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Abstract in German

Trimere intrazelluldre Kationenkanale (TRIC) sind an der Kontrolle der Ca®'
Freisetzung aus dem endoplasmatischen Retikulum (ER) beteiligt. Diese
lonenkanale werden selbst durch den luminalen Ca** Spiegel im ER reguliert und
ermaoglichen einen Kationenstrom, welcher Ladungsausgleich und damit verstarkte
Ca®* Freisetzung aus dem ER ermdglicht (“counterion flux”). Die TRICA Isoform ist
vorwiegend in erregbaren Geweben exprimiert und scheint damit insbesondere fir
zyklische, oszillierende Ca?* Signale von Bedeutung. Die vorliegende Arbeit hatte
das Ziel die zellulare und molekulare Funktion von TRICA zu klaren und
prasentiert ein vollig neues mechanistisches Konzept der Frequenzmodulation von
Ca?* Signalen, das auf einer dynamischen Wechselwirkung zwischen TRICA und
STIM/Orai  Komplexen  basiert. Unter Verwendung des  HEK293
Exressionssystems konnten wir zeigen, dass TRICA Expression sowohl die
Amplitude als auch die Frequenz von Ryanodin-Rezeptor (RyR2)-abhangigen
Ca?* Ostzillationen aber auch Inositol trisphosphat (IPs)-mediierte Ca®* Signale
durch Hemmung des Speicher-regulierten Ca?* Einstroms (SOCE) unterdriickt.
Dabei erscheint insbesondere der Ca®* Riicktransport, also die Wiederauffiillung
des ER Ca?" Speichers, TRICA-abhingig verzdgert und damit die Frequenz der
zyklischen Signale verlangsamt. Bei ER-Ca®* Entleerung transloziert TRICA
zusammen mit STIM1 in Regionen der Plamamembran (,ER-PM junctions®),
welche fir SOCE verantwortliche lonenkalkomplexe (STIM/Orai) enthalten. TRICA
verzogert und hemmt die Ausbildung funktioneller STIM/Orai Kanalkomplexe und
damit SOCE. Die vorliegende Arbeit identifiziert TRICA als einen neuen negativen
Regulator der zellularen STIM/Orai Funktion und als ein Molekul mit potenzieller in
pathophysiologischer Bedeutung speziell im Bereich von

Muskelfunktionsstérungen.
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Abstract in English

Trimeric intracellular cation (TRIC) channels reside in the sarco/endoplasmic
reticulum (SR/ER) and have been proposed to sense luminal Ca* and modulate
ER Ca*' release by providing counterion flux. The TRICA isoform is expressed
predominantly in the excitable tissues and appears to modulate the oscillatory
Ca?* signaling. This thesis is aimed at elucidating the molecular functions of
TRICA and provides evidence for a novel concept of frequency modulation in
oscillatory Ca®* signaling, based on dynamic targeting of TRICA into STIM1/Orai1
complexes. Using a HEK293 reconstitution approach, we identified TRICA
modulates the amplitude and frequency of RyR2-mediated Ca®* oscillations and
IPsR-induced cytosolic signals by attenuating store-operated Ca?* entry (SOCE).
Further, TRICA-dependent delay in ER Ca?* refilling contributes to shaping the
pattern of Ca?* oscillations. Upon ER Ca®" depletion, TRICA co-migrates with
STIM1, clusters with STIM1 and Orai1 within ER-plasma-membrane (PM)
junctions, and impairs assembly of STIM1/Orai1 complex, causing a decrease in
Orai1-mediated Ca?* current and SOCE. Together, our findings demonstrate that
TRIC-A is a negative regulator of STIM1/Orai1 function. Thus, upregulation of

SOCE could contribute to muscle disorders associated with loss of TRICA.
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Introduction

1.1 Trimeric intracellular cation (TRIC) channels

TRIC channels in vertebrates exist in two isoforms, TRICA and TRICB. TRICA
was discovered in rabbit skeletal muscle as a 33k kDa protein while screening
membrane proteins involved in intracellular Ca®* handling, whereas its structural
homolog, TRIC-B, was identified in homology searches in databases. While
TRICB is ubiquitously expressed as an endoplasmic reticulum (ER)-resident
channel in most mammalian tissues, TRICA is preferentially localized throughout
the sarcoplasmic reticulum (SR) and nuclear membranes of excitable tissues,
including skeletal muscles, heart, and brain (Yazawa et al., 2007). TRICA is
predominantly expressed in skeletal muscles, compared to ryanodine receptor 1
(RyR1) and TRICB channels (5:1:1) (Zhao et al., 2010), whereas both TRIC
isoforms have a similar expression in vascular smooth muscles (Yamazaki et al.,
2011). Within the vertebrate family, TRICA shares 50-70% sequence identity,
whereas TRICB shares about 40% sequence identity. The invertebrate TRIC
homologs share about 30% sequence identity with either mammalian TRICA or
TRICB (Wang et al., 2019).

1.1.1 Structure

Chemical cross-linking and electron microscopy using colloidal gold-conjugated
Fab fragments labeling of TRICA purified from skeletal muscle microsomes
demonstrated a homotrimeric pyramidal structure (Yazawa et al., 2007). Later,
crystal structures of non-mammalian TRIC homologs from X-ray crystallography
revealed homotrimeric complexes, stabilized by lipids. Each monomer consists of
an hourglass-shaped, hydrophilic pore within seven transmembrane helices (TM1-
7) with a luminal N-terminus and a cytosolic C-terminus (Figure 1). The
electrostatic potential is slightly negative on the luminal side and largely positive
on the cytosolic side (Yang et al., 2016, Wang et al., 2019).

13



Cytosol

SR/ER

N SR/ER lumen

Figure 1. Membrane topology of TRIC channel monomer.
Each monomer consists of seven transmembrane helices (TM1-7) where TM4-6 (green) resemble
the inverted repeats of TM1-3 (purple) attached to luminal N-terminus, and TM7 (red) exists as

standalone helix attached to cytosolic C-terminus.

TM5b acts as a conformational switch for binding different lipid molecules at
the monomer interfaces like phosphatidylinositol-4,5-bisphosphate (PIP2) in
invertebrates like Caenorhabditis elegans or diacylglycerol (DAG) in vertebrates
(Figure 2). While these lipids have been reported to activate ion-channels like
transient receptor potential canonical (TRPC), Kir channels on the PM, they
stabilize the homotrimeric complex of TRIC channels (Tiapko et al., 2019, Yang et
al.,, 2016, Wang et al.,, 2019). The polar head of lipids orients towards the
monomeric pore whereas the non-polar acyl chains face towards the trimeric
center (Yang et al., 2016, Wang et al., 2019).

Figure 2. TRICA complex with lipid.

(A) Ribbon diagram of Gallus. gallus TRICA, with one monomer removed. The TM2 (purple) and
TM5 (green) helices from two monomers line the lateral fenestration in which the lipid molecules
(DAG) are shown as sticks, with carbon (yellow), nitrogen (blue), and oxygen (red). (B) Cross-
section view of G. gallus TRICA with three DAG molecules superimposed into the lateral
fenestrations. (C) Enlarged view of the DAG molecule, shown in B. Reproduced from (Wang et al.,
2019) with permission from PNAS.
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At rest, cation permeation in Gallus gallus TRICA appears occluded by a
highly conserved Lys'® residue within a voltage-sensing region in TM4
(KEVXRXXK), which forms hydrogen bonds with Tyr®® (TM1) and Ser® (TM2). The
pore blockage is stabilized by Ca** binding to the highly conserved Gly™ at the
luminal channel surface, together with the hydrogen bonds among the polar
residues of TM helices. The conserved basic residues that line the pore and the
voltage-sensing region is balanced by the phosphate groups of lipids and the
acidic residues (Figure 3, left). Dissociation of Ca?* from TRICA was shown to
initiate a conformational transition, accompanied by the loss of nearly all stabilizing
hydrogen bonds (Figure 3, right) which is expected to move the Lys'®® plug and
open the pore for counterion flux in a voltage-dependent manner (Wang et al.,
2019).

o\
Q1408

| [ Q140
Ca?*-bound&¢ 2

a2*-free

Figure 3. Ca® binding and modulation in TRIC channels.
Membrane view of Ca®*-bound (left, dark green sphere) and Ca*-free structures of G. gallus TRIC-
A along with water molecules (red sphere). The amino residues (sticks) are involved in hydrogen

bonding (black dashed lines). Reproduced from (Wang et al., 2019) with permission from PNAS.

1.1.2 lon-Permeability

The single channel properties (conductance and gating) of purified/recombinant
TRIC isoforms have been studied extensively in lipid bilayer reconstitution
experiments. TRICA purified from rabbit skeletal SR vesicles is permeable to
monovalent cations, K™ over Na® (permeability ratio=1.5) with a reversal potential
of -20 £ 1.7 mV but impermeable to divalent cations and anions (Yazawa et al.,
2007).

15



1.1.3 Regulatory factors
1.1.3.1 Voltage

TRIC channels, mainly TRICA, are regulated by trans-SR voltage with higher open
probability, mean dwell time and current amplitude at positive holding potentials on
the cytosolic side relative to the SR lumen (Pitt et al., 2010, Wang et al., 2019).
The TRICA channel pore mutant K129A is constitutively active at all voltages
whereas K129Q mutant is largely closed, indicating a significant role of the highly
conserved Lys'®® residue in gating as well as sensing voltage across the
sarco/endoplasmic reticulum (SR/ER) (Wang et al., 2019).

Out of two conductance states, TRICA gate predominantly to a fully open
state, with a brief, occasional transition to subconductance state (Pitt et al., 2010).
On the other hand, TRICB have multiple subconductance states in addition to a
fully open state (Pitt et al., 2010, Venturi et al., 2013). Besides, three monomers in
the homotrimeric homolog in C. elegans were found to function cooperatively to
achieve rapid, simultaneous opening of all pores for the cation permeation (Yang
et al., 2016).

1.1.3.2 Luminal and cytosolic Ca*

TRIC channels act as Ca®" sensors in both SR/ER lumen and cytosol. Single-
channel current of TRICB is inhibited by luminal Ca?* and activated by micromolar
cytosolic Ca®* (Pitt et al., 2010). TM5-6 loop in TRICB homolog is proposed as a
Ca* sensing domain on the cytosolic side, which undergoes a conformational
change upon Ca?* binding and favors voltage-dependent channel opening for
monovalent cation permeation (Yang et al., 2016). Besides, luminal Ca®** (0.5-1.0
mM) inhibits voltage-activated single channel current of purified G. gallus TRICA,

possibly due to substantial pore stabilization by bound Ca®* (Wang et al., 2019).

1.1.4 (Patho)physiological role in Ca** signaling

Ca?* is a universal second messenger that regulates a plethora of cellular
functions, including excitation-contraction (EC) coupling, secretion, gene
expression, differentiation and apoptosis. Distinct Ca®*-selective channels and

transporters localized in various cellular compartments at varying levels in different
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cell types confer cell-type specific Ca* signals with spatial and temporal precision
(Berridge et al., 2000).

Ca?* signals are initiated by a rise in cytosolic Ca** level via release from
intracellular SR/ER stores or influx across the plasma membrane (PM) from the
extracellular space. SR/IER Ca?* is released through two distinct families of ion
channels: RyRs and inositol 1,4,5-trisphosphate receptors (IPsRs) (Berridge et al.,
2000). IP3Rs are ubiquitously expressed and are activated by IP3; and low (<1 uM)
local, cytosolic Ca?* but inhibited at higher cytosolic Ca®* (1-10 uM). IP5 is formed
from hydrolysis of PIP2 by activated phospholipase C (PLC), following stimulation
of specific cell surface receptors. RyRs are the largest known ion channels and
exist in 3 isoforms (RyR1-3), mainly in excitable tissues such as skeletal muscles,
cardiac muscles, and neurons respectively. RyRs are mainly regulated via its large
cytosolic region by various modulators namely Ca?* and Mg®* ions, voltage-gated
Ca** (Ca,) channel, calmodulin, adenosine triphosphate (ATP), FK506 binding
proteins (FKBP12 and 12.6), protein kinase A (PKA), Ca?*/calmodulin-dependent
protein kinase Il (CaMKIl), calsequestrin, triadin, and junctin. RyRs are activated at
1-10 pM and inhibited at 10-100 pM cytosolic Ca?".

