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Summary

Ca?" is a ubiquitous intracellular messenger. It regulates a variety of cellular activities,
ranging from muscle contraction, neuronal transmission, secretion and cell growth to apoptosis.
Store-operated Ca?" entry (SOCE) is a major pathway of Ca** signalling and exists in almost
all metazoans. SOCE is activated by loss Ca?" from the endoplasmic reticulum (ER), which
causes stromal interaction molecule 1 (STIM1) to accumulate at junctions between the ER and
plasma membrane (PM). Within these membrane contact sites (MCS), STIM1 forms puncta
that trap and activate Orail Ca** channels in the PM, allowing Ca** to flow into the cytoplasm

and slowly replenish Ca?" in the ER.

Elucidating the binding stoichiometry of STIM1 and Orail is essential for understanding
Orail gating and mechanisms of SOCE. Most previous studies of SOCE used cells
overexpressing STIM1 and/or Orail, which might perturb their behaviours. This study used a
HeLa cell line in which one copy of the endogenous STIM1 gene was tagged with EGFP using
CRISPR/Cas9 gene-editing to understand the stoichiometry and dynamics of STIM1 and Orail
in SOCE.

I confirmed that SOCE was normal in STIM1-EGFP HeLa cells and that the tagged and
untagged versions of STIM1 mixed freely and interacted with Orail. Total internal reflection
fluorescence (TIRF) imaging analyses indicated that there was only a modest increase in the
average size of STIM1 puncta after store depletion. Stepwise photobleaching analyses revealed
that there was an average of 14.5 STIM1 molecules within each punctum in cells with empty
Ca?" stores. Orail was immunostained and the fluorescence intensity distributions of the Orail
puncta were minimally affected by store depletion. Furthermore, the fluorescence intensities
of Orail that colocalized with STIM1 puncta were similar to those remote from them. Only a
small proportion (26%) of STIM1 colocalized with Orail at MCS identified by MAPPER, a
fluorescent marker constitutively present in the ER-PM junctions. I conclude that each SOCE
complex comprises a small cluster of STIMI1 and is likely to include no more than one active
Orail channel. The presence of a single Orail channel within each SOCE junction is estimated
to be enough to account for observed SOCE-mediated Ca?" signals, but it contradicts

suggestions that STIM1 promotes clustering of Orail within MCS.
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Chapter 1 Introduction

1.1.  Overview of CaZ" signalling

Calcium ions serve as one of the ubiquitous second messengers in cell signalling pathways,
particularly in regulating cellular activities including muscle contraction, cellular motility, cell
growth and development (Berridge et al. 2000; Rash et al. 2016). The resting concentration of
free Ca?" in the cytoplasm ([Ca?*].) is around 100 nM, while the extracellular concentration of

Ca?" is normally greater than 1 mM (Montero et al. 1995; Foskett et al. 2007).

Cells maintain the low [Ca?']c via many Ca*" signalling mechanisms (Figure 1.1). To
maintain the massive concentration gradient between extracellular space and cytosol, Ca>* ions
must be actively pumped out from cytosol to the extracellular space by plasma membrane Ca?*
ATPases (PMCA) utilizing ATP. The Na*/Ca** exchanger (NCX) transports Na* down its
electrochemical gradient of Na* across the plasma membrane (PM) in exchange for the
countertransport of Ca?". Thus, each Ca?" is transported out of the PM for every three Na*
entering the cytosol (Yu and Choi 1997). Ca?" ions are also removed from the cytosol into
various intracellular Ca?" stores: by the sarco/endoplasmic reticulum Ca?** ATPases (SERCA)
into the ER, the secretory pathway Ca** ATPases (SPCA) into the Golgi apparatus (Lissandron
et al. 2010; Vandecaetsbeek et al. 2012), and sequentially through voltage-dependent anion
channel (VDAC, in outer mitochondrial membrane) and mitochondrial Ca* uniporter (MCU,
in inner mitochondrial membrane) to mitochondria (Kirichok et al. 2004). Lysosomes also keep
a high resting Ca?" concentration by pumping Ca** into the organelle via a Ca?" transporter,
but Ca®* leaks from lysosomes via transient receptor potential mucolipin (TRPML), two-pore
channel 2 (TPC2) and P2X4 receptors (Morgan ef al. 2011). Ca*" ions are transported into the
cytosol by a number of channels. These channels include voltage-gated Ca?" channels (VGCC),
ligand-gated Ca?* channels, and store-operated Ca?" channels, like Orail (Berridge 1997;
Soboloff et al. 2006). Ca*" is also released from intracellular Ca®" stores such as ER, via inositol

1,4,5-trisphosphate receptors (IP3R) mediated by Ca®* and IP3, and ryanodine receptors (RyRs).

Voltage-gated Ca®* channels are activated upon depolarization of the PM. They are slightly
permeable to Na* ions but 1000-fold more permeable to Ca** (Yamakage and Namiki 2002;
Catterall 2011). They mediate L-type, P/Q-type, R-type and T-type Ca®* currents. Ligand-gated
Ca?" channels are also named receptor-operated channels (ROCs) and, as the name suggests,

are activated by ligand binding. For example, on the PM, P2X channels are activated by ATP



binding to the extracellular loop (North 2002), which induces a conformational change and
allows cations, including Ca*, to enter the cytosol. In contrast, intracellularly, IPs activates its
receptor in a ligand-dependent way which will be discussed in detail later (Figure 1.24), and
nicotinic acid adenine dinucleotide phosphate (NAADP) can open the two-pore channel (TPC),
which mediates Ca®* transport across endosomal/lysosomal membranes (Galione 2010). Store-
operated Ca?" channels, which will be the focus of this thesis, are activated when the ER Ca?*

store is empty (Putney 1986). Furthermore, Ca** ions themselves are able to open ligand-gated
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Figure 1.1 A schematic of Ca?* signalling pathways. See Abbreviations. Ca*" is
transported from extracellular space into the cytosol through TRPC, VGCC, GPCR,
PMCA, NCX and Orail (Giorgi et al. 2018). Ca" is transported into ER by SERCA
pump and released by IPsRs and RyRs. Ca®* is transported into the mitochondria
by mitochondrial Ca®* channels, including VDAC, MCU, and out by NCLX (Giorgi
et al. 2018). Ca?" is pumped into the Golgi apparatus by SPCA (Van Baelen et al.
2003). Lysosomes can also be a Ca>* store, where Ca®" leaks from TRPML, TRC2
and P2X4, and enters via Ca?* transporter (Morgan et al. 2011).



Ca?* channels as well, known as calcium-induced calcium release (CICR), which is an essential
regulatory pathway in IP3- and RyR-mediated Ca®* release and is vital in excitation-contraction

coupling in cardiac muscles (Fabiato 1983).

When Ca?" ions are released into the cytosol from intracellular stores, downstream cellular
activities, such as muscle contractions and cell proliferation, are initiated by protein-protein
interactions, either through local diffusion of messengers or direct communications between
signalling proteins. These interactions influence the spatial organization of Ca?". As a result,
Ca?" signals are selectively delivered to various parts of the cell, inducing different

physiological responses (Konieczny et al. 2012).

1.2.  Intracellular organelles and their Ca?* channels
IP; receptors and Ca?* signalling

IP3;Rs mediate one of the most crucial Ca**-releasing pathways within cells and trigger
diverse downstream signalling events, which regulate various cellular activities. IP3;Rs
predominantly reside in the ER, but can also be found in small populations in the PM (Dellis
et al. 2006), nuclear envelope (Rahman et al. 2009), and Golgi apparatus (Pinton ef al. 1998).
There are three isoforms in the family of IP;R, namely IP3R1 to 3, all of which can assemble
with themselves or with each other to form homo-tetrameric or hetero-tetrameric proteins
(Supattapone ef al. 1988; Monkawa et al. 1995). The tetramer adopts a square mushroom-like
structure (Fan et al. 2015) (Figure 1.2D). Each subunit contains an IP3-binding core (IBC)
towards the N-terminus, and four subunits collectively create a Ca**-permeating pore in the
centre with large Ca*' conductance, but relatively poor selectivity for Ca** over K*
(Bezprozvanny and Ehrlich 1994; Taylor et al. 2004). With similar core properties (Lock et al.
2018), the IP3R subtypes differ in IPs-binding affinities (Iwai et al. 2007), regulation by [Ca?*]c
(Cardy et al. 1997) and many other properties (Foskett et al. 2007).

The initiation of IP3-mediated Ca?* release starts from a ligand binding to a Gq-coupled
receptor on the PM, which activates the GPCR and the Ga subunit subsequently activates
phospholipase C B (PLC p). Additionally, the activation of many tyrosine kinases leads to the
phosphorylation and activation of PLC y (Nishibe et al. 1990). Activated PLCs then cleave
phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). Finally, IP3 binds to its receptor on the ER membrane and triggers Ca?"

release from the intracellular store (Figure 1.2A).
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Figure 1.2 Ca?* release by IP3;Rs and RyRs. A. IP; mediated Ca?" release. When
a ligand binds to a GPCR, the receptor undergoes conformational changes to
activate the G, subunit. G, subunit activates PLC to cleave PIP,, which decomposes
into IP3 and DAG. IP; diffuses to the cytosol and binds to IP3Rs on the ER, which
primes IP3Rs to Ca?" binding and subsequently triggers Ca?* release from the ER.
B. Ca®' release by RyRs. RyRs are close relatives of IPsRs, but they are
predominantly present in the SR in skeletal and cardiac muscles. RyR1 can be
activated by directly interacting with VGCC on the PM while RyR2 are activated
by CICR, where the Ca** comes from VGCC after depolarization. C. Schematic of
CICR. Ca®" release from IP3Rs in a hierarchical manner with increasing [IP3]. Low
[IP3] causes a single IPsR to open and produce blips. The released Ca** diffuse to
neighboring IPsRs and activate several clusters of IP3Rs, which results in Ca**
puffs. With increasing stimulus intensities, Ca?" signals propagate into a global,
regenerative wave. D. Side view of the structure of IP3R1, a mushroom-like
tetramer (Fan et al. 2015). E. Ca?" oscillations in response to increased [IP3],
stimulated by 120 nM leukotriene C4 (LTC4) in a mast cell line (RBL cells) with
presence of 2 mM extracellular Ca* (Parekh 2010).
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The activation of IP3Rs is initiated by binding IP; to the clam-like IBC, and all four IBC on
the tetramer have to be occupied for Ca®" release to occur (Alzayady et al. 2016). The IBC
comprises o and B domains, which undergo conformational changes upon IP; binding (Lin et
al. 2011; Seo et al. 2012). The binding of IP3 promotes Ca?" binding to an IP3 channel, and
both IP; and Ca*' bindings are essential for IP;Rs to open (Marchant and Taylor 1997).
Increasing concentrations of IP3 trigger a hierarchy of Ca?*-releasing events, with the smallest
called ‘blips’, involving a single IP3;R (Parker ef al. 1996; Berridge 1997). The release of Ca®*
from these pioneers evokes Ca?*-induced Ca** release (CICR) and propagates the signals to
neighbouring IP3Rs. This causes larger elementary events named ‘puffs’ released by a cluster
of IP3Rs. With even higher [IP3] and the effect of CICR, more IP3Rs are activated, and the Ca®*
release is further amplified to become a global regenerative wave across the whole cell (Figure
1.2C). Recently, it has been revealed that the global Ca?* signals are accompanied by rapid
flurries of Ca?* puffs (Lock and Parker 2020). Interestingly, as one of the two essential binding
molecules of IP3Rs, Ca?* activates IP3Rs at low concentration while inhibiting Ca** release

from IP3Rs at high concentration (Lino 1990; Bezprozvanny et al. 1991).

The phenomenon of IP3Rs aggregation into clusters induced by IP; throughout the ER has
been observed (Wilson et al. 1998; Tateishi et al. 2005; Tojyo et al. 2008). Also, IP3-evoked
Ca®' release is usually activated from fixed sites (Thomas et al. 2000; Smith et al. 2009;
Wiltgen et al. 2010). However, the visualization and dynamics of fluorescently tagged
endogenous IP3R1 were first reported recently by Thillaiappan et al., which suggested that
most IP3Rs assemble into relatively loose clusters (~8 [P3Rs per cluster). They also found that
most [P3Rs are mobile within the ER but only immobile IP3R clusters are ‘licensed’ to respond
to IP; and mediate Ca®>' release (Thillaiappan et al. 2017). Furthermore, the same group
revealed that these licensed IP3Rs are immobilized by interacting with KRAS-induced actin-
interacting protein (KRAP), which tethers IP;Rs to actin filaments (Thillaiappan et al. 2021).
How KRAP licenses IP3Rs and the role of the larger number of mobile IP;Rs have not yet been

resolved.

Ryanodine receptors (RyRs) and Ca?* signalling

RyRs are another family of intracellular channels that are responsible for Ca?* release from
the endoplasmic/sarcoplasmic reticulum (SR), although they are less widely expressed than

IP3Rs (Fill and Copello 2002). There are three subtypes of RyRs, named RyR1 to RyR3 in

mammalian cells, and they constitute the major Ca®*-release pathway for excitation-contraction



(E-C) coupling in skeletal and cardiac muscle (Hymel ef al. 1988; Smith et al. 1988; Airey et
al. 1993). RyRs form giant homo-tetrameric assemblies and constitute large-conductance
channels with low selectivity for Ca®*, just like IPsRs (Tinker and Williams 1992). All three
RyR isoforms are found in different cell types, but RyR1 is the predominant isoform in skeletal
muscle (Marks et al. 1989), where it is activated by direct interaction with voltage-dependent
Ca?" channels (VDCC), namely Cay1.1, also known as the dihydropyridine receptors (DHPRs)
(Protasi 2002). RyR2 and 3 are primarily expressed in the cardiac tissues (RyR2), whereas
brain and smooth muscles contain RyR3 (Otsu et al. 1990; Hakamata et al. 1992). They are
mainly opened via a CICR pathway, by Ca?" entry from activated VDCCs after depolarization,
particularly in the heart (Sham et al. 1995) (Figure 1.2B).

Encoding and decoding of intracellular Ca®* signals

When a stimulus is continuously present, Ca** release often exhibits an oscillatory pattern
(Meyer and Stryer 1991; Berridge 1993) (Figure 1.2E). Due to the enormous concentration
difference between cytosol and intracellular Ca?* stores (~100 nM vs 500 uM in the ER), a
brief opening of large-conductance intracellular Ca** channels produce a sharp increase in the
[Ca®'].. Excessive increases in [Ca®*]c are generally prevented because Ca?* inhibits RyR and
IP;R. Several pathways, for example SERCA pumps cytosolic Ca?* back to the ER, rapidly
restoring [Ca®]c. Hence, Ca®* signals are often presented to cells as Ca®* spikes. The process
can repeat to produce Ca®' oscillations (Wacquier er al. 2019), the number, frequency,

amplitude, and duration of which encode information that regulate cellular activities.

Cells can decode and interpret the information from different patterns of Ca** oscillations
(Dolmetsch et al. 1997, Salazar et al. 2008; Parekh 2010). The decoding of Ca?* is performed
by several decoder proteins, including calmodulin (CaM) (Linse et al. 1991; Tadross et al.
2008), calcineurin (Negulescu et al. 1994; Colella et al. 2008), protein kinase C (Oancea and
Meyer 1998), Ca?*/calmodulin-dependent protein kinase 1T (CaMKII) (Hanson et al. 1994;
Bradshaw et al. 2003), nuclear factor of activated T cells (NFAT) (Tomida et al. 2003) and
others. For instance, CaMKII is adapted to behave as a frequency decoder. It does not respond
to low frequencies of Ca?" stimuli because it needs the binding of Ca?*-calmodulin to be
activated, and CaM dissociates within the intervals between Ca®* spikes with low frequency.
However, it responds to Ca®* oscillations with higher frequencies (above threshold), where the
CaMKII undergoes autophosphorylation and increased enzyme activity (De Koninck and

Schulman 1998). When the stimulation is above the threshold frequency of CaMKII and some



sites are autophosphorylated, the kinase becomes more sensitive to low-frequency stimuli,
supporting a cooperative activation model (Hanson et al. 1994; De Koninck and Schulman

1998; Bradshaw et al. 2003; Dupont et al. 2003).

Ca?* signalling and mitochondria

Mitochondria are intracellular organelles that produce most cells’ supply of adenosine
triphosphate (ATP). Ca?" accumulates in energized mitochondria (Vasington and Murphy
1962). Despite the tremendous electrochemical driving force for Ca**, mitochondria have a low
affinity for Ca?" uptake (Gunter and Pfeiffer 1990). Therefore, mitochondrial Ca?* uptake only
occurs at specific sites with high intracellular Ca?* concentration, where mitochondria are in
close contact with the ER, so-called mitochondria-associated membranes (MAM) (Rizzuto et
al. 2012) (Figure 1.1). The mitochondrial Ca*" uptake requires that it crosses both outer and
inner mitochondrial membranes. Cytosolic Ca?" first crosses the outer mitochondrial
membrane (OMM) probably via the voltage-dependent anion channel (VDAC) (Gincel ef al.
2001; Shoshan-Barmatz and Gincel 2003). The passage of Ca** through the VDAC is tightly
regulated instead of free diffusion. VDAC is a large channel permeable to ions and molecules
up to 5 kDa (Gincel et al. 2001; Hoppe 2010). Interestingly, it was demonstrated that closed
VDAC has higher permeability of Ca?*, which would induce cell apoptosis (Rapizzi et al. 2002;
Tan and Colombini 2007). After crossing the OMM, Ca?" enters the mitochondrial
intermembrane space (IMS), and then crosses the inner mitochondrial membrane (IMM)
mainly through the mitochondrial Ca?* uniporter (MCU) (Kirichok et al. 2004). MCU is a
regulated ion channel with high selectivity to Ca?* but low conductance, through which Ca?*
moves down its electrochemical gradient when the channel opens (Gunter and Gunter 1994;
Marchi and Pinton 2014). It consists of pore-forming units, mitochondrial calcium uptake
proteins (MICU 1-3), essential MCU regulator (EMRE) and other regulators (Malli 2017;
Pathak 2018). When [Ca**]ius is low, MICU 1/2 inhibits the opening of MCU. While [Ca?ivs
is high, Ca?* binds to the EF hand of MICU 1, which activates MCU and induces Ca?" influx
(Mallilankaraman et al. 2012; Pathak 2018). There are other proteins involved in Ca?* uptake
across the IMM, such as mitochondrial ryanodine receptor (mRyR) (Pacher et al. 2002) and
permeability transition pore (PTP) (Rasola and Bernardi 2007), but they will not be described

in detail here.

Ca?" efflux from the mitochondrial matrix is mediated by the Na'/Ca?'/Li* exchanger

(NCLX) (Palty et al. 2010). It locates in the IMM of the mitochondria and transports each Ca®*



ion out of the mitochondria in exchange for three Na™ ions entering it (Pitts 1979). Unlike the
NCX localized in the PM, NCLX in the mitochondria also transports Li* (Palty et al. 2010).
Besides the NCLX, a Ca?*/H" antiporter, the leucine zipper EF-hand containing transmembrane
protein 1 (Letm1), also extrudes Ca?* from the mitochondria independent of Na* (Jiang ef al.

2009; Santo-Domingo and Demaurex 2010).

Apart from its role in Ca** buffering and homeostasis, mitochondrial Ca** uptake also
affects store-operated Ca>* entry (SOCE) (Glitsch ez al. 2002). A recent study has demonstrated
that upon IP3;-mediated Ca?" release and physiologically activated SOCE, both STIMI
oligomerization and SOCE are impaired when MCU or uncoupling protein 2 (UCP2) is
knocked down or deleted (Deak et al. 2014). In addition, Ben-Kasus Nissim et al. showed that
the downregulation of NCLX proteins results in attenuated SOCE (Ben-Kasus Nissim et al.
2017).

1.3. Store-operated Ca’* entry

One source of Ca®' signal entering into the cytosol is SOCE (Feske 2010), which is
observed in various organisms, from yeasts to mammals (Putney 2004). It was once called
capacitative Ca’' entry to represent that Ca?" traversing the ER (the capacitor) as an
intermediate step between extracellular Ca?* and the cytosol (Putney 1986). This assumption
was proven wrong, and this pathway was renamed store-operated Ca?" entry to describe its
mode of activation more precisely and distinguish it from voltage-, ligand- or receptor-gated
Ca?" channels (Prakriya and Lewis 2015). SOCE is the principal pathway for Ca?" influx in
non-excitable cells, including mast cells and T cells (Berridge 1995; Ma and Beaven 2011;
Vaeth et al. 2017). It also contributes to the Ca?>" homeostasis in excitable cells such as neurons
and pancreatic -cells (Takemura ef al. 1991; Clementi et al. 1992; Miura et al. 1997; Klejman
et al. 2009). SOCE is not voltage-dependent, it can be activated by depletion of intracellular
Ca?" stores without a change in membrane potential, thus providing a complementary role for
Ca?" influx and replenishing the Ca?" stores. These Ca?" release-activated Ca?" (CRAC)
channels have unique structures and modes of regulation compared to other known Ca?"
channels. Store-operated channels (SOCs) are physically and functionally closely connected to
the ER and are activated by ER Ca?" store depletion, either physiologically via IP3-mediated
Ca?" release or pharmacologically by thapsigargin (TG) or cyclopiazonic acid (CPA) (Thastrup
et al. 1989), which results in increases in [Ca*"]. and subsequent refilling of ER (Fanger et al.

1995). In addition to homeostatically regulating the ER Ca?* store to maintain a relatively



constant concentration of Ca?" in the ER, the increase in [Ca®*]. has broader impacts on Ca®*
signalling within the cell. As the ER Ca?" store capacity is finite, the release of Ca?" ions could
only be transient, generating short Ca®" signals. On the other hand, depletion of the ER Ca?*
store could be a sustained process that triggers prolonged SOCE. The time scale of this
response ranges from minutes to hours, impacting many other cellular activities, including

transcription, modulation of enzymatic activity, and secretion (Prakriya and Lewis 2015).

Although the phenomenon of SOCE triggered by the depletion of intracellular Ca** stores
was proposed in the 1980s (Putney 1986), various proteins were proposed to mediate SOCE,
amongst which the transient receptor potential (TRP) family was the most prominent (mainly
TRPC1 (Wes et al. 1995; Brough et al. 2001; Mori et al. 2002) and TRPC3 (Wu et al. 2000)).
However, the biophysical and pharmacological properties of these channels did not match
those of CRAC channels (Voets et al. 2001). Although TRPCs do not directly form the pore
subunits of CRAC channels, they remain important regulators of SOCE (for review see Lopez
et al. (2020)). The first component critical to SOCE was identified in 2005 by Meyer’s group
(Liou et al. 2005). They used RNA interference (RNAi)-based screening and found suppressed
Ca?" influx in cells with reduced expression of stromal interaction molecule (STIM) and proved
that STIM1 and STIM?2 are important for SOCE. Almost at the same time, another group (Roos
et al. 2005) transfected HeLa cells with individual siRNAs against 2,304 human signalling
proteins and again the absence of STIM1 and STIM2 suppressed SOCE. One year later, three
groups identified Orail independently and roughly simultaneously (Feske et al. 2006; Vig et
al. 2006; Zhang et al. 2006), a novel protein of 33-kDa with four putative transmembrane
segments located in the PM. In later investigations, Orail has been classified as an essential
pore subunit of the CRAC channel (Prakriya et al. 2006; Vig et al. 2006; Yeromin et al. 2006).
Further studies (Mercer et al. 2006; Peinelt et al. 2006; Soboloff e al. 2006) illustrated that the
overexpression of Orail with STIM1 was able to generate much larger store-operated currents
than endogenous Icrac. The later experiments by Zhou et al., in turn, suggested that the

interaction between STIM1 and Orail alone is sufficient to operate SOCE (Zhou et al. 2010).

STIM1, as a Ca?*'-sensor, has two primary functions in SOCE - it senses ER Ca*!
concentration and activates Orail. STIMI is a type I transmembrane protein locating mainly
in the ER with a small population in the PM (Liou et al. 2005; Luik et al. 2008). On the luminal
side, there is a canonical EF-hand (cEF), a non-canonical EF-hand (nEF), and a sterile alpha
motif (SAM), and they form the EF-SAM domain collectively, which is mainly responsible for
sensing Ca?" in the ER (Stathopulos et al. 2006). After a short transmembrane domain, the



cytosolic side contains three consecutive coiled-coil (CC) regions, namely CC1 (composed of
three helices, a1, a2, a3), CC2, and CC3, where the latter two domains together constitute the
CRAC activation domain (CAD) or STIM-Orai-activating region (SOAR) (Park et al. 2009;
Yuan et al. 2009). Additionally, an inactivation domain (ID) is present shortly after CC3, and
a proline/serine-rich domain (P/S), an EB1-binding (EB) domain, and the polybasic domain
(PBD) near the end of the cytosolic region (Figure 1.3A).

The inactive state of STIM1

When the ER is full of Ca?*, STIMI is in its resting state, it switches to an active state upon
ER Ca?" store depletion (Figure 1.3B). Several lines of evidence suggest that STIM1 is a dimer
in its resting state. Orthogonally labelled wild-type (WT) STIM1 proteins coimmunoprecipitate
under resting conditions, revealing that full-length STIMI1 self-associates in resting cells
(Covington et al. 2010). This study also suggested, using orthogonally labelled STIM1 mutants,
that the CC1 domain supports the self-association of STIM1 when inactive, while the CAD
region further strengthens this interaction. Forster resonance energy transfer (FRET) analyses
also suggested that STIM1 already partially pre-associates before ER Ca?" store depletion
(Muik et al. 2008; He et al. 2012). Cross-linking may be the most direct evidence to prove that
STIM1 exists as a dimer even without decreasing ER Ca?* content (Srikanth et al. 2010;
Korzeniowski et al. 2017). Stathopulos ef al. argued that WT EF-SAM is a monomer and only
dimerized or oligomerized upon store depletion (Stathopulos et al. 2008), but that is not
incompatible with a dimeric full-length protein with the EF-SAM regions apart (Figure 1.3Bi).
However, all these studies used overexpressed proteins, which may promote dimerization or
even oligomerization, but the diffusion coefficient of resting STIM1 at a very low expression
level (Wu et al. 2014) was comparable to that of overexpressed proteins derived from
fluorescence recovery after photobleaching (FRAP) experiments (Liou et al. 2007; Covington
et al. 2010). Hence, the oligomeric structure of inactive STIM1 determined from over-
expression studies appears not to be artefact of over-expressing STIM1. Additionally, the
crystal structure of the SOAR region was revealed by single wavelength anomalous dispersion
(SAD) (Yang et al. 2012), which showed that the human SOAR (hSOAR) exists primarily as
dimers in solution stabilized by hydrogen bonds and hydrophobic interactions (Figure 1.3B).

The resting state of STIM1 adopts a different conformation compared to its active form
(Figure 1.3B). The importance of the C-terminus, especially the coiled-coil region, in

stabilizing inactive STIM1 was realized relatively early (Korzeniowski et al. 2010; Saitoh et
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al. 2011; Yu et al. 2011). Deletion of the coiled-coil regions shortens the half-life of STIMI1,
indicating a stabilizing effect in WT STIM1 (Saitoh ef al. 2011). A STIM1 mutant with the last
200 residues missing (STIM1: 1-485) constitutively interacts with and traps Orail
intracellularly, thus inhibits SOCE by restricting Orail’s enrichment in the PM (Yu et al. 2011).
When the deleted region was replaced by GFP or mCherry, the STIM1 chimera restored the
normal functions of WT STIMI1, suggesting that the C-terminus of STIM1 prevents STIM1
from spontaneous activation via a steric hindrance mechanism. The details of exactly how this
region affects the conformation and stability of STIMI in the resting state were revealed later.

The intramolecular interaction between CCla; and CC3 forms a coiled-coil clamp which holds
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Figure 1.3 The functional domains and an activation model for STIMI1. A.
Functional domains of STIM1. See Abbreviations. B(i). An activation model for
STIM1. When the ER Ca?" store is full and EF-SAM domains are bound to Ca?*,
STIM1 is in a folded structure at rest, with CClou binding to the CAD/SOAR
domain to inhibit activation of Orail. (ii) When the Ca?* store is depleted, Ca®* ions
dissociate from the EF-SAM domain, which brings the EF-SAM and TM regions
together. This subsequently triggers a conformational change in the C-terminus of
STIM1 to expose CAD/SOAR domains, allowing them to interact with Orail.

Image redrawn from Lewis (2019).
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the protein in the quiescent state by shielding the CAD/SOAR domain (Yu ef al. 2013; Fahrner
et al. 2014; Korzeniowski et al. 2017). The CClaz domain, which was previously termed as
inhibitory helix (IH) (Yang et al. 2012; Cui et al. 2013), was also shown to maintain the resting
structure of STIM1 and is critical for the conformational change of STIM1 after store depletion
(Cui et al. 2013; Korzeniowski ef al. 2016), which can be attributed to its amphipathic nature
(Yu et al. 2013). More specifically, a single aromatic residue in the inhibitory helix, tyrosine
(aa 316), is critical for keeping STIMI inactive by hydrogen bonding or hydrophobic bonding
with the CAD domain. Mutation of this residue (Y316A) caused spontaneous aggregation and
translocation of STIM1 to the PM even in cells with replete Ca®* stores (Yu et al. 2013). In
addition, the ID region also contributes to the resting state of STIM1 by interacting with the
CAD domain via a conserved linker (21-aa long) with the help of CC1 (Lee et al. 2020).

The active state of STIM1

As a Ca’" sensor, the primary role of STIMI is to detect how much Ca*" is left in the ER
and call for action by interacting with Orail to refill the ER when Ca?* content is low. To
describe the entire mechanism of the activation of STIM1, I need to start with its ability to
detect Ca?". The EF-SAM domain of STIMI is predominantly responsible for sensing Ca** in
the ER (Liou et al. 2005; Zhang et al. 2005), with an affinity of ~200 uM (Stathopulos et al.
2006; Brandman et al. 2007; Stathopulos et al. 2008). There are two EF-hand motifs contained
in the entire domain, namely the canonical EF-hand (cEF), which binds to Ca?* ions, and the
non-canonical EF-hand (or hidden EF-hand), which stabilizes the cEF via hydrogen bonding
(Stathopulos et al. 2008). Mutations in the EF-SAM region lead to the persistent formation of
STIM1 puncta and constitutive activation of SOCE, therefore, mutants are widely used for
further investigations of STIM1, for example, D76A (Liou et al. 2005; Spassova et al. 2006;
Klejman et al. 2009). While it was initially proposed that the cEF can only coordinate a single
Ca®* ion (Stathopulos et al. 2006), recent evidence has shown that there are 5-6 Ca**-binding
sites on the entire EF-SAM region (Gudlur ef al. 2018). The binding of the Ca?* to the cEF is
essential for subsequent Ca?* binding to other sites, and the occupation of all sites stabilizes

the entire molecule in the resting state (Stathopulos and Tkura 2019).

