. [spm] = 3mM, intracellular [Na®] =
145mM, extracellular [Na'] = 0, 10, 50 & 100mM. n = 6-8 each.

[Na'], dependence of spermine block plotted using data extracted from A. Family of data was fitted
to eq.(3.10). Kg of Na* = 3.97+0.36 mM, Kq of spermine = 0.59+0.004mM, ds¢ = 0.7320.009, fion =
0.26+0.06.

[Na'], dependence of AGgps. Data were fitted to eq.(3.11). AGspm = -4.36+0.04kcal/mol (Kq =
0.56mM), Kq of Na* = 3.12+£0.0004mM.

[Na™], dependence of Az. Data were fitted to the Michaelis-Menten equation. Ky = 5.13+0.36mM,
AZeft max = 0.37+0.004.

3.5.4 Selectivity filter occupancy interferes with block

With the basic physical picture of the ion-conduction pathway established, it is

possible to investigate the effect of selectivity filter occupancy on block, and to use

this as a tool to probe equilibrium ion selectivity at the selectivity filter where the

ions bind, be it permeant or observably impermeant. We first investigated the effect
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of the physiologically relevant permeant ion Na* by performing the same blocking
experiments at varying extracellular [Na*]. The I-V plot is shown in Figure 3.4A. It
can be seen that increasing extracellular [Na‘] gives rise to increasing inward
current, positively shifts the reversal potential and the voltage required to produce
negative conductance. This is quantified in Figure 3.4B & C where the voltage
dependence is positively shifted (eq.(3.9)) hence the inferred AGobs is made more
positive as extracellular [Na*] increases (eq.(3.11)). This strongly suggests that
increasing extracellular [Na*] lowers the affinity of spermine block (eq.(3.11)). The
effective valence (z.t) is also increased as extracellular [Na*] increases as a saturating
binding function (Figure 3.4D), suggesting that the site of Na* action is located
within a voltage gradient at the selectivity filter, although this is considerably
higher than that predicted by the model. The Ka of Na* at the selectivity filter was
found to be 3.97+0.36 mM.

These data therefore conform to an allosteric mechanism where permeant ion
binding at the selectivity filter allosterically interferes with spermine binding due to
the close proximity of the binding sites and the strong electrostatic repulsion
between the positively charged ions in a confined space (Scheme 3.2). Although we
did not initially assume mutually exclusive binding between spermine and Na*, it
was found to be the case as the Ka of Na* binding in a spermine-bound channel is
often at least several orders of magnitude higher than that of an unoccupied

channel.

We then tested whether Ca?, a physiological divalent ion with 20-fold lower
permeability, may occupy the selectivity filter by performing the same blocking
experiments with varying extracellular [Ca*]. The I-V plot is shown in Figure 3.5A.
In contrast to the Na* case, although increasing extracellular [Ca*] positively shifts
the voltage required to produce negative conductance, it failed to give rise to

significant inward current and only minimally shifted the reversal potential (Figure
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3.8). This is quantified in Figure 3.5B & C, which show that the AGobs of spermine
block indeed positively shifted as a function of increasing extracellular [Ca?]. This
suggests that increasing extracellular [Ca?*] also lowers the affinity of spermine
block. However, although increasing extracellular [Ca*] did positively shift the
voltage dependence, the extent of shift is lower than that observed with Na* within
the same concentration range. When fitted to the same model, we found that the Kad
of Ca? at the selectivity filter is 10.6+0.0007 mM. This suggests that although Ca*
exhibits very limited permeability, it is able to bind at the selectivity filter with an
affinity that is about 3-fold lower than that of Na'. As with Na*, increasing
extracellular [Ca?] increases zetf as a saturating binding function (Figure 3.5D),

suggesting that the binding site is indeed located within the selectivity filter.
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Figure 3.5 Ca’* also affects the energetics of block, but does not permeate
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A. |-V plot of the steady-state current in ion titration experiments similar to that shown in Figure 3.4.
[spm] = 3mM, intracellular [Na*] = 145mM, extracellular [Ca®"] = 0, 10, 50 & 100mM. n = 4-6 each.