The elevated cytosolic Ca®* following release from SR/ER is mainly pumped
back by sarco/endoplasmic reticulum Ca®*-ATPase (SERCA) or extruded out of
the cell by plasma membrane Ca?*-ATPase (PMCA) or Na'/Ca®* exchanger
(NCX). Mitochondria also play a role in buffering cytosolic Ca®* through their low
affinity but high capacity Ca®* uniporter (Berridge et al., 2000). Ca** efflux from
SR/ER lumen to the cytosol through the RyR and/or IP3R gives rise to a transient
negative potential within the SR/ER lumen (Figure 4). TRIC channels have been
postulated to provide counter monovalent cation flux (mainly K*) to neutralize the

negative potential and facilitate further Ca®* release (Yazawa et al., 2007).
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Figure 4. Schematic illustration of the proposed role of TRIC channels during SR/ER ca®
release.
TRIC channels provide counter monovalent cation flux (mainly K*) to neutralize the transient

negative potential generated SR/ER Ca®' release via RyR/IP3;R and facilitate further Ca® release.

Gene knockout studies demonstrate that TRIC channels are essential for
the normal physiology of various tissues and even survival. Mice with a knockout
of both subtypes die of heart failure before birth where embryonic cardiomyocytes
display weak spontaneous RyR-mediated Ca?* oscillations but enhanced caffeine-
evoked Ca®" transients, due to Ca®* overload in swollen, abnormal SR (Yazawa et
al., 2007). TRICB knockout mice die immediately after birth due to respiratory
failure, characterized with compromised |PsR-mediated Ca®* release and
ultrastructural abnormalities in alveolar epithelial cells (Yamazaki et al., 2009). On
the other hand, TRICA knockout mice are viable with normal growth, reproduction
and motor functions but exhibit abnormal SR Ca?" mobilization in excitable
muscles (Yazawa et al., 2007, Zhao et al., 2010, Yamazaki et al., 2011).

Isolated skeletal muscle fibers from TRICA knockout mice exhibit more
negative SR membrane potential, compromised osmotic stress-induced Ca**
sparks and slower voltage-induced Ca®" release via RyR1 (Yazawa et al., 2007).
Further, they display higher Ca®* release from caffeine-sensitive SR stores and
irregular contractile force (mechanical alternans) during fatigue (Zhao et al., 2010).
In addition, RyR1 gating is compromised in TRICA knockout mice where ATP (in

the presence of M92+), as well as PKA-dependent phosphorylation, failed to

18



effectively activate RyR1 though sensitivity to cytosolic or luminal Ca®* and ATP
remained unchanged (El-Ajouz et al., 2017).

In vascular smooth muscle cells (VSMCs), TRICA ablation inhibits RyR-
mediated Ca®** sparks under depolarizing conditions (high extracellular K*) but
enhances |IPsR-mediated Ca®* waves and oscillations due to Ca®* overload in IPs-
sensitive stores. Besides, VSMCs lacking TRICA has depolarized resting
membrane potential due to less active Ca?*-dependent K* channels. This, in turn,
activates L-type Ca?* channels to elevate cytosolic Ca®* and resting tonus of
VSMCs, leading to hypertension and bradycardia in TRICA knockout mice during
the daytime, which is rescued via VSMC-specific TRICA transgene expression
(Yamazaki et al., 2011). On the other hand, wild-type mice overexpressing TRICA
in VSMCs develop hypotension owing to opposite effects on RyR and IP3R (Tao et
al., 2013).

The phenotypes observed as a consequence of TRICA knockout in muscle
tissues were attributed to the lack of critical K* countercurrent via the trimeric
channel during SR Ca** release. However, replacing cytosolic K* with Na* or Cs*
in isolated cardiac SR microsomes or saponin-permeabilized myocytes markedly
reduced the SR K+ channel conduction, yet failed to affect single RyR2 channel
currents and open probability, as well as Ca’* sparks and SR Ca?* load. Moreover,
RyRs have been proposed to provide themselves sufficient counter K*/Mg?* flux to
enable and sustain Ca** release. Hence the TRIC channels may not represent an
indispensable prerequisite for efficient SR Ca®* release as presumed earlier, but
still contribute to K™ equilibrium across SR and in turn restore ER membrane
potential near 0 mV upon closure of RyRs during repetitive cycles of release
events (Guo et al., 2013). Recently, a cardiac SR compartment model simulation
suggested that SR Ca?* release relies on a cascading network of ion
permeabilities including TRICs to provide countercurrents and establish ion

homeostasis (Zsolnay et al., 2018).
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1.2 Store-operated Ca** entry (SOCE)

1.2.1 Concept and history

Although SOCE has a long history in terms of a physiological phenomenon, it has
been explored at the molecular ion-channel function only within the past 15 years.
PLC-coupled agonists release Ca?* from IPs-sensitive intracellular stores and
activate Ca®"* influx across the PM from extracellular space. The incoming Ca?* is
quickly diffused into ER, closely associated with PM, for privileged refilling of
depleted stores. This concept of “capacitative Ca®* entry” was first envisioned and
proposed by Putney in 1986, based on previously published findings (Putney,
1986). In later experiments in parotid acinar cells, the Ca®" influx was evident
following depletion of intracellular stores not only by PLC-IP; pathway but also by
inhibition of SERCA (Takemura and Putney, 1989). Thus, Putney revised his
previous concept stating that Ca®* influx via PM channels depends on the filling
state within the intracellular Ca®* stores, and can be activated by simply depleting
the stores irrespective of the stimulus, now termed as store-operated Ca®* entry
(SOCE) (Putney, 1990). Hoth and Penner recorded whole-cell Ca?* release-
activated Ca®* (CRAC) current, Icrac through PM channels, activated slowly
following Ca®" store depletion in the mast cells. Icrac is @ highly Ca®*-selective,
non-voltage-gated, and inward rectifying current with positive reversal potential
(Hoth and Penner, 1992). Icrac is small (few pA/pF) and the estimated single-
channel conductance (<1 pS) is too low to be detected by conventional
electrophysiology (Zweifach and Lewis, 1993).

Almost two decades after the conceptualization of the “capacitative Ca?*
entry” model, the molecular key players involved were identified via genome-wide
RNA interference screens and genetic linkage analysis in patients. Stromal
interaction molecules (STIM1 and STIM2) were identified as sensors for the ER
luminal Ca®* levels ([Ca**]er) (Roos et al., 2005, Liou et al., 2005) whereas Orai1
(also termed CRACM) was discovered as the essential component of CRAC
channels at the PM (Feske et al., 2006, Vig et al., 2006b, Zhang et al., 2006).
Following the molecular identification of STIM and Orai proteins, a number of
structural, functional and biochemical studies have been carried out to compare
the homologs, determine their stoichiometry, identify structural domains involved in

clustering and interaction, and understand their (patho)physiological significance.
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1.2.2 STIM

Although initially identified as a stromal cell surface molecule, which
recognizes B-cell precursors and affects their proliferation (Oritani and Kincade,
1996), the role of STIM1 and its vertebrate homolog, STIM2 (Williams et al., 2001)
in Ca?" signaling was deciphered a decade later via function-based RNA
interference screens (Roos et al., 2005, Liou et al., 2005). STIM proteins are
predominantly and ubiquitously expressed in the ER membrane of various cells,
and largely conserved across species. As shown in figure 5, they have single-TM
domain, with EF-hand and sterile a-motif (SAM) at the luminal N-terminus, and
coiled-coil domains (CC1 (a1-3), CC2 and CC3), inhibitory domain, Ser-/Pro-rich
domain, and Lys-rich polybasic tail at the cytosolic C-terminus (Soboloff et al.,
2012). The coiled-coil and Ser/Pro-rich domains mediate the comet-like movement
of STIM1 along the microtubules via binding to EB1 (a microtubule-plus-end-
tracking protein involved in microtubule-ER extension) (Baba et al., 2006,
Grigoriev et al., 2008). STIM1 is a phosphoprotein, with phosphorylation sites
between the inhibitory domain and polybasic tail (Pozo-Guisado et al., 2010).
Apart from sensing [Ca®*]er, STIM1 is triggered by various other stimuli, including

oxidative stress, temperature, hypoxia, and acidification (Soboloff et al., 2011).
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Figure 5. Molecular domains of human STIM1.

SP, signal peptide (SP); cEF, Ca**-binding canonical EF-hand; hEF, non-Ca*"-binding hidden EF-
hand; SAM, sterile a-motif, TMD, transmembrane domain; CC1 (Ca1, Ca2 and Ca3), CC2 and
CC3, coiled-coil regions; SOAR, STIM-Orai activating region; CAD, Ca”" release-activated Ca**
(CRAC) activation domain; OASF, Orai-activating small fragment; Sa1, Sa2, Sa3 and Sa4, four
a-helices; ID, inhibitory domain; PS, Pro/Ser-rich domain; TRIP, microtubule interacting domain; K,
polybasic domain. Reproduced from (Soboloff et al., 2012) with permission from Springer Nature
(Order number: 4575880927132).
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At resting [Ca?']er of ~400 uM (Figure 6), STIM1 exits as an inactive, folded
dimer, stabilized by intramolecular interactions within Orai-activating small
fragment (OASF, aa 233-474) composed of CC1 (aa238-343) and STIM-Orai
activating region (SOAR, aa344-442) or CRAC activation domain (CAD, aa342-
448) in the cytosolic region (Yuan et al., 2009, Covington et al., 2010, Muik et al.,
2011). Two studies provided structural insights into the cytosolic CC domains of
STIM1 (Yang et al., 2012, Stathopulos et al., 2013). First, a crystal structure of V-
shaped human SOAR dimer revealed that each R-shaped SOAR consists of four
a-helices (Sa1-Sa4, aa 345-444) in which Sa1 (CC2) of one SOAR interacts with
Sa4 (CC3) of another SOAR. These dimeric interactions are critical for further
coupling to and activation of Orai1 (Yang et al., 2012). In addition, the crystal
structure of CC1 and SOAR fragments of C. elegens STIM indicated that the
acidic residues (aa318-322) within CC1a3 helix (aa310-337) interacts with the two
ends of SOAR (CC2 and CC3) to restrict cytosolic region of STIM1 in an inactive,
folded conformation (Yang et al., 2012). Second, a solution nuclear magnetic
resonance (NMR) structure of human STIM1 aa312—-387 revealed that CC1a3 and
CC2 bend in between to form dimers in an antiparallel manner.

Various mutation analyses have confirmed the critical role of CC1-CC3
interaction in restricting STIM1 in an inactive, folded conformation. Mutations in the
CC1a3 inhibitory helix disrupt the electrostatic and hydrophobic interactions, and
coiled conformation, unfold SOAR into active, extended conformation
(Korzeniowski et al., 2010, Muik et al., 2011, Yu et al., 2013) whereas disrupting
the amphipathic property of CC1a3 inhibitory helix locks STIM1 in a closed
conformation, unable to respond to store depletion (Yu et al., 2013). Furthermore,
mutation(s) within CC1a1 helix releases STIM1 into an extended, constitutively
active state (Muik et al., 2011, Zhou et al., 2013, Fahrner et al., 2014). In contrast,
CC102 seems to have a destabilizing role since CC1a1-CC3 interaction is
stronger following CC1a2 deletion (Fahrner et al., 2014).