When the ER is full of Ca*", the EF-SAM domain associates with Ca?* ions, and it adopts
an ‘open’ conformation, with the two EF-SAM domains separated from each other (Figure
1.3Bi). Loss of Ca’?" from the ER allows dissociation of Ca?>* from the EF-SAM domain of

STIM1, the luminal region of STIM1 then undergoes a conformational change to a ‘closed’
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state, in which the two EF-SAM domains come closer (Liou et al. 2007; Stathopulos et al.
2008; Gudlur et al. 2018) (Figure 1.3Bii), but without a massive change in the secondary
structure of the EF-SAM domain (Gudlur et al. 2018). This closer contact has been confirmed
by increased FRET between fluorophores attached to the N-terminus of STIM1 (Liou et al.
2007; Malli et al. 2008; Covington et al. 2010). Furthermore, FRET analyses also suggested
increased proximity between the TM regions of STIM1 dimers after Ca** release from the ER

(Ma et al. 2015) (Figure 1.3Bii).

The partial unfolding and dimerization in the luminal part of STIM1 are coupled with
further conformational changes associated with the C-terminus, where the CCla; helix
dissociates from the CAD/SOAR domain (Lewis 2019). This rearrangement triggers extension
of the entire coiled-coil domain and results in exposure of the CAD/SOAR domain (Yu et al.
2013; Zhou et al. 2013; Fahrner et al. 2014; Ma et al. 2015) (Figure 1.3B), which later allows
this domain to interact with the Orail channels in the PM after translocation of STIM1 to ER-
PM junctions. The extension of STIM1 is followed by one of the iconic features associated
with SOCE, the oligomerization of STIM1 to form so-called ‘puncta’ (Wu et al. 2006; Xu et
al. 2006; Liou et al. 2007). Many regions in the STIM1 structure have been shown to contribute
to the oligomerization of STIM1. The SOAR/CAD domain is critical in this process, without
which STIM1 fails to form puncta (Park ez al. 2009; Covington et al. 2010; Zheng et al. 2018).
However, although mutations in the CC2 region impair the aggregation of STIM1, CC2 solely
cannot demonstrate the full function of CAD in STIM1 oligomerization (Covington ef al. 2010).
The function of the PBD is controversial. Some people reported that STIM1 lacking the PBD
(aa 672-685, STIMI1-AK) cannot form puncta at MCS upon store depletion unless co-
overexpressed with Orail (Park et al. 2009), while others argued that STIM1-AK can still form
intracellular clusters and translocate to the ER-PM junctions even without the presence of
Orail (Zheng et al. 2018). Maruyama et al. took a closer look at the oligomerization of STIM1
using atmospheric scanning electron microscope (ASEM) (Maruyama et al. 2012), suggesting
that STIM1 aggregates into a belt-like linear structure, up to 2 pm in length and 100 nm in
width, instead of the globular structure usually seen under the fluorescent microscope.
Oligomerization of STIM1 drives the accumulation of STIM1 to the ER-PM junctions and is
sufficient for activating Orail channels (Luik ef al. 2008). Hence, SOCE is closely coupled
with this self-organising process of STIM1. A diffusion trap model (Wu et al. 2014) (Figure
1.4) has been proposed for STIM1 oligomers to translocate to the 10-25 nm gap of ER-PM
junctions (Wu et al. 2006). STIMI1 diffuses within the ER while Orail moves in the PM also
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by diffusion (Liou et al. 2007; Covington et al. 2010; Wu et al. 2014). When Ca®* dissociates
from the EF-SAM domains of STIMI, the protein dimer undergoes conformational changes to
exhibit an extended shape (Figure 1.3B), followed by accumulation into so-called ‘puncta’
(Liou et al. 2005; Liou et al. 2007; Stathopulos et al. 2008; Park et al. 2009), as described
above. The PBD at the extreme C-terminus are also exposed (Muik ef al. 2011) and interact
with phospholipids located in the PM, particularly PIP> (Ercan ef al. 2009; Walsh et al. 2009;
Bhardwaj et al. 2013; Zhou et al. 2013). This interaction establishes more of a regulatory role,
instead of being essential to SOCE, because the attenuation of SOCE after deletion of
phospholipids (PIP> and PIP3) can be rescued by overexpressing Orail (Jardin et al. 2008;
Walsh et al. 2009). Many reports emphasized that STIM1 accumulates into puncta and moves
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Figure 1.4 A schematic for the diffusion trap model of SOCE. At rest, STIMI
and Orail proteins passively diffuse in their membranes. Once ER Ca?* stores are
depleted and SOCE is activated, STIMI undergoes conformational changes, and
the exposed polybasic domains (PBD) binds to PIP; in the PM. The trapped STIM1
then binds to Orail through the CRAC activation domain (CAD), which allows
Orail to be trapped and activated. Image redrawn from Prakriya and Lewis (2015).
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to the vicinity of the PM, but not into the PM (Mercer et al. 2006; Wu et al. 2006; Xu et al.
2006). Therefore, under physiological conditions, where proteins are expressed at endogenous
levels, tethering of STIMI to the PM through binding to PIP; is important for clustering of
STIM1 and allows STIM1 to move to the proximity of Orail, which helps their interaction
(Wuet al. 2014; Zheng et al. 2018) due to their sparse distributions. The subsequent interaction
between STIM1 and Orail will be described later.

When Ca?* is added back, STIMI1 oligomerization is reversed. Live-cell imaging has
indicated that STIM1 colocalizes with microtubule-like structures during this process,
suggesting the involvement of microtubule in regulating SOCE (Liou et al. 2007). Microtubule
depolymerisation inhibits SOCE supported by endogenous STIM1, but SOCE can be rescued
by overexpressing STIM1 (Smyth et al. 2007). STIMI is a target of extracellular-signal-
regulated kinases 1 and 2 (ERK1/2) in vitro, which phosphorylates STIM1 at several sites
(Ser575, Ser608, and Ser621) (Pozo-Guisado et al. 2010) and, in turn, mediates the interaction
between STIM1 and end-binding protein 1 (EBI1), a protein that regulates microtubule
dynamics. Only when these sites are phosphorylated can STIM1 dissociate from EB1, which
frees STIM1 to multimerize with other STIM1s before fully accomplishing SOCE (Smyth et
al. 2012; Casas-Rua et al. 2013; Pozo-Guisado et al. 2013).

In summary, STIMI exists as a dimer in ER membranes at rest with a folded structure.
When the ER Ca?' stores are depleted, STIM1 undergoes conformational changes to an
extended structure, exposing its functional units (CAD/SOAR) and accumulates into puncta.
STIM1 puncta then diffuse to ER-PM junctions where the PBD interact with PIP>, thereby
tethering STIM1 to the PM, followed by binding to Orail and opening of its channel.

STIM?2 — another member of the STIM family

There are two members in the family of STIM, both of which were discovered as free Ca?*
sensors (Williams et al. 2001; Liou et al. 2005). They are likely to have evolved from a
common ancestral gene but diverged as early as in bony fish (Cai 2007). They share highly
conserved genomic organizations in the luminal domains but exhibit differences in their C-
terminal part (Williams et al. 2001). Some research groups suggested that STIM2 impairs
SOCE moderately (Liou et al. 2005; Roos et al. 2005; Oh-Hora et al. 2008) or even with no
effect (Peel et al. 2006) when knocked down, while knocking down STIMI1 significantly
suppresses SOCE, suggesting that STIM2 might be redundant in the regulation of SOCE.
However, others revealed that STIM2 inhibits SOCE mediated by STIM1 when expressed

15



alone (Soboloff et al. 2006) but can cause substantial constitutive SOCE when co-expressed
with Orail (Soboloff ef al. 2006). Later results may provide a possible explanation for these
seemingly contradictory results, where overexpression of an alternatively spliced STIM2
variant, STIM2.1 (or STIM2p), shows an inhibitory effect on SOCE, while STIM2.2 (or
STIM2a) promotes SOCE (Miederer et al. 2015; Rana et al. 2015). From the perspective of
the molecular structure, STIM1 has a phenylalanine residue at position 394 while there is a
leucine residue in STIM2 at the equivalent position. This substitution is critical for STIM1
being a full agonist of Orail, but making STIM2 a partial agonist (Wang et al. 2014). The
consensus is that STIM2 does regulate SOCE, especially in neurons (Berna-Erro et al. 2009),
dendritic cells (Bandyopadhyay ef al. 2011), and the brain (Skibinska-Kijek et al. 2009), where
STIM2 is the predominant isoform of STIM proteins. Furthermore, it can interact with Orail

to form a complex when [Ca?'Jer slightly drops (Gruszczynska-Biegala and Kuznicki 2013).

The Ca?*-binding affinity (Kq) of STIM2 is ~500 uM, much lower than STIM1 (~200 pM)
(Stathopulos et al. 2006; Zheng et al. 2008). Brandman suggested that STIM2 serves as a
feedback regulator of basal cytosolic and ER Ca** levels (Brandman et al. 2007). In their
studies, STIM2 was proposed to translocate to the PM upon minor reduction in [Ca*]gr, and
then, despite being a poor activator of Orail, STIM2 causes basal Ca*" influx by regulating
Orail. This was further confirmed in neurons (Gruszczynska-Biegala ef al. 2011). In contrast,
STIM1 can only respond to a much more significant decrease in [Ca?Jgr. Therefore, when
there is only minimal depletion of ER Ca?" by low stimulus, the activated conformation of
STIM2 facilitates its association with STIM1, which promotes the formation of STIM1 puncta
and STIM1-Orail coupling, thereby makes STIM1-Orail complex more sensitive to agonist
stimulus (Ong et al. 2015; Subedi et al. 2018).

Through influencing Ca?* signalling, STIM2 proteins impact many biological processes,
including human myoblast differentiation and myotube excitation-contraction coupling
(Darbellay et al. 2010), development and function of the immune system (Oh-Hora et al. 2008;
Schuhmann et al. 2010), as well as tumorigenesis (Ruano et al. 2006; Miao et al. 2019) and
idiopathic pulmonary arterial hypertension (IPAH) (Song et al. 2011). STIM2 could be a
therapeutic target for ischemic injury, T cell-mediated disorders (Schuhmann et al. 2010),
neurodegenerative disorders (Berna-Erro et al. 2009) and potentially breast cancer and

glioblastoma multiforme (Ruano et al. 2006; Miao et al. 2019).
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The structure of Orail

Since the discovery of Orail (Feske et al. 2006; Vig et al. 2006; Zhang et al. 2006), several
independent lines of evidence suggested that the Orail channel was a tetramer (Ji ef al. 2008;
Mignen et al. 2008; Penna et al. 2008; Madl ef al. 2010). This tetramer structure was further
supported by transmission electron microscopy (TEM) (Maruyama et al. 2009). Although the
techniques used all have their limitations (Chen and Xu 2013; Yen and Lewis 2019), the
hexameric structure reported by Hou et al. by X-ray crystallography was unexpected (Hou et
al. 2012) (Figure 1.5A4). Thompson et al. suggested that hexameric concatemers of Orail lose
the high Ca*"-selectivity, typical of CRAC channels, but this feature is retained in tetrameric
concatemers (Thompson and Shuttleworth 2013). Meticulous functional analyses of Orail
oligomers of unequivocal composition demonstrated that Orail hexamers have
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Figure 1.5 The crystal structure and activation model of Drosophila Orai. A.
Top view of Drosophila Orai, showing the arrangement of 6 subunits around a
central pore with coiled-coil interactions between the 3 pairs of transmembrane 4
(TM4) extensions (in white). Image reproduced from Hou et al. (2012). B. Side
view of the pore of dOrai lined by TM1 helices. Pore-lining residues are shown
with corresponding amino acids in human Orail in brackets. C. Pore rotation model
for Orail activation gating (Yamashita ez al. 2017). It was proposed that F99 residue

undergoes counterclockwise rotation of ~20° to open the gate.
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indistinguishable properties from endogenous CRAC channels, including Ca**-selectivity,
unitary conductance, rapid Ca**-dependent inactivation (CDI), and the response to 2-APB (Yen
et al. 2016). Also, each subunit in the hexameric concatemer of Orail performs equivalently.
Cai et al. also argued against Thompson’s report, showing that the hexameric constructs give
rise to similar current properties to tetrameric constructs (Cai et al. 2016). The difference in
their results can probably be attributed to a much shorter linker used by Thompson et al. By
substituting subunits of Orail hexamer concatemers at different positions with the ‘pore-
inactive’ E106A mutants, results also indicated that Orail channels function as hexamers, most
likely in a ‘trimer of dimers’ configuration (Cai et al. 2016). Although concatemers have been
widely used in investigating the properties of receptors with different numbers of subunits, the
length and composition of the linkers need to be carefully designed. Additionally, the resulting
receptors may not necessarily contain the expected number of subunits as designed, since
subunits can be borrowed from other assemblies or ‘looped out’ from the assembled receptor

(Steinbach and Akk 2011). Therefore, concatemers may not be representative of native proteins.

Orail is a PM protein containing four transmembrane o helices (M1 to M4) and M4 has an
additional helix extending into the cytosol (M4ext) (Gwack et al. 2007; Hou et al. 2012)
(Figure 1.5A4). Six M1 helices, one each subunit, are located in the centre forming the narrow
ion pore (Zhou et al. 2010; Hou et al. 2012). The M1 domains are surrounded by the M2 and
M3 helices, followed by peripheral M4 helices in an outer ring, responsible for interacting with
STIM1 (Muik et al. 2008) (Figure 1.5A4). Each pair of M4ext helices run antiparallel to each
other, with one in an extended shape and the other in a bent conformation in the resting state
(Hou et al. 2012; Tirado-Lee et al. 2015; Cai et al. 2018). The ion conduction pathway is lined
by D110/D112/D114 (in human Orail), which collectively serve as the ‘Ca**-accumulating
region’ (CAR) (Frischauf et al. 2015), followed by the E106 residue as the main Ca?*-binding
site and the selectivity filter (McNally et al. 2009; Zhou et al. 2010; Hou et al. 2018) (Figure
1.5B). In addition, there is a hydrophobic region (V102/F99/L95, human Orail) and a K/R-
rich basic region (R91/K87/R83, human Orail) sitting immediately below the selectivity filter
(Figure 1.5B), all of which contribute to the gating properties of the Orail channel (Zhang et
al. 2011; Yamashita et al. 2017; Yamashita et al. 2020).
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The interaction between STIM1 and Orail

A single dimer of STIM1 is sufficient to trap Orail in the ER-PM junctions but it cannot
induce channel opening (Hoover and Lewis 2011). The mobility of both STIM1 and Orail are
restricted once they interact (Liou et al. 2007; Barr et al. 2008; Park et al. 2009), as reflected
by their reduced diffusion coefficients. It has been well established that STIMI1 interacts with
the C-terminus binding domain (CBD, aa 267-292) of Orail, or more specifically, the
extension of the M4 helix (M4ext), after Ca>* store depletion. Deletion of the C-terminus or
mutation of Leu-273 in this region to serine disrupts coiled-coil formation, prevents the
interaction with STIM1 and channel opening, and thus abolishes SOCE (Muik et al. 2008;
McNally et al. 2013; Zheng et al. 2013). More specifically, both M4ext helices in the adjacent
pair of subunits straighten to an ‘unlatched’ conformation, allowing binding to the CAD/SOAR
region of activated STIM1 (Hou et al. 2018; Liu et al. 2019; Baraniak et al. 2021).

The function of the N-terminus of the Orail channel in interacting with STIM1 has been
contentious. Some studies suggest that the N-terminus of Orail is involved in pore opening
and channel gating because truncation of the N-terminus does not prevent STIMI from
interacting with Orail but impairs channel opening and SOCE (Li ef al. 2007; Takahashi et al.
2007; Muik et al. 2008; Zheng et al. 2013). Others reported an essential role of the N-terminus
of Orail in STIMI1 binding, especially amino acid residues 73-90, named extended
transmembrane Orail N-terminal (ETON) region (Derler et al. 2013; McNally et al. 2013;
Palty and Isacoff 2016). FRET between Orail with a truncated N-terminus (A1-85 and A73—
85) or mutation within that region (K85A and K85E) and STIMI significantly decreased
compared to that between WT Orail and STIM1. This suggests a role for the N-terminus of
Orail in the STIM1-Orail interaction (McNally et al. 2013). When looking closer at this region,
the L74, W76 and K85 residues are necessary for the interaction between the CAD/SOAR
domain and the N-terminal binding domain (NBD) of Orail (Derler et al. 2013; Palty and
Isacoff 2016). Therefore, a binding model has been proposed that, after Ca?* store depletion,
STIM1 is activated, oligomerized into puncta, and the CAD/SOAR domains are exposed to
first interact with the C-terminus of Orail. The interaction induces a modest allosteric
rearrangement in the structure of Orail, resulting in STIM1 binding to the N-terminus of Orail
(Zheng et al. 2013; Tirado-Lee et al. 2015; Palty and Isacoff 2016; Maganti ef al. 2019). This
allosteric change further propagates to the M3 and M2, and eventually causes the pore-lining
M1 helices to twist outwards, which finally activates the Orail channel (Palty ef al. 2015;
Yamashita et al. 2017; Cai et al. 2018; Liu et al. 2019; Hou et al. 2020). STIM1 binding to
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both termini of Orail is required in this model. However, Zhou et al. partially disagree with
this model by identifying a key ‘nexus’ region (LVSHK, aa 261-265) near the C-terminus of
Orail as a necessary and sufficient trigger that remotely controls channel gating via
conformational change relay, without the requirement of direct binding of STIM1 to the N-

terminus of Orail (Zhou et al. 2016).

Channel opening and ion selectivity

According to the pore structure of Orail (Figure 1.5B), directly below the selectivity filter
E106 are residues forming the hydrophobic and basic regions. V102 and F99 residues are
essential players in the hydrophobic region, mutations of which lose ion selectivity and cause
leaky gates that are constitutively open even at rest (McNally ef al. 2012; Derler et al. 2013;
Frischauf et al. 2017). The pore helices are suggested to rotate counterclockwise by about 20
degrees when activated by STIM1, which twists F99 away from the pore lumen while exposing
G98 to face the pore (Yamashita et al. 2017; Yeung et al. 2018) (Figure 1.5C). Dong et al.
also proposed a ‘twist-to-open’ gating mechanism by molecular dynamics (MD) simulations
combined with normal mode analysis (NMA), where the extracellular part of the channel
undergoes counterclockwise rotation to expand the pore formed by TM1 helices. In contrast,
the three intracellular N-termini of alternating helices move outwards, and the remaining three
helices rotate clockwise (Dong ef al. 2019). Water molecules may also engage during this
process by lowering the energetic barrier to facilitate channel opening and passage of ions

(Dong et al. 2013; Yamashita et al. 2017).

After the ions pass the formerly hydrophobic region, they encounter the basic region. This
region comprises mainly R91, K87, and R83 residues which gate the channel either by
electrostatic repulsion (Zhang et al. 2011) or by an anion plug (Hou et al. 2012; Hou et al.
2020). The polarity of these residues also contributes to the gating (Yamashita et al. 2020).
Removal or mutation of these residues perturbs channel activation and SOCE characteristics
(Derler et al. 2013; Derler et al. 2018; Yamashita et al. 2020). The basic region of the pore
experiences dramatic dilation of ~10A at K87 upon store depletion and activation by STIM1
and gets rid of the anion plug that stabilizes the resting state, which results in the opening of
the channel, as revealed in the crystal and cryo-EM structures of a constitutively open dOrail

H206A mutant (human H134A) (Hou et al. 2018; Hou et al. 2020).

Apart from the hydrophobic and basic regions that line the pore, several studies have

revealed regulatory roles in both channel gating and ion selectivity of intracellular loop 2
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(between TM2 and TM3) (Frischauf ez al. 2011; Fahrner et al. 2018), H134 in TM2 (Frischauf
et al. 2017), TM1-TM3 interface (Yeung et al. 2018) and TM3 itself (Srikanth et al. 2011;
Tiftner et al. 2021).

It is noteworthy that the interaction between STIM1 and Orail not only activates the
channel but is also necessary for the channel to demonstrate its characteristics, including high
ion selectivity, low conductance, appropriate current/voltage (I/V) relationship and Ca?*-
dependent inactivation (CDI). In SOCE, the STIMIl-mediated channel gating and ion
permeation are tightly coupled (McNally et al. 2013; Derler et al. 2018). The high Ca?*-
selectivity of the Orail channel is achieved by both the extremely narrow pore diameter (3.8—
3.9 A) at the selectivity filter (Tiffner et al. 2021) and the binding of STIM1. Lack of the latter
in ‘non-binding’ Orail mutants (e.g., L273S/D) abrogates the STIM1-mediated ion selectivity
(McNally et al. 2013; Yen and Lewis 2018). Furthermore, the Ca?* selectivity of non-selective
mutants of Orail, such as V102C/A, is restored when they bind fully to STIMI, by altering the
pore structure (McNally et al. 2012; Derler et al. 2013).

Local Ca**-dependent inactivation of SOCE

The inactivation mechanisms of SOCE were described long before the discovery of STIM1
or Orail. Like other Ca?* channels, CRAC channels are inactivated via a negative feedback
regulation, so-called fast Ca**-dependent inactivation (CDI) (Hoth and Penner 1993; Zweifach
and Lewis 1995; Fierro and Parekh 1999), with time constants of milliseconds. It is considered
a local process, where the rise of [Ca®'] in the close vicinity to an individual CRAC channel
only inactivates that channel, without affecting its neighbours (Zweifach and Lewis 1995;

Fierro and Parekh 1999).

Both STIM1 and Orail contain domains that regulate fast CDI. The inactivation domain in
STIM1 (ID, aa 470-491) (Figure 1.3A) is essential for fast CDI, especially the seven negatively
charged residues (aspartate or glutamate) concentrated in this region (aa 474-485, CRAC
modulatory domain (CMD)) (Derler et al. 2009; Lee et al. 2009; Mullins et al. 2009). Deletion
of this domain or neutralizing mutations of the seven residues reduces or completely abrogates
fast CDI. In addition, the N-terminus of Orail (aa 68-91) has a calmodulin (CaM)-binding site,
which was suggested to be important in fast CDI together with Ca?*-dependent CaM binding
since STIM mutations that block CaM binding (such as W76A and Y80E) abolish fast CDI
(Mullins et al. 2009). However, this direct binding of CaM to the N-terminus of Orail was

later proven to be impossible due to the steric hindrance caused by the orientations of W76
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and Y80, both facing the pore (Hou et al. 2012). Also, it was later shown that CaM mutants
that fail to bind to Orail do not affect CDI (Mullins et al. 2016). Therefore, it is now proposed
that IDstimi and W76/Y80 work synergistically for full CDI, probably by inducing
conformational changes of the pore (Mullins and Lewis 2016; Mullins et al. 2016).

Notably, like ion selectivity, the binding of STIM1 to Orail also affects fast CDI (Derler et
al. 2018). Furthermore, it has been demonstrated that the stoichiometry between STIM1 and
Orail is vital in regulating CDI, where low ratios of Orail:STIM1 allow fast CDI, whereas
high ratios of Orail:STIM1 abolishes it (Scrimgeour et al. 2009). Additionally, CDI was
affected by pore residues E106 and E190 (Yamashita et al. 2007), intracellular loop 2 of Orail
(Srikanth et al. 2010; Frischauf et al. 2011) and by STIMI1 in the PM (Jardin et al. 2009;
Dionisio et al. 2011) despite much lower expression compared to STIM1 in the ER (Koziel et
al. 2009).

Other isoforms in the Orai family

The other two homologs in the Orai family, Orai2 and Orai3, were both shown to be
functional in SOCE (Mercer et al. 2006; DeHaven et al. 2007; Gwack et al. 2007). Orai2 was
initially considered to perform roles similar to Orail since overexpressing Orai2 with STIM1
in Orail-knockdown cells restores SOCE (Mercer et al. 2006; Gwack et al. 2007). However,
recent studies (Vaeth et al. 2017) revealed that deletion of Orail moderately decreases SOCE,
while deletion of Orai2 enhances SOCE in naive T cells. Furthermore, it was also indicated
that Orail and Orai2 form heteromeric channel complexes, in which Orai2 attenuates the
function of Orail and therefore modulates subsequent biological processes such as immune

responses (Vaeth et al. 2017).

Although there is limited research on the function of Orai3, they are proteins that differ
significantly in sequence and structural features from other Orai proteins and display several
unique properties. For example, Orai3 restored SOCE in HEK293 cells where Orail proteins
were depleted (Mercer et al. 2006; DeHaven et al. 2007). It may also be involved in store-
independent Ca?" entry either by 2-APB or physiologically by agonist-generated levels of
intracellular arachidonic acid (Schindl ez al. 2008; Zhang et al. 2008; Mignen et al. 2009).
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Clinical significance of SOCE

STIM1, Orail and the other isoforms in their families are associated with diseases. Apart
from the diseases related to STIM2, which was mentioned earlier (page 16), STIM1 has long
been shown to be important in the regulation of platelet functions. The absence of STIM or
mutations of STIM1 can lead to premature platelet activation (Grosse et al. 2007), thrombus
formation (Varga-Szabo et al. 2008) and platelet secretion defects (Nakamura et al. 2013). A
gain-of-function (GOF) mutation of STIM1 (R304W) causes Stormorken syndrome, an
autosomal dominant disorder (Misceo et al. 2014; Morin et al. 2014). Furthermore, STIM1
overexpression promotes some cancers (Wang et al. 2015), while its silencing inhibits the
invasion of tumours (Li et al. 2013; Wang et al. 2017). In the immune system, a STIMI
mutation (R429C) can cause inherited severe combined immune deficiency (SCID) (Fuchs et
al. 2012). Regarding the therapeutic potential of Orail, the protein itself was identified in
patients with SCID due to a mutant Orail (R91W) (Feske et al. 2006). Abnormal expression
or mutation of Orail is associated with myopathy (McCarl et al. 2009), glioblastoma (Liu et
al. 2011), osteoclast differentiation (Hwang and Putney 2012), and so on. Future studies are
required for SOCE being targeted to treat diseases including, but not limited to cancer (Yang
et al. 2009; Zhan et al. 2015), neurodegenerative disorders (Popugaeva and Bezprozvanny
2013; Kraft 2015; Lou et al. 2020), immunodeficiency (Feske et al. 2010), and diabetes (Wang
et al. 2018).

IP;Rs and SOCE

As mentioned in previous sections, despite the abundance of IP3R in the ER, only a small
population of those ‘licensed’ IP3;Rs that are immobile and sitting close to the PM can respond
to IP3 and generate Ca®* release (Thillaiappan et al. 2017). These licensed IP3Rs are juxtaposed
to activated STIM1 alongside ER-PM junctions after ER Ca?" store depletion (Thillaiappan et
al. 2017). The lack of perfect coincidence between SOCE junctions and immobile IP3Rs can
be attributed to the narrow size of ER-PM junctions of around 10-25 nm (Wu et al. 2006),
where the STIM1-Orail complex must be accommodated, which physically prevents the
insertion of IP3Rs. Also, recent findings that IP;Rs are immobilized by associating with actin
through KRAP provides another explanation, that IP;Rs are excluded from the ER-PM
junctions because actin normally terminates at least 100 nm before MCS (Hsieh et al. 2017;
Thillaiappan et al. 2021). This phenomenon inspired researchers to consider the physiological

significance of this apposition. The idea of local Ca®* loss regulating SOCE was proposed as
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early as 1997 (Sasajima et al. 1997). Because of the proximity of IP3Rs to STIM1 and the high
Ca®* conductance of IPsRs (Vais ef al. 2010), it can be speculated that ER Ca®* release from
the IP3Rs causes local ER Ca?* depletion around the ER-PM junctions, reaching the threshold
for activation of nearby STIM1, form puncta, move to ER-PM junctions and interact with Orail
(Taylor and Machaca 2019; Thillaiappan et al. 2019). This model also enables the ER to
regulate other physiological functions requiring Ca*" that would otherwise be compromised if

Ca®" was lost from the entire ER (Berridge 2002).

IP;Rs also regulate SOCE independent of releasing Ca**. SOCE appears to be a critical
Ca®* entry pathway in Drosophila, mediated by dSTIM and dOrai (Venkiteswaran and Hasan
2009). Chakraborty et al. demonstrated that deletion or different non-functional mutants of
IP3Rs cause reduced SOCE in Drosophila neurons without affecting thapsigargin-evoked Ca**
release (Chakraborty et al. 2016), but attenuated SOCE can be rescued by overexpression of
dSTIM or dOrai (Agrawal et al. 2010; Chakraborty et al. 2016). These results indicate that
IP;Rs may exert downstream effects on SOCE by stabilizing the interaction between STIM
and Orai. However, it seems that the participation of IP3Rs in SOCE found in Drosophila is
not universal to vertebrates since the knockout of IP3R1 in DT-40 cells does not affect SOCE
(Chakraborty et al. 2016). One possible explanation is that, while vertebrate STIM1 uses its
PBD to interact with PIP> and tether to the PM, which helps its interaction with Orail (Huang
et al. 2006; Ercan et al. 2009), Drosophila STIM has to borrow IP3R, which also binds PIP»
(Lupu et al. 1998) to compensate for its lack of a PBD. Nonetheless, knockdown of IP;Rs was
shown in human neurons to attenuate thapsigargin-evoked SOCE, but even pore-dead IP;Rs
rescues it as long as they bind IP3; (Chakraborty et al., unpublished results). These results
suggest a regulating function of IP3 in SOCE independent of store depletion in mammalian

neurons.

Other proteins regulating SOCE

Although overexpression of both STIMI1 and Orail causes substantial SOCE, suggesting
that STIM1 and Orail alone can constitute the elementary unit of SOCE (Luik et al. 2006;
Takahashi et al. 2007), there are various accessory proteins regulating SOCE under
physiological conditions. These proteins mainly include septins, CRACR2A, junctate and

many more.

