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Abstract: STIM1 has been identified as a new warm sensor, but the exact molecular mechanism
remains unclear. In this study, a variety of mutants of STIM1, Orail and Orai3 were generated. The
single—cell calcium imaging and confocal analysis were used to evaluate the thermal sensitivity of
the resulting STIM mutants and the interaction between STIM1 and Orai mutants in response to
temperature. Our results suggested that the CC1-SOAR of STIM1 was a direct activation domain
of temperature, leading to subsequent STIM1 activation, and the transmembrane (TM) region and
K domain but not EF-SAM were needed for this process. Furthermore, both the TM and SOAR
domains exhibited similarities and differences between STIM1-mediated thermal sensation and store—
operated calcium entry (SOCE), and the key sites of Orail showed similar roles in these two responses.
Additionally, the TM23 (comprising TM2, loop2, and TM3) region of Orail was identified as the
key domain determining the STIM1/Orail thermal response pattern, while the temperature reactive
mode of STIM1/Orai3 seemed to result from a combined effect of Orai3. These findings provide
important support for the specific molecular mechanism of STIM1-induced thermal response, as well
as the interaction mechanism of STIM1 with Orail and Orai3 after being activated by temperature.
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1. Introduction

Temperature sensation is a vital mechanism for detecting changes in both external and
internal body temperature, enabling the body to maintain a balance and ensure normal
metabolic functioning and survival. The perception of peripheral temperature is believed to
be primarily accomplished through specialized primary sensory neurons in the somatosen-
sory system that are responsible for sensing changes in skin temperature, such as dorsal
root ganglion (DRG) cells [1]. Due to the expression of temperature—sensitive receptors,
DRG neurons have a high degree of temperature sensitivity. At the molecular receptor
level, the most extensively researched temperature receptors currently are a type of tran-
sient receptor potential ion channels (thermoTRPs) [2-11]. However, ongoing research has
led to some controversy regarding certain members of this group. For instance, TRPA1
can be activated by cold at the molecular level [10,12], while when the TRPA1, TRPV1
and TRPM3 ion channels were simultaneously knocked out in mice, nociceptive heat
sensation disappeared entirely, suggesting the heat sensation involvement of TRPA1 [13].
Moreover, the thermoTRPs family can be activated not only by temperature but also by
compounds [11,14]. This suggests that these temperature-activated ion channels might
indirectly contribute to thermosensation.

Compared to heat and cool sensation, warm sensation is less understood at both
the cellular and molecular levels, making it a particularly intriguing area of study. Inter-
estingly, it has been reported that the warm-sensitive receptors TRPV3 and TRPV4 are
mainly expressed in keratinocytes rather than the commonly believed primary sensory
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DRG neurons [6,7]. Based on these findings, Moqrich et al. initially proposed a hypothe-
sis that keratinocytes could also be involved in the somatosensory system'’s temperature
perception [15]. Unfortunately, knocking out TRPV3 and TRPV4 individually or simultane-
ously has only a minor effect on the mice’s thermosensation behavior [16,17]. Therefore, it
remains to be determined whether keratinocytes play a role in thermosensation. In neurons,
TRPM2 has been reported to affect warm sensation when knocked out, but it requires the
presence of hydrogen peroxide to be activated by warmth. Knocking out TRPV1 at the
organismal level can affect the activation of warm-sensitive neurons and result in defects
in warm sensation [18], but Paricio-Montesinos et al. pointed out that warm-responsive
TRP Channels, including TRPV1 and TRPM2, are not absolutely required for warmth
perception, while loss or local pharmacological silencing of the cool-driven TRPMS8 channel
abolished the ability to detect warm [19]. These data suggest the necessity for identifying
new receptors for warm sensation.