Two TM domains in the STIM1 dimer cross each other at an angle to
separate the EF-SAM domains at the luminal region as monomers (Ma et al.,
2015). The EF-hand of STIM1 is tightly associated with the SAM domain at the N-
termini, which auto-inhibits oligomerization (Zheng et al., 2011). The negatively
charged Glu and Asp residues of EF-hand are bound to luminal Ca** with a
dissociation constant (K4) of ~200 uM (Stathopulos et al., 2006). STIM2 has lower
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Ca?* affinity (Kg~400 uM) than STIM1 due to the substitution of three amino acids
in the EF-hand and is more sensitive to small changes in [Ca®**]er (Brandman et
al., 2007). Despite higher sensitivity to [Ca®']er, EF-SAM domain of STIM2 is
stabilized by additional short, flexible N-terminal coiled residues, thereby
preventing constitutive activation of Orai1 channels (Stathopulos et al., 2009, Zhou
et al., 2009).
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Figure 6. Graphical representation of STIM1 activation and coupling within ER-PM junctions.
At rest, STIM1 is localized in the ER membrane as a dimer and bound to luminal Ca®" via EF-hand.
The molecular domains are coloured same as Figure 5. Dissociation of ca” following ER ca”
depletion induces conformational changes where EF-SAM dimerizes and cytosolic coiled-coil
domains unfold to extended configuration to expose SOAR. Activated STIM1 then oligomerizes
and translocates into ER-PM junctions, and the polybasic C-termini anchor STIM1 to acidic
phospholipids in the PM. STIM1 oligomers recruit, bind and activate Orai1 channels. Reproduced
from (Soboloff et al., 2012) with permission from Springer Nature (Order number: 4575880927132).

Upon ER Ca®" depletion (Figure 6), loss of bound Ca®" destabilizes and
unfolds EF-SAM complex to trigger oligomerization and translocation into discrete
puncta at junctional ER, located within 25 nm from the PM, known as ER-PM
junctions (Wu et al., 2006, Liou et al., 2007, Stathopulos et al., 2008). These
junctions cover ~5% of PM surface at rest and can expand upon STIM activation
(Wu et al., 2006). Mutations in EF-hand lowers its Ca** affinity so that STIM1 pre-
clusters within ER-PM junctions without store depletion, leading to constitutive
CRAC channel activation and Ca** influx (Liou et al., 2005, Zhang et al., 2005).
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The EF-SAM oligomerization triggers change in the crossing angle of TM domains
via conformational changes in three flexible glycine residues (Gly??®, Gly?*®, and
Gly??®), thereby propagating the activation signal throughout the cytosolic domain
(Ma et al.,, 2016). The CC1 domain is then dissociated from SOAR/CAD
(Korzeniowski et al., 2010, Muik et al., 2011, Yang et al., 2012, Yu et al., 2013,
Zhou et al., 2013, Fahrner et al., 2014) so that CC1 homomerizes and SOAR
unfolds to an extended conformation with strong interaction between CC2-CC3
domains within SOAR, which stabilizes the unstable EF-SAM oligomers of STIM1
(Yuan et al., 2009, Covington et al., 2010). STIM2 has more stable EF-SAM
domain, resulting in slower unfolding and oligomerization upon Ca®* dissociation
(Stathopulos et al., 2009, Zheng et al., 2011), and in turn poor coupling to and
slow activation of Orai1 (Zhou et al., 2009). Overexpressed STIMZ2, therefore,
inhibits the rate and magnitude of endogenous STIM1-mediated SOCE (Soboloff
et al., 2006a, Brandman et al., 2007).

1.2.3 Orai1

Humans encode three homologs (Orai1, Orai2, Orai3), conserved in the predicted
four-TM helices with cytosolic N- and C-termini, and acidic residues involved in
Ca2+-binding and selectivity (Figure 7) (Prakriya and Lewis, 2015). Three
independent RNA interference screens in Drosophila S2 cells identified Drosophila
Orai (0lf186-F) or its human homolog Orai1 as a key player in CRAC channel
complex, involved in SOCE and downstream signaling of nuclear factor of
activated T-cells (NFAT) (Feske et al., 2006, Zhang et al., 2006, Vig et al., 2006b).
Of note, Orai1 was found to be mutated at a highly conserved Arg®' residue
(R91W) in two homozygous patients suffering from severe combined
immunodeficiency (SCID), leading to impaired Icrac, SOCE, and NFAT-dependent
gene activation. Reconstitution of wild-type Orai1 in SCID T-cells restored Icrac
and SOCE, establishing a critical role of Orai1 in T-cell function and immune
response (Feske et al., 2006). Following store depletion, STIM1 interacts with and
recruits Orai1 into discrete clusters within ER-PM junctions and activates Orai1
channels for Ca®* influx (Luik et al., 2006). Orai1 expressed alone, reduces Icrac
and SOCE, likely reflecting a required stoichiometry between STIM1 and Orai1
(Soboloff et al., 2006b).
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Figure 7. Membrane topology of Orai1 channel monomer.

Insets show a comparison of Orai1-3 protein sequences in N- and C-termini, and TM1-TM2 and
TM2-TM3 loops. Yellow and red lines in TM, residues with gain-of-function and loss-of-function
mutations respectively; black lines in TM, residues affecting ion-selectivity; red lines in N- and C-
termini, residues important for STIM binding and gating; purple bars, intracellular residues critical
for Ca2+-dependent inactivation; black circles in TM1-TM2 loop, acidic residues; blue circles in
TM3-TM4 loop, redox inhibition site (C195) and glycosylation site (N223). Reproduced from
(Prakriya and Lewis, 2015) with permission from The American Physiological Society (Order
number: 4587650420763).

Subsequently, the crystal structures of Drosophila melanogaster Orai in a
closed form (Hou et al., 2012) and later in a constitutively open form (Hou et al.,
2018) supported the findings from functional and biochemical studies and
established Orai as the ion-selective pore of CRAC channel (Figure 8). First, a ring

formed by conserved Glu'™® 106

residues (Glu in human Orai1) around the
extracellular surface is critical for Ca®" binding, selectivity, and permeability.
Mutations at the Glu'® (E106A or E106Q) remove its negative charge in TM1 and
block Icrac, Whereas E106D reduces Ca?* affinity and selectivity. Besides,
mutating E190Q in TM3 facing the pore also reduces Ca** selectivity (Prakriya et
al., 2006, Vig et al., 2006a). Close to the Glu'® selectivity filter, the acidic residues
on the external loop between TM1 and TM2 form Ca?* accumulation region, which

increases local extracellular Ca®* concentration and drives Ca?* influx through the
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pore (Frischauf et al., 2015). Second, the non-polar residues Leu'®’, Phe'”!, and
Val'™ (Leu®, Phe®, and Val'® in human Orai1) in TM1 helices line the narrow,
rigid middle portion of the pore (McNally et al., 2009, Zhou et al., 2010b) which act
as a barrier to ion flux in a closed state but move away during STIM1-dependent
gating and rotation of pore helix to allow Ca** influx (Gudlur et al., 2014,
Yamashita et al., 2017). Besides, V102A/V102C mutation transforms the channels
into constitutively active and less selective, but the Ca®*-selectivity can be restored
by gating via co-expressed STIM1 (McNally et al., 2012, Yamashita et al., 2017).
Third, basic residues Arg'®, Lys', and Lys'®® (Arg®, Lys®’, and Arg®' in human
Orai1) in TM1 helices line the intracellular surface of the conductance pathway.
R91W mutation was initially identified in SCID patients (Feske et al., 2006), where
the bulky hydrophobic tryptophan rings could occlude the pore, resulting in
compromised Icrac. Fourth, M4-ext helices facing cytosol stabilizes the interaction
between M4b and M3 helices to constrain the pore in a closed conformation.
When the M4-ext helices move away and interact with cytosolic regions of active,

extended STIM1, the pore widens and opens for Ca?* influx (Hou et al., 2018).
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Figure 8. lon conduction pores in (A) closed and (B) open conformation from D.
melanogaster Orai crystal structures.

The pores are lined by amino acids (yellow) from two TM1 helices. The corresponding amino acids
in human Orai1 are shown in parentheses. The gray surface represents the radial distance from

the center to the nearest van der Waals protein contact. The horizontal lines depict approximate
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boundaries of the membrane-spanning region. The sections of the pore discussed in the text are
labeled. Green sphere, Ca”; red spheres, iron complex and anion binding sites. Reproduced from
(Hou et al., 2018) with permission from eLife under Creative Commons Attribution License,

(https://creativecommons.org/licenses/by/4.0/).

With regard to the functional stoichiometry of the CRAC channel, D.
melaogaster Orai crystal structure further revealed a hexameric channel complex
with a highly Ca**-selective pore, in contrast to a functional tetramer suggested by
various studies with Orai1 concatemers and single-molecule photobleaching
(Penna et al., 2008, Mignen et al., 2008, Maruyama et al., 2009). The NMR
structure of human Orai1-C-terminus (aa272-292) also supports active hexameric
channel in 1:1 complex with STIM1 CC1-CC2 domains (Stathopulos et al., 2013).
Later, two studies on Orai1 concatemers argued against a tetrameric assembly
and indicated that the Orai1 channel indeed functions as a hexamer (Cai et al.,
2016, Yen et al., 2016).

1.2.4 STIM1-Orai1 coupling

Following ER Ca*" depletion, the extended conformation of SOAR or CAD
oligomers spans the distance between ER and PM at ER-PM junctions, where
they recruit, interact with and activate Orai channels (Yuan et al., 2009, Park et al.,
2009, Muik et al., 2011). Structural insights into the C-terminal CC region of STIM1
with/without Orai1 C-terminal fragment revealed that the coupling potentially
involves the electrostatic interactions between the basic residues within CC2 or
Sa1 region of STIM1 (aa 382-387) and the acidic residues within Orai1 C-terminus
(aa 272-291), together with hydrophobic interactions (Yang et al.,, 2012,
Stathopulos et al., 2013). Mutations to neutralize these charged or hydrophobic
residues, as well as deletion of STIM1 CC2 domain or Orai1 C-terminus, disrupt
coupling to and activation of Orai1 channels (Muik et al., 2008, Calloway et al.,
2009, Calloway et al., 2010, Korzeniowski et al., 2010).

Orai1 C-terminus functions synergistically with N-terminus to couple STIM1
binding to channel gating and ion-selectivity (Palty et al., 2015, Palty and Isacoff,
2016, Zhou et al., 2016). STIM1 controls the gating and ion-selectivity of Orai1
channels by interacting with their N-terminal region, consisting of both basic and
hydrophobic residues (Li et al., 2007, Muik et al., 2008, Park et al., 2009, Lis et al.,
2010, McNally et al., 2013, Derler et al., 2013, Zheng et al., 2013). Besides, the
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SOAR dimer cross-links two adjacent subunits of Orai1 hexamer in a unimolecular
coupling model to facilitate the channel cooperativity, where Phe*** between CC2
and CC3 domains of SOAR is critical for binding to N-terminus and gating of Orai1
(Zhou et al., 2018).

A highly conserved hinge region (aa305-308) connecting TM4 to C-terminus
of D. melanogaster Orai dimer facilitates the anti-parallel orientation of C-termini at
an angle of 152°, supported by the inter-subunit hydrophobic interactions between
1e®'® and Leu®" (Leu?”® and Leu?’® in human). Mutations to less hydrophobic
residues or deletion of the C-terminus disrupts interactions with STIM1 (McNally et
al., 2013, Zheng et al., 2013, Palty et al.,, 2015, Zhou et al., 2016). The NMR
structure of human Orai1-C-terminus bound to STIM1 CC1-CC2 domains revealed
the crossing angle of 136° for the C-termini, suggesting STIM1-induced
conformational change in Orai C-termini (Stathopulos et al., 2013).

The polybasic lysine-rich C-terminus of STIM1 (aa672-685) can interact
with Pro-rich N-terminus of Orai1 to inhibit Orai1 activation and its deletion
(STIM1AK) promotes Orai1 activation (Yuan et al., 2009). However, STIM1AK
expressed alone, fails to redistribute into puncta within ER-PM junctions (Liou et
al., 2007), but forms puncta when coexpressed with Orai1 and activates Icrac via
its CAD/SOAR domain (Li et al., 2007, Park et al., 2009). Thus, the polybasic tail
per se is not essential for Orai1 activation but likely interacts with the PM acidic
phospholipids to recruit STIM1 within ER-PM junctions, thereby facilitating binding
of CAD/SOAR domain to Orai1 for activation (Korzeniowski et al., 2009, Walsh et
al., 2009).