B. [Caz"]O dependence of spermine block plotted using data extracted from A. Family of data was
fitted to eq.(3.10). Kg of Ca?* = 10.6£0.0007mM, Ky of spermine = 0.74x0.003mM, O8sr =
0.76+0.0086, fion = 0.29+0.03.

C. [Caz"]O dependence of AGeps. Data were fitted to eq.(3.11). AGspm = -4.36+0.04kcal/mol (Kq
0.56mM), Kq of Ca?* = 6.6+0.001mM.

D. [Caz"]O dependence of Az Data were fitted to the Michaelis-Menten equation. Ku
8.68+0.26mM, AZef max = 0.39+0.003.

3.5.5 Equilibrium ion binding selectivity at the selectivity filter

The above examples show that it is possible to use spermine block as a tool to probe
equilibrium ion selectivity at the selectivity filter more generally. We therefore
extended the analysis by testing monovalent and divalent ions of the same groups
with different ionic radii and investigated the mechanism of ion selectivity. Figure
3.6A & B show the effect of group I and II ions on the affinity of spermine block. It
can be seen that 1) for the same concentration, ions with higher affinity are more
effective at shifting AGobs, and 2) the relationship of shift is the same for all the ions
tested and the only difference is the concentration from which the shift starts to
occur. These suggest that all the tested ions appear to obey the allosteric model
within this concentration range while, according to eq.(3.11), the ions have different
Kd's. Using this model, we arrived at the following sequence of equilibrium ion
selectivity (Ka) of this binding site: Li* (0.54mM) < Na* (3.12mM) < K* (18.8mM) < Cs*
(81.2mM) and Ba* (5.7mM) ~ Ca* (6.6mM) < Mg? (80.7mM). This is contrasted to
the electrophysiological selectivity sequence: Na* (1) > Li* (0.94) >> Ca?* ~ Ba? (0.04)
> K* (0.03) > Cs* (0.02) > Mg* (<0.02). When plotted against ionic radius, we found
that the Ka of group I monovalent ions exhibits an exponential relationship with
increasing ionic radius (Figure 3.6Bi), which corresponds to a linear decrease in the
binding energy (less tight) as the ionic radius increases (Figure 3.6Bii). Interestingly,
the reverse trend is observed for group II divalent ions, where Mg?" appears to be

the least tightly bound within the group (Figure 3.6Bi & Bii).
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Figure 3.6 Equilibrium ion selectivity at the selectivity filter
A. AGops shifts in the presence of the indicated group | and Il ions at 100mM on the external side. n =
4-7 each.

B. [ion], dependence of AGeps. N = 4-8 each. Family of data was fitted to eq.(3.11). AGspm = -
4.36+0.04kcal/mol (Kq = 0.56mM), Kq of Li* = 0.54+0.0001mM, Kg of Na* = 3.12+0.0004mM, Kq of
Ca” = 6.6+0.001mM, Kq of Ba®* = 5.7£0.001mM, Ky of K" = 18.8+0.005mM, Kg4 of Cs* =
81.2+0.03mM, Kq of Mg?* = 80.7+0.03mM.

C. (i) Kq as a function of ionic radius. (ii) AGion as a function of ionic radius. AGion was calculated using
AGion = RT In(Kg ion) and was converted into kcal/mol.

3.5.6 Multi-ion binding correlates with ion throughout

In order to gain better understanding on the mechanism of ion selectivity and

permeation, it is important to determine whether this one-ion binding state may
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contribute directly to the actual ion permeation event or whether a multi-ion
binding state may be involved. Figure 3.7 shows the current-[ion] relation for Li*,
Na* and Ca?. The sigmoidal behavior of Li* and Na* permeation suggests that it
may involve further ion binding to achieve a multi-ion configuration at the
selectivity filter, consistent with a Km much larger than the Ka determined above.
From the sigmoidicity, it is likely that this involves a >two-ion configuration. In
contrast to Li* and Na* permeation, Ca* permeation, albeit little if any, follows a
Michaelis-Menten relation with a Kv similar to that of the Kua determined above.
This suggests that the permeant ions Li* and Na* are both able to establish a multi-
ion configuration, while the impermeant ion Ca?* remains in a single-ion binding
state throughout this concentration range. This implies a knock-on mechanism of Li*
and Na* permeation and that failure to establish a knock-on-permissive multi-ion
configuration may be one of the mechanisms that prevents Ca? from permeating at
a physiologically significant rate. Indeed, the very low conductance of Ca* (Figure