Recently, a novel warm sensor in keratinocytes called STIM1 has been identified [20,21].
STIML1 is a transmembrane protein located in the endoplasmic reticulum (ER). The N-
terminal region of STIM1, located inside the ER lumen, mainly consists of a regular sequence
and a calcium-binding domain called EF-SAM. In addition, STIM1 contains a single
transmembrane segment (TM) and a C—terminal region located in the cytoplasm. The
C—terminal region of STIM1 includes three coiled—coil domains (CC1-CC3), a SOAR region,
a serine/proline-rich domain (PS), a microtubule interacting and trafficking domain, and
an arginine-rich domain (K domain). The most well-known and extensively studied
function of STIM1 is its role in forming a type of calcium channel with Orail, called calcium
release—activated calcium (CRAC) channel. When the levels of calcium ions in the ER
decrease, STIM1, located at the ER, moves towards the plasmalemma (PM). There, it binds
to Orai ion channels, opening the channel and allowing calcium ions from the extracellular
space to flow into the cytoplasm. This triggers the SOCE response [22-24]. STIM1 has also
been found to be activated directly by temperature, as indicated by the formation of STIM1
multimers after heating. When co—expressed with Orail, the heated STIM1 can bind to
Orail during cooling and open the channel. This results in thermally induced calcium
influx, which is independent of the release of calcium ions from ER [20]. STIM1 knockout
in keratinocytes has been shown to shift the optimal thermal preference in mice at the
physiological level from approximately 32 °C to 34 °C, which can impact their temperature
selection behavior. These findings provide important insights for a deeper understanding
of the precise thermosensory mechanisms in mammals. However, the specific molecular
mechanism of STIM1’s temperature sensing and how it couples with Orai ion channels
remain unclear. Interestingly, STIM1/Orail has been found to mediate thermal responses
during cooling (heat—off response), while STIM1/Orai3 mediates thermal responses during
both heating (heat—on response) and cooling processes. Additionally, while STIM2 shares
structural similarities and is highly homologous to STIM1, overexpression of STIM2 and
Orail in cells did not elicit a thermal response [21]. This suggests that the temperature
sensitivity exhibited by STIM1 is unique. This finding provides a solid foundation for
investigating the precise mechanisms underlying STIM1’s thermosensation. We generated
a variety of chimeric proteins by fusing STIM1 and STIM2, as well as Orail and Orai3, and
evaluated the thermal sensitivity of the resulting STIM mutants as well as the interaction
between STIM1 and Orai mutants in response to temperature. Our primary objective was
to identify the key sites of STIM1 that are responsible for temperature response and to
elucidate the coupling mechanism with Orais following thermal activation. This study
provides a comprehensive theoretical foundation for understanding the role of STIM1
as a thermosensor in the body and will offer valuable insights for investigating other
temperature receptors.
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2. Materials and Methods
2.1. Reagents and cDNA Clones

To create fluorescently tagged proteins, GFP-tagged STIM1 and STIM2, Dsred-tagged
Orail and mCherry—tagged Orai3 were inserted into a phage plasmid. To generate
STIM1/STIM2 and Orail/Orai3 chimeras, specific residues of STIM1 were substituted with
the homologous sequence of STIM2, and specific residues of Orail were replaced with the
homologous sequence of Orai3 based on homologous sequence alignment. Using the one—
step cloning kit and following the instruction manual (Vazyme Biotech, Nanjing, China),
we subcloned GFP-STIM1-AK (residues 1-671 of STIM1), GFP-STIM1-K2 (residues 1-671
of STIM1 and 817-833 of STIM2), GFP-STIM1-SOAR?2 (residues 1-343 of STIM1, 436-535
of STIM2 and 443-685 of STIM1), STIM1-R426L (change the 426th amino acid from R
to L in the whole length of STIM1), mCherry-Orai3—TM-Orail (residues 1-62 of Orai3,
88-258 of Orail and 268-295 of Orai3), Dsred—Orail-TM-Orai3 (residues 1-87 of Orail,
63-267 of Orai3 and 259-301 of Orail), mCherry—Orai3—-TM23-Orail (residues 1-92 of
Orai3, 118-197 of Orail and 173-295 of Orai3), Dsred—Orail-TM23-Orai3 (residues 1-117
of Orail, 93-172 of Orai3 and 198-301 of Orail), and Dsred—-Orail-loop2-Orai3 (residues
1-140 of Orail, 116-149 of Orai3 and 175-301 of Orail) based on the above-mentioned
plasmids containing STIM1, STIM2, Orail and Orai3. Additionally, STIM1 (209-685)-
YFP (residues 209-685 of STIM1), STIM1-CT (233-685)-YFP (residues 233-685 of STIM1),
STIM1-C227W-CFP, STIM1-N234E-CFP, CC1-SOAR-YFP (residues 238-442 of STIM1),
YFP-SOART1 (residues 344-442 of STIM1), STIM1-G379E-YFP, STIM1-F394L-YFP, STIM1-
F394H-YFP, Orai-R91W-CFP, Orail-E106 A-CFP, Orail-R83E-CFP, Orail-E149R-CFP and
Orail-R83E-E149R-CFP were generously provided by Professor Youjun Wang (Beijing Key
Laboratory of Gene Resource and Molecular Development, College of Life Sciences, Beijing
Normal University), and were all inserted into the pIRESneo plasmid. These plasmids
provided by Professor Youjun Wang have been well characterized before for their roles in
SOCE responses.

