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In cellular contexts, the oscillation of calcium ions (Ca2+) is
intricately linked to various physiological processes, such as
cell proliferation, metabolism, and survival. Stromal interac-
tion molecule 1 (STIM1) proteins form a crucial regulatory
component in the store-operated calcium entry process. The
structural attributes of STIM1 are vital for its functionality,
encompassing distinct domains situated in the endoplasmic
reticulum lumen and the cytoplasm. The intraluminal domain
enables the timely detection of diminishing Ca2+ concentra-
tions, prompting structural modifications that activate the
cytoplasmic domain. This activated cytoplasmic domain un-
dergoes conformational alterations and engages with mem-
brane components, opening a channel that facilitates the influx
of Ca2+ from the extracellular environment. Given its multiple
domains and interaction mechanisms, STIM1 plays a founda-
tional role in cellular biology. This review focuses on the design
of optogenetic tools inspired by the structure and function of
STIM1. These tools offer a groundbreaking approach for
studying and manipulating intracellular Ca2+ signaling with
precise spatiotemporal control. We further explore the prac-
tical applications of these tools, spanning fundamental scien-
tific research, clinical studies, and their potential for
translational research.

Signal transmission is a crucial and intricate process in bio-
logical organisms, occurring within cells and between cells and
their microenvironment (1). Calcium ions (Ca2+), serving as a
crucial second messenger in signal transduction, play a pivotal
role in regulating a multitude of cellular functions (2, 3),
including but not limited to the modulation of vital processes,
such as cell survival and death signals (4), proliferation (5),
differentiation (6), apoptosis (7–9), and gene expression (10,
11). Consequently, disruptions in extracellular and intracellular
Ca2+ balance can lead to diseases affecting numerous tissues
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and organs (12, 13). Thus, it is imperative to uphold or regulate
the equilibrium of Ca2+ concentration within the cytoplasm and
various organelles for physiological well-being (14, 15).

Under normal physiological conditions, the cytoplasm
maintains a Ca2+ concentration of approximately 0.2 mM,
while the extracellular Ca2+ concentration ranges from 1 to
3 mM, representing a 10,000-fold concentration gradient (16,
17). To precisely maintain these concentration gradients, a
multitude of Ca2+ channels, ion pumps, and calcium-binding
proteins are required within both the cell membrane and
intracellular compartments. Among these, Ca2+ channels form
the structural foundation for Ca2+ influx, thereby playing a
pivotal role in sustaining the concentration gradient. These
Ca2+ channels mainly include voltage-operated calcium
channels (VOC) (2, 18), receptor-operated calcium channels
(ROC) (19, 20), and store-operated calcium (SOC) channels
(21) (Fig. 1). Among these, the SOC channel primarily consists
of the transmembrane-stromal interaction molecule (STIM)
protein located on the endoplasmic reticulum (ER) and the
plasma membrane-located calcium release-activated calcium
modulator (Orai) protein (10, 22, 23). Recent research has shed
light on how this channel is activated and how it controls Ca2+

entry into the cell. A key feature of the SOC channel is its
unique regulatory mechanism: its opening and closing are
solely determined by Ca2+ levels within the ER, making it
distinct from other channels (24) (Fig. 1).

It is well established that after the concentration of Ca2+

within the ER is exhausted, extracellular Ca2+ can penetrate
the cytoplasm via calcium release-activated channels (CRAC)
formed by STIM and Orai (25, 26). STIM has been confirmed
as an ER transmembrane protein, presenting two mammalian
homologs, STIM1 and STIM2. These homologs predomi-
nantly consist of the N-terminus located in the ER lumen and
the C-terminus situated in the cytoplasm (3, 22, 27) (Fig. 2). In
a state of adequate ER Ca2+, STIM remains in a resting state.
As Ca2+ levels in the ER stores gradually decrease, STIM re-
leases the Ca2+ it was holding onto, triggering its own activa-
tion (28, 29). Subsequently, activated STIM interacts with Orai
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Figure 1. A scheme illustrating the standard mechanism and key players of Ca2+ signaling pathway. VOC and ROC channels are influenced by
transmembrane voltage and receptor molecules, producing substantial calcium influx rapidly. In contrast, SOC operates differently, responding solely to
changes in ER Ca2+ concentration and resulting in sustained calcium influx. Additional information is provided in the accompanying text. ADP, adenosine
diphosphate; ATP, adenosine triphosphate; Ca2+, calcium ions; DAG, diacylglycerol; ER, endoplasmic reticulum; IP3, inositol triphosphate; IP3R, inositol
triphosphate receptor; Orai, calcium release-activated calcium modulator; PIP2, phosphatidylinositol 4,5-bisphosphate; PLC, phospholipase C; ROC, receptor-
operated calcium channels; RyR, ryanodine receptors; SERCA, sarcoplasmic/endoplasmic reticulum calcium ATPase; SOC, stored-operated calcium channels;
STIM, stormal interaction molecule; TRPC, transient receptor potential cation channels; VOC, voltage-dependent calcium channels.
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proteins on the plasma membrane, opening the CRAC channel
and allowing Ca2+ to flow into the cell from the extracellular
environment (30).

Given the crucial role of the CRAC channel, which is
created by the interaction of STIM and Orai, in mediating the
influx of Ca2+ into the cell, functional mutations in STIM—
such as those leading to overactivation or inhibition—have the
potential to contribute to diverse diseases (31). For instance, in
Figure 2. The molecular domains of human STIM1 and STIM2. STIM1 and
segment and a cytoplasmic segment. The luminal segment includes cEF, nEF,
STIM1 primarily detects changes in ER Ca2+ concentration through cEF, while s
STIM1 activation signals. These signals are transmitted through the TM dom
domain with Orai. The cytoplasmic segment consists of three coiled-coil domai
state, the three coiled-coil domains adopt a mutually constrained structure. U
releasing CC2 and CC3. Subsequently, the CAD/SOAR region formed by CC2
primarily functions as a negative feedback inhibitor of the SOCE process, preve
acids, interacts with the negatively charged phospholipids in the plasma memb
CAD, calcium release-activated channels (CRAC) activation domain; CC1, coile
canonical EF-hand; ER-PM, endoplasmic reticulum-plasma membrane; ID, inact
SAM, sterile alpha motif; SOAR, STIM1 Orai1 activating region; SOCE, store-op
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concurrent studies in 2014, Nesin V (32), Morin G (33), and
Misceo D (34) identified the R304W mutation in STIM1,
which induces oligomerization in the coiled-coil domain 1
(CC1) region of STIM1—typically observed during STIM1
activation. This mutant exhibits a persistent activation state of
STIM1, leading to Stormorken syndrome (35). Previous
research findings also suggest that STIM1 mutations may
contribute to conditions such as muscle weakness and severe
STIM2 share a 54% sequence homology, each comprising an ER luminal
and a SAM domain, crucial for regulating the process of SOCE. Specifically,
ubsequent conformational changes in nEF and SAM form the foundation for
ain to the cytoplasmic segment, facilitating the binding of the CAD/SOAR
ns (CC1, CC2, CC3), an ID domain, and a C-terminal PB domain. In the resting
pon receiving activation signals, CC1 undergoes conformational changes,

and CC3 binds to Orai, thereby opening the Ca2+ channel. The ID domain
nting excessive activation. The PB domain, rich in positively charged amino
rane, providing the driving force for STIM1 translocation to ER-PM junctions.
d-coil domain 1; CC2, coiled-coil domain 2; CC3, coiled-coil domain 3; cEF,
ivation domain; nEF, non-canonical EF-hand; PB domain, polybasic domain;
erated calcium entry; SP, signal pepide; TM, transmembrane domain.
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immune deficiency (36, 37). Furthermore, investigations in
cancer reveal that the STIM1-Orai1 complex also plays a role
in promoting the migration and metastasis of breast cancer
cells (38).

Calcium signaling within immune cells plays a critical role in
regulating T cell function, making it a promising target for
novel cancer therapies. In immune cells, modulation of Ca2+

signaling activates the nuclear factor of activated T-cells
(NFAT), consequently triggering the expression of downstream
genes to stimulate T-cell activation (39, 40). Regulated changes
in Ca2+ concentration within various organelles such as the
mitochondria, ER, and Golgi apparatus are crucial for the
metabolism, proliferation, and differentiation of immune cells
(41). For instance, the three dehydrogenases in the tricarboxylic
acid (TCA) cycle, essential for ATP production, are regulated
by Ca2+ transport between the mitochondria and ER, which is
related to T cell activation. Consequently, recent advancements
in controlling Ca2+ influx have attracted significant attention
for their potential clinical applications. Meanwhile, therapeutic
intervention in tumor cells involves manipulating Ca2+ levels,
achieved by elevating the concentration of Ca2+. This process
induces damage to subcellular organelles such as mitochondria,
leading to structural disruption and oxidative stress. Conse-
quently, tumor cell proliferation, migration, and invasion are
inhibited, ultimately resulting in cell death (42, 43). Hence,
precise regulation of extracellular Ca2+ influx and the mainte-
nance of Ca2+ homeostasis is of considerable clinical impor-
tance, especially in cancer therapy and managing conditions
associated with Ca2+ dysregulation.

Optogenetics represents an emerging experimental tech-
nique that offers a precise, spatiotemporal, and reversible
means of modulating specific biological processes in vitro and
in vivo. By combining optical and genetic approaches, opto-
genetics enables the creation and expression of fusion proteins
integrating photosensitive proteins with target functional
proteins. Consequently, these fusion proteins allow for the
coordinated modulation of associated functional proteins
alongside photosensor proteins upon activation by specific
wavelengths of light, thereby facilitating targeted physiological
modifications. Given the critical importance of maintaining or
regulating Ca2+ concentration stability across the cytoplasm
and various organelles for Ca2+ homeostasis, the utilization of
optogenetics presents a promising strategy for optically
restoring Ca2+ homeostasis (44).