3.7C) is consistent with this interpretation.
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Figure 3.7 Multi-ion occupancy correlates with ion throughput

IV plot (i) and current-[ion] plot (ii) for (A) Li*, (B) Na* and (C) Ca®* at -120mV under bi-ionic conditions
with intracellular Na”™ held at 145mM. Current amplitudes were normalized to outward Na* at +120mV.
n = 4-9 each. Data were fitted to the Michaelis-Menten equation scaled with a Hill slope-like
sigmoidicity factor (h). Affinity differences are shown to illustrate the difference between ion binding
and permeation for Li* and Na* but not Ca®*. Ky of Li* = 82.3+5.3mM, hy; = 2.19+0.19, Ky of Na* =
56.4+5.6mM, hna = 1.79£0.23, Ky of Ca®" = 6.7+1.08mM, hca = 1. Ymax Was calculated based on the
unitary conductance of Na* at symmetrical 145mM estimated previously from noise analysis. ymax of Li*
= 29.1+1.38pS, Ymax Of Na* = 17.241.04pS, Ymax of Ca®" = 0.4+0.02pS.
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Figure 3.8 Comparison of Ca®" and Ba*" bi-ionic relative permeability

Px/Pna Was determined under bi-ionic condition, A) Ca®" and B) Ba®*. Extracellular [Ca®'] and [Ba®'] are
as indicated and external was pH 5.5; intracellular [Na'] = 145mM, pH 7.2. See Methods for solution
composition. Data were fit visually to eq.(3.2). n = 4-6 each.

3.5.7 Equilibrium selectivity and ion throughput contributes to

electrophysiological selectivity

We plotted the flux ratio against the occupancy for each ion (Figure 3.9A). This plot
is analogous to the classical definition of permeability and relates the degree of

occupancy ([ion]o/Kad) to the flux ratio through

Kyi . lion], (3.17)
kilion]; ~° Ky,

Flux ratio =

where Kwu is the Michaelis-Menten constant, k is the exit rate constant of the bound

ion; the subscripts o and i indicates external and internal, respectively. The term

Kmi
kilion];

is contributed solely by the internal ion and is a constant under our

experimental condition. This relation is derived from a one-site permeation model
under quasi-steady-state assumption, which allows us to relate equilibrium

selectivity and ion throughput, as determined above, to electrophysiological
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selectivity in the form of flux ratio. The use of this relation is supported by the
Michaelis-Menten-like behavior of Na* permeation and that only one Ca? ion is
admitted to the selectivity filter. Under these assumptions, therefore, the ratio of the
slope to that of Na* can be interpreted as the ion exit rate relative to external Na*.
According to this relation, the flux ratio approaches infinity as [ion]o/K« approaches

infinity in a linear fashion, which is indeed observed experimentally (Figure 3.9A).
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Figure 3.9 Relation between ion binding affinity, throughput and electrophysiological

selectivity

A. (i-ii) lon flux relative to that of intracellular Na* as a linear function of occupancy ([ion]o/Kq). Shown
are data for monovalent (i) and divalent (ii) ions. For monovalent ions, flux ratios were calculated

using flux ratio = exp (%) For divalent ions, flux ratios were calculated using flux ratio =
ETEVF

0.25 - exp (?) . (exp (%) + 1). Inset, expanded scale.

B. Estimated saturating single-channel conductance of Li*, Na* and Ca?* from Figure 3.7.
C. Exit rate relative to Na* for all ions tested. Relative exit rates (kx/kna) Were calculated as the slope
ratio to that of Na* extracted from Ai and Aii.