2.2. Cell Culture and Transient Transfection

Human Embryonic Kidney 293T (HEK293T) cells or Hela cells were generously pro-
vided by Bailong Xiao’s lab at Tsinghua University (Beijing, China), which came from
the American Type Culture Collection (ATCC, Manassas, VA, USA). These cell lines were
cultured in DMEM medium supplemented with 10% FBS (Vistech, Sydney, Australia)
and 1% penicillin/streptomycin (Gibco, NY, USA) in a T75 flask (Corning, NY, USA) for
passaging. For transfection, cells were seeded onto poly—D-lysine—coated glass coverslips
with a diameter of 8 mm (HEK293T) or 25 mm (Hela), which were placed in 24-well (8 mm)
or 6-well (25 mm) plates. Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) was used
for transfection according to the manufacturer’s instructions. After approximately 24 h,
cells were observed and recorded.

2.3. Fura-2 Single—Cell Ca’* Imaging

HEK293T cells were transfected with the relevant plasmids (1 pg DNA:1 uL lipofec-
tamine 2000) and subsequently loaded with Fura-2 AM calcium indicator dye (Invitrogen)
in Ca?* imaging buffer for 30 min at room temperature. The imaging buffer contained
1 x hanks balanced salt solution (HBSS, 1.3 mM Ca®*,) and 10 mM HEPES. The Fura—2
AM was dissolved in DMSO and added, along with Pluronic™ F-127 acid (Invitrogen), to
the calcium imaging buffer to prepare the loading buffer. The final concentration for both
Fura—2 AM and Pluronic™ F-127 acid was 2.5 ug/mL. After being loaded with Fura-2 AM,
the cells on a coverslip were placed in a chamber attached to the microscope. The change in
cytoplasmic Ca?* concentration was recorded using single—cell calcium imaging, while the
temperature of the extracellular buffer was adjusted from 25 °C to approximately 50 °C. A
Nikon microscope with a 20x objective was used for the single—cell calcium imaging, and
the intracellular Ca?* concentration was determined by calculating the 340/380 ratio of
Fura—2. The temperature of the bath solution was controlled using a CL-100 temperature
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controller (Warner Instruments, CA, USA) and an SC-20 Solution In-Line Heater/Cooler
(Harvard Apparatus, Holyoke, MA, USA), with temperature monitoring facilitated by a
thermistor at the perfusion outlet.

2.4. Confocal Microscopy

HeLa cells that had been transfected with GFP-STIM1 and mCherry—Orai3 were
cultured on 25 mm round coverslips. These were then mounted onto a Nikon Ti-2 Fully
Motorized Inverted Microscope and continuously perfused with 1.3 mM Ca?* buffer
(1 x Hanks Balanced Salt Solution (HBSS, Gibco, NY, USA, 1.3 mM Ca?") supplemented
with 10 mM HEPES (Sigma, St. Louis, MO, USA)). The co-localization of STIM1 and
Orai3 was recorded while the temperature of the extracellular buffer was adjusted from
25 °C to approximately 50 °C. Temperature control of the bath solution was achieved
by using a CL-100 temperature controller (Warner Instruments, CA, USA) and an SC-20
Solution In-Line Heater/Cooler (Harvard Apparatus, Holyoke, MA), with a thermistor at
the perfusion outlet to facilitate monitoring. The Z-stack module was utilized to capture
GFP and mCherry fluorescence images through a 100x oil dipping objective. Recordings
were taken every 15 s over a total duration of 10 min. Pictures were collected during each
phase, including baseline, heat-on, and heat-off (cooled to room temperature after heating).
Pearson correlation was employed to calculate the co-localization of STIM1 and Orai3.

2.5. Data Analysis

The data presented in all figures were expressed as mean + SEM. Statistical signif-
icance was determined using either an unpaired Student’s t-test to compare differences
between two samples or a one-way ANOVA to compare three or more samples. Statistical
significance was denoted by * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.