Septins are a group of GTP-binding proteins and are considered part of the cytoskeleton

(Mostowy and Cossart 2012). By RNAI screening, septin 2, 4 and 5 are important regulators
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of SOCE since their depletion reduces SOCE (Sharma et al. 2013). They are required to prevent
inactive Orail from pre-clustering, promote STIM1 translocation to the ER-PM junctions and
stabilize the Orail clusters and STIM1-Orail complexes after store depletion (Sharma et al.
2013; Katz et al. 2019). On the other hand, knockdown of septin 7 reorganizes the association
between STIM and Orai and enhances constitutive Ca?" entry, suggesting septin 7 as a negative
regulator of SOCE both in Drosophila (Deb et al. 2016) and in human neurons (Deb et al.
2020) .

CRAC regulator 2A (CRACR2A) contains an EF-hand for sensing Ca*", and it directly
interacts with STIM1 and the N-terminus of Orail. Upon store depletion, CRACR2A forms a
ternary complex with them to stabilize the STIM1-Orail assembly, which dissociates with
rising cytosolic Ca** concentration (Srikanth et al. 2010). Furthermore, the knockdown of
CRACR2A perturbs the clustering of both STIM1 and Orail, suggesting an important role in
mediating protein oligomerization in SOCE (Srikanth ef al. 2010).

Junctate is also a Ca**-sensing protein residing in the ER (Treves et al. 2004), regulating
SOCE by recruiting STIM1 to the ER-PM junctions upon store depletion (Srikanth ez al. 2012).
Depleting junctate attenuates SOCE, while a mutant with reduced Ca?" binding causes STIM1
accumulation and partial activation of SOCE in resting cells (Srikanth et al. 2012). These
results provide an additional mechanism for STIM1 to cluster at junctions independent of store
depletion and indicate that junctate may facilitate STIM1 clustering and interaction with Orail

at endogenous expression levels.
Potential problems associated with studies of SOCE

Most studies of STIM and Orai interactions utilized overexpressed proteins, often with
fluorescent tags to allow visualization of the proteins under the microscope (e.g., Ong et al.
(2007); Luik et al. (2008); Hodeify et al. (2015)). Overexpression of Orail alone abolishes
SOCE, whereas its co-overexpression with STIM1 exaggerates SOCE (Mercer et al. 2006;
Soboloff et al. 2006; Manjarres et al. 2010). However, overexpression of both proteins perturbs
the structures of the ER and MCS (Scrimgeour et al. 2009; Saitoh et al. 2011; Gwozdz et al.
2012; Perni et al. 2015) and the stoichiometry of the interaction between STIM1 and Orail.
Overexpression may also reveal phenomena that may not occur under physiological conditions,
for example, Orail accumulation and cross-linking after store depletion (Xu et al. 2006; Zhou

et al. 2018).
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Another problem that associates with many studies, though not all, is the use of mutants to
mimic the activated states of STIMI1 and Orail (e.g., Hou ef al. (2018); Yeung et al. (2018);
Liuetal (2019)). It is undeniable that mutagenesis plays a significant role in molecular biology
research, but the constantly active STIM1 or constitutively open Orail may not always
represent the exact open conformation (native STIM1-bound Orail) as well as the interaction
between them. For example, the cryo-EM structure of the open Orail channel derived by Liu
et al. using dOrail P288L (Liu et al. 2019) was questioned by Hou ef al. that the pore is actually
closed in this mutant (Hou et al. 2020).

Additionally, many studies used fragments of STIM1 and Orail, focusing on the specific
regions they were interested in (e.g., Stathopulos et al. (2013); Palty et al. (2015)). Although
they usually would verify that fragments of proteins produce similar SOCE or interact just like
full-length proteins, there is still a risk that the complete STIM1-Orail complex could perform

differently from their functional fragments.

1.4.  Stoichiometry of STIM1 and Orail
How many Orail subunits need to be occupied to activate SOCE?

An important outstanding question in SOCE is the stoichiometry of STIM1:0rail (Soboloff
et al. 2006; Scrimgeour et al. 2009). Compared to the common molecule-protein interactions
regulating Ca?* signalling pathways, SOCE is an example of direct communications between
proteins. In other words, STIM1 act as a ‘ligand’ which binds to Orail and activates SOCE.
Furthermore, these protein interactions occur between proteins in different membranes.
Therefore, knowing the stoichiometry within the STIM1-STIM1 puncta, STIM1-STIM2
interactions and STIM1-Orail complexes becomes essential in understanding the trapping and

activation of SOCE.

How many Orail subunits need to be occupied by STIM1 to activate SOCE? In the era
when Orail was believed to be a tetramer, Li and colleagues (Li et al. 2010) proposed graded
activation of a tetrameric concatemer of Orail, where two STIM1 molecules could open one
Orail subunit. They generated a chimeric construct by fusing a pair of STIMI fragments (aa
336-485, renamed SS domain) to a single Orail subunit and showed that this Orail-SS could
evoke maximum SOCE. Then different numbers of the ‘non-functioning’ L273D mutant were
mixed with WT Orail subunits, and it was revealed that each pair of SS domains typically
binds one Orail subunit and the amplitudes of SOCE increase in a graded manner with each

extra functional interaction between SS domain and Orail subunit. The CRAC channels were
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maximally activated when a total of eight STIM1 molecules occupied all four subunits. Hoover
and Lewis reached a similar conclusion using a different approach, suggesting that although
only one or two STIM1 can trap an Orail channel at the ER-PM junctions, it is not sufficient
to activate the channels completely. CRAC current increases with increased STIM1:Orail until
the ratio reaches ~2; and at higher ratios, the current is reduced (Hoover and Lewis 2011).
These studies illustrate the highly non-linear relationship of the STIM1-Orail protein ratio to
CRAC current. However, these interpretations are not aligned with the subsequent discovery
of the hexameric structure of Orail (Hou ef al. 2012). With the hexameric structure in mind,
the following findings (Yen and Lewis 2018) also used the ‘non-functioning’ Orail L273D
mutant. They revealed that even a single substitution of L273D in Orail to prevent its binding
to STIM1 reduced the open probability by ~90%, suggesting that under physiological
conditions, all six subunits of Orail need to be occupied by STIM1 for full activation. In recent
years, with the development of computer modelling and simulations, a reaction-diffusion
model was established. By modelling, the maximum CRAC current was found at STIM1:Orail
ratios of ~2-2.5 depending on different analysis methods, and the current slightly decreased
with higher STIM1:Orail ratios (Schmidt et al. 2019). This modelling is in good agreement

with the experimental results discussed above.

Interactions between STIM1 and STIM?2

Upon ER Ca?* store depletion, STIM1 and STIM2 aggregate to form puncta (Darbellay et
al. 2010; Rana et al. 2015). STIM2, probably through its PBD region and SOAR domain, traps
STIM1 in the ER-PM junctions. Hence, STIM1 puncta promote the association of STIM1 and
Orail after Ca?* store depletion (Ong et al. 2015; Subedi et al. 2018). Therefore, for two
proteins closely interacting with one another in regulating one cellular activity, such as STIM1
and STIM2 regulating SOCE, the ratio between them becomes essential to determine the
magnitude of SOCE. Varying ratios of STIM1/STIM2 lead to different behaviours of SOCE,

which provide mechanistic insights on the control of SOCE.

Overexpression of STIM2 strongly inhibits SOCE in HEK293 cells, which could be due to
the distorted ratio between STIM1 and STIM2 (Soboloff ez al. 2006). At a low STIM2:STIM1
ratio, despite the existence of STIM2 in the STIM1-STIM2 puncta, they are too sparsely
distributed to obstruct interaction between the C-terminus of STIM1 and Orail. In fact, STIM2
forms heterodimers with STIM1 with low stimulus, which confers the better sensitivity of

STIM2 to Ca?* with the increased efficacy of STIMI for activating Orail (Ong et al. 2015;
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Subedi et al. 2018). However, at extremely high STIM2:STIM1 ratios, puncta containing more
STIM2 effectively compete with STIMI1 for binding to Orail and thereby reduce channel
opening (Figure 1.6).

Following identification of the alternative splice variant STIM2.1 (Miederer et al. 2015;
Rana et al. 2015), it has been confirmed that STIM2.1 fails to bind to Orail (Zhou et al. 2018).
While cells only expressing STIM1 showed sustained carbochol (CCh)-evoked Ca?*
oscillations, cells co-expressing STIM1 and STIM2.1 at a ratio of 5:1 responded with lower

frequency and less sustained Ca®* oscillations, probably due to attenuated SOCE (Zhou et al.

2018).

Overall, although it has not been resolved fully, the stoichiometry between STIMI1 and
STIM?2 (and its splice variants) is crucial in regulating SOCE.

WY P

Figure 1.6 Regulation of SOCE with different ratios of STIM1 and STIM2. A.
Low ratio of STIM2:STIM1 at resting state. B. Upon store depletion, STIM1 and
STIM2 are activated, oligomerize and translocate to the ER-PM junctions to
interact with Orail and evoke SOCE. C. High ratio of STIM2:STIMI at resting
state (STIM2 overexpression). D. Upon store depletion, STIM1 and STIM2 are also
activated and accumulate into puncta. However, excess STIM2 prevents STIM1

puncta from successful interaction with Orail, thereby inhibiting SOCE. Redrawn

from Soboloff et al. (2006).
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Clustering of STIM1 after store depletion

One signature event in SOCE is the oligomerization of STIM1 when the ER Ca?" store is
emptied (Xu et al. 2006). Loss of Ca?" from the EF-SAM domain moves the two EF-hands in
a STIM1 dimer closer to each other (Covington et al. 2010; Gudlur et al. 2018), which then
causes conformational changes in the cytosolic domains and releases the CAD/SOAR regions.
STIM1 subsequently undergoes oligomerization and translocates to the MCS into puncta to be
ready to interact with Orail (Zheng et al. 2011; Fahrner ef al. 2014). There is overwhelming
evidence confirming the clustering of STIMI upon store depletion. TIRF or confocal
fluorescent imaging directly shows the formation of puncta after addition of thapsigargin to
deplete Ca* stores (Xu et al. 2006; Calloway et al. 2009; Thillaiappan et al. 2017). FRET
analyses also revealed increased proximity between STIM1 proteins after store depletion and
reduced signal when the store is refilled (Liou ez al. 2007; Malli et al. 2008; Shen et al. 2011).
The clustering of STIM1 into puncta is sufficient for the translocation of STIM1 to the ER-PM
junctions where SOCE happens and also helps bind with Orail (Luik et al. 2008; Malli et al.
2008).

Fluorescence imaging or FRET necessitates expression of fluorescently-tagged STIM1,
which unavoidably overexpresses the protein. No published studies have yet reported the

stoichiometry of endogenous STIM1 puncta.

The stoichiometry of the interactions between STIM1 and Orail

There are essentially two models proposed for the stoichiometry of the interactions between
STIM1 and Orail in SOCE. The dimeric binding model suggests that each pair of adjacent
Orail subunits is bound by one STIMI1 dimer (STIM1:Orail=1:1, Figure 1.74), while the
monomeric binding model proposed that each Orail subunit binds its own STIM1 dimer,
leaving one STIM1 molecule in each dimer free (STIM1:Orail=2:1, Figure 1.7B). The latter
provides the opportunity for crosslinking of Orail by STIM1 (Figure 1.7C), making the overall

STIM1:Orail ratio potentially variable (according to the size of the crosslinked cluster).

The dimeric binding model was first suggested based on nuclear magnetic resonance (NMR)
data (Figure 1.7A4). Stathopulos et al. used a dimeric fragment of STIM1 comprising CC1 and
CC2 (aa 312-387) and an engineered GST-Orail Ci72292 fusion, and NMR spectra
demonstrated each STIM1 dimer forms a pair of STIM-Orai association pockets (SOAP, the

CAD/SOAR region) in an antiparallel manner via oz helices and binds to two equivalent but
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Figure 1.7 Schematic of proposed structures of SOCE complexes. Orail is a
hexamer, comprising three pairs of dimers (Hou et al. 2018). Dimeric STIM1 may
activate Orail by binding as A. three dimers, or B. as six dimers, C. with the
residual STIM1 subunit free to interact with another Orail channel (Zhou et al.

2018). Image reproduced from Shen et al. (2021).

oppositely oriented STIM 1-binding sites in Orail (M4ext) (Stathopulos et al. 2013). Therefore,
they proposed that 3 STIM1 dimers can activate an Orail hexamer. However, although NMR
can resolve protein structure and conformational changes to high resolution in vitro, it may not
reflect precisely the same interacting relationship in vivo under physiological conditions.
Moreover, the Orail fragment was not activated in their experiments, probably due to the
absence of CC3 in the STIMI1 fragment they used. Hence, it becomes more difficult to
generalise the conclusion to endogenously activated SOCE complexes. This dimeric binding
model was further challenged by the crystal structure of a constitutively open Orail mutant
(H206A), which indicated that M4ext cannot be paired due to steric interference, otherwise it
will impair the pore to open (Hou ef al. 2018). This model may be indirectly supported by the
study conducted with a ‘non-binding’ L273D Orail mutant (Yen and Lewis 2018). The WT-
L273D heterodimer surprisingly binds to STIM1, which functionally contributes to SOCE,
suggesting that STIM1 interacts with pairs of Orail C termini, yet the pairs of Orail C termini

can be in the same Orail (dimeric model) or another adjacent channel (monomeric model).

There is also evidence for the monomeric binding model, which was first proposed by Zhou
et al. (Figure 1.7B) (Zhou et al. 2015). They utilized a STIM1 mutant (F394H), which resides
in the ER and translocates to the ER-PM junctions after store depletion just like native STIM1
but fails to bind to Orail or activate SOCE. The WT-F394H SOAR heterodimer strikingly still
binds to Orail and activates SOCE, indicating that each SOAR in a dimer can interact with one

Orail binding site independently, leading to a unimolecular interaction between STIM1 dimers
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and Orail hexamers. It also satisfies the requirement of 2 STIM1 per Orail subunit to fully
activate SOCE (Li et al. 2010; Schmidt et al. 2019; Dynes et al. 2020). In this model, each
STIM1 dimer interacting with one Orail channel has one subunit available for interacting with
another Orail channel, which could end up in crosslinking between multiple STIM1 dimers
and Orail channels (Figure 1.7C), consistent with the clustering of Orail after store depletion
(Xu et al. 2006; Gwozdz et al. 2008; Peckys et al. 2021). Later the same group found
crosslinking between STIM1 SOAR dimers and Orail channels with empty Ca?" stores (Zhou
et al. 2018). However, whether it is Orail clustering or crosslinking, they both used
overexpressed proteins, which may preferentially accumulate due to high abundance.
Therefore, how the native STIM1 and Orail interact and whether they cluster upon Ca?* store

depletion remains an intriguing question to be investigated.

A third route was proposed recently (Palty et al. 2017), suggesting that the SOAR domains
in STIM1 first bind to Orail channels in a 1:1 stoichiometry to partially activate the channel,
which triggers a conformational change to allow binding of more STIM1 molecules to activate

SOCE fully.

1.5.  Aims of the project

Literature has demonstrated the clustering of STIM1 (Xu et al. 2006; Calloway et al. 2009;
Thillaiappan et al. 2017) and Orail (Xu et al. 2006; Gwozdz et al. 2008) upon store depletion,
but visualisation of puncta needs overexpression of the proteins. Therefore, endogenous

evidence is lacking.

The overall aim of the project is to investigate the molecular mechanism of SOCE using a
minimally perturbed system, i.e., without overexpressing STIM1 and Orail. Specifically, I aim
to quantify the aggregation of STIM1 into puncta, and to define the stoichiometry of STIM1-

Orail complexes. My specific objectives are:

1. To use a minimally perturbed system, I need to characterize an existing cell line where
STIM1 has been tagged with EGFP on the C-terminus to confirm the insert location of
the EGFP tag and show that the tag does not affect the function of STIMI1 proteins.
(Chapter 2)

2. According to literature, STIM1 aggregates into clusters upon store depletion (Xu et al.
2006), and all six subunits of Orail need to be occupied by STIM1 for full SOCE
activation (Yen and Lewis 2018). My hypothesis is that STIM1 aggregates into small

clusters that are just enough to evoke maximum SOCE based on the monomeric model
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(Zhou et al. 2015), i.e., 12 STIM1 molecules per puncta. I plan to use TIRFM and
stepwise photobleaching to reveal the number of STIM1 molecules in each punctum
formed after Ca®* store depletion. (Chapter 3)

After characterizing the number of STIMI1 molecules in each puncta, I plan to
investigate whether Orail aggregates into clusters after Ca?" store depletion. My
hypothesis is that Orail does not aggregate into clusters upon Ca?" store depletion so
that there is no crosslinking according to the monomeric model (Zhou et al. 2015).
(Chapter 4)

Design a CRISPR/Cas9-mediated gene-editing strategy to generate a homozygous
STIM1-EGFP HeLa cell line. (Attempted in Chapter 2)



Chapter 2 Characterization of HeLa cells with one STIM1 allele
tagged with EGFP

2.1. Introduction — Gene editing

Gene-editing refers to techniques where the bases or fragments are inserted, deleted,
modified, or replaced in the native genome. Fundamental to the use of engineered nucleases in
gene-editing is the concept of the DNA-double strand break (DSB) repair mechanism. Cells
can naturally identify the mistakes that occur in DNA strands and repair them as required.
When DNA strands are cleaved by a nuclease at a desired location, the DSB repair mechanism
will be activated, in most cases, either through the non-homologous end joining (NHEJ) or

homology-directed repair (HDR) (Ceccaldi et al. 2016) (Figure 2.1).

The NHEJ pathway is a DNA repairing mechanism which directly joins the two ends of
the broken DNA strands with the help of many enzymes (Wilson et al. 1997; Chen et al. 2001,
Nick McElhinny and Ramsden 2004). However, since no donor template is provided, the NHEJ

pathway is not error-free, and gene rearrangements such as insertions or deletions (indels)

Double-stranded break

(DSB)

— I, OO —
Non-homologus end joining Homology-directed repair
(NHEJ) (HDR)

Disrupts gene of interest Corrects gene of interest

|
| | |
% , |
X
T

H < H

) v
il M I
Nucleotide deletion Nucleotide addition Donor DNA
i T T T
Disrupted DNA Disrupted DNA Repaired DNA

Figure 2.1 A schematic of gene-editing. The DNA double strand is cleaved by the
chosen nuclease at a desired location, which triggers the DNA repair mechanism
either through the non-homologous end joining (NHEJ) pathway or homology
directed repair (HDR) pathway.
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sometimes occur. This is not because NHEJ obligatorily induces indels, but is due to the fact
that the products of accurate repair can be re-edited easily and repeatedly while indel products
cannot (Bétermier et al. 2014). Therefore, repeated cycles will lead to accumulation of the
mutated genes. Hence, NHEJ is often used for gene disruptions, but not often for gene addition

or mutation.

In contrast, in the HDR pathway, a homologous sequence, which acts as a template for the
regeneration of continuous DNA at the break point is introduced. The involvement of this
template donor sequence would lead to the generation of desired change within the genomic
ROI. Therefore, the HDR pathway provides a more efficient and precise way of designed gene-

editing, hence HDR is frequently used for gene knock-in or precise modification.

The first engineered nuclease people tried to achieve gene-editing was the zinc finger
nuclease (ZFN) (Kim ez al. 1996). The zinc-finger (ZF) protein is part of the transcription factor
IIIA (TFIHI A) first discovered in Xenopus oocytes, comprising a tandem array with two
cysteine and two histidine residues (Cys2Hisz) (Diakun ef al. 1986). ZF proteins recognize and
bind to specific triplets on the DNA (Pavletich and Pabo 1991), and when they are fused with
the molecular scissors, Fok I endonuclease, the resulting ZFN is able to cleave DNA at the
target sites (Desjarlais and Berg 1992; Kim et al. 1996). In actual use, a pair of 3-6 individual
ZF proteins are connected by linkers with a non-specific Fok I endonuclease attached at the
end. Since each ZF protein recognizes 3 specific bases, an engineered ZFN can recognize a
total of 9-18 bases on each strand of the DNA (Choo et al. 1994; Pabo et al. 2001). The two
Fok 1 endonucleases then dimerize and form a cleavage domain to induce DSB at the desired
location (Bitinaite et al. 1998; Smith et al. 2000) (Figure 2.2A4). The specificity of ZFN-
mediated gene-editing can be reasonably high because a pair of ZFNs is adopted (Smith et al.
1999), but it has been difficult to design and assemble desired ZFNs to bind target DNA at high

affinity and achieve successful editing (Ramirez et al. 2008).

Another widely-used engineered nuclease for gene-editing is the transcription activator-
like effector nucleases (TALENS), constituted by a bacterial TALE protein and a Fok I
endonuclease (Boch et al. 2009; Moscou and Bogdanove 2009). The TALE protein is
originally used by plant pathogens to infect plants by binding to effector-specific DNA
sequences, which alters gene expression transcriptionally (Bogdanove et al. 2010). The ability
of targeting specific DNA is then exploited in biotechnology. Like ZFNs, TALENSs are used in
pairs, but each monomer in the DNA-binding domain corresponds to one nucleotide in the

target DNA instead of the triplet each ZFN recognizes (Christian et al. 2010). Subsequently,
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Figure 2.2 A schematic of ZFN, TALENs, and CRISPR/Cas9 systems. A. ZFN-
mediated gene-editing. Each ZF protein recognizes a triplet in the target DNA and
the Fok I endonuclease forms dimer to cleave the DNA. B. TALEN-mediated gene-
editing. Each monomer in the TALE protein recognizes one nucleotide and the Fok
I endonuclease also dimerizes to cleave the target DNA. C. CRISPR/Cas9-mediated
gene-editing. A guide RNA is pre-designed adjacent to a PAM site. The Cas9
enzyme is co-transfected into cells with the gRNA and cut the DNA at a desired
location. All three systems result in DSB so that the genome can be modified by the

repairing mechanisms.
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Fok 1 endonucleases form dimers to introduce DSB, just like ZFNs (Figure 2.2B). Due to the
simplicity with designing TALENSs and the fact that TALENs can basically target any sites,
TALENSs quickly become a popular tool for gene-editing.

CRISPR stands for Clustered Regularly Interspaced Short Palindromic Repeats and was
originally referred to a family of DNA sequences in bacteria and archaea (Mojica et al. 1995;
Jansen et al. 2002). They act as an adaptive immune system in prokaryotes to protect them
from repeated phage infections by allowing prokaryotes to acquire short segments of spacer
DNA from foreign attackers, such as viruses or plasmids (Mojica et al. 2005; Barrangou et al.
2007). Small clusters of Cas (CRISPR-associated system) genes are located downstream to
CRISPR sequences, which is responsible to introduce DSB and kill the pathogens once they
have been recognized (Bolotin et al. 2005). There is another important component in this
system, namely the protospacer adjacent motif (PAM), a DNA sequence of 3-5 bases long
located immediately after the DNA sequence targeted by the Cas9 nuclease. The PAM is only
found in the invading pathogens but not in the host bacteria, hence it distinguishes bacterial
self from foreign DNA, thereby preventing host DNA from being targeted and destroyed by
the nuclease (Mali ef al. 2013).

In CRISPR/Cas9 mediated gene-editing, a guide RNA (gRNA) is designed to target a
sequence flanking the desired location. The gRNA sequence selected needs to be adjacent to a
PAM site. Since the PAM site is short enough to be found in various locations in the genome,
it allows easy design and precise targeting of gRNA. The Cas9 nuclease is transfected into the
cell together with the gRNA. In the cell, gRNA recognizes the sequence and the Cas9 nuclease
makes a double strand cut in the genome. The donor DNA is then incorporated to the genome

through the HDR mechanism (Cong et al. 2013; Mali et al. 2013) (Figure 2.2C).

Both TALENs and CRISPR/Cas9-mediated gene editing techniques are widely used
nowadays. In comparison, the CRISPR/Cas9 system might be even simpler, more efficient and
easier to produce and deliver into cells (Cho et al. 2013; Cong et al. 2013). Furthermore, the
easy generation of gRNA library allows rapid functional genomic screening, which can help
reveal molecular mechanisms of cellular activities and develop drugs (Nemudryi et al. 2014).
Nonetheless, while the specificity of TALENs can be controlled by altering the length of
customized DNA-binding domain, gRNAs in the CRISPR/Cas9 system are fixed. Therefore,
off-target can be a serious problem associated with the CRISPR/Cas9 system (Fu ef al. 2013;
Hsu et al. 2013; Mali et al. 2013), which requires careful design of gRNAs and other methods

such as adopting improved Cas variants, improved delivery methods, or anti CRISPR proteins
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(Naeem et al. 2020). By all means, both TALENs and CRISPR/Cas9 systems are extremely
useful in biotechnology and pharmaceutical industry, particularly in visualizing endogenous

proteins and developing potential therapeutic targets and gene therapies.

As suggested in the Introduction, the studies of SOCE mainly utilized overexpression of
STIM1 and Orail, which perturbs both the interaction between the proteins and the structures
of the ER and MCS (Scrimgeour et al. 2009; Saitoh et al. 2011; Gwozdz et al. 2012; Hodeify
et al. 2015; Perni et al. 2015; Yen and Lewis 2019). Previous studies have no alternative but
overexpressing fluorescently tagged proteins to visualize them in live cells, but with the
development of various gene-editing technologies, fortunately, the CRISPR/Cas9 system can
be adopted to add a fluorescent tag to the protein of interest with physiological level of
expression. A CRISPR-edited HeLa cell line, with STIM1 tagged with EGFP at the C-terminus,
has been generated by Dr. Sumita Chakraborty. Most of the functional studies in this thesis

will be based on this cell line.
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2.2. Materials and Methods

2.2.1. Materials

Table 2.1 Materials

(WB: Western Blot, IC: Immunocytochemistry)

free, PBS)

Materials Company Catalog number
Agarose Bioline Cat# BIO-41025
Alpha-select gold efficiency o

Bioline Cat# BIO-85027
chemically competent cells
Amersham ECL prime western

GE Healthcare Cat# RPN2236
blotting detection reagent
Antibiotic-antimycotic (100X) Gibco Cat# A5955
BAPTA Phion Chemicals Cat# 81114671
Bovine serum albumin (BSA) Europa Bioproducts Ltd | Cat# EQBAH68
Calcium chloride solution, ~1 M in

Sigma-Aldrich Cat# 21115
HO
Cell dissociation buffer (enzyme-

Gibco Cat# 13151014

cOmplete™, Mini Protease

extraction kit

Inhibitor Cockiail Sigma-Aldrich Cat# 11836153001
Custom DNA oligos and primers Invitrogen This study
Cyclopiazonic acid (CPA) Tocris Cat# 1235
D-Glucose anhydrous Fisher BioReagents Cat# AAA1682836
Dimethyl sulfoxide (DMSO) Sigma-Aldrich Cat# D2650
DL-Dithiothreitol solution (DTT) | Sigma-Aldrich Cat# 43816

DNA gel loading dye (6X) Thermo Scientific Cat# R0611
Dulbecco’s Modified Eagle

Medium/Nutrient Mixture F-12 + | Gibco Cat# 31331
GlutaMAX™

EDTA Sigma-Aldrich Cat# EDS

EZ-10 spin column DNA gel Bio Basic Catt BS354
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FastDigest buffer (10X) Thermo Scientific Cat# B64
FastDigest Nhel Thermo Scientific Cat# FD0973
FastDigest Pvul Thermo Scientific Cat# FD0624
FastDigest Xbal Thermo Scientific Cat# FD0684
Fetal bovine serum Sigma-Aldrich Cat# F7524
Fluo-8, AM (21081) AAT Bioquest Cat# 21080
GeneRuler 1 kb plus DNA ladder | Thermo Scientific Cat# SM1331

Goat anti-rat [gG-HRP (WB, Santa Cruz Cat# sc-2006
1:5000) Biotechnology RRID: AB 1125219
Hank’s balanced salt solution Gibco Cat# 14025
HEPES, Free acid, ULTROL o

Merck Millipore Corp. Cat# 391338
Grade
Histamine Sigma-Aldrich Cat# H7250
Human plasma fibronectin purified

Merck Cat# FCO10
protein
[lustra GFX PCR DNA and gel

GE Healthcare Cat# GE28-9034-66
band purification kit
Ionomycin Apollo Scientific Cat# 56092-81-0
KH2POq4 Fisher Scientific Cat# 10757214
LB agar Formedium Cat# LMMO0202
LB broth Formedium Cat# LMMO0102
MagicMark™ XP western protein )

Invitrogen Cat# LC5602
standard
Magnesium chloride hexahydrate ) )

Fisher BioReagents Cat# 10386743

(MgCl, * 6H,0)

mCh-Orail in pcDNA3.1+

(Thillaiappan et al. 2017)

Midori Green advanced DNA stain

Nippon Genetics Europe

Cat# S6-0022

Mouse IgGk-binding protein-HRP | Santa Cruz Cat# sc-516102

(WB, 1:5000) Biotechnology RRID: AB 2687626

Mouse monoclonal anti-mCherry Cat# ab125096
Abcam

(1C51) (WB: 1:2000) RRID: AB 11133266

Mouse monoclonal anti-rabbit Santa Cruz Cat# sc-2357

IgG-HRP (WB, 1:5000) Biotechnology RRID: AB_ 628497
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Mouse monoclonal anti-f3-actin

(8H10D10) (WB, 1:20,000)

Cell Signaling
Technology

Cat# 3700
RRID: AB 2243334

NaHPOq4

Fisher Scientific

Cat# S374-500

Novex™ Tris-Glycine SDS

Invitrogen Cat# LC2675
running buffer (10X)
Novex™ WedgeWell™ 4-12% .

Invitrogen Cat# XP04125
Tris-Glycine mini gels
Novex™ Tris-Glycine SDS

Invitrogen Cat# LC2676
Sample Buffer (2X)
NuPAGE™ LDS sample buffer )

Invitrogen Cat# NP0007
(4X)
NuPAGE™ Tris-Acetate gels (3- .