114 Results

Using the above, we estimated that the exit rate of Ca?" from its binding site (from
the selectivity filter to the aqueous cavity) is >100-fold lower than that of Na* in its
permeation-permissive multi-ion configuration. Ba?* appeared to behave almost
identical to Ca? in terms of both affinity and exit rate. The low rate of Ca?" and Ba*
exit likely explains their low relative permeability and is in semi-quantitatively
agreement with the very low conductance of Ca* (Figure 3.7C & Figure 3.9B). This
is intuitive since the Ka of Ca? for the single-ion state is much lower than the Km of
Na* for the multi-ion state. We note that the rates of Li* and Na* permeation are
similarly low in their one-ion binding configuration (Figure 3.9C), suggesting that
multi-ion occupancy indeed increases the ion exit rate, i.e. lower energy barrier
encountered upon releasing an ion. Together, our results indicate that, in hTPC2,
the establishment of a knock-on permissive multi-ion configuration is a general
mechanism for achieving a physiologically significant ion conduction rate and is

fundamental to the generation of ion selectivity.

3.5.8 Evidence for a high energy barrier to Ca? permeation

Our data above suggest that Ca?* observably occupies the selectivity filter but shows
low probability of exiting from the selectivity filter, which in turn suggest that Ca*
may block hTPC2 from the external side. We re-examined the bi-ionic Ca*o/Na*1 I-V
curves and found that there is indeed voltage-dependent reduction of the outward
Na* current that cannot be accounted for by an increase in inward Ca? current at
higher [Ca*]o (Figure 3.10A). We performed similar experiments with 30mM [Na*]o
to better examine the blockade in the inward direction and to see whether
increasing [Na*]o may decrease the ability of external Ca? to block hTPC2. As shown
in Figure 3.10B, this is indeed the case. While 10mM [Ca?']o partially blocked hTPC2
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in the absence of external Na* (Figure 3.10A), 10mM [Ca*]o was ineffective when
30mM [Na‘lo was present (Figure 3.10B). At 80mM [Ca*]o,, we indeed observe
negative change in conductance at more extreme negative potential (Figure 3.10B).
Nonetheless, quantification of block in this instance is not as straightforward as

permeation occurs within the same voltage range.
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Figure 3.10 Evidence for a high energy barrier to Ca’®* permeation

A. 1V curves from Figure 3.7Ci. Outward Na® current is partially blocked in the voltage range that
favours Ca®" binding at the selectivity filter. At extreme -ve voltages, Ca®" gave rise to little if any
inward current. n = 4-8 each.

B. |-V curves similar to A, but in the presence of 30mM extracellular Na*. Partial blockade by
extracellular Ca®" is alleviated, consistent with competition. The voltage-dependent decrease in
Na® conductance due to partial blockade is shown more evidently when inward current is present.
Extracellular solution (mM): 30 Na, 0-80 Ca®*, pH 5.5; intracellular solution (mM): 145 Na*, pH 7.2.

3.5.9 A possible non-conducting mode adopted by the selectivity filter

In the above, we fitted the data using the Michaelis-Menten equation incorporated
with a sigmoidicity factor without including further details. We note that
sigmoidicity requires positive cooperativity yet sequential ion-binding events are
likely to display negative cooperativity due to electrostatic repulsion, which appears
to be counter-intuitive. It appears that a non-conducting mode, akin to the inactive
state in the MWC model, which binds ions with much lower affinity, has to be

invoked in order to explain this apparent discrepancy. We find that with reasonable
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constraints that fit with our experimental data and the assumptions of the model,
the conductance data can be explained by this simplest MWC model (Scheme 3.3,
eq.(3.16)), which can withstand certain degree of negative cooperativity while
retaining sigmoidicity within a particular window of parameter set (Figure 3.11).
Nevertheless, we suggest that further interpretation should await further

experimental data.
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Bottom row: non-conducting mode

Figure 3.11 Evidence suggestive of a non-conducting mode of the hTPC2 selectivity
filter