In this review, we will initially introduce the formation and
activation of the CRAC channel, with a specific focus on the
involvement of the STIM1 protein, which plays a crucial role
in developing optogenetic techniques for controlling Ca2+

signaling. Following this, we will outline various optogenetic
approaches employed in studying Ca2+ homeostasis and
discuss their potential therapeutic applications.
The identification of STIM proteins as indispensable
elements within CRAC channels

Cytoplasmic Ca2+ is a crucial second messenger in signal
transduction, orchestrating various life processes ranging from
cell biogenesis (sperm and ovulation maturation) to pro-
grammed cell death (apoptosis and necroptosis) (45, 46). In the
exploration of Ca2+ signal, Putney suggested that there exists
an ER calcium concentration operated Ca2+ channel on the
cell membrane in 1986 (47). This channel would permit Ca2+

entry into the cell following depletion of Ca2+ in the ER, a
phenomenon termed store-operated calcium entry (SOCE).
Unlike channels activated by receptor contact, SOCE activa-
tion was solely triggered by signals indicating Ca2+ depletion in
the ER (48). Subsequent experiments across different cell lines
confirmed Putney’s hypothesis. The use of Thapsigargin (TG),
an inhibitor of sarcoplasmic/endoplasmic reticulum calcium
ATPase (SERCA) pumps, established a model of ER Ca2+

depletion. In 1989, Putney, along with Takemura and col-
leagues, observed ER Ca2+ depletion and extracellular Ca2+

entry in cells treated with TG, providing initial validation of
the SOCE concept (49). However, it remained unclear whether
external stress, such as TG, or the Ca2+ depletion itself induced
extracellular Ca2+ influx. This ambiguity was addressed in
1992 by Hoth and Penner, who systematically applied various
non-interfering techniques to selectively diminish Ca2+ storage
in the ER (50, 51). Their experiments definitively showcased
that SOCE was exclusively triggered by the depletion of Ca2+

in the ER. This process adeptly responds to the swift decline of
Ca2+ in the ER, delivering a substantial influx of Ca2+ to the
cells and playing a pivotal role in maintaining cellular Ca2+

homeostasis (14).
SOCE is mediated by the CRAC channel. However, unrav-

eling the composition of CRAC proved to be a protracted
process. In 2005, two independent research groups succes-
sively unveiled that the STIM1 protein serves as a Ca2+ sensor
in the ER. Following Ca2+ depletion, STIM1 migrates to the
ER-plasma membrane (ER-PM) junction, activating the CRAC
channel. Initially, Roos et al. utilized RNA interference (RNAi)
technology, demonstrating the indispensable role of STIM1
rather than its homolog STIM2 in SOCE (52). Nevertheless,
subsequent studies revised this understanding, unveiling that
STIM2 also contributes to the facilitation of SOCE (53). Ul-
timately, Zhang et al. subsequently confirmed that STIM1, as a
Ca2+ sensor, serves as the key link between ER Ca2+ depletion
and extracellular Ca2+ influx (54). In 2006, Stefan Feske et al.
(55, 56) and Monika Vig et al. (57) independently employed
genetic and expression cloning methods to ascertain that
Orai1 is the pore-forming subunit of the CRAC channel.
However, subsequent studies demonstrated that the CRAC
channel remains inactive unless the cytoplasmic domain of
STIM1 binds to the cytoplasmic domain of Orai1. Thus, it was
established that both STIM1 and Orai1 are indispensable for
calcium influx mediated by SOCE (58).
The distinct domains of STIM proteins and their
respective roles

STIM proteins represent a class of transmembrane proteins
situated on the ER. This protein family primarily comprises
two mammalian homologs, namely, STIM1 and STIM2,
sharing a sequence homology of 54% and exhibiting significant
J. Biol. Chem. (2024) 300(9) 107636 3
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structural similarity (59, 60) (Fig. 2). Each member features an
N-terminal ER luminal domain, a single transmembrane
domain, and a C-terminal cytoplasmic domain (61). Following
the depletion of Ca2+ stores in the ER, these proteins undergo
conformational changes, the cytoplasmic domain of STIM
proteins translocate to a plasma membrane-adjacent ER
compartment, and subsequently activate the CRAC channel,
facilitating the entry of Ca2+ into the cell (62, 63).
The distinctions between STIM1 and STIM2 are
primarily evident in the following aspects:
� Calcium sensing capability: The baseline concentration of

free luminal Ca2+ in the ER ranges from 400 to 600 mM in
most cell lines (64, 65). Both STIM1 and STIM2 proteins
can activate CRAC channels in response to a decrease in ER
Ca2+ concentration. However, STIM2 is more sensitive to
smaller decreases in ER Ca2+ levels, typically being activated
at an EC50 of 406 mM, compared to 210 mM for STIM1
(65, 66). With a slight decrease in ER Ca2+ concentration,
STIM2 discerns the alteration, gradually activating the
CRAC and resulting in a modest Ca2+ influx. In contrast,
STIM1 rapidly triggers the CRAC channel once ER Ca2+ is
depleted, causing a substantial influx of Ca2+ (67). It is
evident that STIM2 exhibits greater sensitivity to changes in
ER Ca2+ levels but produces a comparatively weaker
response.

� Translocation and aggregation capacity: Following the
depletion of Ca2+ in the ER, the entire STIM1 rapidly trans-
locates to the ER-PM junction, forming conspicuous aggre-
gates (68). In contrast, STIM2 translocates at a slower pace in
response to the decrease in Ca2+ concentration, resulting in
smaller and less easily detectable aggregates (69, 70). This
initially led to the belief in early research that STIM2 is un-
related to the Ca2+ influx mediated by the CRAC.

� Lipid binding affinity: The polybasic domain (PB) of STIM
proteins interacts with lipids, which is the structural basis
for their recruitment to the ER-PM region after activation.
STIM1 and STIM2 have different affinities for different
lipids. STIM2 can bind to two types of lipids, phosphati-
dylinositol 4,5-bisphosphate (PI(4,5)P2) and phosphatidyli-
nositol (3,4,5)-trisphosphate (PI(3,4,5)P3), while STIM1
primarily binds to PI(4,5)P2 (71, 72). In addition, a recent
discovery has identified the STIM1 Orai Activating Region
(SOAR) domain of STIM1, capable of binding to phos-
phoinositol-4-phosphate (PI(4)P) and facility targeting
STIM1 to ER-PM junction (73).
Three characteristics regions of STIM proteins:
� ER Intraluminal Region: This section serves as the pivotal

component for detecting changes in Ca2+ levels within the
ER. It encompasses two helix-loop-helix structural (EF
hand) domains and a sterile alpha motif (SAM) domain (28)
(Fig. 2). The EF hand domain is frequently present in the
structure of calcium-regulated proteins, featuring a helix-
coil-helix structure where Ca2+ can bind to the coil
4 J. Biol. Chem. (2024) 300(9) 107636
structure (74). Two EF hand domains exist in this segment:
the canonical EF hand (cEF) domain and the noncanonical
EF hand (nEF) domain (75). Although these two domains
have slightly distinct functions, collectively, they enable
STIM to effectively perceive alterations in Ca2+ concentra-
tion within the ER (76). The cEF domain, with its cyclic
structure, forms a stable octahedral coordination with Ca2+,
primarily responsible for binding Ca2+ when abundant,
thereby maintaining STIM in an inhibited state. Conversely,
the nEF, with its cyclic structure containing only three ox-
ygen atoms, cannot form a stable octahedral coordination
with Ca2+, resulting in unstable binding (77–79). When the
signal-inducing Ca2+ release from the ER is transmitted,
Ca2+ bound to the nEF is the first to dissociate from STIM
(80). Depletion of ER Ca2+ results in Ca2+ dissociation from
the nEF. The resulting conformational changes induce
STIM1 dimerization (via the SAM domain) and trans-
location to the ER-PM junction to activate Orai1 (3). The
SAM domain which has a hydrophobic region, serves as the
structural foundation for STIM to sustain dimerization after
the Ca2+ depletion in the ER (68, 81).

� Single Transmembrane Domain (TM): STIM positions itself
on the ER membrane through the a-helical TM domain.
However, STIM is not statically anchored to the ER; instead,
it exhibits dynamic movement (82). When STIM detects
signals indicating a decline in Ca2+ levels within the ER, it
can translocate from the ER to the ER-PM junction. The
activation signal, initiated by the deformation of the STIM
N-terminus situated in the ER lumen, is transmitted along
the TM domain to the cytoplasmic segment. This trans-
mission induces conformational changes in the STIM
cytoplasmic segment, consequently influencing its interac-
tion with Orai and the subsequent opening of the CRAC
(83, 84). Therefore, the length and amino acid sequence of
this domain significantly impact the functionality of STIM
proteins (85).

� Cytoplasmic Region: The cytoplasmic segment of STIM
extends from near the ER membrane to its final end,
featuring three coiled-coil domains (CC1, CC2, CC3), an
additional domain for inactivation (ID), and a PB domain
located at the C-terminus (86) (Fig. 2). The trio of coiled-
coil domains constitutes a fundamental structural founda-
tion for the functional role of STIM. Among them, CC2 and
CC3 together form the SOAR domain, a crucial functional
domain of STIM and the smallest domain capable of acti-
vating Orai (87–89). Upon activation, the two coiled-coil
domains within the SOAR domain adopt a U-shaped
structure, binding to the C-terminus of Orai, thereby initi-
ating the opening of the CRAC and inducing Ca2+ influx
(90). However, CC1 functions somewhat differently from
the CC2 and CC3 domains. It typically serves as a self-
inhibition lock, binding to CC3 in the inhibited state of
STIM to obstruct the SOAR domain (91). When STIM
undergoes activation, CC1 undergoes conformational
changes, releasing the SOAR domain to bind with Orai,
consequently opening the CRAC channel (92). Following
the SOAR domain is the ID domain, rich in acidic amino
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acids. Its primary role is to bind to the C-terminus of Orai,
facilitating the calcium-dependent inactivation (CDI) of the
CRAC channel (93). The ID domain acts as a negative
feedback regulatory element of the CRAC channel, pre-
venting excessive activation and maintaining a balanced
Ca2+ level within the cell (94). The PB at the C-terminus of
STIM is rich in lysine, featuring a substantial positive charge
(87). This domain interacts with the negatively charged
PI(4,5)P2 on the PM (95). While it can also bind to other
phosphatidylinositol analogs, its highest affinity is with
PI(4,5)P2 (72). This electrostatic attraction is believed to
play a role in transporting STIM to the ER-PM junction (73,
96). Consequently, the PB domain is crucial for the trans-
location and aggregation of STIM, although it alone is
insufficient to induce activation (29).
The activation mechanism of STIM