Icrac is inactivated by rapid Ca’*-dependent inactivation of Orai1, followed
by slow dissociation of the STIM1-Orai1 junctional complex. Ca®*-dependent
inactivation is mediated by local Ca®* feedback (Zweifach and Lewis, 1995), acidic
residues in the STIM1 cytosolic inhibitory domain (aa 475-483) (Mullins et al.,
2009, Derler et al., 2009, Lee et al., 2009), calmodulin (Litjens et al., 2004, Mullins
et al., 2009) or calmodulin-independent conformational change in Trp’® and Tyr®
residues within the Orai1 pore (Mullins et al., 2016). The slow dissociation and
deoligomerization of the STIM1-Orai1 complex are mediated by an increase in
junctional Ca®* and [Ca®*]er (Shen et al., 2011).
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1.2.5 Other associated proteins/channels

Although STIM1 alone can gate Orai1 invitro and reconstitute /crac When co-
expressed (Zhang et al., 2006, Peinelt et al., 2006, Soboloff et al., 2006b, Zhou et
al., 2010a), other associated proteins/channels can modulate the efficiency of
Icrac in native cells and in turn be regulated by STIM1. These interacting partners

are summarized in table 1 below.

Table 1. Non-Orai1 partners of STIM1, molecular basis of interactions and functional

consequences.
. . Evidence/ .
Partner Location | Interaction Functional consequences | References
Method
(Soboloff et
Co- More sensitive to a small al., 2006a,
. s L 2+ Brandman
immunoprecipitation reduction in [Ca ]gr,
. . et al., 2007,
. . (Co-IP), total internal regulates basal cytosolic
Homomerize with . 2+ . Zhou et al.,
STIM2 ER . . reflection Ca”~" homeostasis.
STIM1, binds to Orai . . . 2009,
fluorescence (TIRF) Coexpression with Orai1
i ) Stathopulos
and confocal constitutively activates Icrac
microsco and Ca®" influx etal., 2009,
Py ' Subedi et
al., 2018)
(Huang et
Physical binding via al., 2006,
ERM of STIM1 and Co-IP, Glutathione S- 2+ + . Yuan et al.,
. Ca”" and Na’ entry; highly
electrostatic transferase (GST)- . L 2007, Zeng
TRPC . ) tissue- and stoichiometry-
PM interaction between pulldown, whole cell ; 2+ et al., 2008,
channels . ) dependent role in Ca
lysine residues of patch clamp, TIRF sianallin Cheng et
STIM1 and aspartate microscopy 9 9 al., 2011,
residues in TRPC Lee et al,,
2014)
Voltage- Co-IP, Ca* imaging, (Wang et
gated Ca®* oM CAD of STIM1 and whole cell patch Inhibits Ca®* entry via al., 2010,
channels C-terminus of Ca,1.2 clamp, confocal Ca,1.2 after store depletion | Park et al.,
(Ca,1.2) microscopy 2010)
Arachidoni
¢ acid- Constitutive Férster resonance (Thompson
regulated association with C- Store-independent ca® and
. PM ; energy transfer
calcium terminus of PM- (FRET), Co-IP entry Shuttlewort
(ARC) resident STIM1 ’ h, 2013)
channels
Indirect; coupling via (Ritchie et
) s 2+ .
PMCA PM partner of STIM1 Co-IP, Ca*" imaging Inh|?|ts (?a extrusion from | al. 2.0?2’
(POST) the junctional space Krapivinsky
et al., 2011)
Whole cell patch o4 (Liu et al.,
NCX PM Unclear clamp Promotes Ca“”" entry 2010)
Binding between Enhances cyclic adenosine (SL::IZr]mlatl
Adenylyl Orai1 and adenylyl FRET, GST-pulldown, | monophosphate (CAMP) v
PM . . 2009,
cyclases cyclase 8 via N- Co-IP production and PKA ;
termini activation Willoughby
etal.,, 2012)
:sosgg-ated OASEF region of TIRF microscopy,
STIM1 and Ca®' imaging, Co-IP, | Cytosolic Ca**-dependent | (Palty et al.,
regulatory ER . ) - .
cytoplasmic N- whole cell patch inactivation of Orai 2012)
factor terminus of SARAF clam
(SARAF) P
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STIM- CC1 domain (amino Co-IP. GST-pulldown
activating ER acids 233 — 343) of Ca?* i;na in P FRET " | Promotes SOCE and NFAT | (Jing et al.,
enhancer STIM1 and C-termini anal sisg 9: signalling 2015)
(STIMATE) of STIMATE 4
No effect on SOCE.
24 . . Promotes STIM1 binding to
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Py and Exportin-1, and
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SERCA ER with STIM1 into FRET, colocalization | oo filing Manjarres
junctions upon ER etal., 2010)
Ca® depletion.
CRAC Ternary complex with Promotion of SOCE and
regulatory Cvtosol Orai1-N-terminus and | Co-IP, GST-pulldown, | dissociation of STIM1- (Srikanth et
protein 2A, y STIM1 at low TIRF microscopy Orai1 complex after Ca** al., 2010)
CRACR2A junctional Ca®" levels influx
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Golli Cytosol C-terminus of STIM1 chromatograph Orait complex to attenuate | 2006,
y ass s e%trc?sc)g SOCE upon Ca®" influx Walsh et al.,
P Py after store depletion 2010)
(Litjens et
2+
Calmodulin | Cytosol | N-terminus of Orai1 | Co-IP, GST-pulldown | C2 -dependent al., 2004,
inactivation of Orai1 Mullins et
al., 2009)
Reorganize PIP2 within
. . Ca’" imaging, TIRF ER-PM junctions and (Sharma et
Septins PM Binds PIP2 microscopy facilitate STIM1-Orai1 al., 2013)
recruitment

Reproduced from (Groschner et al., 2018) with permission from Taylor & Francis Group, LLC under Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License (https://creativecommons.org/licenses/by-nc-nd/3.0/). Note:
Additional interacting partners are included.

1.2.3 (Patho)physiological role in Ca** signaling

SOCE is a major Ca®* influx pathway in the non-excitable cells, including immune

cells and secretory epithelial cells (Soboloff et al., 2012). Physiological stimulation

of cell-surface receptors promotes cyclic ER Ca?®* release via IPsR/RyR and

reuptake via SERCA, resulting in cytosolic Ca®* oscillations (Dupont et al., 2011).

The Ca*' oscillations vary in frequency and amplitude, which determines the

specificity and efficiency of gene expression in B-and T-cells (Dolmetsch et al.,

1997, Dolmetsch et al., 1998). SOCE sustains these oscillatory Ca®" signals via
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replenishing the depleted Ca** stores and counteracting Ca** efflux through PM
Ca? pumps. Without influx, Ca** stores cannot refill and the oscillations run down
and cease (Wedel et al., 2007, Boie et al., 2017).

Following SOCE in immune cells, Ca?*-calmodulin complex activates
calcineurin, which then dephosphorylates NFAT. The dephosphorylated NFAT
translocates from cytosol to nucleus and regulates downstream expression of
cytokines, transcription factors, and enzymes, which in turn govern various cellular
processes in immune cells such as proliferation, differentiation, metabolism, mast
cell degranulation, and cytotoxicity (Vaeth and Feske, 2018). Moreover, the local
Ca?* signal (Ca®* microdomain) near open CRAC channels, rather than the global
Ca?* oscillation itself, governs c-fos gene expression, NFAT1 activation in mast
cells (Di Capite et al.,, 2009, Kar et al., 2011). During each oscillation spike
coupled with transient ER Ca?* drop, STIM1, rather than STIM2, translocates
dynamically into ER-PM junctions and activates junctional Ca* entry (Bird et al.,
2009), which provides digitized Ca®" signals for regulation of gene expression
following stimulation of cysteinyl leukotriene type | receptors in mast cells (Kar et
al., 2012). However, stimulation of tyrosine kinase-coupled FCeRI receptors in the
same cells drives gene expression through junctional recruitment of both STIM1
and STIM2 (Kar et al., 2012).

Deletion/mutation of genes in mice and other models implicate the role of
SOCE in skeletal muscles. Skeletal muscles consist of triad junctions, where a
transverse tubule is sandwiched between two SR terminal cisternae. Mechanical
coupling between Ca,1.1 in the transverse tubule and RyR1 in the SR terminal
cisternae mediates EC coupling in the skeletal muscles (Michelucci et al., 2018).
Various tissues, including skeletal and cardiac muscles, brain, spleen, lungs, and
liver consist of two functionally distinct variants of STIM1: 115-kDa STIM1L and
90-kDa STIM1S (Darbellay et al., 2011). STIM1L interacts with actin and pre-
localizes as clusters in the SR terminal cisternae, close to Orai1 in the transverse
tubule within the triad junctions. In such a pre-localized setting, SOCE can be
quickly activated via repetitive, transient Ca?* depletion within SR terminal
cisternae during EC coupling, bypassing STIM1 redistribution and SR remodeling
(Darbellay et al., 2011, Koenig et al., 2019). On the other hand, STIM1S is
diffusely distributed in non-junctional SR at I-band at rest and recruited slowly into

junctions following store depletion to mediate additional graded SOCE (Darbellay

31



et al.,, 2011). During exercise involving rapid, repetitive action potentials,
transverse tubule elongates to form new junctions with SR within the |-band, so
that STIM1S interacts with Orai1, rather than translocation of STIM1 oligomers into
ER-PM junctions, as seen in non-excitable cells. This promotes SOCE, which
boosts muscle contractility and resists fatigue (Boncompagni et al., 2017).

STIM1/Orai1-mediated SOCE further regulates long-term muscle
development and differentiation into fatigue-resistant fibers through activation of
downstream Ca?*-dependent transduction pathways (Stiber et al., 2008, Li et al.,
2012, Carrell et al., 2016). Global or muscle-specific STIM1 knockout in mice
abolishes SOCE, reduces SR Ca®' content, and hinders muscle development,
leading to myopathy and death before adulthood (Stiber et al., 2008, Li et al.,
2012, Seth et al., 2012). Constitutive, muscle-specific knockout of Orai1 (Carrell et
al.,, 2016) or muscle-specific expression of dominant-negative Orai1 (E106Q)
(Wei-Lapierre et al., 2013, Lyfenko and Dirksen, 2008) abolishes SOCE, which
enhances susceptibility to fatigue during repetitive stimulation and hinders muscle
development.

Patients with inherited loss-of-function mutations in STIM1 and/or Orai1
suffer from CRAC channelopathy, characterized by combined immunodeficiency,
skeletal muscle hypotonia, thrombocytopenia, and ectodermal dysplasia (Vaeth
and Feske, 2018, Michelucci et al.,, 2018). On the other hand, gain-of-function
mutations result in constitutive channel activity and manifest in tubular aggregate
myopathy, Stormorken and York platelet syndromes, characterized by progressive
muscle weakness, thrombocytopenia, and hyposplenism (Michelucci et al., 2018).
Furthermore, impaired SOCE contributes to the pathogenesis of muscular
dystrophy, malignant hyperthermia, and sarcopenia (Michelucci et al., 2018).
Thus, tight regulation of SOCE is critical for the normal physiology of immune cells
and skeletal muscles in humans.

Although the role of SOCE in cardiovascular physiology is not fully
understood, initial studies indicated its involvement in agonist-induced NFAT
translocation and hypertrophy in embryonic and neonatal cardiomyocytes in mice,
which declines with development (Hunton et al., 2002, Uehara et al., 2002, Hunton
et al., 2004). Following identification of STIM and Orai, in vitro/in vivo models
focused on their expression and function in cardiac development and physiology.