Na" and Li* conduction data from Figure 3.7 fitted with the MWC model (Scheme 3.3) shown on the
left. The isomerization tendency Y, and the Kq multiple n were arbitrarily constrained to 100 and 1x10°
respectively for both Na* and Li" to capture the essence of the MWC model. K41 for both ions were
experimental values determined from the spermine block data and Ky were left as the only free
parameter. This model assumes the conducting mode in the two- or multi-ion state (green box with
dotted line) accounts for the majority of the permeation events.
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3.5.10 Location of the spermine-binding site
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Figure 3.12 Low-energy configurations of spermine in a hTPC2 model

A. In silico docking of a fully charged (4+) spermine molecule with a homology model of hTPC2 using
Autodock vina. (i) side view and (ii) view from the top (external/luminal). hTPC2 was modeled
using Modeller 9.13 using NayMs (PDB entry: 3ZJZ) as a template as described in the Method
section. Shown are the low-energy binding configurations (100 poses). Molecular graphic images
were rendered using MacPyMol. In silico docking yielded a predicted Ky of ~0.87mM, which is in
close agreement with experimental results.

B. X, Y, and Z center of mass distances of docked spermine molecules relative to that of the hTPC2
model. The center of mass values were calculated in VMD.

Finally, to identify potential spermine-binding site(s), we performed in silico
docking using a fully charged (4+) spermine molecule with a homology model of
the hTPC2 pore (S5-S6) based on the template NavMs (PDB entry: 3Z]JZ) (see
methods for further details and citations). Figure 3.12A shows the low-energy
binding configurations of spermine in the hTPC2 model. Results from in silico

docking are in close agreement with the experimental K4, which yielded a predicted
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Ka of ~0.87mM. The locations of these potential binding sites were quantified as the
distribution of the center of mass of the different spermine poses relative to that of
the hTPC2 model (Figure 3.12B). It appears that spermine may have some
preferences for the peripheral spaces in the aqueous cavity (X-Y distribution) and
shows remarkable preference for the residues right below the selectivity filter (Z
distribution). This supports our predicted model of spermine binding and thus the

experimentally inferred voltage profile along the Z-axis of hTPC2.
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3.6 Discussion

Here, we investigated the mechanism of spermine block and utilized this
phenomenon to study the ability of different external ions to occupy the selectivity
filter of hTPC2™. QOur experimental observations suggest that spermine block of
hTPC2 is consistent with a bi-molecular mechanism, most likely through direct
occlusion by binding at the channel's aqueous cavity. By analyzing the shift in
spermine binding energy in the presence of different external ions, we have
identified the different binding affinities of different ions at the selectivity filter.
Importantly, our study relates equilibrium and kinetic selectivity to
electrophysiological selectivity, which allows deeper understanding of the

energetics associated with ion permeation.

Consistent with previous studies on Kir channels [220-223], we found that selectivity
filter occupancy antagonizes the binding of the blocker, most likely via direct
electrostatic repulsion in the confined space within the channel. However, instead of
a single-step linear voltage gradient approximation used in these studies, we have
used a more realistic two-step voltage profile inferred from recent electrostatics
calculations using experimental structures where most of the voltage drop is
focused across the selectivity filter and the remaining voltage drops across the
aqueous cavity [213-217]. It is likely that this accounts for the intrinsic voltage
sensitivity of spermine block in the absence of external ions (Figure 3.2), while the
occupancy of the selectivity filter accounts for the increase in the effective valence of
block due to the vacation of ion at depolarizing voltages, which is expectedly more
prominent as [ion]o, and hence selectivity filter occupancy, increases (Figure 3.4 &
Figure 3.5). Our experimental observations are therefore consistent with the picture
that ions in the selectivity filter are more sensitive to voltage than in the aqueous