Invitrogen Cat# EA0375
8%)
NuPAGE™ Tris-Acetate SDS

Invitrogen Cat# LA0041
running buffer (20X)
OptiMEM reduced-serum medium | Thermo Scientific Cat# 31985
Phosphate-buffered saline Gibco Cat# 10010

Potassium chloride (KCl) Fisher BioReagents Cat# BP366-500
Q5® hot start high-fidelity DNA ‘
New England Biolabs Cat# M0493S
polymerase
QIAGEN plasmid maxi kit QIAGEN Cat# 12165
Quick-DNA™ miniprep kit Zymo Research Cat# D3024
Rabbit monoclonal anti-STIM1 Cell Signaling Cat# 5668
(D8SE10) (WB, 1:1000; IC, 1:500) | Technology RRID: AB 10828699
Rat monoclonal anti-GFP (WB, Cat# 3H9-100
Chromotek
1:1000) RRID: AB 10773374
Cat# rtma-20
RFP-Trap magnetic agarose Chromotek
RRID: AB 2631363
RunBlue™ Bis-Tris protein gels
Expedeon Cat# ab270467
(4-12%)
RunBlue™ LDS sample buffer
Expedeon Cat# ab270226

(4X)
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RunBlue™ MOPS run buffer

Cat# ab270225

Expedeon
(20X)
S.0.C. Medium Invitrogen Cat# 15544034
siPORT NeoFX transfection agent | Invitrogen Cat# AM4510
Sodium chloride (NaCl) Fisher BioReagents Cat# BP358-1
Sodium hydroxide, 98%, extra . Cat# 10502731
Fisher BioReagents
pure, pellets (NaOH)
Spectra™ multicolor broad range o Cat# 26634
Thermo Scientific
protein ladder
Thapsigargin Tocris Cat# 1138
TransIT-LT1 transfection reagent | Mirus Bio LLC Cat# MIR 2305
Tris Base Fisher BioReagents Cat# 10103203
Tris-acetate-EDTA (TAE) buffer Cat# EC-872
National Diagnostics
(50X)
Triton X-100 Sigma-Aldrich Cat# T8787-250ML
TrypLE™ Express Enzyme (1X) Gibco Cat# 12605
Tween 20 VWR Chemicals Cat# 0777-1L
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Table 2.2 Equipment

Equipment Company
BioDrop micro-volume measurement platforms BioDrop
MyCycler™ Thermal Cycler System Bio-Rad

FlexStation 3 microplate reader

Molecular Devices

iBlot® 7-minute blotting system Invitrogen
SH800S fluorescence-activated Cell Sorter Sony
PXi/PXi Touch gel and blot imaging system Syngene

Table 2.3 Composition of media

Medium

Composition

HEPES-buffered saline (HBS)

135 mM NacCl, 5.9 mM KCl, 1.2 mM MgCl, 1.5 mM
CaCly, 11.6 mM HEPES, 11.5 mM glucose, pH 7.3

Phosphate-buffered saline (PBS)

137 mM NacCl, 2.7 mM KCI, 10 mM Na,HPO4, 2 mM
KH2POs, pH 7.4

Tris-buffered saline (TBS)

137 mM NacCl, 20 mM Tris-base, pH 7.6

Tris-buffered saline, with Tween

20 (TBST)

137 mM NaCl, 20 mM Tris-base, pH 7.6, 0.1% Tween
20

Phosphate-buffered saline, with

137 mM NacCl, 2.7 mM KCI, 10 mM Na,HPO4, 2 mM

Tween 20 (PBST) KH>POy4, pH 7.4, 0.1% Tween 20
Lysis buffer 10 mM Tris-base, 150 mM NacCl, 0.5 mM EDTA, 1%
Triton X-100, pH 7.5

Blocking buffer TBST, 5% BSA

Sorting buffer PBS, I mM EDTA, 25 mM HEPES pH 7.0, 1% FBS
Table 2.4 PCR Primers

Primer sequence Code

AAA TGG TGA CTC GGA GCA G IF

CTT GTG GCC GTT TAC GTC G IR

TTG GCG AGG AAA CAG ACT CC 2F

GAG CTG AGG GAA CAG CAACT 2R
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2.2.2. Cell culture and transient transfections

WT and STIM1-EGFP HeLa cells were cultured in Gibco Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 + GlutaMAX™ supplemented with 10% fetal bovine serum
(FBS). The cells were grown at 37°C with 5% CO, and passaged using Gibco TrypLE™

Express Enzyme according to standard protocols.

For plasmid DNA transfection in T75 flasks, cells were about 70% confluent prior to
transfection. 7ransIT-LT1 Transfection Reagent was prewarmed to 20°C and gently vortexed
before transfection. 19 pg of plasmid DNA was mixed with 57 ul TransIT-LT1 Reagent and
1.9 ml of Gibco Opti-MEM I Reduced Serum Medium. The mixture was incubated at 20°C for
20 min. The mixture was then added dropwise to different areas of the flask to evenly distribute

the TransIT-LT1 Reagent: DNA complexes. The cells were used after 24-72h.

For transfection with siRNA in 6-well plates or imaging dishes, siPORT NeoFX
transfection agent was used according to the manufacturer’s instructions. A reverse transfection
method was used where DNA-lipid complex was distributed to culture wells before addition
of plating cells. For each well, 5 pL of transfection reagent was diluted in 100 uL. Opti-MEM
medium, and after 10-minute incubation at 20 °C, mixed with siRNA. 5 nM siRNA (or NS
siRNA) for GFP (Figure 3.11) or 150 nM siRNA for Orail (50 nM of each of the three siRNAs,
or 150 nM of NS siRNA, Figure 4.3) were used. The mixture was then incubated (20 °C, 10
min) and dispensed dropwise across the well and mixed with freshly passaged cells (2 x 10°

cells per well). Cells were used after 72 hr.
2.2.3. Construction of donor DNA for STIM1

The STIM1-EGFP donor sequence was designed by Dr. Sumita Chakraborty. STIM1-
EGFP donor and gRNA sequence were designed by E-CRISPR and the CRISPR target site
was deleted from donor sequence to avoid multiple editing. The EGFP sequence was inserted

immediately after the stop codon of exon 12 at the C-terminus of STIM1 protein connected by

a linker (Figure 2.3 and Figure 2.4).

gRNA sequence: 5" -GGGACAGCTTGTCCTTCCCT- 3°
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TAGGTTCTGTGTTAGCTTGAGTCCCAGGAAATACAGCCAGCTATGAGAAGGCAGAGATTTTATTGAGGAT
GCCGCCTGTGGAATTTAAGCCTATGGCTGCACCAGTTCAGAGCCAGAGCATTCACCACTGGTGGGGCCCA
GGTATTGGAAAACCATTTGCCAGACAGATGATGGTATGATGACATTTGTTTTTGTTTCTTATCTGTTTCT
TCCCTCCCTATCACTTTTCCCTTTCTTGTCTTTCTCTCTTGGCCCTTCTTTCTACCTGCTTATCCTTTTG
CTITCTICCICTACAATTCTACTCTCCTTTICCTCTCICTITICCAATC P RICCTCATPCCOTECTCOT
GCCTCCTCTCTTATCCTATACTTATGGCTGCTCAACTTCTGTCTATTCCTCTTTCCTCTCTCCTTCCCAC
CTGCCTGTTCATCCTATTTCTCTCTCCTGCCGCTCTATCCCCATTTTCCTACCCTGTCCTTGTCTTCTCG
TGTTGTCCCTCTCTCCTCTTCGCCTTTCCCCTATCACCTCATCCAATATATGTCCCTTTCTTCCTCTCTG
CCCCATGTCTTGCAGGGATTTGACCCATTCCGATTCGGAGTCCTCCCTCCACATGAGTGACCGCCAGCGT
GTGGCCCCCAAACCTCCTCAGATGAGCCGTGCTGCAGACGAGGCTCTCAATGCCATGACTTCCAATGGCA
GCCACCGGCTGATCGAGGGGGTCCACCCAGGGTCTCTGGTGGAGARACTGCCTGACAGCCCTGCCCTGGC
CAAGAAGGCATTACTGGCGCTGAACCATGGGCTGGACAAGGCCCACAGCCTGATGGAGCTGAGCCCCTCA
GCCCCACCTGGTGGCTCTCCACATTTGGATTCTTCCCGTTCTCACAGCCCCAGCTCCCCAGACCCAGACA
CACCATCTCCAGTTGGGGACAGCCGAGCCCTGCAAGCCAGCCGAAACACACGCATTCCCCACCTGGCTGG
CAAGAAGGCTGTGGCTGAGGAGGATAATGGCTCTATTGGCGAGGAAACAGACTCCAGCCCAGGCCGGAAG
AAGTTTCCCCTCAAAATCTTTAAGAAGCCTCTTAAGAAGTAGGCAGGATGGGGTGGCAGTAA BECHORE
GGGTGTTCTGTCTCTCCTTCCCTCCCTTCCTTCAAGATAACTGGCCCCAAGAGTGGG
GCATGGGAAGGGCTGGTCCAGGGGTCTGGGCACTGTACATACCTGCCCCCTCATCCTTGGGTCCTTCATT
ATTATTTATTAACTGACCACCATGGCCTGCCTGCCCTGCCTCCGTCCCAACCATGGGCTGCTGCTGTCAC
TCCCTCTCCACTTCAGTGCATGTCTTAGTTGCTGTTCCCTCAGCTCCCAGCTCCACCTCTGGGGTTCAGC
TTCTGTCTCTGCTGTCCCAGTTTTGAGGT TTGGTTTCTTGTTTCTGTCTCTTGCTTTCGGGCTCCTCCCT
CCCACCACTCCCCAACTTCCCCTAGCAGTTGCAGGGAAGATAGGACGAGTAGCTTCTGACATGTGTGCCT
CAGATCTGTTCCACCCCACTCACAGTGGTTCTGTTTGCTCCAGACTGGGGCTAGGGCCTAATCTTTGAAG
TTTGTTCTTTGGTATTGATGTGGGTCAGAAGGAGCCTCATCCTAATCTCACTCAGGCCTCCAGGGATCCA
TGGGGGAGTGAAACCAATTCTCAGAGAACAACCCACCAGAGACT TTTAAAGAGAGGCCAGGCTTGGGAAT
GGGTTGGGAGAGGCATCTGTTCATTGGAGCATGAGTGGATGCCAGAACTGTAGGTTATAAGGCAGTCACT
TTTTCTCTCTACTCCCACCCACACCTGCCTCCCTCTTACCCCTGCTCCCCCACACTGCAGGAGGATTTGT
CTCTAAGAGGTGCTGCCCCAAAGCTCCCCAAGCATCAATACTCCTAGGGCTCAGGACAAGTGGCTCCCCT
GGCCAGGAGAGCCACAGCCATGATACAGGGCTCTTATGGAGCCCTGGAGTTGT TGGGCAAGGATGCTGTC
ATTTTTTGAACCAAAAGACAAACAGGTTAAAAGGAAAAAAAGTAATCTGAATTTCCCAAGTGCCTACGCT
GCATATTCCCCTTGTTAGATCCCATTTTCATGTTACTTTGTAGCCTTGGCCAGAGGCTCARAAAGGACAC
AACCAGTTTGGGGAAGGGGTGGCTAAGGAAGATGGTATAGGTGAAGGCGGCTGTGTGACCACTTTCCCCC
ACCCTTCCCACCCTCTAGACAACTCTCTCCCTTACCTGTTTTTGCTATGGCTGTAAAGGTATTTTTCCTC
TGCCCCACTCCCTGCCATACCTTTATCCTGGGATCCTATTTTGGGCCTGGGGTGGGTATACCTGGGGCTG
GTCTTAGGAGGGTGCTAGGCTGCAGACTGCCTTGTACTCCCTGGACACCCTCAAATGGGGTTTTCTGTGT
TATTTCATAAAATTCTTTGAAGTCCAATAAAGCATGTAGGAGATTTTAACCACT

Figure 2.3 DNA sequence of the gene encoding native STIM1 protein near its
C-terminus. The intronic region and exon 12 of STIM1 protein in the original
sequence are in normal font and in bold, respectively. The stop codon of STIMI is
in red and bold. The CRISPR targeting site (gRNA) is highlighted in teal. The PAM
site is underlined. The EGFP sequence will be inserted just before the stop codon

of STIM1 protein.
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GAAGGCAGAGATTTTATTGAGGATGCCGCCTGTGGAATTTAAGCCTATGGCTG
CACCAGTTCAGAGCCAGAGCATTCACCACTGGTGGGGCCCAGGTATTGGAAAACCATTTG
CCAGACAGATGATGGTATGATGACATTTGTTTTTGTTTCTTATCTGTTTCTTCCCTCCCT
ATCACTTTTCCCTTTCTTGTCTTTCTCTCTTGGCCCTTCTTTCTACCTGCTTATCCTTTT
I I C A CIZACA AN CIACTH CIHC A T I NS AN CIH I AL I /AT AN CINCIATY
TCCCTCCTCCTGCCTCCTCTCTTATCCTATACTTATGGCTGCTCAACTTCTGTCTATTCC
TCTTTCCTCTCTCCTTCCCACCTGCCTGTTCATCCTATTTCTCTCTCCTGCCGCTCTATC
CCCATTTTCCTACCCTGTCCTTGTCTTCTCGTGTTGTCCCTCTCTCCTCTTCGCCTTTCC
CCTATCACCTCATCCAATATATGTCCCTTTCTTCCTCTCTGCCCCATGTCTTGCAGGGAT
TTGACCCATTCCGATTCGGAGTCCTCCCTCCACATGAGTGACCGCCAGCGTGTGGCCCCC
AAACCTCCTCAGATGAGCCGTGCTGCAGACGAGGCTCTCAATGCCATGACTTCCAATGGC
AGCCACCGGCTGATCGAGGGGGTCCACCCAGGGTCTCTGGTGGAGAAACTGCCTGACAGC
CCTGCCCTGGCCAAGAAGGCATTACTGGCGCTGAACCATGGGCTGGACAAGGCCCACAGC
CTGATGGAGCTGAGCCCCTCAGCCCCACCTGGTGGCTCTCCACATTTGGATTCTTCCCGT
TCTCACAGCCCCAGCTCCCCAGACCCAGACACACCATCTCCAGTTGGGGACAGCCGAGCC
CTGCAAGCCAGCCGAAACACACGCATTCCCCACCTGGCTGGCAAGAAGGCTGTGGCTGAG
GAGGATAATGGCTCTATTGGCGAGGAAACAGACTCCAGCCCAGGCCGGAAGAAGTTTCCC
CTCAAAATCTTTAAGAAGCCTCTTAAGAA

GCAGGATGGGGTGGCAGTGTTCTGTCTCTCCTTCCCTCC
CTTCCTTCAAGATAACTGGCCCCAAGAGTGGGGCATGGGAAGGGCTGGTCCAGGGGTCTG
GGCACTGTACATACCTGCCCCCTCATCCTTGGGTCCTTCATTATTATTTATTAACTGACC
ACCATGGCCTGCCTGCCCTGCCTCCGTCCCAACCATGGGCTGCTGCTGTCACTCCCTCTC
CACTTCAGTGCATGTCTTAGTTGCTGTTCCCTCAGCTCCCAGCTCCACCTCTGGGGTTCA
GCTTCTGTCTCTGCTGTCCCAGTTTTGAGGTTTGGTTTCTTGTTTCTGTCTCTTGCTTTC
GGGCTCCTCCCTCCCACCACTCCCCAACTTCCCCTAGCAGTTGCAGGGAAGATAGGACGA
GTAGCTTCTGACATGTGTGCCTCAGATCTGTTCCACCCCACTCACAGTGGTTCTGTTTGC
TCCAGACTGGGGCTAGGGCCTAATCTTTGAAGTTTGTTCTTTGGTATTGATGTGGGTCAG
AAGGAGCCTCATCCTAATCTCACTCAGGCCTCCAGGGATCCATGGGGGAGTGAAACCAAT
TCTCAGAGAACAACCCACCAGAGACTTTTAAAGAGAGGCCAGGCTTGGGAATGGGTTGGG
AGAGGCATCTGTTCATTGGAGCATGAGTGGATGCCAGAACTGTAGGTTATAAGGCAGTCA
CTTTTTCTCTCTACTCCCACCCACACCTGCCTCCCTCTTACCCCTGCTCCCCCACACTGC
AGGAGGATTTGTCTCTAAGAGGTGCTGCCCCAAAGCTCCCCAAGCATCAATACTCCTAGG
GCTCAGGACAAGTGGCTCCCCTGGCCAGGAGAGCCACAGCCATGATACAGGGCTCTTATG
GAGCCCTGGAGTTGTTGGGCAAGGATGCTGTCATTTTTTGAACCAAAAGACAAACAGGTT
AAAAGGAAAAAAAGTAATCTGAATTTCCCAAGTGCCTTCTAGA

Figure 2.4 Sequence of EGFP donor vector for STIM1 in HeLa cells. The Nhel
restriction site and Xbal restriction site are highlighted in red and yellow,
respectively. The intronic region, linker and EGFP sequence are highlighted in
grey, pink and green, respectively. The exon region is in bold while the 3’-UTR

region is in normal font.



2.2.4. Generation of a cell line with STIM1 endogenously tagged by EGFP

The cell line that is mostly used in this thesis, unless specified otherwise, is the STIM1-
EGFP HeLa cell line, which was generated in house by Dr. Sumita Chakraborty. For the
generation of STIM1-EGFP HeLa cells, WT HeLa cells grown in a T175 flask were transfected
(Section 2.2.2) with 10 pg cas9, 10 pg gRNA and 20 pg linearized STIM1-EGFP donor vectors
(Section 2.2.3). Cells were harvested using TrypLE Express enzyme 72h after transfection and
sorted (Section 2.2.11) until a monoclonal cell line was generated. All protocols involved in

this process will be described in detail in later sections.

For the generation of doubly edited STIM1-EGFP HeLa cell line (referred as de-STIM1-
EGFP HelLa cells, Section 2.3.5) did by me, I followed the same protocols (described in detail
below) as Dr. Sumita Chakraborty using same cas9, gRNA and donor vectors. In the selection
and validation stage after sorting, only monoclonal cell lines with solely STIM1-EGFP proteins

were looked for.
2.2.5. Waestern blotting and in-gel fluorescence

Confluent cells in a T75 flask were washed twice with 10 ml PBS at 20°C. Cells were then
incubated with 5 ml cell dissociation buffer (enzyme-free) for 5 min. Cells were dislodged by
gentle tapping and 5 ml of PBS was added. Cells were then pelleted by centrifugation at 650 x
g for 2 min. The cell pellet was resuspended in 1 ml PBS and transferred into 1.5 ml tube, and
pelleted again by centrifugation at 700 x g for 2 min. The pellet was then resuspended in lysis
buffer. The lysis mixture was incubated at 4 °C for 1h with gentle rotation followed by
sonication (3 x 10 s, Transonic ultrasonic bath). The supernatant from the lysate was recovered

after centrifugation at 4 °C at 20, 000 x g for 30 min and used for analysis.

For SDS-PAGE, 700 ml 1X RunBlue MOPS Run Buffer or 1X NuPAGE™ Tris-Acetate
SDS Running Buffer was prepared for one gel compartment. 13 pl of protein lysate prepared
as described above was mixed with 5 ul LDS and 2 pl of DTT per well. The loading solution
was heated at 85 °C for 10 min before loading onto RunBlue™ Bis-Tris Protein Gels (4%-12%)
(Expedeon) or NuPAGE™ Tris-Acetate Gels (3%-8%) (Invitrogen). MagicMark protein ladder
(3 pul) and Spectra Multicolour Broad Range protein ladder (5 pul) were loaded in the gel.
Electrophoresis was performed at 180V for 45 min (Expedeon) or 150V for 1h (Invitrogen).

Protein samples from SDS-PAGE were transferred onto a PVDF membrane using iBlot 7-
Minute Blotting System. The membrane was then blocked by blocking buffer (7able 2.3) at
20°C for 1h. The membrane was washed briefly with TBST (7able 2.3) and incubated with
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primary antibody solution (dilutions indicated in Table 2.1) for 16 h at 4 °C. The membrane
was then washed 3 times with TBST, each for 5 min. The membrane was incubated in
secondary antibody solution (dilutions indicated in Table 2.1) for 1 h at 20 °C. The membrane
was washed again with TBST for 3 times, each 5 min. 1 ml of ECL prime Western blotting
detection reagents were added on the membrane and the membrane was exposed to a PXi

chemiluminescence detector for 4 s to 2 min.

For in-gel fluorescence, protein lysate and loading solution were made as described above,
but the loading solution was not heated and directly added to Novex™ WedgeWell™ 4-12%
Tris-Glycine Mini Gels. Electrophoresis was performed at 125V in Tris-Glycine SDS running
buffer for 90 min.

For analysis, SDS-PAGE gel was placed on the reading chamber of the PXi gel-imaging
system and images were captured in manual mode using blue LED (M) module and emission

525nm filter.
2.2.6. Extraction, purification, and analysis of genomic DNA

For DNA extraction from cells, the Quick-DNA mini prep kit was used. The protocol
followed the manufacturer’s instructions. The principle of the kit is to first lyse cells with
guanidinium thiocyanate and N-lauroylsarcosine (sodium salt) (Datasheet 2018) and bind
DNA to the solid phase of silica in a spin-column. Ethanol and propan-2-ol (Datasheet 2018)
were used to wash DNA twice to remove proteins, salts and other contaminants in the DNA
sample. DNA was then eluted by dissolving in small amount of elution buffer or water for

subsequent experiments.

Briefly, cells were harvested using TrypLE Express enzyme and the pellet was resuspended
in 500 pl of genomic lysis buffer by vortexing 6 s and standing for 10 min at 20 °C. The mixture
was transferred to a spin-column in a collection tube and centrifuged (10, 000 x g, 1 min). 200
ul of DNA pre-wash buffer was added to the same spin-column and centrifuged (10,000 x g, 1
min). 500 pl of g-DNA wash buffer was added to the spin-column and centrifuged (10,000 x
g, 1 min). The spin-column was then transferred to a clean microcentrifuge tube and 50 pl DNA
elution buffer was added. The mixture was incubated at 20 °C for 5 min and centrifuged
(17,000 x g, 30 s). The concentration of eluted DNA was measured using the BioDrop micro-
volume measurement platform, by measuring the UV absorbance at 260 nm where nucleic

acids (DNA and RNA) absorb maximally due to the resonance structure of the purine and
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pyrimidine bases (Wilfinger WW 2006). According to the Beer-Lambert law (Beer 1852), the

light absorption at 260 nm is proportional to the concentration of nucleic acid in solution.

DNA was purified and analysed by agarose gel electrophoresis. Agarose was dissolved in
200 ml 1x Tris-acetate-EDTA (TAE) buffer to make solutions of 0.8-2.0% and heated until the
solution was clear. 10 pl of Midori Green Advanced DNA stain was added to the solution. The
solution was cooled to 50-60 °C and poured into the gel tray with combs. When the gel
solidified, DNA samples mixed with DNA loading dye (6X) were loaded into wells.
Electrophoresis was performed at 115V for 45 min. DNA fragments were visualised under UV

light.

For DNA extraction from agarose gel, the illustra GFX PCR DNA and gel band purification
kit was used, according to the manufacturer’s instructions. The principle of this kit is to dissolve
the agarose gel containing DNA where chaotropic salts were present to denature proteins
improve the binding of DNA to the silica matrix (Merck). DNA was then adsorbed to the solid
phase of silica in a spin-column and purified by washing twice using ethanolic buffers. DNA
was then eluted by dissolving in small amount of elution buffer or water for subsequent

experiments.

The agarose gel slice containing the DNA was weighed together with a pre-weighed
microcentrifuge tube. 10 pl capture buffer was added for each 10 mg of gel slice. The mixture
was heated to 60 °C for 15-30 min until the agarose was completely dissolved. The mixture
was then transferred to assembled spin-column and collection tube and incubated at 20 °C for
1 min, followed by centrifugation (16, 000 x g, 30 s). 500 ul wash buffer was added to the
same column and centrifuged (16, 000 x g, 30 s). 50 ul elution buffer was added to the same

column, incubated at 20 °C for one minute and centrifuged at (16, 000 % g, 1 min).

For PCR, Q5 Hot Start High-Fidelity DNA Polymerase was used, according to the
manufacturer’s instructions. All components were mixed and transferred to a pre-heated (98 °C)

PCR machine (Table 2.5-2.6) (NEB).

Table 2.5 Composition of PCR reactions

Component Volume Final concentration
5X QS5 reaction buffer 10 ul 1X
10 mM dNTPs 1l 200 uM
10 uM forward primer 2.5 ul 0.5 uM
10 uM reverse primer 2.5 ul 0.5 uM
Template DNA variable up to 1000 ng
Q5 hot start High-Fidelity DNA polymerase 0.5l 0.02 U/ul
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5X Q5 High GC enhancer (optional) 10 ul (1X)
Nuclease-free water up to 50 pl

Table 2.6 Thermocycling conditions used for PCR reactions

Step Temperature Time
Initial denaturation 98°C 30s
25-35 cycles 98°C 10s
68°C* 30s
72°C 20-30s per kb
Final extension 72°C 2 min
Hold 4°C 0

* NEB Twm calculator used to obtain the optimized melting temperature (NEB 2020).
2.2.7. Transformation of bacteria, plasmid amplification and purification

Alpha-select gold efficiency chemically competent cells were thawed on wet ice and 50 pl
cells were mixed with DNA solution (250 ng, <5 ul). The mixture was incubated on ice for 30
min and placed in 42°C water bath for 30s without shaking. The mixture was re-placed on ice
for 2 min and diluted to 1 ml by adding 950 pul LB medium. The mixture was shaken at 200
rpm for 60 min at 37 °C. 100 pl of the cell transformation mixture was plated on LB agar plates

containing ampicillin (1:1000) and incubated overnight at 37 °C.

The QIAGEN plasmid maxi kit was used, according to the manufacturer’s instructions. The
principle of this kit is to lyse the bacterial cells using SDS, followed by adsorption of plasmid
DNA on the solid phase of silica in a QTAGEN-tip. The impurities such as RNA, proteins and
dyes in the sample were removed by washing twice before elution of plasmid DNA in a high-
salt buffer. The plasmid DNA was then concentrated and desalted by isopropanol precipitation.
The detailed compositions of buffers included in the kit can be found in the QIAGEN plasmid

purification handbook which can be downloaded online (Qiagen).

A single colony was picked from the plate and incubated in a start culture of 2-5 ml LB
medium containing ampicillin (1:1000) at 37 °C for 8 h with vigorous shaking (300 rpm). The
start culture was diluted 1000 times and incubated for 12-16 h at 37 °C with vigorous shaking
(300 rpm). The bacteria were harvested by centrifugation (6,000 x g, 4 °C, 15 min). The
bacterial pellet was resuspended in 10 ml of buffer P1. 10 ml buffer P2 was then added and
mixed by vigorously inverting 4-6 times. The mixture was then incubated at 20 °C for 5 min
before addition of 10 ml buffer P3. The mixture was incubated on ice for 15 min and

centrifuged twice (20, 000x g, 4 °C, 30 min and 15 min respectively).
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The QIAGEN-tip was equilibrated by 10 ml buffer QBT, before applying the supernatant
to it and flowing by gravity. The tip was washed twice by 30 ml buffer QC and DNA was
eluted by 15 ml buffer QF. The DNA was precipitated by 10.5 ml isopropanol at 20°C and
centrifuged (15,000 x g, 4 °C, 30 min). The DNA pellet was washed with 5 ml 70% ethanol
and centrifuged (15,000 x g, 4 °C, 10 min). The pellet was air-dried for 10 min, before
redissolving into a suitable volume of appropriate buffer (e.g., TE buffer, pH 8.0, or 10 mM
Tris-Cl, pH 8.5).

2.2.8. Linearization of donor sequence

According to Figure 2.5, two restriction sites, Nhel and Xbal were inserted at the beginning
and the end of the donor sequence, respectively. Since the donor sequence (2819 base pairs)
has similar size to the rest of the plasmid (2341 base pairs), they might not separate clearly in

gel electrophoresis.

Therefore, according to Figure 2.5, the circular plasmid including the STIM1-EGFP donor
sequence was digested using three restriction enzymes, Nhel, Xbal and Pvul at their respective

restriction sites.

300 pg of plasmid donor DNA was mixed with 15 pl of each restriction enzyme, 60 pl of
10X FastDigest buffer and autoclaved water was added to make 600 pl of reaction solution.
The reaction solution was incubated at 37 °C for 6 h to maximise the digesting efficiency and
avoid star activity, which typically leads to cleavage at non-canonical restriction sites, or even
loss of enzymes’ specificity completely (Hsu and Berg 1978; Gardner ef al. 1982; Robinson
and Sligar 1993). The resulting reaction mixture was loaded onto an agarose gel and
electrophoresis was performed (Section 2.2.6). There were three distinctive bands at 2819 bp,
1436 bp and 905 bp, respectively. The band with size of 2819 bp was extracted from the agarose

gel (Section 2.2.6), which resulted in linear donor sequence.
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(141) CLEH BmtI (145)
XcmI (268)

(4943) XmnlI
(4881) BsaHI
(4824) Scal

(4714) (27115

BbsI (576)

(4516) Asel promoter

PasI (828)
Bsal (838)

SexAI* (947)
DralIl (951)

AfIII (1182)

Sall (1202)

AccI (1203)

HincII (1204)

SacII (1215)

TspMI - Xmal (1219)
Smal (1221)

Agel (1229)

BtgZzI (1363)

(4344) AhdI

STIM1-EGFP donor
5259 bp

Sduanbes yero?

PfoI* (1522)

(3559) DrdI

(3285) Pacl

(3197) PspXI
(3185) SacI
(3183) Eco53kI

(3172) Ascl - BssHII PpuMI (2092)

(2938) £1T5) AfIIII - Pcil (2371)
BgIII (2384)

Figure 2.5 The plasmid map for the synthetic donor sequence. The synthetic
gene of STIM1-EGFP donor sequence as designed in Section 2.2.3 was inserted
into pMA-RQ backbone (ampicillin resistance, AmpR). The sequence in blue
indicates the donor sequence encoding STIM1-EGFP. The restriction sites used to

linearize the donor sequence are highlighted in brown.
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2.2.9. Measurement of [Ca?*]. in cell populations

WT and STIM1-EGFP HeLa cells were plated in clear-bottomed 96-well plates (Greiner
Bio-One) coated with fibronectin (10 pg/ml). Cells were washed with HBS, loaded with Fluo-
8 by incubation in HBS with 2 uM of Fluo-8 AM for 60 min at 20°C. The cells were then
incubated in HBS for 30 min at 20°C to allow de-esterification of Fluo-8 AM prior to
experiments. The Fluo-8 fluorescence was measured using a FlexStation 3 microplate reader.
After addition of BAPTA (final concentration = 2.5 mM), drugs (thapsigargin, cyclopiazonic
acid or histamine) were added at various concentrations. After incubation for various periods,
CaCl; (final concentration = 10 mM) or ionomycin (final concentration = 5 uM) was added.
Fluorescence was collected using SoftMax Pro, Molecular Devices. The results were calibrated
to cytosolic free Ca** concentration using the following equation:

389 X (F — Fpin)
(Fnax — F)

Where 389 is the dissociation constant (Kq) which defines the affinity of Fluo-8 for Ca?*, F

is the measured fluorescence intensity, Fmin is the fluorescence intensity in the absence of Ca?*

and Fmax is the fluorescence intensity of the Ca**-saturated dye.