3. Results
3.1. The EF-SAM Domain Responsible for ER Calcium Sensing Is Not Essential for
STIM1-Mediated Thermal Response

STIM1 can be activated by heat and form puncta without store depletion, and STIM1/
Orail-mediated calcium influx is induced upon cooling as a heat—off response [20]. This
phenomenon suggests that the N-terminal of STIM1 (Figure 1A), which contains the EF-
SAM domain for ER calcium sensing, may not be a key domain for STIM1-dependent
temperature sensation [25]. To test this hypothesis, we conducted experiments on the
thermal response of STIM1 (209-685), which lacks the N-terminal of STIM1. Cells trans-
fected with STIM1 (209-685) / Orail exhibited similar heat-off responses to those transfected
with STIM1/Orail (Figure 1B-C,E-G), suggesting that STIM1 can be activated by tem-
perature even in the absence of EF-SAM domain. This is a significant departure from
the SOCE reaction induced by STIM1 (209-685)/Orail (Figure 1H,I) and clarifies why
temperature-induced STIM1 clustering can occur without store depletion.

3.2. The Transmembrane Domain of STIM1 Was Needed for STIM1/Orail Temperature Response

Considering the unimportant role of the N-terminal in STIM-mediated temperature
response, we next further truncated STIM1 to confirm the shortest segment of STIM1 that
retains temperature response. Interestingly, STIM1-CT (233-685), which lacks both the
EF-SAM and TM functional domains in STIM1, could not be activated by temperature and
did not exhibit a heat-off response when co-transfected with Orail (Figure 1D-G). As was
expected, STIM1-CT (233-685) /Orail-mediated SOCE was also not observed because of
the lack of EF-SAM domain for ER calcium sensing (Figure 1H,I). These findings clearly
demonstrate that the TM functional domain is an essential component of STIM1 for thermal
activation. We next examined the basal calcium influx of STIM1-CT (233-685)/Orail and
STIM1 (209-685)/Orail from 0 mM to 1.3 mM Ca?* at different temperatures (Figure 2).
Although both mutations resulted in decreased calcium influx from 0 mM to 1.3 mM
Ca?*, STIM1 (209-685) /Orail exhibited significantly lower calcium influx than STIM1-CT
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(233-685)/Orail at 25 °C (Figure 2A,B). Interestingly, this difference disappeared at 37 °C
(Figure 2C,D), indicating that the role of the TM domain in calcium influx can be influenced
by temperature. Similarly, as the temperature rose, the baseline of fura-2 ratio (340/380) in
STIM1 (209-685) /Orail overexpressed cells was also increased, which was different from
STIM1-CT (233-685)/Orail (Figure 2E). The TM domain appeared to have a somewhat
inhibitory effect on STIM1/Orail-triggered calcium influx at room temperature.
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Figure 1. The role of STIM1 N-terminal and transmembrane (STIM1-TM) domain in temperature
sensation. (A) Structure and sequence of STIM1 and STIM2 molecules. (B-E) Representative single—
cell CaZ* imaging of HEK293T cells transfected with STIM1/Orail (35 cells), STIM1 (209-685)/Orail
(24 cells), STIM1-CT (233-685)/Orail (22 cells) and mCherry/Orail (17 cells). The imaging revealed
the cellular response to a heating pulse, raising the temperature to approximately 50 °C, as well as
the presence of ATP (500 pM) in a 1.3 mM Ca?* environment. (F) Representative average traces and
(G) statistical analysis of heat responses upon cooling (heat—off response) induced by the indicated
constructs (STIM1/Orail: n = 6 coverslips, STIM1 (209-685)/Orail: n = 5 coverslips, STIM1-CT
(233-685)/Orail: n = 9 coverslips, mCherry/Orail: n = 6, coverslips). (H) Representative average
traces and statistical analysis (I) of the indicated constructs for SOCE measurement using single—cell
Ca2* imaging in the presence of 1.3 mM Ca2* (STIM1/Orail: n=5 coverslips, STIM1 (209-685) /Orail:
n = 3 coverslips, STIM1-CT (233-685) /Orail: n = 3 coverslips, mCherry/Orail: n = 3 coverslips). The
amplitude change in heat—off response in Fura-2 was determined by subtracting the initial baseline
ratio (340/380) from the peak value observed during the cooling process. Similarly, the amplitude
change in SOCE in Fura—2 was determined by subtracting the initial baseline ratio (340/380) from
the peak value observed after changing the calcium buffer from 0 mM to 1.3 mM CaZ*. The baseline
quantification was obtained by calculating the average value of the fura-2 ratio recorded in the first
20 s. Data are expressed as x £ s. **p < 0.01.
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Figure 2. There are differences observed in basal calcium influx from 0 mM to 1.3 mM Ca?* between
STIM1-CT (233-685)/Orail and STIM1 (209-685)/Orail. (A,C) Representative average traces and
statistical analysis (B,D) of the indicated constructs for Ca?* influx under the indicated bath tempera-
tures upon switching CaZt from 0 mM to 1.3 mM (n = 3 coverslips for each construct). (E) Statistical
analysis of the indicated constructs for the baseline between 25 °C and 37 °C (n = 3 coverslips for
each construct). The fura—2 amplitude change was obtained by subtracting the baseline value in
0 mM Ca?* from the peak value in subsequent 1.3 mM Ca>* buffer. The baseline was obtained by
calculating the average value of fura-2 ratio recorded in the first 20 s. Data are expressed as x £ s.
**p <0.01.