Research indicates that oxidative stress, temperature fluc-
tuations, hypoxic conditions, and pH variations all have the
potential to activate STIM (25). However, the primary mech-
anism for STIM activation remains the depletion of Ca2+

stores. Extracellular signaling molecules, including growth
factors, signal peptides, neurotransmitters, and hormones, can
bind to receptors on the plasma membrane, leading to the
phosphorylation and activation of phospholipase C (PLC)
proteins, rendering them catalytically active (97). Activated
PLC hydrolyzes PI(4,5)P2 on the PM, generating inositol tri-
sphosphate (IP3) and diacylglycerol (DAG). Notably, IP3
binding to the IP3R on the ER membrane triggers the rapid
release of stored Ca2+ from the ER, depleting Ca2+ stores (98).
As Ca2+ depletion occurs in the ER, the Ca2+ originally bound
Figure 3. The process of the activation and coupling of STIM1 to activa
receptors on the PM, it leads to the phosphorylation and activation of PLC with
DAG. IP3, binding to the Ca2+ channel IP3R located on the ER membrane, trigge
the Ca2+ concentration inside the ER decreases, the STIM1 protein, functionin
changes to become activated. Activated STIM1 gradually forms oligomers and
bind to Orai1 located on the PM, facilitating Ca2+ influx. CC1, coiled-coil domain
ER, endoplasmic reticulum; IP3, inositol triphosphate; IP3R, inositol 1,4,5-trispho
PIP2, phosphatidylinositol 4,5-bisphosphate; PLC, phospholipase C; PM, plasma
to the EF hand domain dissociates, activating the EF-SAM
domain (99). This unstable state generates an activation
signal transmitted to the cytoplasmic segment through the TM
domain. The cytoplasmic portion of STIM undergoes
conformational changes upon receiving the activation signal,
leading to the release of the interaction between CC1 and
CAD/SOAR. Consequently, the cytoplasmic region shifts from
a tight to a loose configuration. This structural alteration
causes the C-terminus of STIM to adopt an extended
conformation, and the positively charged PB domain at the
terminus protrudes outward. This outward extension induces
STIM aggregation toward the ER-PM junction through elec-
trostatic attraction. Concurrently, the SOAR domain, freed
from structural inhibition, becomes exposed and binds to Orai,
serving as the structural basis for the CRAC. This interaction
assists in the influx of extracellular Ca2+ (100–102) (Fig. 3).

Calcium/STIM-Orai signaling plays a crucial role in the
pathogenesis and treatment of various immune-related dis-
eases, encompassing T cell activation (103), autoimmune dis-
eases (40), infectious diseases (104), and tumor immunity
(105). By controlling Ca2+ signaling, we can not only promote
T cell activation but also potentially induce tumor cell death
through Ca2+ overload. Consequently, the modulation of Ca2+

signaling holds promise for advancing clinical therapeutic
approaches (106, 107). It is imperative to regulate the function
of STIM proteins in a controlled manner within cells to
maintain cellular Ca2+ homeostasis and prevent genetic dis-
eases arising from Ca2+ imbalances. Founded on theoretical
principles, optogenetics presents a fresh avenue for the
controlled modulation of Ca2+ entry. Distinguished by its
rapidity, sensitivity, reversibility, and exceptional spatiotem-
poral precision, this approach outperforms conventional
te the Orai1 channel. Upon extracellular signaling molecules binding to
in the cell. The activated PLC then separates PI(4,5)P2 on the PM into IP3 and
rs the release of Ca2+ from the ER, depleting calcium stores within the ER. As
g as a calcium sensor, detects this change and undergoes conformational
translocates to the ER-PM junctions, where its released SOAR/CAD domain
1; CC2, coiled-coil domain 2; CC3, coiled-coil domain 3; DAG, diacylglycerol;
sphate receptor; Orai1, calcium release-activated calcium channel protein 1;
membrane; SAM, sterile alpha motif; STIM1, stromal interaction molecule 1.
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methods of pharmacological, chemical, and genetic regulation
(108–110). With continuous advancements in optogenetic
technology, numerous studies have integrated it into the SOCE
activation. These endeavors aim to achieve precise light con-
trol over SOCE or govern the formation of ER-PM membrane
contact sites (111–113). These efforts hold considerable sig-
nificance in advancing basic scientific research, clinical in-
vestigations, and the development of novel therapeutic
approaches rooted in the imbalances of Ca2+ homeostasis.
Engineering Ca2+ homeostasis via optogenetic
manipulation of STIM protein

In the early stages of optogenetic research, the widely
recognized protein for such studies was channelrhodopsin-1
(ChR1), a light-gated ion channel activated by blue light,
allowing non-specific cations to enter the cell (114, 115). ChR1
originates from unicellular green algae, and experiments have
shown that it can be correctly expressed in various biological
cells (116). ChR1 facilitated the initial understanding of using
light to control electrical excitability, intracellular acidity, and
Ca2+ influx, among other cellular processes (117). However, as
science progressed, challenges arose that ChR1 and related
photosensitive proteins couldn’t address, particularly its non-
selective nature for K+, Na+, and Ca2+ (118). This limitation
hindered specific regulation of Ca2+ entry. Additionally, the
reliance on blue light for regulation posed sensitivity issues due
to its poor penetration (114, 119).

To overcome these challenges and achieve precise control
over Ca2+ homeostasis using light, it became essential to
develop and refine methods for regulating Ca2+ entry into
cells. Building on ChR1, researchers harnessed natural, non-
opsin-based photosensitive proteins like cryptochrome-2
(CRY2) from Arabidopsis thaliana and the light-oxygen-
voltage sensing domain 2 (LOV2) from oat phototropin-1
(120, 121). CRY2 undergoes oligomerization when exposed
to blue light, while LOV2 undergoes a structural change by
unwinding its C-terminal Ja helix, separating it from the
photosensitive period-ARNT-single-minded domain (PAS) in
response to blue light exposure (122, 123). There are also some
light-controlled dimerization systems such as improved light-
induced dimer/SspB (iLID/SspB) and CRY2/CIBN. iLID in-
tegrates the Escherichia coli (E. coli) SsrA sequence into the Ja
helix of optimized AsLOV2, featuring 10 mutations across the
PAS domain, hinge loop, and Ja helix. Upon blue light irra-
diation, SsrA undergoes uncaging and binds to its adaptor
protein SspB, also of E. coli origin, resulting in the formation of
a light-inducible heterodimer pair (124). In CRY2/CIBN sys-
tem, CIBN acts as the ligand of the photosensitive protein
CRY2, which can also dimerize with CRY2 upon blue light
irradiation. Additionally, certain photosensitive proteins can
also undergo processes like oligomerization, dissociation (125),
and conformational changes when exposed to specific excita-
tion light wavelengths.

Relying on these non-opsin photosensors, researchers chose
to employ optogenetics to manipulate the CRAC channel, the
primary conduit for Ca2+ entry in non-excitable cells, allowing
6 J. Biol. Chem. (2024) 300(9) 107636
for light-regulated control over Ca2+ influx. Given that STIM1
is the earliest identified member of the STIM family proteins,
and its associated mechanism has been extensively studied,
scientists predominantly developed a range of optogenetic
tools based on STIM1. Moreover, Ma et al. have also analyzed
the kinetic characteristics of CRY2-STIM2(324–833) with
Ca2+ influx, which showed a very mild increase in light-elicited
Ca2+ response (126). Drawing from earlier investigations, the
molecular mechanism through which STIM1 activates the
CRAC channel can be primarily delineated into two stages
(127): (1) Upon detecting a decrease in Ca2+ concentration in
the ER, the luminal segment of STIM1 initiates activation by
undergoing oligomerization through the EF-SAM domain. (2)
Following the transmission of the activation signal to the
cytoplasmic segment of STIM1, the structure of the cyto-
plasmic segment becomes more relaxed, migrates to the ER-
PM junction, releases contact inhibition between the CC1
domain and the SOAR domain, and allows the SOAR domain
to bind to Orai, thereby activating the CRAC.

Utilizing naturally occurring photosensitive proteins, CRY2
and LOV2, researchers have designed optogenetic systems for
the optical control of Ca2+ entry (Fig. 4A). CRY2-based Ca2+

modulator is a fusion protein that combines the photolyase
homology (PHR) domain of CRY2 with the cytoplasmic
segment of STIM1 (128). Leveraging the oligomerization
characteristic of the CRY2 PHR domain activated by blue light,
it mimics the oligomerization of the STIM1 luminal segment
in response to a decrease in Ca2+ concentration. After being
activated by blue light, STIM1ct oligomerizes through CRY2,
relieving the inhibition of the CC1 domain on the SOAR
domain. Subsequently, the exposed SOAR interacts with Orai1
on the PM, opening the CRAC channel and allowing the influx
of Ca2+. This system exhibits rapid activation kinetics of less
than 1 min and a deactivation half-life of 4 to 6 min after light
irradiation cessation, enabling quick and sensitive small-scale
light activation (129) (Fig. 4B, left panel). Substituting other
optogenetic tools, such as iLID/SspB or CRY2/CIBN, which
also oligomerize post-light irradiation, can further enhance the
kinetics of Ca2+ influx with a shorter activation time. Studies
have demonstrated that the sensitivity of the optogenetic tool
CRY2 can be modified through genetic engineering, such as
point mutations or adding amino acids at the C-terminus,
thereby enhancing the sensitivity of the light control system
(130). Building upon these optimizations, systems with
improved kinetic effects, such as monSTIM1 and enhanced
OptoSTIM1 (eOS1), have been developed (129, 131) (Table 1).

Leveraging the caging function of the C-terminus of LOV2,
a range of light-controlled LOV2-based Ca2+ modulators,
including Opto-CRAC1 (132), BACCS (133), and LOVS1K
(134), were created to simulate the self-inhibition process of
CC1 and SOAR domains in the cell. In the dark state, LOV2
replaces CC1 to inhibit SOAR (Table 1). Upon being activated
by blue light, the photo-excitation leads to the formation of a
covalent photo-adduct. This event induces the unwinding and
separation of the Ja helix from the core body, facilitating the
release of the locked SOAR domain (135). Subsequently, the
free SOAR domain can bind to Orai on the PM, triggering the



Figure 4. Illustration depicting two primary types of optogenetic Ca2+ modulator derived from STIM1 for photo-controlling Ca2+ influx. A, the
structural domains of CRY2-based and LOV2-based Ca2+ modulators. CRY2-based Ca2+ modulators utilize the CRY2-PHR domain as a light sensor, with the
cytoplasmic segment of STIM1 serving as the functional protein. LOV2-based Ca2+ modulators employ LOV2 as the light sensor and the SOAR region of
STIM1 as the functional protein. B, the mechanism of CRY2-based Ca2+ modulators involves replacing the original ER luminal segment of STIM1 with CRY2-
PHR (left panel). Under 470 nm blue light illumination, CRY2 undergoes oligomerization, mimicking the oligomerization effect of STIM1 in the ER lumen. This
allows the remaining STIM1 structure to respond to the oligomerization signal, leading to the release of the SOAR region, which then binds to Orai1,
facilitating Ca2+ influx; The mechanism of LOV2-based modulators involves tethering the SOAR region to the C-terminus of the optogenetic protein LOV2
(right panel). In the dark, LOV2 blocks the SOAR region. Upon illumination with 470 nm blue light, the Ja helix at the LOV2 C-terminus undergoes a
conformational change, releasing the SOAR region. This enables it to bind to Orai1, promoting Ca2+ influx. CRY2, cryptochrome 2; ID, inactivation Domain;
LOV2, light-oxygen-voltage-sensing domain 2; PB, polybasic domain; PHR, photolyase homology region; SOAR, STIM1 Orai1 activating region; STIM1,
stromal interaction molecule 1; STIM1-ct, STIM1 cytoplasmic tail.
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opening of the Ca2+ influx channel (Fig. 4B, right panel). These
systems demonstrate activation kinetics of 10 to 30 s and a
deactivation half-life of 30 to 50 s. Due to the shorter length of
the SOAR domain compared to the cytoplasmic region or full-
length STIM1, these light-controlled systems are more sensi-
tive and faster (132).