Fumin is measured by adding BAPTA (final concentration = 2.5 mM) and Triton X-100 (0.1%)
while Fmayx is measured by adding CaCl; (final concentration = 10 mM) and Triton X-100 (0.1%)

to cells.
2.2.10. Co-immunoprecipitation

STIM1-EGFP HeLa cells were used for immunoprecipitation (IP) analyses 24 hr after
transfection with mCh-Orail (19 pg plasmid DNA/T75 flask). RFP-Trap was used to capture
the mCherry tag. Cells in a T75 flask were washed twice with PBS, treated with thapsigargin
(1 uM, 15 min in Ca**-free HBS), centrifuged (650 xg, 2 min), and supernatants from cell
lysates (1-2 ml) were then prepared as described for WB samples. Samples (~400 pl, ~1 mg
protein) were incubated with washed RFP-Trap agarose beads (150 pl bead slurry) for 1 hr at
4 °C with gentle rotation. The beads were recovered magnetically, washed (3-5 x 500 pl) with
TBST containing protease inhibitor cocktail, and the beads were then heated (95 °C, 10 min)
in LDS sample buffer (80 ul) before analysis by WB.
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2.2.11. Fluorescence-activated cell sorting (FACS)

For the generation of STIM1-EGFP HeLa cells by Dr. Sumita Chakraborty, WT HeLa cells
transfected with cas9, gRNA and donor vectors (Section 2.2.4) were harvested using TrypLE
Express enzyme. After centrifugation (650 x g, 2 min), the cell pellet was resuspended in 1 ml
of sorting buffer (Table 2.3) and collected with a syringe. A filter cartridge was attached to the

syringe and the single cells in the cell suspension were filtered to a falcon tube.

The cells were sorted using a SONY SH800S Cell Sorter (488-nm excitation) (Figure 2.6A).
When all cells enter the sorting system, they were first selected based on their viability, using
forward scatter-area (FSC-A) and backward scatter-area (BSC-A). These two measurements
are indicators of cell size and granularity, respectively, and only those living cells enter the
next sorting stage (Allman et al. 1990) (Figure 2.6B). The living cells are further sorted based
on whether they are single cells, using parameters of FSC-height (H) and FSC-width (W). Only
single living cells can proceed to the next sorting gate (Figure 2.6C). These cells are finally
sorted by their fluorescence intensities (Figure 2.6D). The cells with 10x brighter EGFP
fluorescence (~0.1%) than negative control were collected as a polyclonal population in a 15-
ml tube (containing 5 ml DMEM-F12 Glutamax™ with 20% FBS, 100 pg/ml penicillin, 100
pg/ml streptomycin, and 0.25 pg/ml amphotericin B).

Polyclonal cells were cultured for two passages before being sorted into single cells into
96-well plates to generate multiple monoclonal cell lines. Each monoclonal cell line was
cultured until enough for western blotting (Section 2.2.5) which was used to select the desired

cell line.

For the generation of doubly edited STIM1-EGFP HeLa cells, same protocols were used as
Dr. Sumita Chakraborty, except in the selection stage, where only monoclonal cell lines with

solely STIM1-EGFP proteins were looked for.
2.2.12. Quantification and statistical analysis

Analyses were performed without blinding or power calculations to predetermine sample
sizes. Sample sizes and statistics are indicated in figure legends. Student’s t-test was used for
comparisons between 2 sample groups, or ANOVA and post hoc tests (details in figure legends)

for multiple comparisons; P < 0.05 was considered significant.
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Figure 2.6 FACS sorting. A. The cell suspension flows through a narrow filter
chip in a rapidly flowing stream of liquid. The cells are arranged into droplets that
only contain a single cell. Each droplet passes a beam of laser which measures their
fluorescent intensity. The droplets with chosen fluorescent intensity go through an
electrical charging ring and gain charge. The charged droplets then fall through an
electrostatic deflection system and diverted into different containers. B-D. An
example of FACS sorting of STIM1-EGFP HeLa cells. B. All cells entered the
sorting system and were sorted based on cell viability (FSC-A and BSC-A), where
only those in the black circle were selected to enter the next gating. C. Cells were
further selected based on singlets (FSC-W and FSC-H), where only those in the
black square were allowed to proceed to the next stage. D. Cells were finally
selected based on fluorescence intensity (488 nm), and only those in the black
square were collected either as a polyclonal cell population or as single cells to

develop monoclonal cell lines later.



2.3. Results

2.3.1. STIM1-EGFP HelLa cells have one allele of STIM1 tagged with sequence

encoding monomeric EGFP

It has been confirmed the STIM1 gene is located on chromosome 11, p15.4 (Rebhan et al.
1997), and the karyotyping of WT HeLa cells (Thillaiappan et al. 2017) confirmed that HeLa

cells have 2 copies of chromosome 11 (Figure 2.7). Therefore, there should be two copies of

the STIM1 gene in HeLa cells.

' ’ Figure 2.7 The karyogram of chromosome 11 in WT HeLa cells.
There are two copies of chromosome 11 in HeLa cells.
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Figure 2.8ﬂHalf of STIM1 protein has been tagged with EGFP in STIM1-EGFP
HeLa cells. Western blots of WT and STIM1-EGFP HeLa cells using anti-STIM1
and anti-f-actin antibodies. Loadings are shown as pg. A. The lower bands (black
arrow) indicate the presence of untagged STIM1 protein (expected size = 77 kDa),
while the upper bands (green arrow) indicate the presence of EGFP-tagged STIM1
protein (expected size = 110 kDa). B. The bands indicate the presence of B-actin,
which act as loading controls. Results are representative of 8 independent
experiments. C. Summary results (mean = SD, n = 8) show the expression of
STIMI1-EGFP relative to all STIM1 in the STIM1-EGFP HeLa cells, and the
expression of STIMI in the edited cell line relative to WT cells.
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WB analysis using a STIM1 antibody identified a band (~85 kDa) in both WT and STIM1-
EGFP HelLa cells (Figure 2.84). The band migrated slightly higher than expected (77 kDa)
due to glycosylation (Williams et al. 2002). A second band of 110 kDa, corresponding to
STIM1-EGFP, was present in the extracts from STIM1-EGFP HeLa cells. As expected, a GFP
antibody detected a band at ~110 kDa in WB of STIM1-EGFP HeLa cells, but not in WT cells
(Figure 2.9A4). Quantification of the band intensities in the STIM1 WB established that in
STIM1-EGFP HeLa cells, 52 + 8% of all STIM1 was present as STIM1-EGFP (Figure 2.8C).
The overall expression of STIMI proteins in STIM1-EGFP HeLa cells was 73 + 18% of the
amount expressed in WT cells. In-gel fluorescence confirmed that the only fluorescent band
present in STIM1-EGFP HeLa cells was at 110 kDa (Figure 2.9B). These results establish that
the only EGFP-tagged protein expressed in STIM1-EGFP HeLa cells is STIM1-EGFP and they
show that 50% of STIM1 is tagged.
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Figure 2.9 STIM1 is the only EGFP-tagged protein expressed in STIM1-EGFP
HeLa cells. A. Western blot of WT and STIM1-EGFP HeLa cells using anti-GFP
antibody. 40pug of each lysate supernatant was loaded. The band indicates the
presence of EGFP-tagged STIM1 proteins (expected size = 110 kDa). Results are
representative of 4 independent experiments. B. In-gel fluorescence of WT and
STIM1-EGFP HelLa cells. Loadings are shown as pg. The bands (green arrow)
indicate the presence of EGFP-tagged STIMI proteins (expected size = 110 kDa).
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2.3.2. Successful insertion of EGFP sequence into the STIM1 gene

PCR and sequencing was used to verify the correct position where EGFP has been tagged
to the endogenous STIM1 protein. The region in the genomic DNA in both WT and STIM1-
EGFP HelLa cells between primers 1F and 1R (7able 2.4), which correspond to sequences
within the intronic region outside the donor sequence and within EGFP, were amplified
(Figure 2.104). Genomic DNA of STIM1-EGFP HeLa cells showed a clear band at around
1.2 kb (Figure 2.10C), which corresponds to the amplified region, while WT HeLa cells did

A i Donor sequence
I Intronic iregion | Exon 12 Linker Monomeric EGFP i 3 UTR
17 5 Bl R |
: eld | I 2R
B |
‘ Intronic fegion I Exon 12 3'UTR
| EE EE*
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Figure 2.10 PCR analyses of genomic DNA confirms appropriate location of
EGFP sequence in STIM1-EGFP HeLa cells. A-B. Schematics of the PCR
analyses of genomic DNA of S7IMI with and without EGFP sequence,
respectively. The region between primers 1F and 1R covers intronic region outside
the donor sequence until the EGFP. The region between primers 2F and 2R starts
from exon 12 and extends to 3’UTR. C. Genomic DNA from WT and STIM1-
EGFP HeLa cells was extracted and amplified by PCR, using primers 1F and IR
(Table 2.4). The expected band size of the amplified region was 1244 bp. The
enhancer was used to possibly help the amplification for GC-rich contents. n = 4.
D. Primers 2F and 2R were used to amplify the same genomic DNA extractions.
The lower bands (black arrow) indicate the presence of native STIM1 (expected size
= 361 kb), while the upper band (green arrow) indicates the presence of EGFP-
tagged STIM1 sequence (expected size = 1102 kb). n = 3.
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not show the corresponding band, as expected. The sequencing result confirmed the precise

sequence of EGFP, and that the linker is complete.

According to Western blots, only half of STIMI proteins have been tagged with EGFP
(Figure 2.8). 1 would like to further confirm whether EGFP was inserted into one of the
chromosomes, leaving the other allele native. Similar analyses of genomic DNA using primers
2F and 2R (Figure 2.104 and B). A single band (~0.35 kb, black arrow) corresponding to
native STIM1 was detected in WT cells. The same band and an additional band (~1 kb, green
arrow, corresponding to STIM1 with EGFP attached) were detected in the STIM1-EGFP HeLa
cell line (Figure 2.10D). Sequencing of the native band from the edited cell line confirmed that

it was identical to that from WT cells.

2.3.3. EGFP tagging does not affect the interaction between STIM1/STIM1-EGFP and
Orail

Since the EGFP tag was attached to the C-terminus of STIM1 molecules, there may be
questions on whether this affects the interactions between STIM1 and Orail, as well as whether
there are equal possibilities for the native and EGFP-tagged STIMI to interact with Orail. In
order to validate these, STIM1 was co-immunoprecipitated with Orail (using mCherry-Orail)
after store depletion. The use of mCh-Orail instead of native Orail was because no record was
found to successfully pull down native Orail due to low endogenous expression level and
relatively weak interaction between STIM1 and Orail, therefore will be easily washed out.
These co-immunoprecipitation experiments proved to be challenging, with variability between
experiments which is reflected in the SD. The observation is that the ratio of native STIM1 to
STIM1-EGFP in cell lysates is preserved in the immunoprecipitate (50:50, Figure 2.11A4 and
C). The similar experiment was also done with WT-HeLa cells, which confirmed that the upper
band reports STIM1-EGFP (Figure 2.11B). Although the STIM1-EGFP to all-STIMI ratio
(~50%) was indistinguishable in control and cells expressing mCh-Orail, the efficiency of the
pull-down of STIM1 was much greater in cells expressing mCh-Orail (Figure 2.11D). This
indicates an indistinguishable interaction between STIM1/STIM1-EGFP and Orail.
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Figure 2.11 Co-immunoprecipitation of STIM1 and mCh-Orail. A. Typical WB
for STIM1 (actin in lower panel) shows immunoreactivity in cell lysates (2.5 and 5
ug protein) and after immunoprecipitation (IP) of mCh-Orail with RFP-Trap from
STIM1-EGFP HeLa cells with or without (control) expression of mCh-Orail. Cells
were treated with TG (1 uM, 15 min in Ca**-free HBS) before IP. Molecular markers
(kDa) are shown on the left. The green arrow indicates STIM1-EGFP while the black
arrow indicates native STIMI1. For cells expressing mCh-Orail, recoveries
(IP/lysate) were 27 £ 18 % (mCh-Orail, mean = SD, n = 8) and 3.6 = 5.8 % (STIMI,
n = 11). B. Similar IP analysis comparing WT and STIM1-EGFP HeLa cells
expressing mCh-Orail. C. Summary shows amount of STIM1-EGFP relative to all
STIM1 (%) in lysates and IP for cells with and without mCh-Orail. Mean + SD for
indicated n (values for IP in control cells report only those with detectable STIM1; 4
from 6 blots). D. Results show the relative pull-down efficiencies of STIM1

(control/mCh-Orail cells) in paired analyses. Mean + SD, n = 7.



2.3.4. STIM1-EGFP HeLa and WT cells have similar SOCE

The C-terminal tags to STIM1 have been commonly used in studies utilizing overexpressed
STIM1 (Calloway et al. 2009; Lur et al. 2009; Korzeniowski et al. 2016), but because of the
importance of the C-terminus of STIM1 (Ercan et al. 2009; Park et al. 2009; Stathopulos et al.
2013), it was essential to establish whether Ca®* signalling and STIM1-Orail interaction were

perturbed in STIM1-EGFP HeLa cells.

Histamine, an agonist for Gg-coupled histamine H; receptor, evokes Ca?* signals via the IP3
pathway in HeLa cells (Hill et al. 1997; Jones and Kearns 2011). Figure 2.12A indicates that
histamine-evoked Ca*" release from the ER is similar in STIM1-EGFP and WT HeLa cells.

Cellular responses towards CPA, a reversible inhibitor of the sarco/endoplasmic reticulum
Ca’**-ATPase (SERCA), were examined to see if EGFP tagging caused changes in SOCE upon
partial store depletion. It is possible that upon maximal store depletion, there will be no
difference in responses observed in the two cell lines if a small portion of STIM1 proteins is
enough to evoke SOCE. The untagged STIM proteins in gene-edited cells were sufficient to
cause effective SOCE. Comparing SOCE upon graded store depletion circumvented the

problem and small differences in protein behaviours could be observed.
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Figure 2.12 Similar effect of histamine on Ca** release. A. Dose-response curve
for histamine in Ca?*-free HBS on the peak increase in [Ca*']c (A[Ca®*'].) in
populations of WT and STIMI-EGFP HeLa cells. Student’s #-test shows no
statistical significance (P > 0.05). Results show mean + SEM from 4 experiments,
each with 6 determinations. B. A typical trace of histamine evoked Ca*" release of
populations of WT or STIM1-EGFP HeLa cells in HBS. BAPTA (2.5 mM) was
added 30s after start to chelate extracellular Ca?* ions and histamine (100 uM) was

added at 90s. Results show means of 6 replicates from one experiment.
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Tonomycin can release Ca?" from ER into the cytosol. Hence, in my experiments, it was

used as an indicator of the amount of Ca®" remaining in the ER after store depletion.

Results from Figure 2.13 suggested that 5 min is sufficient for partially depleting the ER
Ca?* store, as dose-dependent CPA response could be observed. There is almost no depletion
of the ER Ca?" store at [CPA] = 0.1 uM, hence the dotted traces in Figure 2.13A4 representing
[CPA] = 0.1 uM could be regarded as a negative control indicating the response to ionomycin
without previous partial store depletion. At [CPA] = 10 uM, large store depletion took place,
and a much smaller peak was observed after adding ionomycin. Hence when 1 uM of CPA is

used, the peak is half the height, indicating partial Ca?" store depletion.
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Figure 2.13 5 min is sufficient for partial depletion of the ER Ca®" store. A. A
typical trace of ionomycin-induced Ca®* release. BAPTA (2.5 mM) was added 30s
after start, followed by CPA at various concentrations at 64 second. The cells were
left for recording response for 5 min before the addition of ionomycin (5 uM).
Results show means of 6 replicates from one experiment, representative of 3
experiments. B. Summary results (mean = SEM from 3 experiments, each with 6
determinations) of the amplitudes of ionomycin-evoked Ca®* release, which were
determined by the difference between the value before and after the addition of
ionomycin. Two-way ANOVA test was performed the difference between rows

(concentrations) has ****P<0.0001.
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A standard dose-response curve for cyclopiazonic acid (CPA) was first generated for the
two cell lines (Figure 2.14A). The traces indicate that the responses for CPA-induced store
depletion were similar for both cell lines. Hence the same concentration of CPA could be used

in both cell lines to induce store depletion to a similar extent.
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Figure 2.14 CPA-mediated ER Ca?* store depletion followed by SOCE. A.
Dose-response curve for CPA in Ca**-free HBS on the peak increase in [Ca®']c
(A[Ca?*]c) in populations of WT and STIMI1-EGFP HeLa cells. Student’s z-test
shows no statistical significance (P > 0.05) at all concentrations. Results show mean
+ SEM from 4 experiments, each with 6 determinations. B. A typical trace of CPA-
mediated ER Ca?* release followed by SOCE of populations of WT or STIM1-
EGFP HeLa cells in HBS. BAPTA (2.5 mM) was added 30s after start to chelate
extracellular Ca®* ions and CPA (1 pM) was added at 64s. SOCE was stimulated
after 5 min by restoration of extracellular Ca?* (final free [Ca?'] ~10 mM). Results
show means of 6 replicates from one experiment. C. Summary results (mean + SEM
from 4 experiments, each with 6 determinations) of the amplitude of SOCE.
Student’s #-test shows no statistical significance (P > 0.05) between WT and

STIM1-EGFP Hel.a cells at all concentrations.
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The amplitudes of SOCE of STIMI-EGFP HeLa cells were also compared with those of
WT-HeLa cells. From the traces (Figure 2.14B), both the amplitude of CPA-mediated ER Ca?*
store release and the levels of SOCE are similar for both WT and STIM1-EGFP HelLa cells.
The amplitude of SOCE was determined by the difference between the value before addition
of CaClz and the peak after it, which is summarized in Figure 2.14C. There is no significant

difference between WT and STIM1-EGFP HelLa cells.
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Figure 2.15 Histamine-evoked SOCE in WT and STIM1-EGFP HeLa cells. A.
Populations of WT HelLa cells were treated by BAPTA (final concentration = 2.5
mM) or HBS 30s after start, followed by histamine (final concentration = 100 yM)
at 64 second. The cells were left for recording until 300s. Results show mean +
SEM from 6 determinations from one experiment. The difference between the
sustained Ca?* signals reflects the amplitude of SOCE. B. Summary results of
amplitude of histamine evoked SOCE. Results show mean + SEM from 5
experiments, each with 6 determinations. Two-way ANOVA test shows no

statistical significance (P > 0.05).

Apart from stimulating SOCE pharmacologically using CPA, it is also worth looking at
physiologically evoked SOCE by releasing Ca** via histamine-evoked pathway (Figure 2.15A).
After the Ca®' release evoked by histamine, the [Ca*"]. come back to a plateau, with cells in
HBS resting at a higher level compared to cells in BAPTA, and this difference probably
corresponds to the contribution from SOCE. The DRC of physiologically evoked SOCE shows
no significant difference between WT and STIM1-EGFP HeLa cell lines (Figure 2.15B),

despite a much smaller response compared to CPA-evoked SOCE.
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2.3.5. Attempts to generate a homozygous cell line with both alleles of the STIM1 gene
tagged by EGFP

Because of the problems of heterozygous STIM1-EGFP HeLa cells can cause, it is desirable
to have both alleles of STIM1 tagged by EGFP. Therefore, I have attempted to generate a cell
line with both STIM1 proteins tagged by EGFP (Section 2.2.4 and 2.2.11).

In the first round of sorting (Figure 2.16A-C), to obtain a threshold for separating edited
and non-edited cells, WT-HeLa cells and the currently available heterozygous STIM1-EGFP
HeLa cells were recorded. The difference between median fluorescent intensities of cells from
the two lines represents the change in emission at A = 488 nm as a result of single-allele EGFP

tagging. Assuming a linear relationship between fluorescence emission and the number of

A 108 B 106
WT STIM1-EGFP
10° 105 4
10° o 104 o
10° &mrwwm 09 58
d
< RY Aacd
i i .
A LI
102 4 102 T T T T
0 200 400 600 800 0 200 400 600 800
1,000 X1,000
C 6 E
106 10

First sorting

Second sorting

Third sorting

105 o

10° o

10° 4

102 T T T T 102 T T T T 10? T T

800
x1,000 x1,000 x1,000

Figure 2.16 FACS sorting of WT HeLa cells transfected with cas9, gRNA and
donor vectors. FACS analyses of cell populations at excitation A = 488 nm, with
fluorescence intensity against forward scatter (an estimation of cell’s size (Allman
et al. 1990)) for A. WT-HeLa cells. B. Current STIM1-EGFP HeLa cells. C-E.
Transfected WT HeLa cells, three subsequent sorting, respectively. The same
gating applies to all sorting, except for panel E, where only the extra population
compared to the main population was selected. In the second and third sorting, the
fluorescence intensities of WT and STIM1-EGFP HeLa cells were similar to the

first-round sorting, hence are not shown here.
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alleles of EGFP tagged, tagging of a second allele should see an increase in median intensity
from the that of STIM1-EGFP by the median difference. Therefore the lowest bound of the

gate was chosen as such.

A second round of sorting was carried out after the polyclonal cell line from the first round
has grown to confluency. However, results (Figure 2.16D) reveal that the average fluorescence
intensity of the transfected cells was not significantly different from the heterozygous STIM1-
EGFP HeLa cell line which serves as a negative control. The proportion of cell population in
the selected region was even lower than that of the first round of sorting. Despite this
unexpected lowering of popupation with high fluorescence intensity, a distinct population of
cells appeared after enrichment in the third sorting (Figure 2.16E). This population of cells
was sorted into monoclonal cells, but not all of them grew enough to perform WB before the

national lockdown due to COVID-19.

Several monoclonal cell lines were characterized and two of them were delightfully found
doubly-edited (clone 1 and 2), with the lower band which represents native STIM1 disappeared
(Figure 2.17A4). Clone 2 was soon contaminated unfortunately, but I managed to perform
further WB on clone 1. Not knowing exactly why, native STIM1 reappeared in this cell line,
which shattered the hope of this cell line being doubly edited (Figure 2.17B).
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Figure 2.17 Characterization of monoclonal cell lines after FACS. A. A western
blot of monoclonal cell lines after FACS, using anti-STIMI1 antibody. The
concentrations of proteins in each lane were not unified. n» = 1. B. A western blot of

WT, STIM1-EGFP HeLa cells and clone 1 from A, using anti-STIM1 antibody.

Loadings are shown as pg. n = 3.
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2.4. Discussion

Over-expression of STIM1 was reported to perturb both its interaction with Orail (Ji et al.
2008; Gwozdz et al. 2012; Kilch et al. 2013; Hodeify et al. 2015; Yen and Lewis 2019), and
the structures of the ER and MCS where SOCE occurs (Orci et al. 2009; Saitoh et al. 2011,
Perni et al. 2015). The evolution of gene-editing techniques allow direct modifications on
genomic DNA, which has huge potential in advancing the studies in biology. Therefore, in this
study, a monoclonal HeLa cell line expressing endogenous STIM1 tagged with EGFP,
previously generated in the lab using CRISPR/Cas9 was characterized, where the EGFP tag
attached to the C-terminus of STIM1 protein to allow visualization of endogenous STIM1 in
live cells. Since the C-terminus of STIMI is crucial to its function, mediating STIM1
aggregation (Li et al. 2007; He et al. 2012), trapping PIP; in the PM (Ercan et al. 2009; Park
et al. 2009) and interacting with Orail (Park et al. 2009; Yuan et al. 2009; Stathopulos et al.
2013), the addition of a bulky fluorescent tag to the end of the C-terminus of STIM1 requires
extensive characterization to ensure that the STIM1-EGFP HeLa cell line is functional just as
WT HelLa cells, before being used to define the number of STIM1 molecules within the puncta
that regulate Orail.

The genomic DNA experiments have revealed that EGFP is successfully inserted into one
allele of the genome at the correct position, leaving the other allele not edited (Figure 2.10),
suggesting successful insertion of EGFP into one of the STIMI gene out of two. It has also
been confirmed by western blots, that one allele of STIM1 proteins is tagged by EGFP while
the other allele is not (Figure 2.8). The collective results of in-gel fluorescence and western
blot confirmed that EGFP has been tagged to STIM1 proteins explicitly with the lack of off-
target tagging (Figure 2.9). Off-target effect associated with gene-editing can be serious,
causing large deletions, mutations and rearrangements of the gene, and is sometimes lethal at
the level of organism (Naeem et al. 2020). In this case, if the gene-editing is off target, the
green fluorescence may not represent the protein of interest, i.e., STIM1. Also, the functionality
of this edited cell line may be affected. All these results suggest that this STIM1-EGFP HeLa
cell line has half STIM1 proteins tagged by EGFP and half STIM1 proteins remaining untagged.

Co-immunoprecipitation (Co-IP) experiments were mostly performed on overexpressed
STIM1 and Orail in previous studies, revealing the direct interactions between STIM1 and
Orail (Yeromin et al. 2006; Balasuriya et al. 2014; Liu et al. 2019). Co-IP on native STIM1

and Orail was proven to be difficult, due to the relatively low expression levels of both proteins
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(Gwack et al. 2007). Therefore, in this project, co-IP was performed on STIMI1-EGFP
expressed at endogenous level and overexpressed mCh-Orail. Results demonstrated that the
EGFP tag on STIM1 does not perturb the interaction with Orail, and that native and tagged
STIM1 interact indistinguishably with Orail, reflected by equal pull-down efficiencies
between native and tagged STIM1 and preserved 50:50 ratio of them after immunoprecipitation

(Figure 2.11).

Regarding the ability to conduct Ca?* signals of the edited cell line, results showed that the
IP;-mediated Ca?" release evoked by histamine was similar compared to WT HeLa cells
(Figure 2.12). Most importantly, the response to CPA which depletes intracellular Ca** stores,
and subsequent measurement of amplitudes of SOCE, particularly the submaximal stimulation
of SOCE, were not affected by the EGFP tagging (Figure 2.14). Since only one copy of STIM1
has been tagged with EGFP while the other remains native, it is possible that the expression of
native STIM1 is more than enough to evoke maximal SOCE, which masks the function of
edited STIM1. Therefore, the comparable submaximal stimulation of SOCE between WT and
STIM1-EGFP HeLa cells indicates that the STIM1-EGFP is functionally similar to native
STIM1. Furthermore, the amplitudes of physiologically evoked SOCE, despite the small
amplitudes, were indistinguishable in the two cell lines as well, suggesting that the EGFP

tagging does not affect the IP3-mediated Ca®* signalling pathway and SOCE (Figure 2.15).

Single editing of STIM1 could be problematic later. For example, I cannot confidently say
that all STIM1-EGFP mix with native STIM1 uniformly and evenly distribute across the cell
either at rest or upon activation. Additionally, whether STIM1-EGFP contributes to SOCE at
all is always another problem. It is possible that the remaining native STIM1 proteins are
sufficient for carrying out signalling activities. The former will be discussed and solved by
experiments in later chapters, while the latter has been confirmed by indistinguishable
amplitudes of SOCE evoked by submaximal stimulation of CPA between WT and STIM1-
EGFP Hela cells (Figure 2.14). Anyhow, if all STIMI1 are uniformly tagged with EGFP
(double-edited), many problems and hassles can be avoided. Attempts were made to generate
a double-edited STIM1-EGFP HeLa cell line using the same gRNA and donor template Dr.
Sumita Chakraborty designed (Section 2.2.4), and, despite difficulties, there have been some
progress, with a distinct cell population with higher fluorescent intensity showing up (Figure
2.16). Unfortunately, not all cells from this cell population had the opportunity to enrich to get
enough cells before characterization due to national lockdown caused by COVID-19. Those

monoclonal cells lines, which were characterized using WB and appeared to be doubly edited,
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lost one EGFP tag shortly (Figure 2.17). The difficulties of generating the double-edit cell line
mainly arose from the low efficiency of CRISPR-mediated knock-in, particularly knocking in
a large construct of EGFP. Unlike knockouts mediated by CRISPR which can easily achieve
efficiencies over 70% or even 90% (Incontro et al. 2014; Hana et al. 2021), an efficiency of
~25% is considered high in knock-in via HDR (Kimura et al. 2014; He et al. 2016; Shin and
Lee 2020), which normally ranges from 1%~10% (Byrne et al. 2014; Zhu et al. 2015; Zhang
et al. 2017; Matsuda and Oinuma 2019), especially for primary cell lines and for inserting large
constructs like GFP. However, with the evolution of techniques in CRISPR, such as using
variants of Cas9, optimizing gRNA designs, improving HDR donors and seeking different
delivery methods, the efficiency of large constructs knock-in can be increased up to 70% (Liu
et al. 2018; Chen et al. 2019; Ling et al. 2020). On the other hand, while the above problems
are technical, the short-lived double-edited cell line may arise concerns biologically, where
HeLa cells can live with half native and half edited STIM1 but are intrinsically disabled with
all STIM1 tagged, so that one EGFP came off to regenerate native STIM1 after a few days.
This is untenable to some extent, because the monoclonal cell line (clone 1) has grown for a
few weeks to get enough cells for the first WB. There was no reason why EGFP did not come
off earlier. Anyway, given the unavailability of double-edited STIMI-EGFP cell line, this
heterozygous STIMI-EGFP cell line was extensively characterized to ensure that it is
functional as WT cell line and that the functions of EGFP-tagged STIM1 are not masked by
the native STIM1.