To further clarify the role of the TM domain in STIM1-dependent temperature sen-
sation, we conducted tests on two STIM1 mutants with single base mutations, namely
STIM1-C227W and STIM1-N234E. The C227W mutation is known to induce constitutive
Ca?* influx through the CRAC channel and represents an activated state of STIM1 [26].
Our findings are consistent with this, as STIM1-C227W /Orail had a significantly higher
baseline than STIM1/Orail in the beginning (Figure 3A,C,D). Cells transfected with
STIM1-C227W /Orail did not exhibit both SOCE and heat-off response as STIM1/Orail
(Figure 3A-D), indicating that no further SOCE response and thermal response can be
activated in this open state of CRAC channel. N234 is the last amino acid of the TM
domain (Figure 1A) [27] and adjoins the CC1 domain of STIM1. CC1-SOAR is an in-
hibitory domain for preventing STIM1 activation at rest state, and N234 is important for
disinhibition of the CC1-SOAR domain in the cytoplasm during SOCE response [28]. In-
terestingly, STIM1-N234E /Orail retained the heat—off response despite having impaired
SOCE (Figure 3A,B,E F), suggesting that different signal transduction mechanisms exist for
the TM domain between ER store depletion and temperature—induced STIM1 activation.
This means that the disinhibition of CC1-SOAR may not depend on the TM domain for
temperature activation.
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Figure 3. The role of single base mutations in TM domain for STIM1-induced temperature sensation.
(A) Representative average traces of the indicated constructs for SOCE measurement using single—
cell Ca2* imaging in the presence of 1.3 mM Ca?*. (B) SOCE summary analysis (1 = 3 coverslips
respectively for each indicated construct). (C,E) Representative average traces by single—cell Ca®*
imaging of the indicated constructs in response to a heating pulse to ~50 °C in the presence of
1.3 mM Ca?*. (D) Statistical analysis of the indicated constructs for baseline and heat-off response
(STIM1/Orail: n = 6 coverslips; STIM1-C227W /Orail: n = 5 coverslips). (F) Statistical analysis of
the indicated constructs for heat-off response (STIM1/Orail: n = 5 coverslips; STIM1-N234E /Orail:
n =4 coverslips). The baseline was obtained by calculating the average value of the fura-2 ratio
recorded in the first 20 s. The fura-2 amplitude change in heat-off response was obtained by
subtracting initial baseline from the peak value during cooling process. The fura—2 amplitude change
in SOCE was obtained by subtracting initial baseline from the peak value after changing calcium
buffer from 0 mM to 1.3 mM Ca?*. Data are expressed as x £ s. * p < 0.05, ** p < 0.01.