Theoretically, optogenetic tools derived from either STIM1
or Orai1 can potentially regulate calcium influx, given their
involvement in the process of SOCE. Hence, optogenetic tools
Table 1
Summary of STIM1-based optogenetic tools

Based physiological process Tools name Funct

Light-induced Oligomerization OptoSTIM1 STIM123

STIM123

STIM134

monSTIM1 STIM123

eOS1 STIM123

Opto-CRAC2 STIM123

STIM123

ER-tether
Light-induced unfolding Opto-CRAC1 STIM133

BACCS STIM134

STIM134

LOVS1K STIM123

BACCS, blue light-activated Ca2+ channel switch; CIBN, the N-terminal domain of CIB1
dimer(LOV2-SsrA); LOV2, light-oxygen-voltage sensing domain 2; LOVS1K, LOV2 fused
optogenetic Ca2+ release-activated Ca2+ channel 1; Opto-CRAC2, optogenetic Ca2+ releas
PHR, photolyase homology region; SspB, stringent starvation protein B; STIM1, stromal
centered on Orai1, termed light-operated Ca2+ (LOCa) chan-
nel, have been developed. LOCa involves fusing LOV2 to
various transmembrane domains of Orai1, thereby enabling
optical control over conformational changes in the Orai1
protein. This manipulation serves as a switch for the CRAC
channel, thus regulating calcium influx (136). Currently, the
optogenetic tools developed for regulating Ca2+ entry based on
STIM1 are mainly based on the mechanism of the cytosolic
region of STIM1. In the future, new mechanisms can be
ional domain Photosensitive domain Refs
8–685 CRY2PHR (128, 149)
8–463 CRY2PHR (128, 149)
2–685 CRY2PHR (128, 149)
8–685 CRY2PHR-E281A-9A (129)
8–685 CRY2PHR-E490G (131)
3–685 CRY2PHR/CIBN (126)
3–685 iLID/SspB (126)
ed-STIM1233–685 CRY2PHR (126)
6–685 LOV2 (132)
7–448 LOV2 (133)
7–448 2*LOV2 (133)
3–450 LOV2 (134)

; CRY2, cryptochrome 2; eOS1, enhanced OptoSTIM1; iLID, improved light-induced
STIM1 fragment (233–450); monSTIM1, monster-OptoSTIM1; Opto-CRAC1,
e-activated Ca2+ channel 2; OptoSTIM1, optogenetic stormal interaction molecule 1;
interaction molecule 1.
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adopted, such as controlling the binding of EF-hands and Ca2+

inside the ER lumen or controlling the conformational change
of the TM domain through optogenetics, thereby regulating
the activity of STIM1 to achieve the purpose of regulating the
SOCE process.

In conclusion, a range of optogenetic tools has been
developed. When compared to conventional pharmacological,
chemical, and genetic regulatory approaches, this method of
optically controlling Ca2+ entry exhibits swifter kinetics,
heightened sensitivity, and reversibility.
Potential applications of STIM1-derived optogenetic
tools

The preceding content has highlighted the crucial role of
Ca2+ signaling in governing life processes, emphasizing the
potential development of clinical applications due to the
relationship between Ca2+ homeostasis imbalance and various
diseases.The optogenetic system anchored in STIM1 presents
promising clinical significance (137). Currently, met these
CRY2-based and LOV2-based light-specific Ca2+ regulation
optogenetic systems have undergone extensive validation
Figure 5. Applications of STIM1-based optogenetic Ca2+ modulators. A, exo
light irradiation, leading to Ca2+ influx. As a result, NFAT is dephosphorylate
promoting downstream transcription. B, in T cells, Ca2+ influx mediated by Opt
activation and exerting immunotherapeutic effects. In macrophages, Ca2+ influx
caspase-1 fragments, triggering an inflammatory response. C, the N-terminus
sgRNA, working in conjunction with the dCas9, enables specific binding to
facilitates downstream transcription. The CaRROT system integrates these com
controlled expression or inhibition of specific genes, holding potential for g
scriptional reprogramming tool; dCas9, deactivated Cas9 protein; IFN-g, inte
activated T-cells; sgRNA, single guide RNA; SOCE, store-operated calcium entr
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(127). Researchers have successfully overexpressed this system
in diverse cell types derived from various organisms, demon-
strating its efficacy in regulating Ca2+ influx in cells such as
neurons (128), embryonic stem cells (138), T cells (139), and
macrophages (140) (Fig. 5).

Furthermore, investigations have explored the applicability
of OptoSTIM1 and Opto-CRAC in fields such as immuno-
therapy and gene therapy (135). NFAT, a pivotal transcription
factor in T cell activation, undergoes activation when intra-
cellular Ca2+ levels increase. The activation of calmodulin
phosphatase in the cytoplasm, triggered by elevated Ca2+, leads
to NFAT dephosphorylation. Once dephosphorylated, NFAT
translocates to the nucleus, initiating a cascade of downstream
cytokines like interleukin-2 (IL-2) and interferon gamma (IFN-
g), ultimately activating T cells (40, 141) (Fig. 5A). Conse-
quently, the integration of Opto-CRAC1 with NFAT proteins
in T cells offers a means for optical control of T cell activation,
thereby enhancing the effectiveness of immunotherapy. In
addition, studies have shown that Ca2+ levels within macro-
phages are critical for activating the inflammasome nucleotide-
binding and oligomerization domain (NOD)-like receptor
thermal protein domain associated protein 3 (NLRP3) (142).
genous expression of OptoSTIM1 or Opto-CRAC2 activates SOCE under blue
d, translocates into the nucleus, and binds to corresponding DNA regions,
o-CRAC1 induces the production of IL-2 and IFN-g, thereby promoting T cell
mediated by the Opto-CRAC1 leads to the secretion of IL-1b and processed
(1�460) of NFAT facilitates nuclear translocation after dephosphorylation.
DNA sequences. VP64, serving as a transcriptional enhancement element,
ponents. Co-expression of Opto-CRAC1 and CaRROT systems enables light-
ene therapy. AP-1, activator protein 1; CaRROT, calcium-responsive tran-
rferon g; IL-1b, interleukin 1b; IL-2, interleukin 2; NFAT, nuclear factor of
y; VP64, a tetramer of VP16 (a transcriptional activation domain).
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NLRP3 activation often leads to the release of the immune
factor Interleukin-1 beta (IL-1b) and the processed caspase-1
(p20 subunit) inside the cell, indicating that increased intra-
cellular Ca2+ can significantly promote the inflammatory
response mediated by macrophages (143, 144). Experiments
using the Opto-CRAC1 system on macrophages demonstrated
an increase in IL-1b and p20, confirming that light can control
the extracellular immune processes of macrophages. This
finding has significant potential for expanding the possibilities
of immune therapy in clinical settings (Fig. 5B).

Simultaneously, recognizing the distinct functionality of the
N-terminus (1�460) of NFAT, which facilitates nuclear
translocation post-dephosphorylation, led to the creation of
the NFAT (1�460)-dCas9-VP64 system, known as CaRROT
for “calcium-responsive transcriptional reprogramming tool”
(145) (Fig. 5C). In this system, single guide RNA, which works
in conjunction with the deactivated Cas9 protein (dCas9),
enables it to bind to specific DNA sequences (146). Concur-
rently, VP64, serving as a transcriptional enhancement
element, facilitates the transcription of downstream sequences
of single guide RNA (147). Previous studies have indicated that
CaRROT has the capability to associate with certain tran-
scriptional repressors, like Kruppel-associated Box (KRAB),
leading to the suppression of oncogene expression in tumors.
This mechanism enables gene therapy for cancer (148).
Consequently, the integration of the CaRROT system with
Opto-CRAC1 enables optical control for promoting or inhib-
iting gene expression without genomic alterations, thereby
augmenting the effectiveness of gene therapy (Fig. 5C).

Broadly, this light-regulated system for Ca2+ entry not only
holds promise for addressing diseases arising from disruptions
in Ca2+ homeostasis but also exhibits potential for treating
malignant tumors. Through synergistic combinations with
other systems or proteins, it can bolster therapeutic ap-
proaches like immunotherapy and gene therapy, offering
spatiotemporally precise and targeted treatments with signifi-
cant clinical research implications.
Conclusion

While experimentally validated optogenetic systems capable
of light-controlled regulation of Ca2+ entry into cells have been
designed to enhance sensitivity and efficiency, these systems
face challenges. Firstly, the overexpression of optogenetic tools
in cells can impact function due to expression efficiency var-
iations. And, the overexpression of exogenous genes may
disrupt normal physiological functions, trigger immune re-
sponses, or induce cellular toxicity. Secondly, precise targeting
of the light source to the desired cell or tissue is crucial for
activating the optogenetic system, but issues like light scat-
tering, absorption, and reflection can limit penetration. Careful
control of light intensity and duration is essential to avoid
over-activation or inhibition of Ca2+ channels, as well as to
prevent light damage and photobleaching. Thirdly, the pres-
ence of proteins similar to ERp57 in the cell, capable of binding
to STIM and exerting inhibitory effects, poses a challenge to
the stability and efficiency of the optogenetic system. To
enhance system efficiency, it is crucial to select photosensitive
proteins that interact effectively with the STIM protein while
minimizing interference with other cellular factors. Ongoing
efforts are directed towards optimizing the optogenetic control
of Ca2+ entry. Some research teams employ techniques like
adenovirus delivery to ensure optimal expression efficiency
and levels of the optogenetic system in the body. Additionally,
laboratories explore the use of upconversion nanoparticles
(UCNPs) in vivo to address the challenge of insufficient
penetration of specific excitation light sources. UCNPs are
nanomaterials with optical properties capable of converting
near-infrared radiations with low-energy light into visible ra-
diations with high-energy light. They serve to increase the
depth of light penetration, particularly in deeper tissues, thus
enhancing the effectiveness of in vivo optogenetic methods. In
conclusion, the combination of optogenetic tools and STIM
proteins offers an optically controllable approach to regulate
Ca2+ entry into cells, presenting novel theories and methods
for maintaining calcium homeostasis in the body and treating
diseases arising from abnormal calcium concentrations.
Data availability

All data are in the article.