Overall, even though only half of the STIM1 proteins were tagged endogenously by EGFP,
these results demonstrated that STIM 1-EGFP HeLa cells have similar ability of Ca?* signalling
and SOCE, so that the EGFP tagging does not have significant impact on amplitude of SOCE
as well as the interaction between STIM1 and Orail. This justifies the use of these cells for
subsequent optical analyses of STIMI redistribution and its interaction with Orail upon store

depletion to addresses the final research question.
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Chapter 3 STIM1 accumulate into small clusters after store

depletion

3.1. Introduction

As discussed in the Introduction, in animal cells, SOCE is one of the most important Ca?*
signalling pathways that refills intracellular Ca?* store. When Ca®* is lost from the ER Ca?*
store, STIM1 senses this reduction in ER Ca** concentration by dissociation of Ca** from the
luminal Ca?*-binding sites (Liou et al. 2005; Zhang et al. 2005), followed by oligomerization
of STIMI proteins and relocation to the ER-PM junctions (Wu et al. 2006; Liou et al. 2007,
Luik et al. 2008). This subsequently causes STIM1 to interact with the PM Ca?* channel, Orail,
which opens its pore to allow extracellular Ca** to flow into the cell through the SOCE pathway
(Lewis 2019; Gudlur ef al. 2020).

The process of oligomerization of STIM1 plays an essential role in activation and regulation
of SOCE, which couples ER Ca?" depletion with CRAC channel activation (Luik et al. 2008).
STIMI1 exists as a dimer at resting state (Luik et al. 2008; Huang et al. 2009; Covington et al.
2010; He et al. 2012). When Ca?" store is depleted, STIM1 activates by rearranging its EF-
SAM region to apposition, which subsequently triggers large conformational changes in the C-
terminus of STIM1, releasing the CAD/SOAR region that is otherwise hidden (Zheng et al.
2011; Yuet al. 2013; Zhou et al. 2013; Fahrner et al. 2014; Gudlur et al. 2018) (Figure 1.3B).
Besides its necessity in interacting and activating Orail, the C-terminus of STIM1 undeniably
is crucial to aggregation of STIM1 (Li et al. 2007; Yu et al. 2011; Zheng et al. 2018). STIM1
lacking the full or large part of C-terminus fails to form stable oligomers after store depletion,
which can be rescued by addition of CAD/SOAR, suggesting the importance of CAD/SOAR
in this process (Covington et al. 2010; Korzeniowski et al. 2017). Notably, the entire
CAD/SOAR region is required for STIM1 oligomerization, where STIM1 containing only CC2

does not oligomerize in response to store depletion (Covington et al. 2010).

The STIM1 oligomers then translocate to the proximity to the PM while still residing in the
ER, namely the ER-PM junctions, and form puncta (Luik et al. 2006; Wu et al. 2006; Xu et al.
2006). This process is also very critical for subsequent interaction with Orail, due to the
apposition of STIM1 and Orail which allows direct binding between these two in the junctions

where SOCE can only occur (Baba et al. 2006). The PBD of STIM1 assists the targeting of
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STIM1 to the PM, by binding PIP in the PM (Ercan ef al. 2009; Walsh et al. 2009; Wu et al.
2014). Furthermore, STIM1 diffuses slower upon store depletion, leading to the proposal of
the diffusion trap model of STIM1 activation (Liou et al. 2007; Wu et al. 2014; Qin et al. 2020)
(Figure 1.4). With all these preparations in place, the CAD/SOAR domain of STIM1 is ready
to interact with Orail (Kawasaki et al. 2009; Park et al. 2009; Yuan et al. 2009).

The stoichiometry of STIMI1 cluster regulates the interaction model with Orail (Figure
1.7), hence is a pivotal determinant in understanding the mechanism of SOCE. The
phenomenon of STIMI clustering and puncta formation at the ER-PM junction has been clearly
visualized under the microscope and characterized using FRET (Luik et al. 2006; Wu et al.
2006; Liou et al. 2007; Malli et al. 2008). There was also indirect evidence showing engineered
STIM1 (ehSTIM1) accumulates into bundles of 1-6 dimers (Srinivasan 2019). However, the
precise number of native STIM1 molecules within one punctum has not been revealed yet.
Therefore, to figure out the exact stoichiometry of STIM1 clusters and unmask the unusual
behaviour of SOCE, where channel opening and Ca?" influx is controlled by direct interactions
between two proteins located in different membranes, a CRISPR-mediated gene-edited cell
line was utilized. A fluorescent tag was attached to the C-terminus of STIMI protein to allow
fluorescence imaging analyses to help understand the amounts of endogenous STIM1 and

Orail within the MCS and define the stimulus-response relationship within the SOCE pathway.

After characterization of the STIM1-EGFP HeLa cell line and confirmation of one allele
being tagged by EGFP as described in 0, the experimental focus switched to look closer at the
distribution and composition of STIM1 puncta using microscopy. Since conventional wide-
field fluorescence microscopes evenly illuminate the entire sample axially, the background
fluorescence noise from outside the focal plane, such as deeper in the cell, is usually large
(Figure 3.1A). This can be very problematic especially if only the fluorescence signals near
the cell surface are of interest. This signal disturbance can be eliminated by various
mechanisms to ensure the excitation and detection of fluorophores are restricted to a thin region
of the specimen, which consequently improves the spatial resolution of the features or events
of interest. Confocal microscopy is one of the solutions. A point light source, such as laser,
illuminates the sample and the emitted fluorescence travels through a pinhole before the
detector to eliminate the out-of-focus signal (King and Delaney 1994). As a result, only the
fluorescence produced very close to the focal plane can be detected, which hugely increases
the resolution in the axial direction. However, since most light is blocked by the pinhole filter,

greater laser intensity and longer exposure time is usually required.
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Another option is the total internal reflection fluorescence microscopy (TIRFM), which has
been used in most experiments throughout this study. It works by emitting a parallel beam of
laser towards the glass coverslip through an aqueous specimen medium, traversing an
immersion medium (usually oil) (Mattheyses et al. 2010). This normally causes refraction due

to lower refractive index of water than glass and oil, but when the incident laser is directed at
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Figure 3.1 TIRF microscopy. A. In conventional wide-field fluorescence
microscope, the incident light shines directly through the whole specimen,
illuminating all fluorophores at the same time across all focal planes. B. In TIRFM,
the incident laser passes from an angle (0) greater than the critical angle (8.), which
causes total internal reflection. This only illuminates a very thin section of specimen
of approximately 100 nm, depending on the wavelength of incident laser.
Therefore, only fluorophores near the PM of adherent cells are excited and result in
selective visualization of living cells with high axial resolution. C. Numerical
aperture is proportional to the refractive index of the medium between the objective
and the coverslip (7) and sin o, where a is the maximum angle of the light cone that

the objective can accept from the sample.
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an angle (0) larger than the critical angle (0.) of the oil/glass-water interface, leading to total
internal reflection, only a very thin layer of the specimen of around 100 nm is illuminated
(Figure 3.1B). Therefore, TIRFM allows researchers to see cellular structures and activities
happening at or immediately beneath the plasma membrane in adherent cells, without the signal
disturbance from regions farther away from the cell surface (Ambrose 1956; Axelrod 1981).
Besides the incident angle, another factor that is important in a successful TIRM is the
numerical aperture (NA) of the objective (Mattheyses et al. 2010; Martin-Fernandez et al.
2013). It is critical in determining both the resolution and the brightness of TIRF images and
has the formula of NA = nsina, where n is the refractive index of immersion medium
between the lens and the specimen (usually immersion oil, with » = 1.51 (Cargille 1985)) and
« is the maximum angle of acceptance of the objective (Figure 3.1C). A higher NA, usually
greater than 1.45 for TIRFM, allows larger incident angles of laser, and results in brighter

images with higher resolution.

TIRFM has been widely used in Ca*' signalling, combining with Ca?" indicators or
fluorescent proteins (Shuai and Parker 2005; Luik et al. 2006; Nystoriak et al. 2013;
Thillaiappan et al. 2017). The advantages of TIRFM include its focus on an extremely thin
section of specimen and ability to visualize and monitor dynamic processes there. However,
the resolution of TIRF is limited by both the wavelength of emitted light and the NA, which is

defined by the Rayleigh criterion with an equation of
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where 1 is the smallest distance between two resolvable points (resolution), 4 is the wavelength
of the incident laser, while NA is the numerical aperture. As the equation suggests, resolution
is higher (two spots separated by smaller distance can be resolved) with lower wavelength and

higher NA. For the TIRFM I used in this project, each pixel in an image represents 160 nm.

A lot of techniques have been developed to increase the resolution of microscopy,
collectively referred to as super resolution microscopy (SRM). They can be based on wide-
field, TIRFM or confocal microscopy and can achieve resolutions of a few tens of nanometres
(Schermelleh et al. 2019). Stochastic optical reconstruction microscopy (STORM) is one of
SRMs based on TIRFM, using photoswitchable dyes to decorate the target protein (Rust et al.
2006). The principle of STORM is to take thousands of frames where each frame has a random
subset of optically resolvable fluorophores switched on, so that the precise position of each

fluorophore can be determined by fitting a two-dimensional Gaussian to find the centroid with
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a resolution of ~20 nm and the overall image can be reconstructed (Rust et al. 2006). Soon
after the invention of STORM, a ‘direct’ variant was discovered (dSTORM), utilizing
conventional fluorescent dyes that can blink between ‘on’ and ‘off” states without the presence
of an activator fluorophore reported previously (Bates ef al. 2005; Rust et al. 2006; Huang et
al. 2008), simplifying the protocols of STORM and producing super resolution images beyond
the diffraction limit (van de Linde et al. 2008). However, the high resolving power of
(d)STORM is in exchange for long acquisition time and complicated subsequent analyses.
Furthermore, (d)STORM was initially designed for imaging fixed cells (Betzig et al. 20006),
and the special ‘switching’ buffers dASTORM need can be harmful to live cells (van de Linde
et al. 2008; Endesfelder et al. 2011), leading to difficulties in imaging live cells, although not
impossible (Fernandez-Suarez and Ting 2008; Klein ef al. 2010; Jones et al. 2011). Regarding
experimental difficulties, localizations of particles in (d)STORM are restricted by the label
density, as well as the requirement of extremely stable environment and platform to avoid any

vibration of samples.

In order to investigate the stoichiometry of STIM1 puncta based on microscopy, a technique
named single-molecule stepwise photobleaching has been utilized. This technique has widely
been used to count the number of fluorophores within the region of interest (ROI) and is usually
used for studying oligomers of, particularly, membrane proteins (Ulbrich and Isacoff 2007).
Photobleaching refers to the loss of fluorescence from fluorophores due to continuous
illumination. In single-molecule stepwise photobleaching, the target proteins are labelled with
fluorescent tags, such as GFP, which are slowly and irreversibly photobleached using
appropriate intensity of laser. The fluorescence-time traces are recorded and when one
fluorophore is photobleached, there should be a sudden drop in the trace (Ulbrich and Isacoff
2007; Yu et al. 2009; Zhang et al. 2009). Then the fluorescence intensity of the first frame is
divided by the amplitude of the last bleaching step, which is likely to represent a single
fluorophore, to determine the number of individual fluorophores within the ROI. If one can
ensure that each protein is attached to one fluorophore, this calculation is equivalent to the

number of proteins in a multimer (Fricke ef al. 2015).

Since SOCE is a pathway that involves protein interactions within the MCS, the specific
aim of this chapter is to use TIRF microscopy to visualize the oligomerization of STIM1
beneath the plasma membrane and examine the number of STIM1 proteins associated within

one punctum by stepwise photobleaching.
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3.2. Materials and Methods

Many materials and methods used in this chapter have already been described in Section

2.2.

3.2.1. Materials
Table 3.1 Materials

(IC: Immunocytochemistry)

Materials Company Catalog number
Donkey anti-rabbit IgG- Cat# A21207
AlexaFluor 594 (AbRa594, Thermo Scientific RRID: AB 141637
IC, 1:500)
EGFP siRNA Thermo Scientific Cat # AM4626
, Cat# 55041
mCherry-ER-3 plasmid Addgene
RRID: Addgene 55041
Paraformaldehyde Alfa Aesar Cat# 43368
pcDNA 3.1 mammalian Cat# V79020
. Invitrogen
expression vector
Cat# 89816
pSUPER-retro-puro-shSTIM1 | Addgene
RRID: Addgene 89816
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3.2.2. Total internal reflection fluorescence microscopy (TIRFM)

Total internal reflection fluorescence microscopy (TIRFM) allows observation of a thin
layer of the specimen, usually approximately 100 nm (Figure 3.1). Coverglass-bottomed
imaging dishes (35 x 10 mm) were coated with fibronectin, by applying 10 pg/ml of fibronectin,
incubating for 45 min and washing with HBS. Cells were seeded on fibronectin-coated
coverglass-bottomed imaging dishes to ~70% confluency and washed with HBS. The cells
were either directly imaged or transfected with plasmids using 7ransIT-LT1 (Section 2.2.2).

The cells were usually imaged 24h after seeding or transfection, unless specified otherwise.

WT and STIM1-EGFP HeLa cells were imaged using an iXon Ultra 897 EMCCD camera
(Andor, 512 x 512 pixels) and Olympus IX83 microscope equipped with a 100x oil-immersion
TIRF objective (numerical aperture, NA = 1.49) and an iLas2 targeted laser illumination
system (Cairn, Faversham, Kent, UK). TIRF were captured using MetaMorph software. All
images were background corrected by subtracting the mean fluorescence intensity of a region

outside the cell using ImageJ or, for photobleaching analyses, Metamorph (version 7.8.4).

Cells containing more than one colour of fluorophores were imaged for red fluorescence
(561 nm excitation) and green fluorescence (488 nm excitation), respectively. The images were

merged using Fiji ImagelJ software.
3.2.3. Immunocytochemistry

Cells were seeded on fibronectin-coated coverglass-bottomed imaging dishes (Section
3.2.2) to ~70% confluency and washed with PBS twice. Cells were then fixed by
paraformaldehyde (4% in PBS, 15 min, 20 °C), washed 3 times, permeabilized in PBS
containing Triton X-100 (0.1%, 15 min, 20 °C), and washed 3 times. Cells were blocked by
skimmed milk (5% in PBS, 30 min, 20 °C), followed by BSA (5% in PBS, 30 min, 20°C),
incubated with primary antibody in PBS (16 hr, 4°C, dilutions in Table 2.1), washed (4 x 5
min), incubated with secondary antibody with fluorophores in PBS (1 hr, 20°C, dilutions in
Table 3.1), washed (4 x 5 min) and used for TIRFM. All washing buffers were PBS.
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3.2.4. Automated detection of fluorescent puncta

Two Fiji plugins were used to identify fluorescent puncta. All TIRF images were first
background corrected using Fiji, by subtracting the mean fluorescence intensity of a region
outside the cell boundary. Most analyses used TrackMate (Tinevez et al. 2017) to identify
fluorescent puncta in background-corrected TIRF images automatically. TrackMate uses a
‘difference of Gaussians’ filter after applying a consistent threshold (Figure 3.2). For definition
of colocalization between puncta which uses measurements of distances between puncta,

DiAna was used (Gilles et al. 2017). The details of DiAna will be described in Section 4.2.3.
A Ba b c d
| mn. - . - -

Figure 3.2 STIM1-EGFP puncta were identified automatically by TrackMate.
A. TIRF images of STIM1-EGFP HeLa cells before and 5 min after thapsigargin (1

5 min

uM, Ca?**-free HBS). Scale bar = 10 um. B (a-d). Enlargements of boxed areas in
A, where the magenta circles indicate the ROI identified by TrackMate. Scale bars
=2 um.

3.2.5. Colocalization studies

For colocalization studies of STIMI-EGFP with ER and STIMI1-EGFP with
immunostained STIM1, TIRF images were taken according to Section 3.2.2, and processed by
JACoP (Just Another Co-localization Plugin) in ImageJ (Bolte and Cordelieres 2006). Each
background-corrected image was thresholded, which was determined individually, to produce
a binary image. The location of each white pixel on one binary image was assessed on another
binary image to ask whether there was a white pixel on the same location. Randomization was
performed within the plugin by randomly shuffling one image 100 times to determine the

statistical significance of any colocalization. P < 0.05 was considered significant.
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3.2.6. Stepwise photobleaching

STIM1-EGFP HeLa cells were seeded on fibronectin-coated coverglass-bottomed imaging
dishes to ~70% confluency. They were washed by PBS twice before treatment with
thapsigargin (1 uM) for 15 min, fixed in paraformaldehyde (4%, 15 min) and washed 3 times
with PBS. They were then imaged according to Section 3.2.2. Low laser intensity (~6%) and
a short time (< 3 s) were used to identify a cell for subsequent photobleaching, in order to
minimize pre-bleaching (Figure 3.8). The images were then captured (laser power = 60%,
capture time = 200 ms) in series. The laser power was adjusted to bleach the cells slowly
enough to see the last step, and quick enough for timesaving. After background correction in
MetaMorph, all puncta were identified by manually circling ROIs on the first image in ImageJ.
The trace of fluorescent intensity against time of each punctum was generated using Fiji Time
Series Analyzer. The number of total steps is calculated by dividing the fluorescent intensity

of the first frame by the size of the amplitude of the final bleaching step (Figure 3.9).

71



3.3. Results

3.3.1. STIM1-EGFP are the only fluorescent puncta detected by TIRFM

Most of subsequent experiments are based on TIRF imaging of STIM1-EGFP puncta.
Therefore, it is important to ensure that STIM1-EGFP are the only fluorescent puncta detected
by TIRFM.

Before turning to TIRF imaging, the specificity and efficiency of shSTIM1 knock-down
must be verified. STIM1-EGFP HeLa cells were transfected with plasmids encoding either
shSTIM1 (Table 3.1) or non-silencing sShRNA (NS) and performed WB. Results (Figure 3.34
and B) show 80.8% knock-down efficiency of shSTIMI.
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Figure 3.3 STIM1-EGFP are the only fluorescent puncta detected by TIRFM.
A. Western blots using STIM1 antibody of STIM1-EGFP cells transfected with
plasmids encoding either shSTIM1 or non-silencing (NS) shRNA. Loadings are
shown in pg. The upper band (green arrow) indicates STIMI-EGFP, while the
lower band (black arrow) indicates native STIM1. B. Summary results (mean = SD,
n =3) show the expression of STIM1 proteins after transfection of shSTIM1 relative
to non-silencing shRNA. C. TIRF images of STIM1-EGFP HeLa cells transfected
with the indicating shRNAs before store depletion. Scale bar = 10 um. D. Summary
results (individual values, mean + SD, n = 3 independent experiments, each with
~30 cells analysed) show mean fluorescent intensity (whole cell fluorescent
intensity divided by cell area, FU/pixel) of each cell. WT HeLa cells (n = 4) were
also imaged and quantified. FU, fluorescence units. “***P < 0.0001, ANOVA with

Bonferroni test, relative to WT cells.
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STIM1-EGFP HeLa cells were then transfected with the same shRNAs and imaged by
TIRFM. The TIRF images (Figure 3.3C) show clearly that STIMI-EGFP puncta are much
diminished when transfected with shSTIM1 compared to transfection with non-silencing
shRNA. Statistics (Figure 3.3D) confirm that the mean fluorescent intensity of whole cell area
has significantly reduced by 65.3% with shSTIM1, around the same level as WT cells. A few
cells, however, remain the similar fluorescence level as NS STIM1. Since the cells were all

randomly selected, this probably indicate the transfection efficiency (80.8%).
3.3.2. STIMI1 puncta accumulate beneath the PM after store depletion

STIM1-EGFP HeLa cells were transfected with plasmids encoding mCherry-ER (Section
2.2.2) and imaged by TIRFM (Section 3.2.2). Results show that STIM1-EGFP are distributed

within the ER membrane before store depletion (Figure 3.4).

It has been shown in various reports that STIM1 accumulate into puncta in the ER-PM

junctions upon store depletion using over-expressed STIM1 (Liou et al. 2005; Liou et al. 2007;
| H H u
| . . .

Figure 3.4 STIM1-EGFP are distributed within the ER before store depletion.
A. TIRF images of unstimulated STIMI-EGFP HeLa cells transfected with
mCherry-ER showing ER (red) and STIM1-EGFP (green) and their overlay. Scale
bar = 10 um. B. Enlargements of the boxed area in A. Scale bar = 2 um. Manders
split coefficient for colocalization of STIM1-EGFP with mCh-ER in peripheral

regions is 0.87 = 0.08, mean = SD, n =9 cells.
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Stathopulos et al. 2008; Park et al. 2009). Therefore, [ would like to confirm that STIM1-EGFP

are functional as such.

STIM1-EGFP HeLa cells were imaged under TIRF before store depletion. Then they were
treated with TG (1 uM in Ca*'-free HBS) to deplete the Ca®* stores and imaged after the
addition of TG at different time points (5, 10, 15 min). The puncta were automatically identified
using TrackMate (Figure 3.2). As shown in Figure 3.5 and Figure 3.6A-B, there were few
puncta before the addition of TG, while after store depletion, the number of puncta doubled,
and the puncta became brighter and clearer. This also indicates that the aggregation of STIM1-
EGFP into puncta was half complete by ~2 min, reached maximum accumulation within ~4
min and was stable thereafter for at least 15 min. Therefore, the treatment of TG of cells was
limited to 5 min for subsequent experiments. These results are comparable to investigations

using over-expressed STIM1 (Liou et al. 2005; Wu et al. 2006).

The fluorescence intensity distributions of STIM1-EGFP puncta before and 5 min after
store depletion by CPA (10 uM in Ca?*-free HBS) and summary results (Figure 3.6C) show

that the mean fluorescence intensities of STIM1-EGFP puncta modestly increase upon store

Pre 5 min 10 min 15 min

Celll Control

Cell2

Figure 3.5 STIM1 puncta accumulate beneath the PM after store depletion.
TIRF images of STIM1-EGFP cells before and after addtion of BAPTA (2.5 mM)
and TG (1 puM, celll and 2) or HBS (control) at 5, 10, 15 min. Scale bar = 10 pm.
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depletion (from 20794 FU to 28702 FU, 38% increase), and the distribution becomes flatter.
The bottom panel of Figure 3.6C and Figure 3.6D show the ‘difference’ panels, where the
numbers of puncta in each fluorescence intensity category before and after store depletion were
compared. In each fluorescence intensity category, the numbers of STIM1 puncta before store

depletion were subtracted from that after store depletion, and this difference was divided by all
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Figure 3.6 Quantification of STIM1 accumulation. A. Summary results (mean +
SD, n = 7) show fluorescence intensity (F) of whole cell area 5, 10 and 15 min after
addition of TG relative to fluorescence before its addition (Fo) B. Number of puncta
detected by TrackMate (N) relative to the number before addition of CPA (No) of
cells treated with TG (10 uM in Ca?*-free HBS), mean + SD, n = 5 cells. C.
Fluorescence intensity distributions (mean + SD shown, n = 6) of STIM1-EGFP
puncta detected by TrackMate before and 5 min after store depletion by CPA (10
uM in Ca?’-free HBS). The red dashed line indicates the mean value for cells before
store depletion. Bottom panel (mean only) shows the ‘difference’ distribution,
which is calculated from the difference in the number of puncta within each
fluorescence intensity category before and after store depletion. D. Summary results
(mean + 95% CI) show fluorescence intensities of STIM1-EGFP puncta before and
5 min after store depletion by CPA and for puncta that appeared as a consequence

Kk sk

of store depletion (A). " P <0.001, Student’s t-test.
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‘extra’ puncta (1362 puncta before and 2737 puncta after, so 1375 ‘extra’ puncta) to get the
percentage (Figure 3.6C, bottom panel). The mean fluorescence intensity of STIM1 puncta in
stimulated cells within each bin and the number of ‘extra’ puncta in that bin were used to
calculate the weighted average of ‘extra’ puncta (Figure 3.6D, blue bar). The ‘extra’ STIMI
puncta fall in each category can be classified as those only appear after store depletion, with
the mean fluorescence intensity only 28% greater than that of all puncta in cells with empty

stores (36669 FU and 28702 FU, respectively).

Subsequent experiments and analyses of single-step photobleaching (Figure 3.10C)
suggest that the amplitudes of a single bleaching event, which corresponds to the fluorescence
intensity of a single fluorophore (i.e., STIM1-EGFP), is indistinguishable between cells with
empty or full stores. This indicates that all the STIM1-EGFP puncta analysed were similarly
located just beneath the PM. Therefore, the brighter the punctum is, the more STIM1-EGFP
were contained in that punctum. All above results demonstrate that endogenously EGFP tagged
STIM1 proteins were able to aggregate at the ER-PM junction and form puncta that are both

larger and more abundant after depletion of Ca®* store.
3.3.3. STIM1-EGFP mix interchangeably with native STIM1

According to the genetic results (Figure 2.10), one allele of STIM1 out of two has been
tagged by EGFP. Western blots (Figure 2.8) also suggest that the EGFP tag is only fused to
half of the STIM1 proteins. Hence, it becomes important to determine whether these EGFP-
tagged STIM1 mix thoroughly with native STIM1. We can only trust the results from TIRF
imaging for subsequent photobleaching analyses if STIM1-EGFP form puncta together with
native STIM1, instead of playing with tagged ones each other.

To confirm this, STIMI-EGFP HeLa cells were treated with TG (1 pM, 15 min),
immunostained with STIM1 antibody, followed by a secondary antibody which is covalently
linked to a red fluorophore (AbRa594) and imaged under TIRF using both green and red

fluorescence.

Since the STIM1 antibody is able to recognize both tagged and untagged STIM1, if STIM1-
EGFP mix with native STIM1 and assemble into puncta together, the more STIM1-EGFP there
are, the more immunostained STIM1 there should be. In other words, the fluorescent intensities
of immunostained STIM1 should be in linear relationship with STIM1-EGFP. The overlay
TIRF images of STIM1-EGFP and immunostained STIM1 (Figure 3.74) show 72 £+ 3%
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overlap between the two fluorophores, and summary results (Figure 3.7B) indeed suggest a

linear relationship between them.

Furthermore, after store depletion by TG (1 uM, 15 min), STIM1 puncta in both WT and
STIMI1-EGFP cell lines were immunostained with AlexaFluor 594 and the fluorescence
intensity distributions were indistinguishable in both cells (Figure 3.7C). This further confirms
that the EGFP tag does not affect the ability of STIM1 to form puncta and that native STIM1
and STIM1-EGFP mix interchangeably within the puncta upon store depletion.
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Figure 3.7 STIM1-EGFP mix thoroughly with native STIM1. A. TIRF images
of STIM1-EGFP HeLa cells with Ca?" stores depleted and immunostained for
STIM1 using AlexaFluor 594. Scale bar = 10 um. Manders coefficient for overlap
of immunostained STIM1 with STIM1-EGFP =0.72 +0.03 (mean + SD, n = 6 cells
from 3 independent experiments). B. A plot of the fluorescence intensity (FU,
fluorescence unit) of immunostained STIMI1 against STIMI-EGFP. It shows a
linear relationship (least-squares linear correlation coefficient, r = 0.834, P <
0.0001). C. Frequency distribution of the fluorescence intensities of immunostained
STIM1 in WT (2116 puncta, 5 cells) and STIM1-EGFP HeLa cells (1891 puncta, 5
cells) after store depletion by TG (1uM, 15 min in Ca**-free HBS) Each from 3
independent experiments. Mean intensities (= SEM) are shown. P> 0.05, Student’s

t-test.
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3.3.4. STIM1 and STIM1-EGFP form small clusters after store depletion

In order to address the important question of how many STIMI there are within a single
punctum, stepwise photobleaching was performed on STIM1-EGFP HeLa cells after store
depletion (Section 3.2.6). Low laser (6%) and short time (< 3 s) were used to identify cells
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Figure 3.8 Negligible effect of pre-bleaching on finding cells and fixation on
puncta aggregation. A. Fluorescence of STIM1-EGFP HeLa cells was recorded
during continuous illumination with low laser power (6%) and the sum of
fluorescence intensities of all puncta within one cell was plotted against time. The
black line indicates the observed trace, and the red line is an exponentially fitted
curve, where the half-life (ti2) is determined. Inset shows enlarged trace of the first
100 s. Results show the time-course of the decay in fluorescence from a single cell
(typical of 3 cells from one experiment). t, = 30 + 6 s. B. TIRF images of STIM1-
EGFP HelLa cells before and after fixation (4% PFS in PBS, 15 min, followed by
washing) with replete stores (HBS) or empty stores (TG, 1 pM, 15 min in Ca**-free
HBS). Scale bar = 10 pm. C. Summary results show the sum of the fluorescence
intensities of all STIM1 puncta in each cell, FU/um?. n =10 cells for each condition.
Mean + SEM. *P < 0.01, Student’s unpaired t-test. D. Summary results show the
fluorescence intensity of STIM1 puncta for each individual cell before and after
fixation for control cells or cells treated with TG. No significant difference,

Student’s unpaired t-test.
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before photobleaching and it caused negligible pre-bleaching, which was quantified by
bleaching the target cell using low laser and the sum of fluorescence intensities of all puncta
versus time was plotted. Ideally the curve should follow an exponential decay, from which a
half-life (ti2) can be calculated and hence how much fluorescence was lost in 3 s. Results show
that during the 3 s pre-bleach with low laser power, no more than 7% of the initial fluorescence

of puncta was lost (Figure 3.84).

It has also been reported that the fixation step before photobleaching can cause store
depletion and activate SOCE (Demuro ef al. 2011; Perni et al. 2015). Therefore, it is important
to ensure that fixation does not affect the final results. STIM1-EGFP HeLa cells, either with
replete or empty stores, were fixed on-stage carefully and images before and after fixation of
the same cell were taken (Figure 3.8B). The results demonstrate that fixation of cells for
immunofluorescence and photobleaching causes some loss of fluorescence (Figure 3.8D), but

it does not promote accumulation of STIMI1 or activate SOCE (Figure 3.8C).

After confirming that the effect of pre-bleaching is negligible, the actual stepwise
photobleaching and associated analysis can be safely conducted (Section 3.2.6). Results show
that STIM1-EGFP HeLa cells with empty store (TG, 1 uM, 15 min in Ca**-free HBS) contains
an average of 5.82 + 0.31 fluorophores per punctum (Figure 3.94 and B). Due to the nature of
photobleaching, not all puncta are amenable to stepwise photobleaching analysis, but those that
resolve a clear final bleaching step (365/1477, ~25%) have similar fluorescence intensity
distributions and mean intensities compared to all puncta (Figure 3.10A and B). These results
demonstrate that the puncta amenable to analysis are an unbiased sample of all STIM1-EGFP
puncta. It has been suggested that only ~80% EGFP tags can be detected as fluorophores
(Ulbrich and Isacoff 2007), from which the average number of STIM1-EGFP fluorophores in

each punctum can be calculated to be 7.28 + 0.39.