cavity for any given transmembrane potential.
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Various previous studies have employed different approaches to obtain
experimental values of the Ka of putative ion-binding sites in a channel or selectivity
filter. More recently, isothermal calorimetry (ITC) has been used for purified
channels to obtain ion-binding affinities [224-228] which revealed that in K*-
selective channels such as KcsA, equilibrium selectivity appeared to be semi-
quantitatively similar to electrophysiological selectivity, suggesting the involvement
of selective binding in the generation of high K* selectivity [225]. However, similar
to our results, there are also cases where equilibrium and electrophysiological
selectivity do not match completely [226], suggesting indeed that one selectivity
sequence does not necessarily reflect the other and vice versa. Our approach is akin
to the pioneer studies by Neyton & Miller [229, 230] and more recently Piasta et al
[231] who studied the effect of permeant and impermeant ions on blocking the
permeation of the permeant blocker Ba?* in K*-selective channels. In contrast to these
studies where the ionic effect is on the blocked state, the effect of external ions in
our study is to prevent the establishment of a blocked state. Therefore, our data
reflect ion-binding events in an empty channel and are therefore likely to remain

valid in the absence of the blocker.

We conclude that in hTPC2, Na* vs Ca? selectivity under physiological conditions is
likely governed by the following factors: 1) at physiological [Na‘] as low as that
found in the cytosol, [Na*]/Ka is 21 and is 210 at normal extracellular [Na*] whereas
at physiological [Ca?]o, [Ca?]/Ka is <0.2 or <0.1 at lysosomal [Ca?*]o and therefore
little if any Ca?" binding at the selectivity filter can occur; 2) the ion release rate of
the permeation-permissive configuration of Ca? within the 100mM range is ~100-
fold lower than that of Na*, suggesting that Ca?* faces a much higher energy barrier
while attempting to escape from the selectivity filter to the aqueous cavity; 3)
whereas Na* likely permeates by establishing a multi-ion configuration attainable
within the 100mM range which tends to lower the energy barrier to ion release, Ca*

is unable to establish this more permeation-permissive configuration within the
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physiological range; and 4) thus increasing [Ca?]o increasingly blocks hTPC2 rather
than being conducted through (Figure 3.10). These conclusions are supported by the
quantitative and coherent relationship between ion-binding selectivity, ion
throughput and the observed electrophysiological selectivity, which were all

determined systematically in this study.

Recently, the appearance of the crystal structure of a prokaryotic voltage-gated Na*-
selective channel, NavAb [147, 232], has prompted computational studies on Na*
permeation through the selectivity filter of this channel [233-240]. From the crystal
structure and these studies, there appear to be two to three Na*-binding sites within
the selectivity filter, lined by the SELT sequence contributed by the side chains of S
and E and the backbone carbonyls of L and T. The two-ion mechanism (or >1) of ion
conduction inferred from our results is qualitatively similar to this observation. In
addition, the low affinity of ion binding in hTPC2 is also qualitatively similar to the
observation that no deep energy wells are observed in the ion conduction pathway

in NavAb.

In NavAb, Na* appears to be coordinated by the carboxyl group of a glutamate at
the top site and one carbonyl of a leucine at the lower site while retaining most of
the water molecules in its first hydration shell. The putative selectivity filter of
hTPC2 or TPCs in general is not very dissimilar to this SELT sequence, which is
predicted to be lined by NATT and NNVV in the first and the second pore domain
respectively if one considers the side chain and backbone carbonyl usage in the
SELT filter and the considerable chemical similarity of N to a protonated D. From
molecular dynamics studies, Ca? did not exhibit much lower affinity towards the
selectivity filter, which is similar to our experimental observations that Na* and Ca?
have similar binding affinities. Interestingly, the fully protonated EEEE ring of
NavAb appears to close the pore and prevent Na* penetration into the selectivity

filter [233, 238]. The one-carbon shorter Asp residue in TPC2, compared to the Glu
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residue in NavAb at an equivalent position, may represent an evolutionary strategy
to overcome this inherent geometry problem faced when exposed to an external
acidic condition such as the lumen of the lysosome and may explain the

insensitivity of Na* permeation at increasingly acidic external pH (Ch.2).

Na* Caz*
] | J
]
S !
(reference conductance) (low conductance)

Figure 3.13 A possible mechanism for Na*/Ca* selectivity

See text (below) for details.