Acknowledgments—We express our appreciation to all researchers
for their insightful explorations of STIM1 in the context of Ca2+

homeostasis. We are grateful to the National R&D Program of
China (2023YFC3403400) and the National Natural Science Foun-
dation of China (32271485) to J.J., Natural Science Foundation of
Zhejiang Province (YXD23H0302) to J.J., and Zhejiang Key Labo-
ratory of Prevention, Diagnosis and Therapy of Upper Gastroin-
testinal Cancer (2022E10021). We would like to extend our
gratitude to the developers at BioRender for providing the platform
used to create our figures at BioRender.com.

Author contributions—X. C., J. J. supervision; X. C., J. J. funding
acquisition; J. J., Y. M., and Z. Z. conceptualization; Y. X., Y. W., Y.
M., and Z. Z. writing–review & editing; Y. X., Y. M., and Z. Z.
writing–original draft.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: Ca2+, Calcium ions;
STIM1, Stromal interaction molecule 1.

References

1. Fedrizzi, L., Lim, D., and Carafoli, E. (2008) Calcium and signal trans-
duction. Biochem. Mol. Biol. Educ. 36, 175–180

2. Bkaily, G., and Jacques, D. (2023) Calcium homeostasis, transporters,
and blockers in health and diseases of the cardiovascular system. Int. J.
Mol. Sci. 24, 8803

3. Hogan, P. G., Lewis, R. S., and Rao, A. (2010) Molecular basis of calcium
signaling in lymphocytes: STIM and ORAI. Annu. Rev. Immunol. 28,
491–533

4. Orrenius, S., Gogvadze, V., and Zhivotovsky, B. (2015) Calcium and
mitochondria in the regulation of cell death. Biochem. Biophys. Res.
Commun. 460, 72–81
J. Biol. Chem. (2024) 300(9) 107636 9

http://BioRender.com
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref1
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref1
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref2
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref2
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref2
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref3
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref3
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref3
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref4
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref4
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref4


JBC REVIEWS: STIM1-based optogenetic tools for calcium signaling control
5. Pinto, M. C., Kihara, A. H., Goulart, V. A., Tonelli, F. M., Gomes, K. N.,
Ulrich, H., et al. (2015) Calcium signaling and cell proliferation. Cell
Signal. 27, 2139–2149

6. Zayzafoon, M. (2006) Calcium/calmodulin signaling controls osteoblast
growth and differentiation. J. Cell Biochem. 97, 56–70

7. Dowd, D. R. (1995) Calcium regulation of apoptosis. Adv. Second
Messenger Phosphoprotein Res. 30, 255–280

8. Patergnani, S., Danese, A., Bouhamida, E., Aguiari, G., Previati, M.,
Pinton, P., et al. (2020) Various aspects of calcium signaling in the
regulation of apoptosis, autophagy, cell proliferation, and cancer. Int. J.
Mol. Sci. 21, 8323

9. Sukumaran, P., Nascimento Da Conceicao, V., Sun, Y., Ahamad, N.,
Saraiva, L. R., Selvaraj, S., et al. (2021) Calcium signaling regulates
autophagy and apoptosis. Cells 10, 2125

10. Prakriya, M., and Lewis, R. S. (2015) Store-operated calcium channels.
Physiol. Rev. 95, 1383–1436

11. Hardingham, G. E., and Bading, H. (1999) Calcium as a versatile second
messenger in the control of gene expression. Microsc. Res. Tech. 46,
348–355

12. Chebib, F. T., Sussman, C. R., Wang, X., Harris, P. C., and Torres, V. E.
(2015) Vasopressin and disruption of calcium signalling in polycystic
kidney disease. Nat. Rev. Nephrol. 11, 451–464

13. LaFerla, F. M. (2002) Calcium dyshomeostasis and intracellular signal-
ling in Alzheimer’s disease. Nat. Rev. Neurosci. 3, 862–872

14. Krebs, J., Agellon, L. B., and Michalak, M. (2015) Ca(2+) homeostasis
and endoplasmic reticulum (ER) stress: an integrated view of calcium
signaling. Biochem. Biophys. Res. Commun. 460, 114–121

15. Marchi, S., Patergnani, S., Missiroli, S., Morciano, G., Rimessi, A.,
Wieckowski, M. R., et al. (2018) Mitochondrial and endoplasmic retic-
ulum calcium homeostasis and cell death. Cell Calcium 69, 62–72

16. Hofer, A. M., and Brown, E. M. (2003) Extracellular calcium sensing and
signalling. Nat. Rev. Mol. Cell Biol. 4, 530–538

17. Takahashi, A., Camacho, P., Lechleiter, J. D., and Herman, B. (1999)
Measurement of intracellular calcium. Physiol. Rev. 79, 1089–1125

18. Fodor, J., Matta, C., Oláh, T., Juhász, T., Takács, R., Tóth, A., et al.
(2013) Store-operated calcium entry and calcium influx via voltage-
operated calcium channels regulate intracellular calcium oscillations in
chondrogenic cells. Cell Calcium 54, 1–16

19. Chaudhari, S., Mallet, R. T., Shotorbani, P. Y., Tao, Y., and Ma, R. (2021)
Store-operated calcium entry: pivotal roles in renal physiology and
pathophysiology. Exp. Biol. Med. (Maywood) 246, 305–316

20. Bacsa, B., Tiapko, O., Stockner, T., and Groschner, K. (2020) Mecha-
nisms and significance of Ca(2+) entry through TRPC channels. Curr.
Opin. Physiol. 17, 25–33

21. Daverkausen-Fischer, L., and Pröls, F. (2022) Regulation of calcium
homeostasis and flux between the endoplasmic reticulum and the
cytosol. J. Biol. Chem. 298, 102061

22. Bakowski, D., Murray, F., and Parekh, A. B. (2021) Store-operated
Ca(2+) channels: mechanism, function, pharmacology, and therapeutic
targets. Annu. Rev. Pharmacol. Toxicol. 61, 629–654

23. Nguyen, N. T., Han, W., Cao, W. M., Wang, Y., Wen, S., Huang, Y.,
et al. (2018) Store-operated calcium entry mediated by ORAI and STIM.
Compr. Physiol. 8, 981–1002

24. Bravo-Sagua, R., Parra, V., Muñoz-Cordova, F., Sanchez-Aguilera, P.,
Garrido, V., Contreras-Ferrat, A., et al. (2020) Sarcoplasmic reticulum
and calcium signaling in muscle cells: homeostasis and disease. Int. Rev.
Cell Mol. Biol. 350, 197–264

25. Soboloff, J., Rothberg, B. S., Madesh, M., and Gill, D. L. (2012) STIM
proteins: dynamic calcium signal transducers. Nat. Rev. Mol. Cell Biol.
13, 549–565

26. Lilliu, E., Koenig, S., Koenig, X., and Frieden, M. (2021) Store-operated
calcium entry in skeletal muscle: what makes it different? Cells 10, 2356

27. Grabmayr, H., Romanin, C., and Fahrner, M. (2020) STIM proteins: an
ever-expanding family. Int. J. Mol. Sci. 22, 378

28. Fahrner, M., Grabmayr, H., and Romanin, C. (2020) Mechanism of
STIM activation. Curr. Opin. Physiol. 17, 74–79

29. Park, C. Y., Hoover, P. J., Mullins, F. M., Bachhawat, P., Covington, E.
D., Raunser, S., et al. (2009) STIM1 clusters and activates CRAC
10 J. Biol. Chem. (2024) 300(9) 107636
channels via direct binding of a cytosolic domain to Orai1. Cell 136,
876–890

30. Yuan, J. P., Zeng, W., Dorwart, M. R., Choi, Y. J., Worley, P. F., and
Muallem, S. (2009) SOAR and the polybasic STIM1 domains gate and
regulate Orai channels. Nat. Cell Biol. 11, 337–343

31. Silva-Rojas, R., Laporte, J., and Böhm, J. (2020) STIM1/ORAI1 loss-of-
function and gain-of-function mutations inversely impact on SOCE
and calcium homeostasis and cause multi-systemic mirror diseases.
Front. Physiol. 11, 604941

32. Nesin, V., Wiley, G., Kousi, M., Ong, E. C., Lehmann, T., Nicholl, D. J.,
et al. (2014) Activating mutations in STIM1 and ORAI1 cause over-
lapping syndromes of tubular myopathy and congenital miosis. Proc.
Natl. Acad. Sci. U. S. A. 111, 4197–4202

33. Morin, G., Bruechle, N. O., Singh, A. R., Knopp, C., Jedraszak, G.,
Elbracht, M., et al. (2014) Gain-of-Function mutation in STIM1 (P.
R304W) is associated with stormorken syndrome. Hum. Mutat. 35,
1221–1232

34. Misceo, D., Holmgren, A., Louch, W. E., Holme, P. A., Mizobuchi, M.,
Morales, R. J., et al. (2014) A dominant STIM1 mutation causes Stor-
morken syndrome. Hum. Mutat. 35, 556–564

35. Böhm, J., and Laporte, J. (2018) Gain-of-function mutations in STIM1
and ORAI1 causing tubular aggregate myopathy and Stormorken syn-
drome. Cell Calcium 76, 1–9

36. Böhm, J., Chevessier, F., Koch, C., Peche, G. A., Mora, M., Morandi, L.,
et al. (2014) Clinical, histological and genetic characterisation of patients
with tubular aggregate myopathy caused by mutations in STIM1. J. Med.
Genet. 51, 824–833

37. Feske, S., Picard, C., and Fischer, A. (2010) Immunodeficiency due to
mutations in ORAI1 and STIM1. Clin. Immunol. 135, 169–182

38. Cheng, H., Wang, S., and Feng, R. (2016) STIM1 plays an important role
in TGF-b-induced suppression of breast cancer cell proliferation.
Oncotarget 7, 16866–16878

39. Hogan, P. G. (2017) Calcium-NFAT transcriptional signalling in T cell
activation and T cell exhaustion. Cell Calcium 63, 66–69

40. Park, Y. J., Yoo, S. A., Kim, M., and Kim, W. U. (2020) The role of
calcium-calcineurin-NFAT signaling pathway in health and autoim-
mune diseases. Front Immunol. 11, 195