Since only half of STIMI are tagged with EGFP (Figure 2.8), hence visible under
microscope, and that STIMI-EGFP mix indistinguishably with native STIM1 in puncta
(Figure 2.11, Figure 3.7), this number further increases to give an average of 14.55 = 0.79
STIM1 molecules in each punctum (Figure 3.9C). Similar experiments and analyses were done
on STIM1-EGFP cells with replete stores (Figure 3.9D), and results suggest an average of 3.51
+ 0.21 fluorophores within each STIM1-EGFP punctum before Ca** store depletion. After a
similar calculation, it becomes an average of 8.8 + 0.5 STIM1-EGFP proteins per punctum in

unstimulated cells (Figure 3.9E).
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Figure 3.9 Stepwise photobleaching analysis of STIM1 puncta. A. Example time-course
photobleaching traces of 4 STIM1-EGFP puncta in a cell with empty Ca?* store with a clear
final bleaching step. The amplitudes of the final step (blue) and calculated number of steps
(red) are shown. B. Frequency distribution of the calculated number of bleaching steps from
STIM1-EGFP puncta in cells with empty Ca** stores. Results are from 365 puncta across 5
cells from 3 independent experiments. Mean (+ SEM) number of steps/punctum is shown.
C. Frequency distribution of the calculated (from panel B) number of STIM1 proteins per
punctum in STIM1-EGFP HeLa cells with empty stores. Mean (£ SEM) number of STIM1
proteins/punctum is shown. D. Frequency distribution of the calculated number of bleaching
steps from STIM1-EGFP puncta (steps/punctum) in cells with replete Ca*" stores. Results
(mean = SEM) are from 107 puncta across 3 cells from one experiment. E. Frequency
distribution of the calculated (from panel D) number of STIMI proteins per punctum in
STIMI-EGFP HeLa cells with full stores. Mean (= SEM) number of STIMI

proteins/punctum is shown.
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Figure 3.10 Characterization of stepwise photobleaching. A. Fluorescence
intensity distributions of all puncta (1477 puncta) and those amenable to
photobleaching analysis (with a clear final bleaching step, 365 puncta). Results are
from 5 STIM1-EGFP HeLa cells treated with TG (1 uM, 15min in Ca*'-free HBS).
Mean + SEM is shown. B. Summary results (mean + SEM, n =5 cells) show mean
fluorescence intensities of all STIMI1 puncta and those amenable for
photobleaching analysis, P > 0.05, Student’s t-test. C. Summary results (individual
values and mean + SD) show the amplitude of the final bleaching step of STIM1-
EGFP puncta in cells with replete Ca?* stores (107 puncta from 3 cells) and in cells
with empty Ca?" stores (365 puncta from 5 cells). P > 0.05, Student’s t-test. D.
Frequency distributions of the numbers of calculated bleaching steps/punctum for
STIM1-EGFP puncta in cells with empty Ca?" stores (from B, 365 puncta from 5
cells) and of the fluorescence intensities of the individual puncta (from Figure
3.6C, 1891 puncta from 5 cells). For each distribution, observations are reported as

percentages of the entire population, which were categorized into 16 bins.
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Figure 3.11 Similar results can be achieved by calibrating against cells treated
with GFP-siRNA. A. TIRF images of STIM1-EGFP HeLa cells treated with either
GFP-siRNA or NS (non-silencing) siRNA for 72 h and then treated with TG (1 pM,
15 min in Ca**-free HBS) to deplete stores. Scale bar = 10 um. B. Summary results
(mean + SD, n = 6-7 cells from 2 independent experiments) of number of STIM1-
EGFP puncta in cells treated with either GFP-siRNA or NS siRNA. C. Summary
results (mean + SEM, n = 6-7 cells) of mean fluorescence intensities of the puncta.
P < 0.0001, *P < 0.001, Student’s unpaired t-test. The code in B applies also
to panel C. The difference in mean intensities for cells treated with NS and GFP
siRNA is shown. D. Example time-course photobleaching traces of STIM1 puncta
in cells treated with GFP-siRNA. The amplitudes of the final step (blue) and
calculated number of steps (red) are shown. E. Summary results (128 puncta from
3 cells from 2 independent experiments) show the number of fluorescence steps
calculated in cells treated with GFP-siRNA with empty Ca*" stores. The mean value

1s shown.
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The frequency distributions of calculated bleaching steps were compared with that of
fluorescence intensities of STIM1 puncta summarized in Figure 3.6C, where both distributions
share a similar general shape (Figure 3.10D), suggesting that the variability in the size of
puncta (Figure 3.7C, Figure 3.9C, Figure 3.10A) is an intrinsic feature of the puncta instead

of the limitation from photobleaching analyses.

A complementary approach was also carried out, where STIM1-EGFP cells were treated
with siRNA against EGFP, attempting to reduce the number of fluorophores of each visible
STIM1 to close to one, so that the fluorescence intensities of resulting STIMI puncta can be
used as a calibration signal (Figure 3.11). The fluorescence intensity distributions of ‘native’
STIM1-EGFP puncta with the ‘calibration’ signal can then be compared to estimate the number
of fluorophores in each STIM1 punctum. Results showed that treatment of siRNA against
EGFP diminished the fluorophore content of each residual punctum to an average of 2.12
fluorophores, demonstrated by stepwise photobleaching (Figure 3.11D and E). Furthermore,
the mean fluorescence of native STIM1 puncta is 2.74-fold compared to siRNA treated ones
(Figure 3.11C). These two numbers were combined to provide a similar estimate of the number
of fluorophores per punctum (2.74 x 2.12 = 5.81) in cells treated with non-silencing siRNA
and with empty Ca?" stores. Due to the same limitation of EGFP detection efficiency and single
edit of STIM1, this suggests a mean value of 14.52 STIMI proteins/punctum in cells with
empty Ca?" stores. This is very similar to the result directly obtained from stepwise

photobleaching (Figure 3.9C).

The enrichment of STIM1 puncta in the ER-PM junctions after Ca?* store depletion was
also examined in WT HeLa cells, with immunostained STIM1 puncta (Figure 3.12). Results
indicated that the increase in the average fluorescence intensity of the entire TIRF footprint is
56% (from 4867 to 7608 FU/um?, respectively, Figure 3.12A and B) and that of individual
STIMI1 punctua is 55% (from 7138 to 11056 FU/punctum, respectively, Figure 3.12C) upon

store depletion.

&9



%k kk 40
—~ 10000 .
N
E &
= 3k
-] N ¥ 7138 £472
— lL L]
2 = 5000 + 20
S =
8 g e®ee ;\3
3 >
c o
- o———7— § 0 -
N o 40
O O @
PG i
o QQ\Q mm Full stores
------ <@ mm Empty stores

S 20
V11056 £ 639

Thapsigargin

0
S ® N o S
‘ N $ N S S
N R T S 4

Intensity (FU)

Figure 3.12 Fluorescence intensity of STIM1 puncta in WT HeLa cells. A. WT
HeLa cells treated with either HBS or TG (1 uM, 15 min in Ca?*-free HBS) were
immunostained using STIM1 antibody followed by AlexaFluor 594. Scale bar = 10
um. B. Summary results (individual values from 12 control cells and 24 TG-treated
cells from 3 independent experiments, mean + SD) show background-corrected
whole-cell TIRF fluorescence from each cell. “***P < 0.0001, Student’s t-test. C.
Fluorescence intensity distributions of immunostained STIM1 puncta in WT HeLa
cells with full and empty Ca** stores. Results (6 cells for each condition, 3419
puncta from cells with full stores, and 3804 puncta from cells with empty stores)

kokok

show mean + SEM, "~ "P <0.001, Student’s t-test.

90



3.4. Discussion

Overexpressed C-terminal tagged STIM1 has been widely used before the development of
CRISPR-mediated gene-editing and it was proven that the C-terminal tag does not affect the
functionality of STIM1 (Calloway et al. 2009; Lur et al. 2009; Korzeniowski et al. 2016).
However, given the functional importance of the C-terminus of STIM1 (Ercan et al. 2009; Park
et al. 2009; Stathopulos et al. 2013), it is essential to perform comprehensive characterization
on the heterozygous STIMI1-EGFP HeLa cell line, confirming not only the correct position of
the EGFP tag, but also that the functions of STIM1-EGFP are not masked by native STIM1. It
has been confirmed by in-gel fluorescence (Figure 2.9B) and TIRF imaging combined with
siRNA against STIM1 (Figure 3.3), that STIM1-EGFP is the only fluorescent protein in the
STIM1-EGFP HeLa cell line. Due to the fact that only half of the STIM1 proteins have been
endogenously tagged by EGFP (Figure 2.8), it was also essential to make sure that EGFP-
tagged STIM1 mix interchangeably with untagged native STIM1, which is shown in Figure
3.7 and Figure 2.11.

From the result of stepwise photobleaching, each punctum in cells with full Ca** stores
contain an average of 8.8 STIM1 proteins (Figure 3.9D), and this number increases to about
14.5 after store depletion induced by TG (Figure 3.9C), confirmed also by the complementary
approach using EGFP siRNA (Figure 3.11). In comparison with the stimulated cells, there is
only a modest increase (~50%) in the average number of STIM1 proteins within each punctum
(from ~10 to ~15). This result is similar to the estimate from mean fluorescence intensity of
puncta (138% increase, Figure 3.6C). This conclusion is further confirmed by analyses of
immunostained STIMI1 puncta in WT HeLa cells, where the increase in both whole-cell
fluorescence intensity (to 156%, Figure 3.12A and B) and mean fluorescence intensity of
individual STIM1 puncta (to 155%, Figure 3.12C) are comparable to the increase in EGFP
fluorescence in STIM1-EGFP HeLa cells (to 148%, Figure 3.6A4, and to 138%, Figure 3.6C,

respectively).

Since about half of STIM1 puncta in store-depleted cells are already present near the plasma
membrane before store depletion (Figure 3.4-3.6), it has been considered whether this might
cause the substantial underestimation of the size of puncta formed after ER Ca** depletion
induced by thapsigargin. Therefore, using the ‘difference’ plots (Figure 3.6C and D), if only
those ‘additional’ puncta are included in the analyses, the estimate of the average number of

STIM1 molecules in each punctum in store-depleted cells will increase from 14.5 to 18.5
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STIM1. Even if assuming that the brightest 50% of puncta were formed exclusively after store
depletion, the estimate of the average number of STIM1 molecules per punctum would become
only 19.0 (Figure 3.10A4). Consequently, it can be concluded that in cells with empty Ca®*
stores, native puncta contain rather few STIM1 molecules. There is variability between puncta
(Figure 3.9B and C, Figure 3.10A4), but the variability arises from puncta containing different
numbers of STIM1 molecules, hence is the nature of the puncta rather than coming from
photobleaching analyses (Figure 3.10D). This can be confirmed by fluorescence intensity
distributions of puncta without photobleaching analyses (Figure 3.6C and Figure 3.7C),
where similar variability can be observed with STIM1-EGFP puncta and immunostained WT
and STIM1-EGFP puncta. In cells with empty stores, the vast majority of puncta (99.5%)
contain at least 6 STIM1 proteins, but only 15.6% contain more than 20 STIM1 and only 2.2%
have more than 30 (Figure 3.10A4). Given these relatively small numbers, it can be concluded
that most STIM1 clusters formed after store depletion are comprised of a small number of
STIM1 molecules. It can therefore be deduced that there is little chance for most STIMI
clusters to activate more than one Orail channel. This will be investigated in more detail later

in Chapter 4.

Results suggest that in cells treated with TG to deplete their Ca?* stores, STIM1 and STIM1-
EGFP only form small clusters (Figure 3.5-3.6, 3.9-3.12). There are on average seven STIMI
dimers and a single Orail channel present in each SOCE complex. Regarding the binding

models between STIM1 and Orail, a monomeric and a dimeric model were proposed where
A B c
N 4 7\4 ' % —) STIM1 dimer
N ‘\ :_/\L: ) ! : % Orai1 hexamer
ﬁ\\/‘* : 4{
B ’ o T IR
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Figure 3.13 Schematic of proposed structures of SOCE complexes. Orail is a
hexamer, comprising three pairs of dimers (Hou et al. 2018). Dimeric STIM1 may
activate Orail by binding as A. three dimers, or B. as six dimers, C. with the
residual STIM1 subunit free to interact with another Orail channel (Zhou et al.

2018). Image reproduced from Shen et al. (2021).
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each STIM1 dimer binds to one or two subunits of a hexameric Orail channel, respectively,
but both of the models have some evidence yet neither very convincing, discussed in Section
1.4 (Figure 3.13). However, since each SOCE junction typically comprises an average of only
seven STIM1 dimers, in which only ~2% of them containing more than 15 dimers (Figure
3.90), there would hardly be any chance for the crosslinking of active Orail channels by
STIM1 as reported in cells over-expressing STIM1 (Ji et al. 2008; Perni et al. 2015; Zhou et
al. 2018). Cross-linking is only possible if Orail can be activated by binding fewer STIM1, but
other evidence has suggested that all six subunits of Orail must be occupied by STIM1 to be
fully activated (Yen and Lewis 2018). Hence, it can be concluded that most native puncta in
store-depleted cells contain only enough STIMI1 to activate no more than two Orail channels
assuming each STIM1 dimer binds two subunits of an Orail channel (Figure 3.13A4), and only
one Orail channel if each subunit binds its own STIM1 dimer, leaving one of STIM1 molecules

in the dimer free (Figure 3.13B).

These estimates did not consider any contribution from STIM2. STIM2 has a similar
luminal region with STIM1, but a rather different C-terminus, both genetically and functionally
(Williams et al. 2001; Wang et al. 2014). It also responds to decrease in [Ca?*Jgr and aggregate
into puncta in the ER-PM junctions (Brandman et al. 2007; Bandyopadhyay et al. 2011; Ong
et al. 2015). There is evidence of STIM2 aggregating with STIM1 that promotes the assembly
of STIM1 and Orail (Ong et al. 2015; Subedi et al. 2018), while overexpression of STIM2
inhibits the association of STIMI and Orail (Soboloff et al. 2006). The STIM1/STIM2
association could also contribute to the stoichiometry of the puncta, but the expression of
STIM2 is only 7.7% that of STIM1 in HeLa cells (Hein ef al. 2015), the effect of which should

be minimal.

There might be concerns arising regarding the reliability of stepwise photobleaching
method used to characterize the number of STIM1 molecules in each punctum, since one of
the evidence in revealing the wrong structure of Orail tetramer was also stepwise
photobleaching (Ji ef al. 2008). Although single molecule stepwise photobleaching has been
utilized for several years and has successfully resolved the stoichiometry of many protein
multimers (Ulbrich and Isacoff 2007; Yu et al. 2009; Zhang et al. 2009), one of the major
weaknesses of stepwise photobleaching lies in about 80% of traces not resolvable (Ji et al.
2008). This is also true in my own experience, albeit it was confirmed that those resolvable
puncta have similar fluorescence distributions compared with all puncta (Figure 3.104 and B).

Additionally, the distinct bleaching steps become more difficult to be distinguished with
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increasing number of subunits due to large noise resulted from blinking of GFP fluorescence
(Dickson et al. 1997). Therefore, a complementary method was applied to reduce the number
of fluorophores within each punctum as far as possible using an EGFP siRNA, which indeed
diminished the average number of bleaching steps to ~2 that should be resolvable more easily
(Figure 3.11). Combined with the mean fluorescence intensity reduced by 2.74-fold, the
calculation results in similar average bleaching steps in ‘native’ STIMI1-EGFP puncta
compared with the number obtained directly from stepwise photobleaching (Figure 3.9B). in
summary, the average bleaching steps of ~5.8 and subsequent ~14.5 STIM1 dimers/punctum

are reliable.

Additional problems can be associated with the use of TIRFM, because of its relatively low
resolving power. The theoretical lateral resolution calculated from Equation 1 gives ~200nm
(for GFP), and each pixel in all images in this project represents 160 nm, which is not enough
to distinguish two puncta close to each other within about 200 nm. Indeed, super resolution
microscopy such as STORM can resolve multiple puncta present in one large punctum
observed in TIRF (Huang et al. 2008; Jones et al. 2011; Thillaiappan et al. 2017). Therefore,
those puncta containing more than ~20 STIM1 molecules may be constructed by more than
one punctum, which potentially skews the average number of STIM1 molecules towards a
greater number. Although STORM itself cannot provide direct stepwise photobleaching, TIRF
and STORM can probably be combined, so that all STIM1 puncta can first be photobleached
using TIRF and then the finer distribution of puncta can be resolved in STORM, using a
different fluorophore, to get a more accurate average number of bleaching steps, hence number

of STIM1 molecules per punctum.
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Chapter 4 SOCE junctions include only a single Orail channel

associated with a small cluster of STIM1

4.1. Introduction

Once the intracellular Ca*" store has been emptied either physiologically or
pharmacologically, the loss of Ca?" is detected by the STIMI proteins sitting in the ER (Liou
et al. 2005; Zhang et al. 2005). STIM1 aggregates into clusters via interactions between the
luminal regions, especially the EF-SAM domains (Stathopulos et al. 2006). This is followed
by relocation of STIM1 clusters to the ER-PM junctions (Liou et al. 2007; Luik et al. 2008) to
interact with the other main player in the SOCE, Orail, by directly binding (Park et al. 2009).
Based on the molecular structure of the Orail hexamer (Hou et al. 2012), the cytosolic
extension of its M4 helices (M4ext) on the carboxyl terminus project into the cytosol and bind
the CAD/SOAR domain of STIM1, which is both sufficient and necessary for Orail activation
(Zhou et al. 2010). The essential role of the M4ext in STIM1:Orail interaction has been
confirmed by mutagenesis (Navarro-Borelly et al. 2008) or deletion (Li et al. 2007; McNally

et al. 2013) of this region which completely or partially impair Orail activation.

The involvement of the N-terminus of Orail in directly binding to STIM is contentious.
Some studies provided evidence that the N-terminus of Orail affects pore opening without
directly interacting with STIM1 (Li ef al. 2007; Muik et al. 2008). However, others argued that
STIMI1 has to interact with both the N- and C-terminus of Orail for channel activation (Derler
et al. 2013; McNally et al. 2013; Palty and Isacoff 2016). Deletion of the 73-90 residues of
Orail region (named ETON), abolishes SOCE by interrupting the STIM1-Orail association
and subsequent channel activation (Derler ef al. 2013; McNally et al. 2013; Derler et al. 2018).
A third model was proposed that five residues in the C-terminus of Orail form the ‘nexus’,
which binds to STIM1 and remotely control the pore helix without the need to directly interact

with the N-terminus of Orail, through transducing conformational changes (Zhou et al. 2017).

Apart from the obvious functions of STIMI binding to Orail, namely activation of SOCE,
STIM1 also affects Orail in multiple ways. One example is the ion selectivity of CRAC
channels. The high Ca?" selectivity, which is one of the signatures of SOC channels, is only
bestowed by STIMI1 binding (McNally et al. 2012), probably in a stoichiometric way

(Scrimgeour et al. 2009). It was also shown more directly that the occupancy of all six subunits
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of Orail channel not only effectively opens the pore, but also generates extremely low
conductance and high Ca?" selectivity of Orail channels (Yen and Lewis 2018). These
observations indicate that the stoichiometry of STIM1 binding to Orail has a significant impact
on the mechanism of SOCE, from trapping Orail channels and regulating their activation and
inactivation gating to modification of their pore structure to achieve their specific ion

selectivity and conductance.

All these interactions between STIM1 and Orail occur at the close appositions between the
ER and the plasma membrane, known as the ER-PM junctions (Liou ef al. 2005; Wu et al.
2006). They were first discovered in muscle cells more than 60 years ago (Porter and Palade
1957), but it was not until the discovery of STIMI and its activity during SOCE when the
functions and significance of ER-PM junctions became resurgent. It was shown in early
research on the SOCE complex that Orail can form a complex with STIM1 in space between
9 nm and 14 nm (Varnai et al. 2007), which corroborates evidence from electron microscopic
analysis of the size of gaps (10-25 nm, with an average of 17 nm) between ER and PM contact
sites (Wu et al. 2006). Both the number and size of ER-PM junctions increase by thapsigargin-
induced STIMI translocation in STIM1-overexpressed cells (Orci et al. 2009), which becomes
another reason to avoid overexpression to study the behaviour of STIMI under endogenous

environment.

Since the discovery of Orail as the essential pore subunit of the Ca?*-release-activated Ca**
(CRAC) channel by a number of research groups independently (Feske et al. 2006; Vig et al.
2006; Zhang et al. 2006), there are various investigations on the behaviour of Orail channels
both at rest and upon store depletion. Transfection of Orail-EGFP (Xu et al. 2006; Gwozdz et
al. 2008) into cells was widely used for optical analyses, which generally showed obvious
clustering of Orail channels upon store depletion. Other microscopy techniques such as liquid
phase electron microscopy (LPEM) also suggested that Orail predominantly relocates within
the plasma membrane into puncta and appears to form elongated clusters (Peckys et al. 2021).
Western blots and biotinylation reported enhanced surface expression of Orail after treatment
with thapsigargin (Woodard et al. 2008), which agrees with the ‘trafficking trap’ model
proposed by Hodeify et al/ (Hodeify et al. 2015), where clustered STIM1 recruits Orail from
vesicles in close proximity to the PM to relocate to the plasma membrane upon store depletion
at intermediate STIM1 expression level. In contrast, despite the wrong tetramer structure of
Orail they defined, Ji et al. demonstrated that active Orail channels do not aggregate into

larger clusters but form single puncta or small clusters instead (Ji ef al. 2008). Evidence from
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electron microscopy (EM) indicated a lack of Ca**-mediated interactions between native Orail
channels (Perni et al. 2015) as well. However, these investigations all have their own
limitations. The phenomena of Orail channel clustering were much observed in cells with
overexpressed proteins, which may have the tendency to aggregate into puncta, or even cross-
link, while controversial methods were adapted in the other researches, like small sample sizes
(91 events from 2 cells) and stepwise photobleaching on Orail tandem constructs which leads

to the wrong tetramer structure (Ji et al. 2008).

The stoichiometry of STIM1-EGFP puncta has been revealed in Chapter 3, and I have
discussed the proposed models about monomeric or dimeric binding of STIMI1 to Orail
hexamers. Next, [ would like to further confirm this conclusion from the other perspective.
That is, since endogenous STIM1 can only form clusters enough to activate no more than two
Orail channels, do Orail channels cluster upon store depletion? Therefore, since Orail has not
been gene-edited to contain an endogenous fluorescent label, the native Orail proteins are
immunostained with verified primary antibody followed by fluorescently conjugated
secondary antibody to assess the clustering activity after Ca®" store depletion. The
colocalization of Orail and STIM1-EGFP as well as the relationship between SOCE complexes

and MCS will also be examined.
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4.2. Materials and Methods

Many materials and methods used in this chapter have already been described Sections

2.2 and 3.2.

4.2.1. Materials

Table 4.1 Materials

antibody to N-terminal) (WB,
1:1000; IC, 1: 200)

Materials Company Catalog Number

AllStars Negative Control siRNA | QIAGEN Cat# 1027281

Goat anti-rabbit [gG-AlexaFluor | ThermoFisher Cat# A21244

647 antibody (AbRa647, IC: RRID: AB_2525812

1:500)

Orail siRNA1 ThermoFisher Cat# AM16708
siRNA ID 216908

Orail siRNA2 ThermoFisher Cat# 4392420
siRNA ID 228396

Orail siRNA3 ThermoFisher Cat# 1299001
siRNA ID HSS131373

Rabbit anti-Orail (anti-peptide ProSci Inc, Poway, CA | Cat# 4041

RRID: AB 735415

GFP-MAPPER in pcDNA3.1+

(Chang et al. 2013)

mCh-MAPPER in pcDNA3.1+

(Thillaiappan et al. 2017)
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4.2.2. Double immunostaining

Double immunostaining for both Orail and STIM1 (Figure 4.9-4.10) required primary
antibodies that were both raised in rabbits. Cells grown to ~70% confluency were washed with
PBS twice, then fixed by paraformaldehyde (4% in PBS, 15 min, 20 °C). Cells were then
washed 3 times, permeabilized in PBS containing Triton X-100 (0.1%, 15 min, 20 °C), and
washed 3 times. After blocking by skimmed milk (5% in PBS, 30 min, 20 °C) and BSA (5%
in PBS, 30 min, 20°C), cells were first stained for STIM1 with the primary and secondary Ab
(AbRa647) (Section 3.2.3), washed with PBS (5 x 15 min with gentle agitation), and then
stained for Orail using a different secondary Ab (AbRa594). It has been confirmed that the
washing steps were good enough to allow selective immunostaining of STIM1 and Orail by
absence of the primary Orail Ab (Figure 4.1).

STIM1 GFP-MAPPER Orai1

No anti-Orai1 Ab

Figure 4.1 The specificity of dual immunostaining. TIRF images of WT HeLa
cells with empty Ca*" stores expressing GFP-MAPPER and immunostained for
STIM1 (AbRa647 for 2" Ab) and Orail (AbRa594 for 2" Ab) without Orail
primary antibody. Scale bars = 10 pm.

4.2.3. Object-based colocalization analysis using DiAna

For analyses involving the distances between puncta to define colocalization, the Fiji plugin
DiAna was used (Gilles et al. 2017). This algorithm identifies all local intensity maxima and
then uses a threshold to select the local maximum for each punctum. Similar numbers of puncta
can be identified in cells with full or empty stores by automated detection of puncta using either
TrackMate or DiAna (Figure 4.2A), but different fluorescence intensities attributed to puncta
are recognized by TrackMate or DiAna (Figure 4.2B). Most analyses of the fluorescence
intensities of puncta used TrackMate. Only for those analyses prior to colocalization studies

between STIM1 and Orail, DiAna was used (Figure 4.6).
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Figure 4.2 Automated identification of puncta by TrackMate or DiAna. A.
Comparison of TrackMate and DiAna for automated identification of puncta. STIMI1-
EGFP HelLa cells with full or empty Ca** stores were immunostained for Orail (primary
Ab 1:200), and puncta were identified in the same cells using either TrackMate or DiAna.
Results show individual values from 10 cells from one experiment, mean + SD. No
significant difference, one-way ANOVA. B. Similar analysis of the mean fluorescence
intensity of the puncta. Results show individual values from 5 cells, mean + SEM. P

<0.0001, P < 0.05, ns P> 0.05, one-way ANOVA with Bonferroni test.

4.2.4. Quantification and statistical analysis

Analyses were performed without blinding or power calculations to predetermine sample
sizes, except when analysing cells expressing MAPPERs (GFP- or mCh-) (Figure 4.7-4.11).
MAPPER is a fluorescent marker which is constitutively present in the ER-PM junctions. In
these analyses, the expression of MAPPER was first assessed and only those cells with
‘acceptable’ expression of MAPPER (Figure 4.7A4) were identified before observing the
STIM1-EGFP puncta. All sample sizes are described in figure legends. The statistical tests

and significance levels are the same as Section 2.2.12.

Colocalization studies used JACoP (for ER and STIM colocalization) (Bolte and
Cordelieres 2006) or DiAna (for STIM1 and Orail colocalization) (Gilles et al. 2017) as
described in Sections 3.2.5 and 4.2.3, respectively. For the analyses with DiAna, since
STIM1 and Orail puncta are not evenly distributed across the cell, 3-5 ROIs (together
including ~55% of the TIRF footprint) were selected in each cell to exclude areas sparsely
populated by Orail and STIM1 (Figure 4.5A4). This selection criterion is required to allow
valid determination of the statistical significance of any colocalization, where the distribution
of STIM1 puncta was randomly shuffled for 100 times within each ROI and then distances

between each Orail punctum and its nearest STIM1 punctum were re-assessed (Costes ef al.
2004).
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4.3. Results

4.3.1. siRNA-mediated protein knockdown confirms the specificity of Orail antibody

Since cell line with endogenously tagged Orail was not available yet, immunostaining
against Orail was used to visualise Orail under TIRF microscope, even though the precise
stoichiometry of Orail cannot be determined. Consequently, the specificity of Orail antibody

need to be confirmed.

The combination of 3 siRNAs against Orail (or non-silencing siRNA) was used to knock
down Orail (Section 2.2.2) and cells were imaged after 72h of treatment (Figure 4.3A).
Although due to the efficiency of the siRNAs, not all cells experience successful knock-down,
the fluorescence intensities of 46.7% (42 out of 90) of cells were lower than the lowest
fluorescence intensity of cells treated with NS siRNA (Figure 4.3B). Hence, these results

demonstrate the selectivity of the antibody for immunostaining of Orail.

*kk

oy
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siRNA
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Figure 4.3 Orail antibody only binds to Orail. A. Brightfield and TIRF images
of unstimulated WT HeLa cells immunostained for Orail after treatment with NS
or Orail siRNA. Scale bar = 10 um. B. Summary results show whole-cell
immunofluorescence for cells treated with non-silencing (NS) or siRNA against
Orail or treated with only secondary Ab (AbRa594) (individual values, mean & SD,
n = 3 independent treatments). FU, fluorescence unit. “**P < 0.0001, Student’s t-

test. Inset shows enlarged lower part of the graph.
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4.3.2. Orail antibody can recognize Orail clustering if exists

An essential property of the antibody that needs to be confirmed for comparison of the sizes
of Orail clusters before and after store depletion is whether the Orail antibody binds to Orail
channels ‘densely’ or ‘sparsely’. In other words, whether the Orail antibody could detect
clustering of channels. If the antibody can only bind to Orail sparsely (for example with only
1 in 10 Orail channels recognized by the antibody, Figure 4.4A4), then even if Orail forms
clusters, it would not be reflected by an increase in the fluorescence intensity, but only increase
in the chance for a cluster to be recognized. To address this, cells with replete stores were
immunostained with different dilutions of primary antibody (1:200 and 1:800, Figure 4.4B).
The argument is, if the dilution of primary Ab (1:200) which is normally used for
immunostaining Orail, can achieve ‘dense’ labelling, reducing the concentration of primary

Ab to 1:800 should reduce the mean fluorescence intensity of immunostained Orail puncta.