3.3. The K Domain of STIM1 Is an Indirectly Acting Site for Temperature

Next, our aim was to determine the specific domain of STIM1 that directly interacts
with temperature and is responsible for the initial temperature response. Our previous
studies have shown that the removal of the K domain (STIM1-AK) led to a loss of tem-
perature sensitivity while still preserving most of the SOCE [21]. To investigate whether
temperature can directly act on the K domain of STIM1 and induce temperature response,
we replaced it with that of STIM2 (STIM1-K2) to determine whether it could restore the
thermal response in STIM1-AK/Orail. Interestingly, STIM1-K2/Orail partially restored
the heat-off response, but to a significantly lesser extent than that observed in STIM1/Orail
(Figure 4). These findings imply that the K domain of STIM1 is not exclusively respon-
sible for its thermal activation and may be considered as the indirect site of temperature
activation. This is supported by the fact that STIM2, which lacks thermal sensitivity, can
partially restore the thermal response of STIM1 through its K2 domain. The K domain
may be employed to facilitate STIM1 anchoring from the ER to PM after temperature
activation [29].
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Figure 4. The role of K domain in STIM1 temperature sensation. (A) Representative average traces
of HEK293T cells transfected with indicated constructs in response to a heating pulse to around
50 °C in the presence of 1.3 mM Ca?* using single—cell Ca>* imaging. (B) Statistic analysis of the
heat—off responses for STIM1/Orail (n = 12 coverslips), STIM1-K2/Orail (n = 11 coverslips) and
STIM1-AK/Orail (n = 10 coverslips). The fura—2 amplitude change in heat-off response was obtained
by subtracting initial baseline from the peak value during cooling process. Data are expressed as
x £ s.*p<0.05 *p<0.01, **p <0.001.

3.4. Temperature Acted Directly on the Inhibitory Domain of CC1-SOAR in STIM1

Our results showed that changes in Ca?* concentration from 0 mM to 1.3 mM Ca?* led
to significantly lower calcium influx in cells transfected with STIM1-CT (209-685) /Orail
compared to SOAR/Orail (Figure 5A), despite the smaller size of SOAR. This is mainly
due to the inhibitory functional domain of SOAR present in the CC1 region [28,30]. The
CC1 region binds with SOAR in the resting state, preventing it from activating Orail.
However, STIM1 can undergo a conformational change and transmit signals from the ER
to the cytoplasm through the transmembrane domain located at the ER membrane. This
enables STIM1 to overcome the inhibitory state of CC1-SOAR and become activated. Once
activated, the SOAR in the vicinity of the ER moves to the ER-PM junction, where it can
activate Orail near the PM domain [31-33].

Based on the aforementioned study, we investigated the impact of temperature on
SOAR and the inhibitory domain of CC1-SOAR. Our findings indicate that cells trans-
fected with SOAR/Orail exhibited a significantly higher baseline than those transfected
with CC1-SOAR/Orail (Figure 5B,D), suggesting an inhibitory role between CC1 and
SOAR. Interestingly, we observed that SOAR/Orail-mediated calcium influx when chang-
ing calcium concentration was smaller at 37 °C than at 25 °C, suggesting an inhibitory
effect of temperature on SOAR-Orail interaction. This is consistent with the previous
study [20]. It provides a possible explanation for the temperature response pattern of
STIM1/Orail, which is inhibited at higher temperatures and exhibits a heat-off response
after cooling. Conversely, we observed a higher baseline and calcium influx when changing
Ca?* concentration for CC1-SOAR/Orail at 37 °C than at 25 °C, supporting our hypothesis
that temperature can directly impact the inhibitory domain of CC1-SOAR. Specifically,
higher temperatures can overcome the inhibitory effect between CC1 and SOAR, similar to
the effect induced by calcium release from the ER, and promote the interaction between
SOAR and Orail. This finding was further corroborated by the results obtained from
the STIM1-R426L mutation located within the CC3 domain of SOAR. We observed that
STIM1-R426L/Orail displayed a significantly lower baseline compared to STIM1/Orail.
This aligns with a previous study indicating that the R426L mutation can enhance the
inhibitory effect of CC1-SOAR, rendering STIM1 more inactive [30,34]. Interestingly, we
discovered that the R426L. mutation in the SOAR domain severely disrupted the heat—off
response mediated by STIM1/Orail (Figure 5C). This could be attributed to the inhibitory
effect of the R426L mutation on CC1-SOAR, making it more difficult for STIM1 to be acti-
vated by temperature. By combining this study and previous research [20,21], we conclude
that temperature can directly impact the inhibitory domain of CC1-SOAR, override the
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Figure 5. The role of temperature in CC1-SOAR inhibitory domain and Orail activating domain
SOAR. (A) Statistical analysis of baseline and basal calcium influx from 0 mM Ca%* to 1.3 mM CaZ*
at room temperature for STIM1-CT (209-685)/Orail and SOAR/Orail (1 = 6 coverslips for each
construct). (B) Representative fura—2 ratio of HEK293T cells transfected with the indicated constructs
when changing from 0 mM Ca2* to 1.3 mM Ca?* at 25 °C or 37 °C. (C) Representative average traces
of HEK293T cells transfected with indicated constructs in response to a heating pulse to around 50 °C
in the presence of 1.3 mM Ca?* using single—cell Ca?* imaging. (D) Statistical analysis of baseline
(left) and basal calcium influx (right) for CC1-SOAR/Orail (25 °C, n = 9 coverslips; 37 °C, n = 10
coverslips) and SOAR/Orail (25 °C, n = 6 coverslips; 37 °C, n = 6 coverslips). The baseline was
obtained by calculating the average value of the fura-2 ratio in the first 20 s. The calcium influx was
obtained by subtracting the baseline value in 0 mM Ca?* from the peak value in subsequent 1.3 mM
Ca?* buffer. Data are expressed as x + s, *p < 0.05, ** p < 0.01, ***p < 0.001.