Like skeletal muscles, neonatal cardiomyocytes express STIM1L in addition to
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regular STIM1 variant, but the expression declines with development (Luo et al.,
2012). STIM1/Orai1 knockdown attenuates agonist-induced SOCE and
hypertrophic signaling in neonatal rat ventricular cardiomyocytes in vitro (Voelkers
et al., 2010, Hulot et al., 2011, Luo et al., 2012). STIM1 is upregulated in the adult
rodent hearts following pathological stress like pressure overload-induced
hypertrophy, and its knockdown ameliorates the condition (Hulot et al., 2011, Luo
et al,, 2012, Parks et al.,, 2016, Benard et al., 2016). Cardiomyocyte-specific
STIM1 knockout doesn’t affect early development in mice but later results in SR
and mitochondrial abnormalities, reduced contractility, dilated cardiomyopathy,
and cardiac fibrosis (Collins et al., 2014, Parks et al., 2016). Orai1 deficient
(Orai1*") mice also develop dilated cardiomyopathy and die of heart failure
(Horton et al., 2014).

On the other hand, transgenic mice with overexpressed STIM1, to mimic
upregulation under pathological conditions, are healthy in early life, but young
cardiomyocytes display enhanced spontaneous Ca®' transients and Ca*" spark
frequency in response to pressure overload or agonist stimulation. Later, adult
cardiomyocytes display increased diastolic Ca?*, transient amplitude, and
downstream transcription coupling although SR Ca®* content is unaltered.
Impaired Ca?* signaling leads to hypertrophy, cardiac failure, arrhythmia, and
eventually sudden death (Correll et al., 2015). In contrast, transient STIM1
overexpression in adult rat ventricular cardiomyocytes enhanced SR Ca?* content
and leak by binding PLN and indirectly activating SERCAZ2a, rather than SOCE
(Zhao et al., 2015). Endogenous STIM1 forms puncta upon store depletion in
neonatal rat cardiomyocytes (Hulot et al., 2011), but in adult rat ventricular
cardiomyocytes, STIM1 appears in puncta-like structures in junctional SR and
store depletion doesn’t facilitate further redistribution (Zhao et al., 2015).
Moreover, overexpressed STIM1 is slightly pre-clustered at rest and may
aggregate further upon store depletion (Parks et al., 2016), though the slow
mobilization rate is unaltered (Zhao et al., 2015). In addition to Orai1, STIM1 can
interact with a number of proteins/channels to modulate intracellular Ca?* signaling

in cardiovascular cells under normal and pathological conditions (Figure 9, Table

1),
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Figure 9. Effectors/interaction partners of STIM1 and mechanisms associated with SOCE in
cardiovascular cells.

Upon depolarization, Ca* influx through Ca,1.2 triggers Ca*-induced Ca®* release (CICR) from
SR stores through RyR2. Cytosolic Ca” is sequestered via SR reuptake through SERCA2a or
efflux through PM Ca” channels; NCX or PMCA. Following agonist activation of G protein-coupled
receptors (GPCR), PLC is activated to convert PIP2 to DAG and IP;. While DAG activates TRPC
channels, IP; stimulates SR Ca”" release via IPsR so that STIM1 loses bound Ca®" at EF-hand,
oligomerizes, translocates into SR-PM junctions, and activates Orai1 or inhibits Ca,1.2 channels. In
addition to SR refilling, Orai1-mediated Ca®" influx appears essential for oscillatory ca® cycling,
NFAT translocation, and gene expression. STIM1 also activates SERCA2a via PLN, inhibits
PMCA, and regulate TRPC channels and reverse mode NCX. Reproduced from (Groschner et al.,
2017) with permission from Springer Nature (Order number: 4576441232950).

STIM1 and Orai1 are also expressed in sinoatrial node cells involved in
cardiac automaticity since cardio-specific STIM1 knockout in mice or SOCE
blockers attenuate Ca®" influx, spontaneous Ca®* transients, SR Ca®" content, and
heart rate (Zhang et al., 2015, Liu et al., 2015). Besides, the aorta of
spontaneously hypertensive rats has higher expression of STIM1 and Orai1, and
displays elevated basal tonus and contraction in response to thapsigargin-induced
Ca?* influx, which is attenuated by SOCE blockers or antibodies against
STIM1/Orai1 (Giachini et al., 2009). Moreover, STIM1 is upregulated following
angiotensin ll-induced hypertension in mice, characterized by cardiac hypertrophy,

ER stress-induced vascular dysfunction, and reduced phosphorylation of
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endothelial nitric oxide synthase, whereas smooth muscle-specific knockout of

STIM1 ameliorates these cardiovascular pathologies (Kassan et al., 2016).

1.3 Aim

A number of previous studies have proposed TRICA as a unique [Ca®*'|er sensing
cation channel involved in facilitating [Ca**]er release and regulating intracellular
K*/Ca®* homeostasis. TRICA has been postulated to modulate RyR-mediated

oscillatory Ca®* signaling, though the underlying mechanistic role remains elusive.

The aim of this thesis work was to characterize the role of TRICA in the
context of RyR2-mediated spontaneous Ca®* oscillations. Using a simple human
embryonic kidney cell model, stably expressing RyR2 (HEK293 RyR2 cells),
which mimics a cardiac Ca** signaling phenotype, we planned to decipher the
cellular and molecular mechanism(s) that link ER and PM function to achieve

frequency modulation of Ca®* signaling.
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2. Materials and methods

2.1 Reagents and constructs

All reagents used were of molecular biology grade, purchased from Sigma-Aldrich
unless specified otherwise. HEK293 RyR2 cells and D1ER construct were
provided by Roland Malli (Medical University of Graz, Austria). We cloned TRICA-
mCherry in pEYFP-N1 vector (Clontech, France) from untagged TRICA, provided
by Hiroshi Takeshima (Kyoto University, Japan). YFP-STIM1, Orai1-CFP, myc-
STIM1, and mCherry-ER3 were obtained from Indu Ambudkar (NIH, Bethesda,
USA). STIM1-CFP, YFP-Orai1, and YFP-STIM1-D76A were provided by Christoph

Romanin (University of Linz, Austria).

2.2 Cell culture and transfection

HEK293 cells were cultured in DMEM supplemented with 10% FBS (Gibco
10270), 10 mM HEPES, 1 % penicillin/streptomycin and HEK293_RyR2 cells in
the same medium with 250 ug/ml geneticin and 5 pg/ml puromycin instead of
penicillin/streptomycin and maintained in an incubator at 37°C, 5% CO,. The cells
at 50-60% confluence in 35 mm-dishes were transiently transfected for 6 h with
required constructs, as indicated in the text, using FugeneHD (Promega,
Germany) or Lipofectamine 2000 (Invitrogen, Austria) as per manufacturer's
instructions. Control cells were mock transfected with an ER marker, mCherry-

ERS3 plasmid. Experiments were performed 40—48 h after transfection.

2.3 [Ca*']; Imaging and FRET

Changes in intracellular Ca®* levels, [Ca®*]; was monitored using Fura-2 ratiometric
imaging, as described previously (Di Giuro et al., 2017). Briefly, cells on coverslips
were loaded with 1 uM Fura-2 AM for 30 min in an experimental buffer, composed
of (in mM): 137 NaCl, 5 KCI, 2 CaCl,, 1 MgCl,, 10 glucose, and 10 HEPES, pH
adjusted to 7.4 with NaOH. The coverslip was then mounted in a perfusion
chamber on an inverted microscope (Olympus IX71, Germany) with a 20x/0.75
objective and perfused with indicated solutions at 37°C. During the recordings
using Live Acquisition v2.6 software (FEI, Germany), cells were excited alternately

at 340 and 380 nm using an Oligochrome excitation system (FEI, Germany) and
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fluorescent images were captured at 510 nm every 1.2 s with an ORCA-03G
digital CCD camera (Hamamatsu, Germany). The 340/380 ratio was used as an
index of cytosolic Ca?* levels. ER luminal Ca?* levels, [Ca?*]er wWere monitored in
cells transfected with CFP/YFP FRET-based D1ER sensor, as described
previously (Palmer et al., 2004). Briefly, the emission ratio at 535/470 nm was
recorded upon excitation at 430 nm, using an additional OptoSplit Il (Cairn
Research, UK) in the above Fura-2 imaging setup. Dynamic FRET between

STIM1-CFP and YFP-Orai1 was measured using the same setting used for D1ER.

2.4 TIRF Microscopy

TIRF microscopy was performed using an Olympus 1X81 motorized inverted
microscope (Olympus, MA, USA) with a TIRF-optimized Olympus Plan APO
60x/1.45 oil immersion objective and Lambda 10-3 filter wheel (Sutter Instruments,
CA, USA) containing 480/40, 540/30 and 575Ip emission filters (Chroma
Technology, VT, USA), as described previously (Ong et al., 2015). CFP, YFP, and
mCherry were excited by 445, 514 and 561 nm lasers respectively via cell*"TIRF
Control 1.3 software (Olympus, MA, USA). Images were collected every 5 s using
Hamamatsu ORCA-Flash4.0 camera (Olympus, MA, USA) and MetaMorph
software (Molecular Devices, MA, USA). Cells plated on poly-I-lysine-coated glass-
bottom dishes (MatTek Corporation, MA, USA) were perfused with indicated
solutions at 37°C during image acquisition. The fluorescence, colocalization, size,

distribution, and rate of clustering of proteins were analyzed using ImagedJ 1.51n.

2.5 Whole-cell patch-clamp recording

Patch-clamp recordings were performed in whole-cell configuration, as described
previously with modification (Hoth and Penner, 1992, Frischauf et al., 2015, Tiapko
et al., 2019). HEK293 cells on coverslips were mounted in a perfusion chamber on
an inverted microscope (Zeiss Axiovert 200, Germany) with 40%/0.75 objective and
perfused with bath solution at 22-25°C, containing (in mM): 120 NaCl, 2.8 KCI, 0.5
or 10 CaCly, 1 MgCl,, 20 TEA-CI, 10 glucose and 10 HEPES, pH adjusted to 7.4
with NaOH. Cells co-expressing YFP-STIM1 and Orai1-CFP were selected using
an Oligochrome excitation system and Oligocon v1.1.14 software (FEI, Germany).

For passive store depletion, the patch pipette was pulled using P-1000
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micropipette puller (Shutter Instrument, CA, USA) and filled with the intracellular
solution containing (in mM): 130 K-gluconate, 8 NaCl, 5 MgCl,, 10 HEPES and 20
EGTA, pH 7.2 with KOH and had a resistance of 2-3 MQ. An Ag/AgCl electrode
was used as a reference. Using an Axopatch 200B amplifier and a Clampex
v11.0.1 software (Molecular Devices, CA, USA), the pipette capacitance was
compensated and current was recorded during voltage ramps ranging from -90 to
+90 mV over 1 s, applied every 5 s from a holding potential of 0 mV, filtered at 2
kHz and digitized at 10 kHz using Digidata 1440A (Molecular Devices, CA, USA).
In Clampfit v11.0.1, the current recorded during the first few ramps was used for
leak subtraction of the subsequent current recordings. All voltages were corrected
for a liquid junction potential of 13.5 mV between the bath and pipette solutions

and Icrac Was measured at -80 mV.