Results show that the mean intensity of each punctum and the number of puncta detected
from immunostaining with more diluted primary antibody (1:800) are significantly lower
relative to the usual dilution of primary Ab (1:200) (Figure 4.4C). A mathematical model was
also generated (Figure 4.4D), assuming each unstimulated cell has N Orail puncta, each with
n binding sites for Orail Ab; Ab binds independently to each binding site; and » = 6 in an
unstimulated cell because Orail channels are hexamers (Hou et al. 2012). A 4-fold dilution of
the primary Ab (from 1:200 to 1:800) causes the TIRF immunofluorescence of each cell to
decrease to 20.9 + 3.9% (mean + SD, n = 6 cells, Figure 4.4C), which is not significantly
different from the 25% expected with a linear relationship between Ab concentration and
immunostaining. Therefore, it can be assumed that the probability of Ab binding to a single
epitope is P1 for the 1:800 dilution and 4P1 for the 1:200 dilution. From the binomial
distribution, the probability (Paiscovery) Of the Ab identifying any of the 6 sites within a punctum
is: Pdgiscovery = 1 - (1 - P1)® for 1:800 and Paiscovery = 1 - (1 - 4P1)% for 1:200. With the 1:800
dilution, the number of puncta detected is 54.5% of the number detected with the 1:200 Ab
dilution (Figure 4.4C). Hence,

P1:800 discovery _ 1- (1 - P1)6
P1:200 discovery 1- (1 - 4P1)6

0.545 =

from which, solving by iteration, P1 = 0.119.

With P1 = 0.119, Pgiscovery for the conditions used for subsequent analyses of fluorescence

intensity distributions (primary Ab = 1:200; Figure 4.5 and 4.10) =1 - (1 - 4P1)% = 0.98.
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Figure 4.4 Orail antibody binds to Orail channels densely. A. Schematic of
sparse labelling or dense labelling. The black hexamers represent Orail channels,
and they are decorated by antibody (red). B. TIRF images of unstimulated STIM1-
EGFP HeLa cells with replete (Control) or empty Ca** stores (Thapsigargin), each
immunostained for Orail with two dilutions of primary Ab. Scale bar = 10 um. C.
Summary results (n = 6 cells from 3 independent experiments) for unstimulated
cells show mean intensity (FU/punctum), number (#/cell) of puncta and total
fluorescence for the entire TIRF footprint of cells immunostained with the Orail
primary Ab diluted 1:800 relative to 1:200. Results show values obtained with the
1:800 dilution relative to those with the 1:200 dilution (%), mean + SEM (intensity)
or mean = SD (number of puncta and total fluorescence). Puncta were identified
using TrackMate. D. Predicted frequency of detection of 0-6 subunits of an Orail
channel with Ab dilutions of 1:200 and 1:800. Predicted mean fluorescence
intensity of the detected puncta is shown for each dilution. The predicted values

(1:800/1:200 = 46%) aligns with observed values (39%, C).
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Therefore, most Orail puncta are expected to be detected, i.e., dense labelling, with very few
‘missed events’, and any clustering of Orail channels should be readily resolved as an increase

in the fluorescence intensity of puncta.
4.3.3. Store depletion does not cause Orail channels to cluster

After confirmation of both the specificity of the antibody and its ability to resolve clustering
of Orail by increased fluorescence intensity of immunostained Orail, the number of Orail
Ca?" channels associated with a STIMI punctum can be estimated using TIRFM after
immunostaining for Orail before and after store depletion. It is expected that before store
depletion, the distribution of fluorescence intensities for each immunostained spot likely
indicates a single hexameric Orail channel recognized by antibody, while after store depletion,
that determined for Orail colocalized with STIM1 reports the number of Orail channels

associated with a SOCE complex.

STIM1-EGFP HeLa cells were immunostained for Orail with a fluorescent secondary Ab
(AbRa594) and treated with either HBS (control) or TG (1 uM in Ca?*-free HBS, 15 min), and
imaged under TIRFM. The Orail puncta were identified automatically using TrackMate
(Section 3.2.4). The fluorescence intensity distributions and number of puncta for
immunostained Orail puncta were indistinguishable for WT and STIM1-EGFP HeLa cells,
and minimally affected by depletion of the Ca?* stores (Figure 4.5B and C). In unstimulated
WT cells, the mean fluorescence intensity was 90 + 12% (n = 5 cells) of that in STIM1-EGFP
HelLa cells (n = 5 cells).
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Figure 4.5 Orail do not cluster after store depletion. A. TIRF images show
Orail puncta immunostained with Orail Ab (AbRa594 as secondary) in STIMI-
EGFP HelLa cells, before and after depleting intracellular Ca?" stores (I uM TG in
Ca*"-free HBS, 15 min). The yellow boxes represent the areas where colocalization
studies were performed, as described in Section 4.2.4. Scale bar = 10 um. B.
Number of Orail puncta detected by TrackMate in the TIRF field of STIM1-EGFP
HeLa cells before and after store depletion (individual values, mean + SD, n = 10
cells from 3 independent experiments). C. Summary results show distributions of
fluorescence intensities of immunostained Orail puncta in STIM1-EGFP HeLa
cells before (10160 puncta from 5 cells) or after store depletion (10579 puncta from
5 cells), each from 3 independent experiments. The x-axes are truncated for greater
clarity; 0.3% of values (included in means) lie beyond the truncation. Mean = SEM,

*P <0.05, Student’s t-test.
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4.3.4. Only a small population of STIM1 puncta colocalise with Orail channels

According to Section 4.2.4, in order to achieve valid statistical significance of
colocalization by random shuffling, several areas within one cell were chosen as ROIs to avoid
analysing unequal distributions of puncta. These selected regions together occupied 50.7 + 10.0%
(mean + SD, n =5 cells) of the TIRF footprint for unstimulated cells and 58.4 + 7.4% (mean +
SD, n = 5 cells) for cells with empty stores (Figure 4.54). An object-based colocalization
method (Gilles et al. 2017) was used (Section 4.2.3) to measure distances between the centres

of each Orail punctum and the nearest STIM1 punctum in cells with replete and empty stores.

Results revealed that 4.8 £ 0.9% of Orail puncta in cells with full stores have a STIMI
puncta within 320 nm, which is regarded as colocalization, while 14.5 + 0.4% of Orail puncta
colocalized with STIM1 in cells treated with TG (Figure 4.64). Randomization showed that
the colocalization in unstimulated cells was not significant, but a significant proportion of
Orail puncta colocalized with STIM1 in stimulated cells (Figure 4.6B). In cells with empty
stores, for the Orail puncta colocalized with STIM1 puncta (centroid separations < 320 nm) or
away from them (centroid separations > 960 nm), the fluorescence intensities only minimally
differ between them (Figure 4.6C). These results confirm that depletion of ER Ca?" stores
cause clustering of STIM1 and its association with Orail, but there is no discernible

aggregation of Orail channels.

Regarding the relationship between MCS, Orail and STIMI, it is best to use STIM1-EGFP
HeLa cells to be transfected with MAPPER, an indicator of MCS, and subsequently
immunostained for Orail (with a colour other than green). This is not only because other
experiments above were mainly done on this cell line and the entire story was built on it, but
also because both antibodies for Orail and STIM1 were raised in rabbit, which requires double

immunostaining and is not straightforward.

MAPPER is composed of an N-terminal signal sequence that directs it to the ER, the
transmembrane helix from STIM1, and the polybasic motif of the small G protein Rit which
makes MAPPER constitutively present in the ER-PM junctions by trapping phosphoinositides
in the PM (Chang et al. 2013). Although GFP-MAPPER has been suggested not to perturb
MCS in SOCE, at least the maximally activated SOCE is not affected (Chang et al. 2013),
mCh-MAPPER was reported by our lab to perturb MCS (Thillaiappan et al. 2017). Since
STIM1 puncta are green, the use of mCh-MAPPER might be inescapable. Therefore, the

expressions of the two MAPPERSs are compared in cells transfected with both plasmids.
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Figure 4.6 Only a small population of STIM1 puncta colocalise with Orail channels.

A. Distribution of distances between centres of each Orail punctum and its nearest
STIM1 punctum in cells with full (4711 Orail puncta, 5 cells) or empty Ca** stores (6795
Orail puncta, 5 cells), each from 3 independent experiments. Separations < 320 nm (two
pixels) were regarded as colocalization. STIM1 puncta were randomly shuffled 100 times
within each ROI and distances were compared with observed separations (Costes ef al.
2004). B. Frequency distributions segregated into Orail colocalized with STIM1
(separation < 0.32 pm, 2 pixels) or not (> 0.32 um). Mean + SEM. “P < 0.01, *P < 0.05,
Student’s t-test, relative to randomized STIM1. C. Fluorescence intensities distribution
of immunostained Orail puncta in STIM1-EGFP HeLa cells with empty Ca®* stores,
categorized by whether Orail puncta colocalized with STIM1 (separation < 0.32 um;
1032 puncta, 5 cells) or were remote from it (> 0.96 um; 2334 puncta, 5 cells), each from
3 independent experiments. Mean = SEM, “P < 0.05, Student’s t-test. The x- axes are
truncated for greater clarity; <0.3% of values (included in means) lie beyond the

truncation.
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Since mCh-MAPPER was previously reported to perturb the MCS, shorter transfection
time was allowed to examine whether better results can be achieved. WT HeLa cells transfected
with either GFP- or mCh-MAPPER were imaged 8 hrs after transfection (Figure 4.7A). It was
obvious that some cells show ‘acceptable’ expression of MAPPER which contain clear
punctate structures amenable to analysis, while others show perturbed MCS. 30 from 50 cells
for expression of GFP-MAPPER were ‘acceptable’ and 29 from 80 cells for mCh-MAPPER.
The high Manders split coefficients of both ways indicate the near-perfect colocalization
between GFP- and mCh-MAPPER (Figure 4.7B), which suggests that both MAPPERs were
directed to the same positions. Even in those ‘rejected’ cells where expression of MAPPER
caused perturbation of MCS, there was also substantial colocalization of the two MAPPERs.
The mean fluorescence intensities of GFP- and mCh-MAPPER puncta and numbers of puncta
were not affected by co-expression of both MAPPERSs (Figure 4.7C and D). Overall, despite
the fact that MCS in some cells were perturbed by either GFP- or mCh-MAPPER, both
MAPPERs identify MCS. Only those cells with ‘acceptable’ expression of either GFP- or mCh-
MAPPER were used for further analyses.

In order to examine the relationship between STIM1 and MCS, and subsequent
colocalization of STIM1, Orail and MCS, STIMI1-EGFP HeLa cells were transfected with
mCh-MAPPER and imaged after 8 hrs. For those cells that were successfully transfected and
expressing ‘acceptable’ mCh-MAPPER, both STIM1 and MAPPER puncta were identified
(Figure 4.8A4). Results show that when mCh-MAPPER was expressed in STIM1-EGFP cells,
the mean intensities of STIM1 puncta dropped to 82.0% compared to control cells, while the
mean number of puncta per cell reduced to 57.7% (Figure 4.8B and C). The average number
of mCh-MAPPER puncta was also reduced to 79.9% by accumulation of STIM1 puncta
beneath the PM upon Ca?* store depletion (Figure 4.8D and E). All these results indicate that
MAPPER may perturb the accumulation of STIM1 at MCS, perhaps because they occupy the

same location and so compete with each other.

Nonetheless, a significant colocalization of STIM1 puncta (~50%, Figure 4.8F) with mCh-
MAPPER can be observed in both control and TG-treated STIM1-EGFP HeLa cells. There are,
of course, more STIM1 puncta accumulate in the ER-PM junctions of cells with depleted Ca?*
stores (Figure 3.6C) and therefore should be more within identified MCS, but this
colocalization might be underestimated if STIM1 and mCh-MAPPER compete for occupancy
of MCS (Figure 4.8B - E).
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Figure 4.7 Comparison of expression of GFP- and mCh- MAPPER. A. TIRF
images of WT HeLa cells transfected with GFP- or mCh-MAPPER and observed 8
hr after transfection. Both are shown after depletion of ER Ca?" stores with
thapsigargin (1 puM, 15 min in Ca*'-free HBS). Typical images show cells
‘acceptable’ for analysis (30 from 50 cells for GFP; 29 from 80 cells for mCh, each
from 3 independent experiments) or ‘rejected’. Scale bar = 10 um. B. TIRF images
of WT HeLa cells transfected with both GFP-MAPPER and mCh-MAPPER (15
from 44 cells were considered acceptable for analysis). Manders split coefficients
for mCh colocalized with GFP, and for GFP colocalized with mCh were 0.90 + 0.04
and 0.87 + 0.04, respectively (mean + SD, n =5 cells). Scale bar = 10 um. C. Mean
fluorescence intensity in each cell of GFP-MAPPER or mCh-MAPPER puncta
(FU/punctum) for HeLa cells expressing one MAPPER or both, recorded 8 hr after
transfection. Results are from 5-6 ‘acceptable’ cells from 3 independent
experiments (~60% of cells had acceptable expression of MAPPER). Mean += SEM.
No significant differences, Student’s unpaired t-test. D. Similar analyses of the
numbers of GFP-MAPPER or mCh-MAPPER puncta detected in the TIRF field
(#/cell). Mean + SD, n = 5-6 cells. No significant differences, one-way ANOVA.
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Figure 4.8 STIM1-EGFP colocalizes with mCh-MAPPER. A. TIRF images of
STIM1-EGFP HeLa cells imaged 8 hrs after being transfected with mCh-MAPPER
and then treated with TG (1 uM, 15 min in Ca**-free HBS) to deplete intracellular
stores of Ca?*. Cells were first selected based on ‘acceptable’ expression of mCh-
MAPPER before observing STIM1-EGFP. Representative images show STIM1-
EGFP in cells expressing ‘acceptable’ mCh-MAPPER and those that appear not to
have been successfully transfected. B. Summary results show the mean
fluorescence intensity of STIMI1 puncta, mean = SEM, n =5 (mCh-MAPPER) or 7
(control) cells from 2 independent experiments. C. Numbers of STIM1 puncta
detected in the TIRF field (#/cell), mean & SD, n =5-7 cells for STIM1-EGFP HeLa
cells with or without mCh-MAPPER. D. TIRF images of STIM1-EGFP HeLa cells
expressing mCh-MAPPER under control conditions or after treatment with TG (1
uM, 15 min in Ca?*-free HBS) to deplete intracellular Ca?" stores. The white boxes
represent the areas where colocalization studies were performed. E. Summary
results showing numbers of mCh-MAPPER puncta (#/um?). Mean + SD, n = 6 cells
from 2 independent experiments. F. Colocalization of STIM1-EGFP with mCh-
MAPPER puncta (centroid separations < 320 nm) in control and TG-treated cells.

Mean = SD, n = 6 cells from 2 independent experiments.

Scale bars = 10 pm. P < 0.05, *P < 0.001, ***P < 0.0001, Student’s unpaired t-

test.
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Regarding the relationship between STIM1, Orail and MCS, it is ideal to use STIM1-EGFP
HeLa cells, transfected with mCh-MAPPER and immunostained for Orail (with a different
colour, e.g., far-red), due to the reasons discussed above. However, it was impracticable to
make the 3-way comparison because the immunostaining for Orail using fluorescence
secondary antibody (AlexaFluor 647) was not as good as with AlexaFluor 594 as the 2" Ab
(Figure 4.9). Also, it was difficult to find a cell with all 3 puncta appearing appropriate (Figure
4.9, top panels). Therefore, I had to compromise to use WT HeLa cells, transfected with GFP-
MAPPER and dual immunostained for STIM1 and Orail (Section 4.2.2). Similar to STIM1-
EGFP HeLa cells, the fractions of STIM1 puncta associated with GFP-MAPPER were
comparable in WT HeLa cells with full (39 + 6%) or empty intracellular Ca?* stores (47 + 3%)
(Figure 4.10B, Figure 4.11A4 and B). After store depletion, the percentage of STIM1 puncta
colocalized with both MAPPER and Orail significantly increased (from 17.9 + 6.0% to 26.1 +
4.2%, n = 6), while the STIM1 puncta that only colocalized with Orail, but not MAPPER, did
not change significantly (Figure 4.11C).

Figure 4.9 Bad immunostaining of AlexaFluor 647 for Orail. STIM1-EGFP
(top) and WT (bottom) cells transfected with mCh- or GFP-MAPPER and treated
with TG (1 uM, 15 min in Ca**-free HBS). They were either immunostained for
Orail with fluorescent 2™ Ab (AbRa647) or dual-immunostained for STIM1 with

AbRa647 as the 2" Ab, and for Orail with AbRa594 as the 2"¢ Ab and then imaged
under TIRF. Scale bar =10 um.
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distribution of centroid distances between each STIMI1 punctum and its nearest
mCh-MAPPER in STIM1-EGFP HeLa cells with replete or empty Ca" store.
Analyses used TIRF images similar to those shown in Figure 4.8 A and D. Results
(mean = SD, n = 6 cells from 2 independent experiments) show observed
separations and separations after 100 random shuffles of mCh-MAPPER puncta.
Summary results shown in Figure 4.8F. B. TIRF images of WT HelLa cells

expressing GFP-MAPPER and double immunostained for Orail and STIM1. Scale
bars = 10 pm.
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Figure 4.11 Quantification of colocalization between Orail, MAPPER and
STIM1. A. ROI similar to boxed areas in Figure 4.10B were used to determine
numbers of STIM1 puncta colocalized (%, centroid separations < 320 nm) with
MAPPER and Orail in control cells and after treatment with TG (1 uM, 15 min in
Ca?*-HBS) to deplete intracellular Ca®" stores. In each case, colocalization was
determined by measuring the centre-to-centre distance from each STIM1 punctum
to the nearest MAPPER or Orail punctum. Results show all STIM1 puncta
colocalized or not with MAPPER, and within these categories the STIM1 puncta
that colocalized with Orail. Mean = SD from 6 cells from 2 independent
experiments. “'P < 0.01, Student’s t-test comparing only matched observations that
were colocalized or not colocalized with MAPPER. B. Comparison of observed
colocalizations with those determined after randomization of the distribution of
MAPPER or Orail puncta. Mean + SD, n = 6 cells from 2 independent experiments.
*P < 0.05, *P < 0.01, Student’s t-test, relative to randomized. C. Summary results
(mean + SD) show the percentages of colocalized STIM1 and Orail that also
colocalize with MAPPER for cells with full (control) or empty Ca®" stores.
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4.4. Discussion

Most studies have reported clustering of Orail channels upon store depletion (e.g., Xu et
al. (2006); Gwozdz et al. (2008); Peckys et al. (2021)), or enrichment of Orail at the plasma
membrane (Woodard et al. 2008; Hodeify et al. 2015), by overexpressing fluorescently tagged
Orail and/or STIM1. However, as discussed earlier, overexpression of the two proteins may
lead to problems including perturbation both between them and to the ER and MCS. For
example, with Orail overexpressed, SERCA, which plays an important role in SOCE, may be
pushed too far away from the high Ca?>* microdomains formed in SOCE and therefore
uncouples Ca?" ER uptake from PM entry, hence reduces the amplitude of SOCE (Manjarres
et al. 2010). Here, native Orail were immunostained and visualized under TIRF microscope,
together with endogenously tagged STIM1-EGFP proteins. Subsequent analyses on dual-
immunostained STIM1 and Orail, and expression of GFP-MAPPER identifying MCS, allow

the relationship between the three participants to be revealed.

After confirmation of the specificity and dense labelling of the antibody against Orail
(Figure 4.3-4.4), results from optical imaging indicate that Orail do not cluster upon store
depletion, and the mean fluorescence intensities of Orail in unstimulated STIM1-EGFP cells
were minimally affected compared to store depleted cells (38905 and 45664 FU, respectively,
Figure 4.5C). Subsequent colocalization studies (Section 4.2.3) based on the TIRF images
demonstrated that only a small portion of Orail puncta (14.5 + 0.4%) colocalized with STIM1
in store-depleted cells (Figure 4.6A), but the colocalization is statistically significant compared

to either unstimulated cells or randomization analysis (Figure 4.6A and B).

In this study, STIM1 puncta were identified both by immunostaining (Figure 3.7C, Figure
3.12C) and as STIM1-EGFP (Figure 3.7B, Figure 3.9B, Figure 3.11B, Figure 4.8C) in HeLa
cells. Nonetheless, the number of STIMI puncta in cells with empty store (~400/cell) is
comparable to the number of MCS identified by MAPPER in the TIRF field (~340/cell, Figure
4.7D). There are substantially more Orail channels (~2000/cell, Figure 4.2A4) and since each
STIMI1 cluster is only big enough to activate no more than a single Orail channel (Figure 4.5-
4.6), I suggest that the native complex within which STIM1 activates SOCE typically includes
only one Orail hexamer and that most sites where both proteins occur coincide with MCS

identified by MAPPER (Figure 4.12).

As discussed in Sections 1.4 and 3.4, there have been essentially two models proposed for

the binding stoichiometry between STIMI1 and Orail, namely monomeric (Zhou et al. 2015)
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Figure 4.12 Schematic of the interaction of STIM1 and Orail in the MCS.
Within each MCS, store depletion modestly increases the number of STIM1 dimers
(typically from 5 to 7) as they assemble around a single Orail channel (left). Local
redistribution of STIM1 within each tiny MCS (~300 nm across) (Hogan 2015) may
allow each to behave as a digital switch, activated by local depletion of ER Ca?*

(right). Image reproduced from Shen et al. (2021).

or dimeric (Stathopulos et al. 2013; Fahrner ef al. 2014) binding. Results from this study have
demonstrated that STIM1 only clusters into small puncta after store depletion and can only
activate a single Orail hexamer channel. There is only modest increase, from about 5 to about
7 dimers, in size of STIM1 puncta after store depletion (Figure 3.6C, Figure 3.9B and D).
This change just straddles the minimum stoichiometry requirement (six) for STIM1 binding to
fully activate Orail in the monomeric binding model (Figure 3.13B). This model also provides
the possibility of cross-linking between Orail channels (Zhou et al. 2018) (Figure 3.13C), but
the requirement of full occupation for an Orail hexamer to be sufficiently activated declines
the chance of cross-linking of Orail with such a small number of STIM1 per punctum (Yen
and Lewis 2018). This conclusion is consistent with the findings of Perni et al., which indicated
that a complete small STIM1 cluster can associate with a single Orail particle, but it is not
sufficiently large to cover two clusters, thus demonstrating an approximate 1:1 relationship
between Orail channels and small STIM1 clusters (Perni et al. 2015). There was also evidence

on engineered human STIM1 (ehSTIM) with EGFP tags showing that bundles of activated
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ehSTIM1 dimers possibly range from 1-6 and they presented a question on whether there is an
underlying molecular mechanism restricting on the oligomerization states of ehSTIM1 dimers
beyond six (Srinivasan 2019). This question can be answered now, by the interaction between

a small STIMI cluster, with an average size of 7 dimers, and one active Orail channel.

Compared to HeLa cells, however, Jurkat cells may present another story. They rely more
heavily on SOCE and their CRAC currents are unusually large. Taken the whole-cell SOCE
current, number of active CRAC channels and the number of ER-PM junctions into account,
the best estimate suggests about 5 open Orail channels per MCS (Hogan 2015). Hence in most
mammalian cells, even with maximally depleted stores, there are probably very few Orail
channels open in each SOCE junction (Hogan 2015). The assembly of native STIM1 puncta
around Orail channels after store depletion can therefore be speculated to be driven primarily
by recruitment of STIM1 dimers already resident within the MCS. The local depletion of the
ER Ca®' by licensed IPsRs activates SOCE, which then allows each MCS to function as an
autonomous digital regulator of SOCE (Thillaiappan et al. 2017; Thillaiappan et al. 2019)
(Figure 4.12).

The stoichiometry within STIM1 clusters and between STIM1 and Orail channels is
important in understanding the molecular mechanism of SOCE, and the findings of this study
is stimulating and awaiting confirmation on other cell lines. However, several limitations to
this study need to be acknowledged. For example, although the specificity of Orail Ab was
confirmed by siRNA-mediated knockdown (Figure 4.3), significant background noise of TIRF
images with Orail immunostained can still be observed (Figure 4.54, Figure 4.10B). This
method is not as quantitative and can only indirectly reflect the assembly of Orail, which
requires other approaches, such as CRISPR/cas9-mediated gene-editing of Orail, to visualize
and quantify the number of Orail channels in one punctum before and after store depletion
more directly, just as the investigations done on STIM1. Additionally, the attempt to visualize
STIM1, Orail and MCS identified by MAPPER simultaneously appeared to be difficult. Even
though expression of mCh-MAPPER does not perturb the identification of MCS by GFP-
MAPPER (Figure 4.7), mCh-MAPPER reduces the number STIM1 puncta near the PM in
cells with empty Ca?" stores and vice versa. These results are consistent with competition
between mCh-MAPPER and STIM1 for occupancy of MCS. The effects of GFP-MAPPER on
formation of endogenously tagged STIM1-EGFP puncta cannot be determined due to their
same optical appearance, but it seems likely that GFP-MAPPER would also perturb assembly
of STIM1 puncta (Figure 4.8).
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Chapter S Summary

The STIMI1-EGFP HeLa cell line which was previously generated by Dr. Sumita
Chakraborty via CRISPR/Cas9 has been characterized. It has been confirmed that one out of
two STIM]1 alleles has been tagged with EGFP (Figure 2.10) and that half of expressed proteins
have EGFP tags while the other half remain native (Figure 2.8 and Figure 2.11). STIMI is
the only fluorescent protein both in the in-gel fluorescence (Figure 2.9) and under the TIRF
microscope (Figure 3.3), and the EGFP tag does not impair the IP3-mediated Ca®* release and
SOCE in the edited cell line (Figure 2.12, Figure 2.14-2.15). Attempts have been made to
generate a homozygous STIMI-EGFP HelLa cell line to avoid many problems that can be
associated with the single-edit cell line, but unfortunately have not been successful (Figure

2.16-2.17).

STIM1-EGFP mixes interchangeably with native STIMI, and they interact with Orail
undistinguishably (Figure 2.11 and Figure 3.7). Therefore, STIMI-EGFP in subsequent
analyses can be representative of all STIM1. Results demonstrated that STIM1-EGFP resides
in the ER at rest, and translocates to the ER-PM junctions to form puncta after Ca* store
depletion (Figure 3.4-3.6). There is only a modest increase in the fluorescence intensities
(~50%) and sizes of STIM1-EGFP puncta in stimulated cells, from ~5 to ~7 dimers (Figure
3.9-3.11). These results are also comparable to analyses using overexpressed STIM1, although
the latter shows large variations (ranging from 120-400%, with a mean 286 + 86% and a median
0f280%), depending on cell types and different agonists for stimulation (7able 5.1). Combined
with the result that Orail does not form clusters after Ca?" store depletion (Figure 4.5) and that
only a small number of STIM1 colocalizes with Orail within the MCS (Figure 4.6, Figure
4.10-4.11), 1 can conclude that each SOCE complex only comprises a small cluster of STIM1

proteins and one active Orail channel.

In the TIRF field of cells with empty Ca?* stores, 26.1 + 4.2% of STIM1 puncta colocalize
with Orail at MCS identified by MAPPER (Figure 4.11A), although as discussed, the number
of MCS in store-depleted cells (Figure 4.8D and E) might be underestimated due to
competition between STIM1 and MAPPER. From Figure 2.14C, the amplitude of SOCE of
maximally activated cells by treatment of 10 pM CPA is 272 + 48 nM, determined ~60 s after
Ca?" restoration. Assuming the cytosolic volume of a Hela cell is 1.6 pico litre (Milo et al.
2010) and the ratio of bound to free Ca®* is around 40 (Zhou and Neher 1993), the influx can
be estimated to be about 9x10-'® mol/cell during the first 15 s (half-life is ~15 s, Figure 2.14B).
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Cells Near—PM Reference

STIM1 (%)
HEK 293 | 225 Figure 3A (Kilch et al. 2013)
HEK 293 | 400 Figure 1A, B (Smyth et al. 2008)
HEK 293 | 350 Figure 3b (Ong et al. 2015)
HEK 293 | 350 Figure 8D (Smyth et al. 2007)
HeLa 240 Figure 4C (Liou et al. 2005)
HeLa 350 Figure 4b (Sharma et al. 2013)
Jurkat 400 Figure 3g (Zhang et al. 2005)
Jurkat 160 Figure 4C (Wu et al. 2006)
Jurkat 215 Figure 3A (Srikanth et al. 2012)
Jurkat 120-250 Figure 2a, b, S3a, b (Luik et al. 2008)
DT40 280 Figure 4D (Baba et al. 2006)

Table 5.1 STIM1 accumulation when overexpressed. Summary results from
published work showing the increase in the fluorescence intensities of near-PM
STIM1 after Ca?* store depletion as a percentage of that before store depletion

in cells overexpressing STIM1 with a fluorescent tag.

This is equivalent to the maximal rate of Ca®" influx into each cell of about 350,000 Ca**/s.
The optical observations above suggest that there are around 400 STIM1-EGFP puncta in TIRF
field, and 26% of them (~100) were colocalized with a single active Orail in the ER-PM
junction in store-depleted cells. Due to the nature of TIRF field, only one side of a cell is
visualized, I therefore assume that the observed puncta account for about 50% of all puncta.
This estimates about 200 active Orail channels per cell. Each single active Orail is estimated
to conduct 6300 Ca*>" per second (Hogan 2015), so 200 active channels can deliver ~10° Ca**
per second into a cell. This is more than sufficient to account for the observed increase in

cytosolic [Ca*].

Further questions may be worth investigating based on the results of this study. Why does
only a small fraction of STIM1 puncta interact with Orail? What does the remaining STIM1
puncta that also translocated to the plasma membrane upon store depletion do? Is the
distribution of STIM1 pre-localizing within the ER active or random? If they are active, how
are they mediated functionally? It has been demonstrated that STIM1 accumulates at junctions
adjacent to immobile IP3Rs, the only IP3Rs that are licensed to respond to IP; and release Ca?*

from the ER (Thillaiappan et al. 2017), due to its interaction between KRAP and actin
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(Thillaiappan ef al. 2021). Recent evidence also suggested that SOCE is abolished in in human
neural progenitor cells (hNPCs) and SH-SYS5Y cells lacking IP3Rs (Chakraborty et al.,
unpublished results). Hence the relationship between STIM1, IP;R, KRAP and cytoskeleton

remain to be determined.
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