Our final interpretation of the data is summarized in Figure 3.13. In the case of Na*
and Li*, two- or multi-ion binding is achievable within the 100-200mM range. Ion-
ion repulsion therefore yields a high probability of ion exit to the intracellular side.
In the case of Ca?" and/or Ba** which are also able to bind at the selectivity filter with
not-much-lower affinity, two- or multi-ion binding is not achievable within the 100-
200mM range, the lone ion is therefore effectively trapped in the selectivity filter
and hence a low probability of exit to the intracellular side. In light of the possible
non-conducting mode of the selectivity filter (Scheme 3.3), a plausible scenario is
that Na* or Li* binding progressively stabilizes the conducting mode, leading to the
experimentally observed sigmoidicity despite the likely negative cooperativity of

sequential ion binding.
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3.7 Conclusion

In conclusion, we have identified an intracellular physiological blocker of hTPC2
and used it as a tool to experimentally investigate the mechanism of ion selectivity
and permeation. Our study offers mechanistic, although abstract, insights into how
the selectivity filter of hTPC2 selectively conducts Na* over Ca* or K* under
physiological conditions. The different Kd's or Km's for ion binding and permeation
also imply the multi-ion nature of ion conduction in hTPC2, an apparently loosely
general mechanism so far observed in biological ion channels within the 4x6TM
superfamily whose atomic structures have been solved experimentally. Future
studies will be required for further validation of these hypotheses, which would
likely require the determination of the structure of this channel at atomic resolution

and accompanying mutagenesis and computational studies.
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Supplementary

3.8 Supplementary

Sequence alignment used in homology modeling
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External loop (grey) that is not present in the homology model

Model 551 —===————————- LMAVVASTVLGLVQNMRAFGGILVVVYYVFAIIGINL 600
CEErrrrrrr e e e e e

hTPC2 551 IVFRFLRIIPSMKLMAVVASTVLGLVQNMRAFGGILVVVYYVFAIIGINL 600

Model 601 FRG------— N S S it YWANNFDDFAAALVTLWNLM 650
[ RN FEEEErrrrr el

hTPC2 601 FRGVIVALPGNSSLAPANGSAPCGSFEQLEYWANNFDDFAAALVTLWNLM 650

Model 651 VVNNWQVFLDAYRRYSGPWSKIYFVLWWLVSSVIWVNLFLALIL------ 694

Crrrrrrrrrrrrrrrrrr et e et
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4 Conclusion and outlook

In this thesis, a relatively detailed account has been given to relate
electrophysiological ion selectivity, ion dynamics and ion-binding selectivity. These
qualities are not separate but serial events starting from the initial ion-binding
events to the resultant cellular ion dynamics, bridged by the electrophysiological ion
selectivity, functional consequence of microscopic ion binding. Nevertheless,
although these experimental observations provoke some interesting determinants
that govern ion permeation, the molecular mechanisms that underlie these
determinants have not been explored. One obstacle is the reliance on
electrophysiological methods to determine ion-binding affinity, which would not be
readily applicable to channel mutants that do not conduct ions at a measurable rate,
which is possible given that pore-lining residues are the likely candidates for
mutagenesis study. This emphasizes the need to expand the methodology range to
determine ion-binding affinity experimentally without having to measure ionic

current. Techniques that directly measure ion binding will thus be required.

One such technique is isothermal titration calorimetry (ITC). ITC directly measures
the differential heat upon ion binding, thereby allowing the determination of both
enthalpic and entropic contributions to the free energy of binding. Therefore, it is
possible to extend the current study by investigating the potential differences in
enthalpic and entropic contributions between different ions. Further ITC
experiments combined with mutagenesis are likely to yield important information
regarding the role of certain structural elements in the pore-lining region which
may govern the enthalpic and entropic differences between different ions.

Nevertheless, parallel electrophysiological investigation and those presented in this
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thesis will be important for the interpretation of new ITC data in terms of the

location and the stoichiometry of ion binding.