2.6 Co-immunoprecipitation (Co-IP) and Western blot

Cells were washed with 1xPBS and lysed in ice-cold Pierce IP lysis buffer
supplemented with protease inhibitor cocktail (ThermoFisher Scientific, NY, USA).
Cell lysates were centrifuged (10,000 g, 10 min at 4°C) and quantified by Pierce
BCA protein assay kit (ThermoFisher Scientific, NY, USA). Co-IP experiments
were done using Pierce Anti-c-myc magnetic beads (ThermoFisher Scientific, NY,
USA) as per manufacturer’s instructions. The immunoprecipitants were eluted in
NuPAGE LDS sample buffer (Invitrogen, NY, USA) with 5% DTT by heating at 95
°C for 10 min. The proteins were resolved in NuPAGE 4-12% Bis-Tris gel
(Invitrogen, NY, USA) and transferred to 0.2 ym PVDF membranes using the
Trans-Blot Turbo Transfer System (Biorad, CA, USA). Membranes were blocked
with 5% (w/v) non-fat milk in Tris-buffered saline containing 0.1% Tween 20
(TBST, 25°C, 1 h) and incubated with primary antibodies overnight at 4°C. The
following primary antibodies (diluted in 5% [w/v] bovine serum albumin-TBST)
were used: myc (1:1000, 2276, Cell Signaling, MA, USA), STIM1 (1:1000, 4916,
Cell Signaling, MA, USA), Orai1 (1:1000, produced against C-terminal epitope
ELAEFARLQDQLDHRGD and affinity purified by Lofstrand Labs Limited
(Gaithersburg, MD, USA)), TMEM38A (1:200, sc-390054, Santa Cruz, TX, USA)
and B-actin (1:2500, ab8224, Abcam, MA, USA). After washing, the membranes
were incubated with HRP-conjugated goat anti-mouse IgG or goat anti-rabbit 1gG
(1:10,000, Jackson Immunoresearch, PA, USA) (25°C, 1 h). Immunoreactive
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bands were visualized using SuperSignal West Pico Chemiluminescent Substrate
(ThermoFisher Scientific, NY, USA) in ChemiDoc MP Imaging System (Biorad,
CA, USA) and densitometric evaluation was performed using Image Lab 6.0
software (Biorad, CA, USA).

2.7 Data analysis

Data analyses were performed using OriginPro 2015 (OriginLab, MA, USA) and
Prism 5 (GraphPad Software, Inc., CA, USA). Data are expressed as mean %
SEM. n represents the number of cells from at least three independent
experiments unless specified otherwise. Approximate normal distribution of data
was assessed by z-value of skewness and kurtosis and D'Agostino-Pearson
omnibus normality test. Unless specified otherwise, unpaired t-test was used to
test the statistical significance for normally distributed data (with Welch’s
correction for significantly different variances between groups), otherwise Mann-
Whitney rank test was applied. y? test was used to analyze responses in cell
populations. All tests were two-tailed and p values <0.05 were considered

significant.
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3. Results

3.1 TRICA modifies the frequency and amplitude of RyR2-
mediated oscillations

HEK293 RyR2 cells offer an established model of relatively simple molecular
composition to mimic the cardiac phenotype for studying RyR2-induced
spontaneous Ca®" oscillations, known as store-overload-induced Ca®" release
(SOICR) (Jiang et al., 2004). These oscillations occur due to SR Ca®* overload in
cardiac cells under various conditions, namely elevated extracellular Ca®* ([Ca®*],),
ischemia/reperfusion, digitalis toxicity, and independently of membrane
depolarization (Lakatta, 1992). Raising [Ca®'], increases the steady-state ER Ca®*
content in HEK293 RyR2 cells, thereby promoting the discharge of the Ca**
stores via RyR2, which are at the same time governed by local Ca** levels (Jiang
et al., 2004).

We first accessed the effect of TRICA on SOICR-associated oscillatory Ca®*
signals by transient expression of TRICA-mCherry in HEK293 RyR2 cells that do
not express TRICA endogenously (Figure 10A). Cytosolic Ca®* oscillations were
recorded in response to [Ca?'], elevations from nominally free to 0.1, 0.3 and 1.0
mM (Figure 10B). As expected, the frequency of Ca** oscillations in
HEK293 RyR2 cells positively correlated with [Ca?'],. Expression of TRICA-
mCherry significantly reduced the frequency of oscillations to about 50-68% at
each [Ca*'], when compared to the respective controls (Figure 10C). This
frequency modulation by TRICA was associated with a moderately but significantly
enhanced average peak amplitude at 1 mM [Ca?*'], (Figure 10D). Moreover,
expression of TRICA-mCherry significantly reduced the proportion of oscillating
cells in response to step-wise [Ca®'], elevations (Figure 10E). To test whether the
Ca”* influx that mediates these cytosolic Ca** oscillations is via SOCE pathway,
HEK293 RyR2 cells were pre-incubated with the SOCE inhibitor, N-[4-[3,5-
Bis(trifluoromethyl)pyrazol-1-yllphenyl]-4-methylthiadiazole-5-carboxamide (BTP2,
10 min) (Zitt et al.,, 2004). BTP2 indeed completely blocked these oscillations
(Figure 10B), suggesting SOCE could be the major Ca?" influx pathway for refilling
ER Ca* stores and initiating Ca* discharge during the oscillatory cycle.
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Figure 10. TRICA modifies the frequency and amplitude of RyR2-mediated cytosolic ca*
oscillations.

(A) Representative Western blot showing an absence of endogenous TRICA bands at ~33 kDa
using anti-TRICA antibody in wild-type (-) and TRICA-mCherry transfected (+) HEK293 cells, n=3
independent experiments. (B) Traces of cytosolic Ca**-sensitive Fura2 ratio, representing SOICR-
associated oscillations in mCherry-ER3 (control, black) or TRICA-mCherry transfected (TRICA,
red) HEK293_RyR2 cell and lack of oscillations in 3 yM BTP2-incubated (BTP2, blue) control cell.
(C) Ca®" oscillation frequency at 0.1, 0.3 and 1 mM [Ca®"],, (D) amplitude at 1 mM [Ca®*], and (E)
proportion of oscillating cells in TRICA cells (n=88) vs. controls (n=81); **p<0.01, ***p<0.001; mean

+ SEM values are shown.

Besides cytosolic Ca?* responses, we measured Ca®* oscillations within the ER
lumen using a genetically encoded ER-targeted Ca®* sensor D1ER (Palmer et al.,
2004) (Figure 11A). The frequency of Ca" oscillations within the ER lumen of
HEK293 RyR2 cells was also positively correlated with increasing [Ca®'],, and
TRICA-mCherry expression significantly reduced the frequency of ER Ca?" signals
by about 50% at each [Ca**], as compared to controls (Figure 11B), probably due

to reduced sensitivity of RyR2 to luminal Ca®**. TRICA-mCherry expression
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enhanced the average peak amplitude of individual ER Ca®" depletion events
(Figure 11C shows quantification at 1 mM [Ca2+]o). Moreover, TRICA-mCherry
expression clearly increased the time required to obtain complete ER Ca?* refilling
(Figure 11A). Hence, the prominent phenotype of TRICA overexpression was
decelerated ER Ca®" refilling and profound prolongation of the cycle length
between discharge events. As noted in figure 10A, SOICR-associated ER Ca?*
oscillations were also completely abrogated by treatment of cells with BTP2
(Figure 11A).
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Figure 11. TRICA modifies the frequency and amplitude of RyR2-mediated ER luminal Ca**
oscillations.

(A) Traces of [Ca2+]ER-sensitive D1ER FRET ratio, representing SOICR-associated oscillations in
mCherry-ER3 (control, black) or TRICA-mCherry transfected (TRICA, red) cell and lack of
oscillations in 3 yM BTP2-incubated (BTP2, blue) control cell. (B, C) Bars represent mean + SEM
for (B) Ca®* oscillation frequency at 0.1, 0.3 and 1 mM [Ca®'], and (C) amplitude at 1 mM [Ca®"], in
TRICA (+) cells (n=32) vs. controls (n=23); *p<0.05, ***p<0.001.
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3.2 TRICA attenuates SOCE irrespective of RyR2-triggered store
depletion

Since our findings illustrated in figures 10 and 11 suggest that SOCE may be
involved in regulating SOICR in HEK293 RyR2 cells, we investigated whether
TRICA modulates SOCE by a standard store-depletion/Ca** re-addition protocol in
HEK293_RyR2 cells. As shown in figure 12A, ER Ca?* release was evoked by the
RyR agonist, caffeine, together with the SERCA inhibitor, 2,5-Di-t-butyl-1,4-
benzohydroquinone (BHQ) to prevent ER refilling in a nominally Ca*-free external
buffer, followed by re-addition of 1 mM CaCl, to the medium to measure Ca?*
entry. In this setting, TRICA expression promoted Ca** release from the ER
(Figure 12B). Importantly, it induced a significant reduction in the rate of Ca?*
influx, the peak amplitude, and sustained [Ca?']; elevation by 40%, 47% and 41%
respectively (Figures 12C, 12D).

These effects of TRICA expression on SOCE were similar when ER Ca?*

was depleted with BHQ alone (without caffeine) in these cells (Figure 12E). The

influx rate and amplitudes of peak and sustained cytosolic Ca2+ elevation were
also significantly reduced by 25%, 20% and 16% respectively (Figures 12F, 12G).
Peak cytosolic Ca** levels in response to BHQ-mediated store depletion were
slightly higher in TRICA-expressing cells, although the difference was not
statistically significant (Figure 12H). These novel findings suggest that TRICA
attenuates the SOCE pathway via a mechanism that is unrelated to ER Ca®'

recycling.
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Figure 12. TRICA attenuates SOCE irrespective of RyR2-triggered store depletion.
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(A, E) Average cytosolic Ca”"-sensitive Fura-2 traces in mCherry-ER3 (control, black) or TRICA-
2+
mCherry (TRICA, red) transfected cells, showing SOCE after ER Ca depletion with (A) 10 mM

caffeine+30 pM BHQ and (E) 30 pM BHQ. Bars show mean + SEM for (B, H) ER Ca2+ release
peak amplitude, (C, F) SOCE rate and (D, G) peak and sustained SOCE amplitude in TRICA (+) (n
(A)=42, n (E)=52) vs. control (n (A)=49, n (E)=54)) cells; *p<0.05, **p<0.01, ***p<0.001, ns (non-

significant).
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3.3 TRICA attenuates SOCE irrespective of RyR2 expression and
without affecting STIM1 and Orai1 expression

These effects of TRICA expression on SOCE were further tested by examining
agonist-stimulated Ca®" signals in wild-type HEK293 cells that lack RyR2
expression (Figure 13A). Peak increases in [Ca®']; in response to stimulation with
PLC-coupled receptor agonist, carbachol (CCh) and BHQ were not significantly
altered by TRICA expression (Figure 13B), indicating that ER Ca*" release
remains unaffected under these conditions. However, as previously observed in
figure 12A, the rate of Ca®* entry, as well as peak and sustained [Ca®']; elevations,
were significantly inhibited by 35%, 39%, and 33% respectively by TRICA
expression (Figures 13C, 13D).
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Figure 13. TRICA attenuates SOCE irrespective of RyR2 expression.

(A) Average cytosolic Ca”"-sensitive Fura-2 traces in mCherry-ER3 (control, black) or TRICA-
2+
mCherry (TRICA, red) transfected wild-type HEK293 cells, showing SOCE after ER Ca depletion

with 100 uM CCh+30 yM BHAQ. (B-D) Bars show (B) ER Ca2+ release peak amplitude, (C) SOCE
rate and (D) peak and sustained SOCE amplitude in (A) TRICA (+) (n=30) vs. control (n=38) cells;
***p<0.001, ns (non-significant).
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Importantly, SOCE attenuation in TRICA-expressing cells was not due to
diminished expression of its two major molecular components, STIM1 and Oraif,

as confirmed by immunoblotting (Figures 14A, 14B).
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Figure 14. TRICA does not affect STIM1 and Orai1 expression in HEK293 cells.

(A) Representative Western blots for STIM1, Orai1, TRICA-mCherry expression in control and
TRICA-mCherry transfected cells with B-actin as a loading control, n=6 independent experiments.
(B) Densitometric evaluation of immunoreactive bands of Orai1 and STIM1 shown in (A), ns (non-

significant).
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3.4 TRICA dampens SOCE-associated [Ca®']; responses to low
and high stimuli levels

In an attempt to elucidate the impact of TRICA expression on agonist-dependent
Ca?* signaling responses, sustained via SOCE, we investigated [Ca®*]; responses
in HEK293 cells at various [CCh]. As reported previously (Ong et al., 2015), CCh-
induced [Ca®']; responses varied with an increase in stimulus intensities, with
baseline Ca®" oscillations at low [CCh] and sustained elevations at maximal [CCh].
We observed TRICA-induced variation in the Ca®* signaling pattern at each [CCh].
We categorized these responses into four groups between 6 and 10 min time
frame: no sustained response to CCh or exclusively ER Ca?* mobilization from
stores (no response), oscillations that return to basal levels after each release
event (baseline oscillations) (Figure 15A), oscillations that returned to an elevated
plateau above basal level (oscillations + elevated plateau) (Figure 15B) and
sustained elevation above basal level without oscillations (elevated plateau)
(Figure 15C).