41. Trebak, M., and Kinet, J. P. (2019) Calcium signalling in T cells. Nat. Rev.
Immunol. 19, 154–169

42. Huang, J., He, J., Wang, J., Li, Y., Xu, Z., Zhang, L., et al. (2023) Calcium
carbonate-actuated ion homeostasis perturbator for oxidative damage-
augmented Ca(2+)/Mg(2+) interference therapy. Biomaterials 302,
122340

43. Pedriali, G., Rimessi, A., Sbano, L., Giorgi, C., Wieckowski, M. R., Pre-
viati, M., et al. (2017) Regulation of endoplasmic reticulum-
mitochondria Ca(2+) transfer and its importance for anti-cancer ther-
apies. Front. Oncol. 7, 180

44. Fenno, L., Yizhar, O., and Deisseroth, K. (2011) The development and
application of optogenetics. Annu. Rev. Neurosci. 34, 389–412

45. Harr, M. W., and Distelhorst, C. W. (2010) Apoptosis and autophagy:
decoding calcium signals that mediate life or death. Cold Spring Harb.
Perspect. Biol. 2, a005579

46. Ducibella, T., Schultz, R. M., and Ozil, J. P. (2006) Role of calcium signals
in early development. Semin. Cell Dev. Biol. 17, 324–332

47. Putney, J. W., Jr. (1986) A model for receptor-regulated calcium entry.
Cell Calcium 7, 1–12

48. Parekh, A. B., and Putney, J. W., Jr. (2005) Store-operated calcium
channels. Physiol. Rev. 85, 757–810

49. Putney, J. W., Jr., Takemura, H., Hughes, A. R., Horstman, D. A., and
Thastrup, O. (1989) How do inositol phosphates regulate calcium
signaling? FASEB J. 3, 1899–1905

50. Penner, R., Fasolato, C., and Hoth, M. (1993) Calcium influx and its
control by calcium release. Curr. Opin. Neurobiol. 3, 368–374

51. Hoth, M., and Penner, R. (1992) Depletion of intracellular calcium stores
activates a calcium current in mast cells. Nature 355, 353–356

52. Roos, J., DiGregorio, P. J., Yeromin, A. V., Ohlsen, K., Lioudyno, M.,
Zhang, S., et al. (2005) STIM1, an essential and conserved component of
store-operated Ca2+ channel function. J. Cell Biol. 169, 435–445

http://refhub.elsevier.com/S0021-9258(24)02137-9/sref5
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref5
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref5
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref6
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref6
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref7
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref7
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref8
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref8
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref8
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref8
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref9
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref9
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref9
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref10
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref10
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref11
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref11
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref11
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref12
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref12
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref12
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref13
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref13
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref14
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref14
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref14
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref15
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref15
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref15
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref16
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref16
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref17
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref17
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref18
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref18
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref18
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref18
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref19
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref19
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref19
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref20
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref20
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref20
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref21
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref21
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref21
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref22
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref22
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref22
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref23
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref23
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref23
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref24
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref24
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref24
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref24
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref25
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref25
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref25
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref26
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref26
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref27
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref27
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref28
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref28
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref29
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref29
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref29
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref29
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref30
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref30
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref30
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref31
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref31
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref31
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref31
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref32
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref32
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref32
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref32
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref33
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref33
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref33
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref33
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref34
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref34
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref34
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref35
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref35
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref35
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref36
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref36
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref36
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref36
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref37
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref37
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref38
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref38
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref38
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref39
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref39
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref40
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref40
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref40
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref41
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref41
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref42
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref42
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref42
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref42
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref43
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref43
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref43
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref43
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref44
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref44
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref45
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref45
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref45
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref46
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref46
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref47
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref47
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref48
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref48
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref49
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref49
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref49
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref50
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref50
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref51
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref51
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref52
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref52
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref52


JBC REVIEWS: STIM1-based optogenetic tools for calcium signaling control
53. López, E., Salido, G. M., Rosado, J. A., and Berna-Erro, A. (2012)
Unraveling STIM2 function. J. Physiol. Biochem. 68, 619–633

54. Zhang, S. L., Yu, Y., Roos, J., Kozak, J. A., Deerinck, T. J., Ellisman, M. H.,
et al. (2005) STIM1 is a Ca2+ sensor that activates CRAC channels and
migrates from the Ca2+ store to the plasma membrane. Nature 437,
902–905

55. Feske, S., Gwack, Y., Prakriya, M., Srikanth, S., Puppel, S. H., Tanasa, B.,
et al. (2006) A mutation in Orai1 causes immune deficiency by abro-
gating CRAC channel function. Nature 441, 179–185

56. Prakriya, M., Feske, S., Gwack, Y., Srikanth, S., Rao, A., and Hogan, P. G.
(2006) Orai1 is an essential pore subunit of the CRAC channel. Nature
443, 230–233

57. Vig, M., Beck, A., Billingsley, J. M., Lis, A., Parvez, S., Peinelt, C., et al.
(2006) CRACM1 multimers form the ion-selective pore of the CRAC
channel. Curr. Biol. 16, 2073–2079

58. Gwozdz, T., Dutko-Gwozdz, J., Schafer, C., and Bolotina, V. M. (2012)
Overexpression of Orai1 and STIM1 proteins alters regulation of store-
operated Ca2+ entry by endogenous mediators. J. Biol. Chem. 287,
22865–22872

59. Collins, S. R., and Meyer, T. (2011) Evolutionary origins of STIM1 and
STIM2 within ancient Ca2+ signaling systems. Trends Cell Biol. 21,
202–211

60. Stathopulos, P. B., Li, G. Y., Plevin, M. J., Ames, J. B., and Ikura, M.
(2006) Stored Ca2+ depletion-induced oligomerization of stromal
interaction molecule 1 (STIM1) via the EF-SAM region: an initiation
mechanism for capacitive Ca2+ entry. J. Biol. Chem. 281, 35855–35862

61. Zhou, Y., Mancarella, S., Wang, Y., Yue, C., Ritchie, M., Gill, D. L., et al.
(2009) The short N-terminal domains of STIM1 and STIM2 control the
activation kinetics of Orai1 channels. J. Biol. Chem. 284, 19164–19168

62. Soboloff, J., Spassova, M. A., Tang, X. D., Hewavitharana, T., Xu, W.,
and Gill, D. L. (2006) Orai1 and STIM reconstitute store-operated cal-
cium channel function. J. Biol. Chem. 281, 20661–20665

63. Shalygin, A., Skopin, A., Kalinina, V., Zimina, O., Glushankova, L.,
Mozhayeva, G. N., et al. (2015) STIM1 and STIM2 proteins differently
regulate endogenous store-operated channels in HEK293 cells. J. Biol.
Chem. 290, 4717–4727

64. Alonso, M. T., Barrero, M. J., Carnicero, E., Montero, M., Garcia-San-
cho, J., and Alvarez, J. (1998) Functional measurements of [Ca2+] in the
endoplasmic reticulum using a herpes virus to deliver targeted aequorin.
Cell Calcium 24, 87–96

65. Miederer, A. M., Alansary, D., Schwär, G., Lee, P. H., Jung, M., Helms,
V., et al. (2015) A STIM2 splice variant negatively regulates store-
operated calcium entry. Nat. Commun. 6, 6899

66. Zheng, L., Stathopulos, P. B., Li, G. Y., and Ikura, M. (2008) Biophysical
characterization of the EF-hand and SAM domain containing Ca2+
sensory region of STIM1 and STIM2. Biochem. Biophys. Res. Commun.
369, 240–246

67. Brandman, O., Liou, J., Park, W. S., and Meyer, T. (2007) STIM2 is a
feedback regulator that stabilizes basal cytosolic and endoplasmic re-
ticulum Ca2+ levels. Cell 131, 1327–1339

68. Dziadek, M. A., and Johnstone, L. S. (2007) Biochemical properties and
cellular localisation of STIM proteins. Cell Calcium 42, 123–132

69. Berna-Erro, A., Jardin, I., Salido, G. M., and Rosado, J. A. (2017) Role of
STIM2 in cell function and physiopathology. J. Physiol. 595, 3111–3128

70. Stathopulos, P. B., Zheng, L., and Ikura, M. (2009) Stromal interaction
molecule (STIM) 1 and STIM2 calcium sensing regions exhibit distinct
unfolding and oligomerization kinetics. J. Biol. Chem. 284, 728–732

71. Derler, I., Jardin, I., and Romanin, C. (2016) Molecular mechanisms of
STIM/Orai communication. Am. J. Physiol. Cell Physiol. 310,
C643–C662

72. Hoth, M., and Niemeyer, B. A. (2013) The neglected CRAC proteins:
Orai2, Orai3, and STIM2. Curr. Top. Membr. 71, 237–271

73. Cohen, H. A., Zomot, E., Nataniel, T., Militsin, R., and Palty, R. (2023)
The SOAR of STIM1 interacts with plasma membrane lipids to form
ER-PM contact sites. Cell Rep. 42, 112238

74. Harris, E., Burki, U., Marini-Bettolo, C., Neri, M., Scotton, C., Hudson,
J., et al. (2017) Complex phenotypes associated with STIM1 mutations
in both coiled coil and EF-hand domains. Neuromuscul. Disord. 27,
861–872

75. Novello, M. J., Zhu, J., Feng, Q., Ikura, M., and Stathopulos, P. B. (2018)
Structural elements of stromal interaction molecule function. Cell
Calcium 73, 88–94

76. Stathopulos, P. B., Zheng, L., Li, G. Y., Plevin, M. J., and Ikura, M. (2008)
Structural and mechanistic insights into STIM1-mediated initiation of
store-operated calcium entry. Cell 135, 110–122

77. Neamtu, A., Serban, D. N., Barritt, G. J., Isac, D. L., Vasiliu, T., Laak-
sonen, A., et al. (2023) Molecular dynamics simulations reveal the
hidden EF-hand of EF-SAM as a possible key thermal sensor for STIM1
activation by temperature. J. Biol. Chem. 299, 104970

78. Schober, R., Bonhenry, D., Lunz, V., Zhu, J., Krizova, A., Frischauf, I.,
et al. (2019) Sequential activation of STIM1 links Ca(2+) with luminal
domain unfolding. Sci. Signal. 12, eaax3194