In addition, structural elements that underlie selectivity filter and the aqueous
cavity have been unknown. Knowledge has been based mostly on multiple
sequence alignment within the superfamily and/or homology modeling using
recently available crystal structures of various bacterial Nav channels as has been
attempted here. Although secondary structure predictions, which are considerably
accurate, can be used to help assign better alignment to the template, the exact
homologous positions can be ambiguous as has been demonstrated recently in the
case of the voltage-gated proton channel Hv1 [241] and depends to some extent on
gap penalty assignment. Further, the lack of homologous template for the
extracellular loops of both repeats of hTPC2 renders these domains not amenable to
homology modeling and these domains have to be deleted to prevent the formation
of erroneous structures that geometrically interfere with the pore helices. Therefore,
as briefly mentioned in Ch.3, an experimental structure of TPCs will be required to
more accurately assign the spatial organization of the pore residues and how the
bound ion is coordinated and to test whether multi-ion-like mechanisms may be

indeed operating in hTPC2.

Aside from the above biochemical and structural considerations of the permeation
pathway, regulation of channel opening represents another important aspect that
warrants further experimental investigation. Whether external protons may activate
hTPC2 directly and how external protons and internal PI(3,5)P: exert their co-
stimulatory effects are also not known. Reconstitution experiments recording
macroscopic currents from demonstrably purified proteins will be required to
address these questions. In addition, it is not known whether channel opening
involves rearrangement of the four inner helices (56) or conformational changes in

the selectivity filter, which may also occur during channel gating. Fluorescent
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labeling studies together with patch-clamp measurements and more detailed
blocker accessibility experiments, for example, will provide functional clues to this

intriguing question.

Direct measurements of biophysical, biochemical and structural properties of TPCs
are likely to shed important light on channel function in the future, which should
help clarify the controversies that the literature currently suffers. Thanks to the
progress in in vitro expression systems and methods on whole-endolysosome patch-
clamp, the elusive resident channels and transporters are now amenable to direct
functional assessment. Together with the increasing list of endolysosomal
channels/transporters identified, this is likely to provide tremendous insights into
membrane transport mechanisms in endolysosomes and their molecular origin,
which will ultimately allow for a better understanding in the elusive endolysosomal

membrane physiology and pathophysiology.

Finally, how the basic electrophysiological properties of TPCs may fit with the
proposed roles of TPCs is currently not clear. The substantial disparity between the
channel properties of TPCs and the vast literature related to their proposed function
may warrant further investigations but may also imply genuine incompatibility. It is
maybe too early to speculate the potential role of a lysosomal Na*-selective
conductance, as details regarding the trans-lysosomal ionic gradient are not entirely
clear [124, 157, 173]. Nonetheless, the work presented in this thesis provides a basis
for further understanding the function of TPCs and establishes important
constraints on potential channel function given their Na* selectivity and ligand

sensitivity.
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5 Appendix

Materials and reagents

Activated charcoal (Sigma)
ATP-Mg (Sigma)

BaClz (AnalaR)

Ba(OH): (Sigma)

CaClz 1M solution (VWR)
Ca(MeSOs)2 (TCI)

Ca(OH):2 (Sigma)

cADPR (synthesized in-house)
CsCl (Sigma)

Cs(MeSO:s) (Sigma)

D-Glucose (Sigma)

EDTA (Sigma)

EGTA (Melford)

GTP-Na (Sigma)

HCI (Fisher Scientific)

HEPES (Melford)

IPs (Calbiochem or Sigma)
Ionomycin (Calbiochem)

LB broth (Sigma)

LB agar (Melford)

LiCl (Sigma or AnalaR)

LiOH (Sigma)

Li2(SOs) (Sigma)

MeSOsH (TCI)

MgCl2 1M solution (Fluka or Sigma)
Mg(SO4)2 heptahydrate (AnalaR)
Monensin (Sigma)

NaCl (Fisher Scientific)
Na-gluconate (Sigma)
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NaHCOs (AnalaR)

Na(MeSQOs) (Sigma)

NaOH (AnalaR)

Na2(SO4) (Sigma)

NAADP (synthesized in-house)

MES monohydrate (Sigma or Melford)
NMDG (Sigma)

KClI (Sigma)

K(MeSOs) (TCI)

KOH (AnalaR)

Spermidine trihydrochloride (Sigma)
Spermine tetrahydrochloride (Sigma)
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