When stimulated with 5 yM CCh (Figure 15D), 57% of control cells did not
display a response, and the distribution of responses with baseline oscillations,
oscillations + elevated plateau and elevated plateau were 29%, 4%, and 10%
respectively. TRICA expression shifted the distribution pattern with 5 yM CCh to
the lower response categories, with 69% non-responders, and no cells displaying
an elevated plateau of [Ca®']. Upon stimulation with 100 pM CCh (Figure 15E),
the majority of control cells (56%) displayed an elevated plateau and only 16%
showed baseline oscillations. TRICA expression reduced the fraction of cells
showing elevated plateau responses to 31% while increasing the proportion cells
with baseline oscillations to 27%. Sustained elevation or oscillations in agonist-
stimulated HEK293 cells are driven by SOCE (Ong et al., 2015, Bird et al., 2009).
Thus, the TRICA-induced changes are likely based on the reduction in SOCE.
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Figure 15. TRICA dampens SOCE-associated [Ca®]; responses to low and high stimuli
levels.

(A-C) Representative traces showing various indicated [Ca2+]i responses in cells stimulated with 5
or 100 yM CCh (arrow). (D, E) Bars show proportion (%) of cell population displaying various
patterns of [Ca2+]i response to (D) 5 uM and (E) 100 yM CCh. Overall patterns in TRICA (+) cells
(n=169) were significantly different from that in controls (n=137) at 5 and 100 yM CCh;
**p<0.01,***p<0.001; 7 test.
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3.5 TRICA delays cyclic Ca* refilling upon store depletion

SOCE modulation by TRICA was further confirmed in experiments monitoring the
time course of [Ca®'|er during store depletion by caffeine and its subsequent
refilling by elevation of [Ca®*], from nominally free to 1 mM in HEK293_RyR2 cells
(Figure 16A). Similar to spontaneous oscillations observed earlier (Figure 11), the
time course of ER Ca?' refiling after a caffeine-induced ER discharge was
significantly slowed, and luminal Ca®* oscillations induced by [Ca®*], were delayed
in onset and had reduced frequency. TRICA expression prolonged the time to
complete ER refilling by 0.61 £ 0.06 min (Figure 16B), reducing the rate of refilling
by 26%, compared to controls (Figure 16C). Likewise, in the presence of 3 uM
BTP2, ER refilling was occluded following store depletion by caffeine (Figure 16A),
as a result of the elimination of SOCE. Hence TRICA impacts both ER Ca*" store
refiling and generation of cytosolic Ca®" oscillations. However, TRICA did not
enhance ER Ca* release induced by caffeine (Figure 16D). In aggregate, these
findings strongly suggest TRICA as a potential regulator of SOCE during

oscillatory Ca** signaling.
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Figure 16. TRICA delays cyclic Ca** refilling upon store depletion.
2+
(A) [Ca*'|er-sensitive D1ER traces representing ER Ca  depletion with 10 mM caffeine, followed

by ER refiling upon 1 mM [Ca2+]0 addition in mCherry-ER3 (control, black) or TRICA-mCherry
(TRICA, red) transfected HEK293_RyR2 cell or diminished refilling in 3 yM BTP2-incubated control
cell (BTP2, blue) . Bars show mean + SEM values for (B) ER refilling time, (C) ER refill rate, and

(D) ER Ca2+ release peak amplitude in TRICA (+) cells (n=45) vs. controls (n=51); **p<0.01,

***p<0.001, ns (non-significant).
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3.6 TRICA inhibits Orai1-mediated recombinant Icrac Upon store
depletion

To examine the impact of TRICA on SOCE directly, we measured the SOCE-
associated, Ca®*-selective CRAC currents (lcrac). Since Icrac generated by
endogenous STIM1/Orai1 is minute in HEK293 cells, YFP-STIM1 and Orai1-CFP
were co-expressed along with mCherry-ER3 (control) or TRICA-mCherry, and
Icrac Was measured using whole cell patch clamp technique (Figure 17A). Figure
17B illustrates a representative current-voltage (I-V) relationship of the currents at
10 mM Ca*". While there was no change in reversal potential, the magnitude of
the inward current was significantly reduced (current density at -80 mV = -
8.301£0.87 pA/pF in TRICA-expressing cells vs. -11.82+0.99 pA/pF in controls)
(Figure 17C). TRICA also slowed the rate of Icrac activation by 30%, though not
significant (Figure 17D).
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Figure 17. TRICA inhibits Orai1-mediated recombinant Icrac Upon store depletion.

(A) Time course (mean - SEM) of Icrac at -80 mV in whole-cell voltage-clamp, mediated by YFP-
STIM1 + Orai1-CFP, co-expressed along with mCherry-ER3 (control, n=13) or TRICA-mCherry
(TRICA, n=11) in HEK293 cells. Current activation was mediated by ER store depletion with 10 mM
EGTA in the patch pipette solution and stepwise current increment was recorded at 0.5 and 10 mM
Ca®" in the bath solution. (B) Traces show representative peak |-V relationship in control and
TRICA groups at 10 mM ca”. (C, D) Bars show mean + SEM values for (C) peak Icrac and (D)
maximum rate of lcrac activation in 10 mM Ca*" at -80 mV, *p<0.05.
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3.7 TRICA co-clusters with STIM1 at ER-PM junctions upon store
depletion

To gain further insight into the mechanism underlying reduced SOCE and /crac,
we characterized the impact of TRICA on the initial molecular process of SOCE
activation, where dissociation of luminal Ca?* from the EF-hand motifs in STIM1
leads to its oligomerization and translocation into discrete puncta within ER-PM
junctions (Roos et al., 2005, Wu et al., 2006, Liou et al., 2007). As observed by
TIRF microscopy, the formation of YFP-STIM1 puncta in HEK293 cells was
comparable to that in TRICA-expressing cells, indicating that the initial process of
STIM1 activation was unaffected by TRICA. Both YFP-STIM1 and TRICA-
mCherry, when co-expressed, localized in ER membranes forming network-like
structures at basal, unstimulated conditions (Figure 18A, top). Interestingly,
TRICA-mCherry dynamically translocated to co-cluster with YFP-STIM1 within
puncta upon ER Ca*" store depletion (Figure 18A, bottom), as evident from the
overlay and line-scan analysis (Figure 18B). Notably, clustering of TRICA-mCherry
required co-expressed STIM1, as clustering was absent when TRICA was
expressed alone (Figure 18C). In contrast, YFP-STIM1 did not require co-
expression of TRICA to form puncta upon ER Ca?* store depletion (Figure 18D).
Co-immunoprecipitation experiments (Figure 18E) confirmed the physical
interaction between TRICA and STIM1. TRICA-mCherry immunoprecipitated with
myc-STIM1 even at basal, unstimulated conditions. Interestingly, no increase in
TRICA-STIM1 association was observed upon store depletion, suggesting that
TRICA-STIM1 interaction was independent of the Ca** filling state of the ER

stores.
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Figure 18. TRICA co-clusters with STIM1 at ER-PM junctions upon store depletion.

(A) Representative TIRFM images of basal (top) and ER depleted (100 uM CCh + 30 uM BHQ)
(bottom) HEK293 cell expressing YFP-STIM1 (left, green) and TRICA-mCherry (middle, magenta)
with an overlay (right) of both proteins. (B) Line scans of YFP-STIM1 and TRICA-mCherry in ER
depleted cell shown in (A). (C, D) Representative TIRFM images of basal (top) and ER depleted
(bottom) HEK293 cell expressing TRICA-mCherry and YFP-STIM1 separately. Scale bar=10 pym.
(E) Representative co-immunoprecipitation of TRICA-mCherry with myc-STIM1, co-expressed in
HEK293 cells. Lysates were obtained from basal (-) and ER depleted (+) (100 yM CCh + 30 yM
BHQ) cells, n=3 independent experiments.

The data from co-immunoprecipitation was further confirmed by the co-
expression of TRICA-mCherry with the EF-hand mutant of STIM1 (YFP-STIM1-
D76A). This STIM1 mutant is constitutively active, thereby forming pre-clusters
under basal, unstimulated conditions, and displays no significant increase in
puncta aggregation following ER Ca®* depletion (Liou et al., 2005). TRICA
clustered with YFP-STIM1-D76A independently of ER Ca®** depletion when co-
expressed in the same cell, evident from the overlay and line-scan analysis
(Figure 19). Thus, TRICA-STIM1 interaction appears to be independent of ER
Ca** depletion. Considering a physical interaction between TRICA and STIM1 that
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interferes and modulates spatiotemporal Ca?* signaling via STIM1/Orai1, we next
focused on a quantitative analysis of the underlying productive translocation and

clustering processes.
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Figure 19. TRICA co-clusters with STIM1 EF-hand mutant independent of store depletion.

(A) Representative TIRFM images of basal (top) and ER depleted (100 uM CCh + 30 uM BHQ)
(bottom) HEK293 cell expressing YFP-STIM1-D76A (left, green) and TRICA-mCherry (middle,
magenta) with an overlay (right) of both proteins. Scale bar=5 pm, n=5 from 3 different
experiments. (B) Line scans of YFP-STIM1-D76A and TRICA-mCherry in basal and ER depleted

cell shown in (A).
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3.8 TRICA affects kinetics and extent of STIM1-Orai1 puncta
formation

SOCE depends on the assembly of STIM1/Orai1 complex within ER-PM junctions.
Any impairment of the clustering of these proteins may hinder their interaction and
suppress Orai1 channel activation and SOCE (Muik et al., 2009, Park et al., 2009,
Yuan et al., 2009). Consequently, we analyzed the impact of TRICA on the
clustering of STIM1 with Orai1 within ER-PM junctions. In HEK293 cells co-
expressing Orai1-CFP and YFP-STIM1, together with mCherry-ER3 (Figure 20A,
control) or TRICA-mCherry (Figure 20B, TRICA), the proteins clustered and
formed discrete puncta upon ER Ca®" depletion. The rate of Orai1 puncta
assembly was significantly delayed in cells expressing TRICA (Figures 20C, 20E).
Although TRICA similarly tended to delay STIM1 puncta formation, this effect was
not statistically significant (Figure 20D, 20E). Besides, the average fluorescence
intensity in Orai1 and STIM1 puncta of control and TRICA (+) cells was similar
before and after ER Ca®" depletion (Figure 20F). Moreover, the basal
epifluorescence intensity of both proteins was unaffected by TRICA expression
(Figure 20G).