79. Gudlur, A., Zeraik, A. E., Hirve, N., Rajanikanth, V., Bobkov, A. A., Ma,
G., et al. (2018) Calcium sensing by the STIM1 ER-luminal domain. Nat.
Commun. 9, 4536

80. Enomoto, M., Nishikawa, T., Back, S. I., Ishiyama, N., Zheng, L., Sta-
thopulos, P. B., et al. (2020) Coordination of a single calcium ion in the
EF-hand maintains the off state of the stromal interaction molecule
luminal domain. J. Mol. Biol. 432, 367–383

81. Feske, S., and Prakriya, M. (2013) Conformational dynamics of STIM1
activation. Nat. Struct. Mol. Biol. 20, 918–919

82. Lunz, V., Romanin, C., and Frischauf, I. (2019) STIM1 activation of
Orai1. Cell Calcium 77, 29–38

83. Ma, G., Wei, M., He, L., Liu, C., Wu, B., Zhang, S. L., et al. (2015) Inside-
out Ca(2+) signalling prompted by STIM1 conformational switch. Nat.
Commun. 6, 7826

84. Hirve, N., Rajanikanth, V., Hogan, P. G., and Gudlur, A. (2018) Coiled-
coil formation conveys a STIM1 signal from ER lumen to cytoplasm.
Cell Rep. 22, 72–83

85. Ma, G., Zheng, S., Ke, Y., Zhou, L., He, L., Huang, Y., et al. (2017)
Molecular determinants for STIM1 activation during store- operated
Ca2+ entry. Curr. Mol. Med. 17, 60–69

86. Saitoh, N., Oritani, K., Saito, K., Yokota, T., Ichii, M., Sudo, T., et al.
(2011) Identification of functional domains and novel binding partners
of STIM proteins. J. Cell Biochem. 112, 147–156

87. Yu, F., Sun, L., Courjaret, R., and Machaca, K. (2011) Role of the
STIM1 C-terminal domain in STIM1 clustering. J. Biol. Chem. 286,
8375–8384

88. Jennette, M. R., Baraniak, J. H., Zhou, Y., and Gill, D. L. (2022) The
unfolding and activation of STIM1 in store-operated calcium signal
generation. Cell Calcium 102, 102537

89. Yu, T., Li, X., Luo, Q., Liu, H., Jin, J., Li, S., et al. (2023) S417 in the CC3
region of STIM1 is critical for STIM1-Orai1 binding and CRAC channel
activation. Life Sci. Alliance 6, e202201623

90. Stathopulos, P. B., Schindl, R., Fahrner, M., Zheng, L., Gasmi-Seabrook,
G. M., Muik, M., et al. (2013) STIM1/Orai1 coiled-coil interplay in the
regulation of store-operated calcium entry. Nat. Commun. 4, 2963

91. Zhou, Y., Jennette, M. R., Ma, G., Kazzaz, S. A., Baraniak, J. H., Nwo-
konko, R. M., et al. (2023) An apical Phe-His pair defines the Orai1-
coupling site and its occlusion within STIM1. Nat. Commun. 14, 6921

92. Fahrner, M., Schindl, R., Muik, M., Derler, I., and Romanin, C. (2017)
The STIM-orai pathway: the interactions between STIM and Orai. Adv.
Exp. Med. Biol. 993, 59–81

93. Derler, I., Fahrner, M., Muik, M., Lackner, B., Schindl, R., Groschner, K.,
et al. (2009) A Ca2(+ )release-activated Ca2(+) (CRAC) modulatory
domain (CMD) within STIM1 mediates fast Ca2(+)-dependent inacti-
vation of ORAI1 channels. J. Biol. Chem. 284, 24933–24938

94. Mullins, F. M., and Lewis, R. S. (2016) The inactivation domain of
STIM1 is functionally coupled with the Orai1 pore to enable Ca2+-
dependent inactivation. J. Gen. Physiol. 147, 153–164

95. Bhardwaj, R., Müller, H. M., Nickel, W., and Seedorf, M. (2013) Olig-
omerization and Ca2+/calmodulin control binding of the ER Ca2+-
sensors STIM1 and STIM2 to plasma membrane lipids. Biosci. Rep.
33, e00077
J. Biol. Chem. (2024) 300(9) 107636 11

http://refhub.elsevier.com/S0021-9258(24)02137-9/sref53
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref53
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref54
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref54
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref54
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref54
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref55
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref55
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref55
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref56
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref56
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref56
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref57
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref57
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref57
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref58
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref58
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref58
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref58
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref59
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref59
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref59
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref60
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref60
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref60
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref60
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref61
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref61
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref61
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref62
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref62
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref62
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref63
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref63
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref63
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref63
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref64
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref64
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref64
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref64
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref65
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref65
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref65
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref66
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref66
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref66
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref66
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref67
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref67
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref67
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref68
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref68
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref69
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref69
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref70
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref70
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref70
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref71
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref71
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref71
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref72
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref72
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref73
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref73
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref73
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref74
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref74
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref74
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref74
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref75
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref75
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref75
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref76
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref76
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref76
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref77
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref77
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref77
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref77
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref78
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref78
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref78
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref79
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref79
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref79
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref80
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref80
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref80
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref80
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref81
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref81
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref82
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref82
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref83
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref83
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref83
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref84
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref84
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref84
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref85
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref85
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref85
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref86
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref86
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref86
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref87
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref87
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref87
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref88
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref88
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref88
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref89
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref89
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref89
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref90
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref90
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref90
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref91
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref91
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref91
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref92
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref92
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref92
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref93
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref93
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref93
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref93
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref94
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref94
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref94
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref95
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref95
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref95
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref95


JBC REVIEWS: STIM1-based optogenetic tools for calcium signaling control
96. He, L., Jing, J., Zhu, L., Tan, P., Ma, G., Zhang, Q., et al. (2017) Optical
control of membrane tethering and interorganellar communication at
nanoscales. Chem. Sci. 8, 5275–5281

97. Huang, C., Handlogten, M. E., and Miller, R. T. (2002) Parallel activation
of phosphatidylinositol 4-kinase and phospholipase C by the extracel-
lular calcium-sensing receptor. J. Biol. Chem. 277, 20293–20300

98. Mikoshiba, K. (2007) IP3 receptor/Ca2+ channel: from discovery to new
signaling concepts. J. Neurochem. 102, 1426–1446

99. Huang, Y., Zhou, Y., Wong, H. C., Chen, Y., Chen, Y., Wang, S., et al.
(2009) A single EF-hand isolated from STIM1 forms dimer in the
absence and presence of Ca2+. FEBS J. 276, 5589–5597

100. Sallinger, M., Grabmayr, H., Humer, C., Bonhenry, D., Romanin, C.,
Schindl, R., et al. (2023) Activation mechanisms and structural dynamics
of STIM proteins. J Physiol. 602, 1475–1507

101. Yeung, P. S., Yamashita, M., and Prakriya, M. (2020) Molecular basis of
allosteric Orai1 channel activation by STIM1. J. Physiol. 598, 1707–1723

102. Li, Z., Lu, J., Xu, P., Xie, X., Chen, L., and Xu, T. (2007) Mapping the
interacting domains of STIM1 and Orai1 in Ca2+ release-activated Ca2+
channel activation. J. Biol. Chem. 282, 29448–29456

103. Chatila, T., Silverman, L., Miller, R., and Geha, R. (1989) Mechanisms of
T cell activation by the calcium ionophore ionomycin. J. Immunol. 143,
1283–1289

104. Clark, K. B., Eisenstein, E. M., and Krahl, S. E. (2013) Calcium antago-
nists: a ready prescription for treating infectious diseases? Curr. Top.
Med. Chem. 13, 2291–2305

105. Luo, G., Li, X., Lin, J., Ge, G., Fang, J., Song, W., et al. (2023) Multi-
functional calcium-manganese nanomodulator provides antitumor
treatment and improved immunotherapy via reprogramming of the
tumor microenvironment. ACS Nano 17, 15449–15465

106. Cui, C., Merritt, R., Fu, L., and Pan, Z. (2017) Targeting calcium
signaling in cancer therapy. Acta Pharm. Sin. B 7, 3–17

107. Bong, A.H.L., and Monteith, G. R. (2018) Calcium signaling and the
therapeutic targeting of cancer cells. Biochim. Biophys. Acta Mol. Cell
Res. 1865, 1786–1794

108. Tan, P., He, L., Huang, Y., and Zhou, Y. (2022) Optophysiology:
illuminating cell physiology with optogenetics. Physiol. Rev. 102,
1263–1325

109. Vlasov, K., Van Dort, C. J., and Solt, K. (2018) Optogenetics and che-
mogenetics. Methods Enzymol. 603, 181–196

110. Emiliani, V., Entcheva, E., Hedrich, R., Hegemann, P., Konrad, K. R.,
Lüscher, C., et al. (2022) Optogenetics for light control of biological
systems. Nat. Rev. Methods Primers 2, 55

111. Ma, G., and Zhou, Y. (2020) A STIMulating journey into optogenetic
engineering. Cell Calcium 88, 102197

112. Jing, J., Liu, G., Huang, Y., and Zhou, Y. (2020) A molecular toolbox for
interrogation of membrane contact sites. J. Physiol. 598, 1725–1739

113. Jing, J., He, L., Sun, A., Quintana, A., Ding, Y., Ma, G., et al. (2015)
Proteomic mapping of ER-PM junctions identifies STIMATE as a
regulator of Ca2⁺ influx. Nat. Cell Biol. 17, 1339–1347

114. Deisseroth, K., and Hegemann, P. (2017) The form and function of
channelrhodopsin. Science 357, eaan5544

115. Nagel, G., Ollig, D., Fuhrmann, M., Kateriya, S., Musti, A. M., Bamberg,
E., et al. (2002) Channelrhodopsin-1: a light-gated proton channel in
green algae. Science 296, 2395–2398

116. Prigge, M., Schneider, F., Tsunoda, S. P., Shilyansky, C., Wietek, J.,
Deisseroth, K., et al. (2012) Color-tuned channelrhodopsins for multi-
wavelength optogenetics. J. Biol. Chem. 287, 31804–31812

117. Hegemann, P., Ehlenbeck, S., and Gradmann, D. (2005) Multiple pho-
tocycles of channelrhodopsin. Biophys. J. 89, 3911–3918