Importantly, TRICA significantly reduced the colocalization of STIM1 and
Orai1 within each puncta (Figure 21A). The overall size distribution of puncta for
Orai1 (Figure 21B) and STIM1 (Figure 21C) was significantly altered by TRICA
expression as compared to controls (***p<0.001; y° test). TRICA cells displayed a
higher fraction of puncta displaying the smallest size (0.04-0.2 uym) but reduced
proportion of large clusters (0.4-1.4 pym) when compared to controls. Hence,
average puncta size for both Orai1 and STIM1 was significantly reduced in TRICA-
expressing cells (Figure 21D), indicating a reduced footprint for the STIM1/Orai1
puncta in the cell (Figure 21E). However, TRICA expression did not alter the
number of puncta per membrane area (density) for both Orai1 and STIM1 (Figure
21F). Together, the data in figures 19, 20 and 21 indicate that TRICA interacts with
STIM1 and is recruited by STIM1 to ER-PM junctions. Within the junctions, TRICA

impedes clustering of STIM1 with Orai1 as well as their interaction.
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Figure 20. TRICA delays the rate of STIM1-Orai1 puncta formation upon store depletion.
(A, B) TIRFM images of basal (top) and ER depleted (100 uM CCh + 30 uM BHQ) (bottom) cell
expressing Orai1-CFP (left) and YFP-STIM1 (middle) along with mCherry-ER3 (right) (A, control) or
TRICA-mCherry (right) (B, TRICA). Scale bar=10 um. (C, D) Traces show kinetics of Orai1-CFP
and YFP-STIM1 TIRF intensity upon ER depletion (arrow) in TRICA (+) cells vs. controls (n=18
each). (E) Rate of increase in Orai1 and STIM1 TIRF intensity upon ER ca” depletion shown in C,
D. (F) Fluorescence in Orai1 and STIM1 puncta of control and TRICA (+) cells in the absence (-)
and presence (+) of 100 uM CCh + 30 uyM BHQ, repeated measures (mixed model) two-way
ANOVA with Bonferroni post-tests. (G) Epifluorescence of Orai1-CFP and YFP-STIM1 in TRICA (+)
cells vs. controls. *p<0.05, ns (non-significant); bars show mean + SEM values.
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Figure 21. TRICA affects colocalization and size distribution of STIM1-Orai1 puncta upon
store depletion, related to Figure 20.

(A) Mander’s coefficient showing proportion of Orai1 colocalized with STIM1, (B, C) Proportion of
puncta (%) of various sizes of (B) Orai1-CFP (number of puncta=4462 vs. 4836) and (C) YFP-
STIM1 (number of puncta=4357 vs. 4519) in control and TRICA (+) cells. (D) Average puncta size
distribution in TRICA cells was significantly different from that in controls (***p<0.001; y? test). (D),
(E) puncta area relative to cell surface area (%), and (F) puncta density of Orai1 and STIM1 in

TRICA (+) cells vs. controls. *p<0.05, **p<0.01, ns (non-significant); mean + SEM values are
shown.
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3.9 TRICA inhibits STIM1-Orai1 interaction upon store depletion

As gating of Orai1 channel is triggered by physical interaction of the channel with
STIM1, we used FRET technique to assess the assembly of STIM1-CFP/YFP-
Orai1 complex in response to ER Ca?* store depletion (Figure 22A). Stimulation of
cells with BHQ + CCh induced a fast and distinct increase of FRET in control and
TRICA-expressing cells. Peak FRET increase was significantly diminished in cells
expressing TRICA (by 32%) as compared to controls (Figure 22B). Interestingly,
while a high FRET was maintained in control cells, FRET measured in TRICA-
expressing cells declined markedly to about 50% within 10 min, despite the
continued presence of BHQ. This finding suggested that TRICA profoundly affects
the assembly of STIM1/Orai1 complex at ER-PM junctions by directly interfering
with STIM1-Orai1 interaction. The decline in FRET suggests that STIM1/Orai1

interaction in TRICA-expressing cells might be less stable as compared to that in

control cells.
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Figure 22. TRICA inhibits STIM1-Orai1 interaction upon store depletion.

(A) Traces show dynamic FRET between STIM1-CFP and YFP-Orai1 FRET co-transfected in
HEK293 cells along with mCherry-ER3 (control, n=20) or TRICA-mCherry (TRICA, n=13). (B)
Increase in STIM1-Orai1 FRET shown in (G) upon ER depletion with 100 uM CCh + 30 uM BHQ

and SOCE in TRICA cells vs. controls. *p<0.05; mean + SEM values are shown.
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4. Discussion

Overall, our investigations demonstrate a novel function of TRICA in STIM1/Orai1-
mediated SOCE pathway. As summarized in figure 23, we present multiple lines of
evidence to demonstrate that TRICA channels interfere with the STIM1/Orai1
assembly and function: (i) TRICA is recruited by STIM1 to form puncta within the
ER-PM junctions following Ca?* store depletion, (ii) TRICA co-localizes with STIM1
and Orai1 puncta, (iii) TRICA interacts with STIM1, (iv) TRICA decreases
STIM1/Orai1 interaction, and (v) TRICA attenuates Icrac and SOCE. Together, our
findings suggest that TRICA is a negative regulator of SOCE that shapes cytosolic
Ca?* oscillations by modulating STIM1/Orai1 assembly and ER Ca?* recycling.
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Figure 23. Schematic diagram illustrating the role of TRICA in modulating oscillatory Ca**
signals by interaction with STIM1/Orai1 complexes.

Left: Upon ER Ca® depletion via RyR/IP;R, STIM1 loses bound Ca®" from its EF-hand,
oligomerizes and translocates into clusters at ER-PM junctions and attaches to PM lipids via
polybasic tail. STIM1 then recruits Orai1 channels into the clusters, activates the Ca® selective
pore for subsequent ca® entry into the cells to sustain RyR/IP;R-triggered Ca*" oscillations. Right:
Overexpressed TRICA channels translocate along with STIM1 to ER-PM junctions where they
delay Orai1 recruitment and coupling to STIM1 clusters, thereby limiting ca* entry-sustained

oscillations.

To our knowledge, this is the first report of TRICA interference with

STIM1/Orai1 assembly and function. Our data further reveal that the recruitment of
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TRICA into ER-PM junctions is triggered by ER Ca®* depletion but is mediated by
its interaction with STIM1 rather than its own ER Ca?* sensing function (Wang et
al., 2019). STIM1-D76A, a STIM1 mutant with disrupted luminal Ca® binding in its
N-terminal EF-hand domain, displays constitutive clustering in ER-PM junctions
(Liou et al., 2005). Pre-clustering of this STIM1 mutant is sufficient for promoting
co-clustering of TRICA in ER-PM junctions, in the absence of store depletion. Of
note, endogenous STIM1 per se appeared insufficient to produce significant
clustering of overexpressed TRICA, implying that TRICA stoichiometry relative to
STIM1 is critical for the extent of co-targeting into STIM1 clusters. In cells co-
expressing Orai1 and STIM1, TRICA attenuates the assembly of STIM1 and Orai1
as evidenced by the reduction in the FRET signal that is generated due to an
interaction between the two proteins. The decreased FRET, together with the
changes in the pattern of clustering of Orai1/STIM1 can account for the decrease
in SOCE. Importantly, the refilling of ER Ca?* stores is attenuated by TRICA. Our
findings provide strong evidence that this delay is due to disruption of STIM1/Orai1
assembly and consequent decrease in SOCE, which is required for refilling the
intracellular Ca®* stores. An additional, more direct, effect of TRICA on SERCA
pump cannot be ruled out. Importantly, TRICA elicited the above effects without
altering the expression of both endogenous and recombinant STIM1-Orai1. This is
in line with the unaltered mMRNA expression of endogenous STIM1 and Orai1 in
mesenteric arteries and thoracic aorta of transgenic mice overexpressing TRICA
(Tao et al., 2013).

TRICA has been previously shown to modulate Cca? handling in muscle
cells by affecting RyR function (Yazawa et al., 2007, Zhao et al., 2010, Yamazaki
et al., 2011). We utilized an established model of RyR2-dependent oscillatory Ca**
signaling in HEK293_RyR2 cells to decipher the cellular role of TRICA, since it
represents a well-defined cellular Ca®* oscillator of relatively simple molecular
composition and mimics the cardiac Ca®* signalling phenotype along with
pathophysiological significance for arrhythmia (Lakatta, 1992, Jiang et al., 2004).
We demonstrate that these RyR2-mediated spontaneous Ca®" oscillations are
dependent on SOCE and can be completely abolished in the presence of the
SOCE blocker, BTP2. Thus, by limiting SOCE, TRICA modulates SR/ER refilling

and the frequency of the oscillations. Of note, TRICA-mediated suppression of
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SOCE was not restricted to RyR2 expressing cells. Wild-type HEK293 cells
lacking RyR2 also displayed clearly attenuated SOCE in presence of TRICA. This
resulted in a shift in the Ca®* signaling pattern from a sustained, elevated plateau
to an oscillatory behavior in response to the physiological stimulation of PLC-IP;
pathway, which might confer a protective effect against excess Ca*" influx and

overload in the cells.

In addition, the enhanced Ca?* discharge amplitude during each oscillation
is in line with the reported monovalent conductance generated by TRIC channels
across the ER membrane, which has been proposed to facilitate Ca®* efflux from
the ER via K* counter flux (Yazawa et al., 2007, Yang et al., 2016). Instead, when
both TRIC isoforms were knocked out in the embryonic cardiomyocytes, RyR2-
triggered spontaneous Ca®" oscillations were diminished as a consequence of
compromised K* counterflux (Yazawa et al., 2007). The effects of TRICA on
oscillation amplitude likely reflect crosstalk of the trimeric cation channel with
RyR2-mediated Ca®" mobilization since IPs;R-mediated Ca** release remained
unaffected. Nevertheless, TRICA suppression of SOCE appears independent on
the process of Ca** mobilization. Thus, TRICA represents a unique ER resident
cation channel that governs the magnitude of ER Ca?* mobilization process via its
channel function and dictates the temporal features of the Ca** oscillations via

interference with the STIM1/Orai1 coupling machinery within ER-PM junctions.

While the precise role of SOCE in muscle physiology is not fully understood,
SOCE does play an important role in skeletal muscle physiology ranging
development, differentiation, contractile function, and resistance against fatigue
(Stiber et al., 2008, Darbellay et al., 2011, Li et al., 2012, Carrell et al., 2016,
Boncompagni et al., 2017, Koenig et al., 2019). Skeletal muscle hypotonia and
weakness are characteristics of STIM1- and Orai1-deficient patients and mice
(Feske, 2010). While physiological SOCE is required for refiling SR Ca?* stores
and proper muscle development and function, excessive SOCE seems to be
detrimental, leading to muscular dystrophy (Michelucci et al., 2018). STIM1
upregulation has also been associated with cardiac hypertrophy, hypertension,
and arrhythmia, characterized by enhanced spontaneous Ca®* transients and

downstream transcription coupling, and decrease in its function has been
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proposed to ameliorate these cardiac disorders (Voelkers et al., 2010, Hulot et al.,
2011, Luo et al., 2012, Correll et al., 2015, Kassan et al., 2016, Parks et al., 2016,
Benard et al., 2016). Thus, tight regulation of STIM1 function and SOCE is critical
for maintaining proper muscle physiology based on oscillatory Ca** signals. The
overloading of SR Ca® stores, aberrant ER-mitochondrial connections, and
mitochondrial dysfunction associated with TRICA deficient muscle cells are indeed
reminiscent of effects caused by increased STIM1 function. Thus, increased
SOCE, in the absence of TRICA, can cause ER and mitochondrial Ca®* overload.
It is also of interest that another ER-resident protein, SARAF, when
overexpressed, can mitigate the effect of STIM1 in cardiac hypertrophy and
diastolic dysfunction (Dai et al., 2018). Interestingly, SARAF, like TRICA, is
recruited to ER-PM junctions by STIM1 where it increases Ca?*-dependent
inactivation of Orai1 (Palty et al., 2012). Thus, two ER proteins negatively
modulate STIM1/Orai1 function in muscle cells to limit SOCE and prevent SR Ca?*
overload. Further studies will be required to evaluate their individual effects on

SOCE and the consequent physiological impact in muscles.

In summary, our findings suggest that TRICA-mediated regulation of SOCE
can play a major role in regulating Ca®* homeostasis in muscle cells. In addition,
loss of TRICA, and a consequent gain of SOCE can disrupt Ca?* handling
resulting in long-term consequences and dysfunction. Indeed TRICA variants have
been associated with hypertension in patients (Yamazaki et al., 2011). Since both
TRICA and SOCE impact skeletal, cardiac as well as smooth muscle function, the
TRICA-SOCE interaction might reflect a common mechanism to prevent SR Ca?*-
overload and dysfunction in these types of muscles. Therapies targeting SOCE

could be beneficial in patients with TRICA defects.
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