118. Herlitze, S., and Landmesser, L. T. (2007) New optical tools for con-
trolling neuronal activity. Curr. Opin. Neurobiol. 17, 87–94

119. Yu, N., Huang, L., Zhou, Y., Xue, T., Chen, Z., and Han, G. (2019) Near-
infrared-light activatable nanoparticles for deep-tissue-penetrating
wireless optogenetics. Adv. Healthc. Mater. 8, e1801132

120. Liu, B., Yang, Z., Gomez, A., Liu, B., Lin, C., and Oka, Y. (2016) Signaling
mechanisms of plant cryptochromes in Arabidopsis thaliana. J. Plant
Res. 129, 137–148
12 J. Biol. Chem. (2024) 300(9) 107636
121. Dürr, H., Salomon, M., and Rüdiger, W. (2005) Chromophore exchange
in the LOV2 domain of the plant photoreceptor phototropin1 from oat.
Biochemistry 44, 3050–3055

122. Park, H., Kim, N. Y., Lee, S., Kim, N., Kim, J., and Heo, W. D. (2017)
Optogenetic protein clustering through fluorescent protein tagging and
extension of CRY2. Nat. Commun. 8, 30

123. Peter, E., Dick, B., and Baeurle, S. A. (2010) Mechanism of signal
transduction of the LOV2-Ja photosensor from Avena sativa. Nat.
Commun. 1, 122

124. Guntas, G., Hallett, R. A., Zimmerman, S. P., Williams, T., Yumerefendi,
H., Bear, J. E., et al. (2015) Engineering an improved light-induced dimer
(iLID) for controlling the localization and activity of signaling proteins.
Proc. Natl. Acad. Sci. U. S. A. 112, 112–117

125. Jenkins, G. I. (2014) The UV-B photoreceptor UVR8: from structure to
physiology. Plant cell 26, 21–37

126. Ma, G., He, L., Liu, S., Xie, J., Huang, Z., Jing, J., et al. (2020) Optogenetic
engineering to probe the molecular choreography of STIM1-mediated
cell signaling. Nat. Commun. 11, 1039

127. Nguyen, N. T., Ma, G., Zhou, Y., and Jing, J. (2020) Optogenetic ap-
proaches to control Ca(2+)-modulated physiological processes. Curr.
Opin. Physiol. 17, 187–196

128. Kyung, T., Lee, S., Kim, J. E., Cho, T., Park, H., Jeong, Y.-M., et al. (2015)
Optogenetic control of endogenous Ca2+ channels in vivo. Nat. Bio-
technol. 33, 1092–1096

129. Kim, S., Kyung, T., Chung, J. H., Kim, N., Keum, S., Lee, J., et al. (2020)
Non-invasive optical control of endogenous Ca(2+) channels in awake
mice. Nat. Commun. 11, 210

130. Lin, G., Shi, W., Zhang, N., Lee, Y. T., Wang, Y., and Jing, J. (2022)
Proteomic mapping and optogenetic manipulation of membrane contact
sites. Biochem. J. 479, 1857–1875

131. Bohineust, A., Garcia, Z., Corre, B., Lemaître, F., and Bousso, P. (2020)
Optogenetic manipulation of calcium signals in single T cells in vivo.
Nat. Commun. 11, 1143

132. He, L., Zhang, Y., Ma, G., Tan, P., Li, Z., Zang, S., et al. (2015) Near-
infrared photoactivatable control of Ca(2+) signaling and optogenetic
immunomodulation. Elife 4, e10024

133. Ishii, T., Sato, K., Kakumoto, T., Miura, S., Touhara, K., Takeuchi, S.,
et al. (2015) Light generation of intracellular Ca(2+) signals by a
genetically encoded protein BACCS. Nat. Commun. 6, 8021

134. Pham, E., Mills, E., and Truong, K. (2011) A synthetic photoactivated
protein to generate local or global Ca(2+) signals. Chem. Biol. 18,
880–890

135. Nguyen, N. T., Ma, G., Lin, E., D’Souza, B., Jing, J., He, L., et al. (2018)
CRAC channel-based optogenetics. Cell Calcium 75, 79–88

136. He, L., Wang, L., Zeng, H., Tan, P., Ma, G., Zheng, S., et al. (2021)
Engineering of a bona fide light-operated calcium channel. Nat. Com-
mun. 12, 164

137. Maltan, L., Najjar, H., Tiffner, A., and Derler, I. (2021) Deciphering
molecular mechanisms and intervening in physiological and patho-
physiological processes of Ca(2+) signaling mechanisms using opto-
genetic tools. Cells 10, 3340

138. Choi, J., Shin, E., Lee, J., Devarasou, S., Kim, D., Shin, J. H., et al. (2023)
Light-stimulated insulin secretion from pancreatic islet-like organoids
derived from human pluripotent stem cells. Mol. Ther. 31, 1480–1495

139. Thakur, P., Dadsetan, S., and Fomina, A. F. (2012) Bidirectional coupling
between ryanodine receptors and Ca2+ release-activated Ca2+ (CRAC)
channel machinery sustains store-operated Ca2+ entry in human T
lymphocytes. J. Biol. Chem. 287, 37233–37244

140. Yi, M. H., Liu, Y. U., Umpierre, A. D., Chen, T., Ying, Y., Zheng, J., et al.
(2021) Optogenetic activation of spinal microglia triggers chronic pain
in mice. PLoS Biol. 19, e3001154

141. Son, G. Y., Subedi, K. P., Ong, H. L., Noyer, L., Saadi, H., Zheng, C., et al.
(2020) STIM2 targets Orai1/STIM1 to the AKAP79 signaling complex
and confers coupling of Ca(2+) entry with NFAT1 activation. Proc. Natl.
Acad. Sci. U. S. A. 117, 16638–16648

142. Vaeth, M., Zee, I., Concepcion, A. R., Maus, M., Shaw, P., Portal-Celhay,
C., et al. (2015) Ca2+ signaling but not store-operated Ca2+ entry is

http://refhub.elsevier.com/S0021-9258(24)02137-9/sref96
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref96
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref96
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref97
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref97
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref97
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref98
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref98
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref99
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref99
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref99
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref100
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref100
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref100
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref101
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref101
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref102
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref102
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref102
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref103
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref103
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref103
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref104
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref104
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref104
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref105
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref105
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref105
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref105
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref106
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref106
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref107
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref107
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref107
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref108
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref108
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref108
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref109
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref109
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref110
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref110
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref110
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref111
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref111
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref112
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref112
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref113
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref113
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref113
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref113
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref114
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref114
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref115
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref115
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref115
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref116
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref116
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref116
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref117
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref117
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref118
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref118
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref119
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref119
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref119
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref120
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref120
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref120
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref121
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref121
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref121
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref122
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref122
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref122
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref123
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref123
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref123
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref124
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref124
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref124
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref124
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref125
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref125
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref126
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref126
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref126
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref127
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref127
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref127
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref128
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref128
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref128
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref129
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref129
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref129
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref130
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref130
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref130
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref131
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref131
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref131
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref132
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref132
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref132
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref133
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref133
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref133
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref134
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref134
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref134
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref135
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref135
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref136
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref136
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref136
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref137
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref137
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref137
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref137
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref138
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref138
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref138
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref139
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref139
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref139
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref139
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref140
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref140
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref140
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref141
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref141
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref141
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref141
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref142
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref142


JBC REVIEWS: STIM1-based optogenetic tools for calcium signaling control
required for the function of macrophages and dendritic cells. J. Immu-
nol. 195, 1202–1217

143. Pauwels, N. S., Bracke, K. R., Dupont, L. L., Van Pottelberge, G. R.,
Provoost, S., Vanden Berghe, T., et al. (2011) Role of IL-1a and the
Nlrp3/caspase-1/IL-1b axis in cigarette smoke-induced pulmonary
inflammation and COPD. Eur. Respir. J. 38, 1019–1028

144. Mankan, A. K., Dau, T., Jenne, D., and Hornung, V. (2012) The NLRP3/
ASC/Caspase-1 axis regulates IL-1b processing in neutrophils. Eur. J.
Immunol. 42, 710–715

145. Nguyen, N. T., He, L., Martinez-Moczygemba, M., Huang, Y., and
Zhou, Y. (2018) Rewiring calcium signaling for precise transcriptional
reprogramming. ACS Synth. Biol. 7, 814–821
146. Qi, L. S., Larson, M. H., Gilbert, L. A., Doudna, J. A., Weissman, J. S.,
Arkin, A. P., et al. (2013) Repurposing CRISPR as an RNA-guided platform
for sequence-specific control of gene expression. Cell 152, 1173–1183

147. Omachi, K., and Miner, J. H. (2022) Comparative analysis of dCas9-
VP64 variants and multiplexed guide RNAs mediating CRISPR activa-
tion. PloS One 17, e0270008

148. Gilbert, L. A., Larson, M. H., Morsut, L., Liu, Z., Brar, G. A., Torres, S.
E., et al. (2013) CRISPR-mediated modular RNA-guided regulation of
transcription in eukaryotes. Cell 154, 442–451

149. Ma, G., Wen, S., He, L., Huang, Y., Wang, Y., and Zhou, Y. (2017)
Optogenetic toolkit for precise control of calcium signaling. Cell Cal-
cium 64, 36–46
J. Biol. Chem. (2024) 300(9) 107636 13

http://refhub.elsevier.com/S0021-9258(24)02137-9/sref142
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref142
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref143
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref143
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref143
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref143
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref144
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref144
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref144
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref145
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref145
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref145
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref146
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref146
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref146
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref147
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref147
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref147
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref148
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref148
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref148
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref149
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref149
http://refhub.elsevier.com/S0021-9258(24)02137-9/sref149

	Adaptation of STIM1 structure-function relationships for optogenetic control of calcium signaling
	The identification of STIM proteins as indispensable elements within CRAC channels
	The distinct domains of STIM proteins and their respective roles
	The distinctions between STIM1 and STIM2 are primarily evident in the following aspects:
	Three characteristics regions of STIM proteins:
	The activation mechanism of STIM
	Engineering Ca2+ homeostasis via optogenetic manipulation of STIM protein
	Potential applications of STIM1-derived optogenetic tools
	Conclusion
	Data availability
	Author contributions
	References