3.5. Different Mechanism Exists for Interaction between SOAR and Orail in STIM1-Induced
Thermal Response

SOAR is the minimum domain required for STIM1 activation. When co-transfected
with Orail, SOAR can elicit sustained calcium influx, as demonstrated by the signifi-
cant baseline increase in SOAR/Orail compared to STIM1/Orail [35,36]. Our findings
indicated that SOAR/Orail was not further activated by temperature (Figure 6A,B). In con-
trast, a higher temperature could inhibit the basal calcium influx induced by SOAR/Orail
(Figure 5B,D), suggesting that SOAR may not be the direct site of STIM1 activation by tem-
perature. To further investigate the function of SOAR in STIM1/Orail-mediated thermal
response, we replaced the SOAR domain of STIM1 with that from STIM2 (STIM1-SOAR?2),
as STIM2 could not be activated by temperature despite its high homology to STIM1. The
thermal response and SOCE of STIM1-SOAR2/Orail were both abolished (Figure 6C—
F). This may be attributed to the weaker interaction between the SOAR2 domain and
Orail [37]. The consistent trend observed between thermal response and SOCE in the
STIM1-SOAR?2 chimera suggests the existence of a similar mechanism for STIM1-Orail
interaction or activation.
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Figure 6. The role of SOAR domain in thermal response of STIM1/Orail. (A,C,G,K) Representative
average traces of HEK293T cells transfected with indicated constructs in response to a heating pulse
to around 50 °C in the presence of 1.3 mM Ca2* using single—cell Ca2* imaging. (B) Baseline and heat
off response summary (STIM1/Orail: n = 9 coverslips; SOAR1/Orail: n = 9 coverslips). (D) Statistic
analysis of heat-off responses for STIM1/Orail and STIM1-N234E (n = 8 coverslips, respectively, for
each indicated construct). (E,I) Representative average traces of the HEK293T cells transfected with
indicated constructs for SOCE measurement using single—cell Ca?* imaging. (F,J) SOCE summary
analysis (F): n = 3 coverslips respectively for each indicated construct; (J): STIM1/Orail (n = 8) and
STIM1-G379E (n = 3). (H) Statistic analysis of heat-off responses for STIM1/Orail (n = 13 coverslips)
and STIM1-G379E (n = 4 coverslips); (L) Statistic analysis of heat—off responses for indicated construct,
n = 3 coverslips for STIM1/Orail, STIM1-F394L /Orail, STIM1-F394H /Orail and mCherry/Orail
respectively. The baseline was obtained by calculating the average value of the fura-2 ratio in the first
20 s. The fura—2 amplitude change in heat-off response was obtained by subtracting initial baseline
from the peak value during cooling process. The fura-2 amplitude change in SOCE was obtained by
subtracting initial baseline from the peak value after changing calcium buffer from 0 mM to 1.3 mM
Ca?". Data are expressed as x £ s. **p < 0.01, ** p < 0.001.

We refined the mutation range of SOAR in STIM1 and examined their thermal re-
sponses in comparison to SOCE activity. Sal, Sa2, Sa3 and Sa4 are included in SOAR
(Figure 1A). Sal in SOAR primarily interacts with the C-terminal region of Orail, while
Sa2 is responsible for opening the Orail channel. Previous research has identified G379 in
Sal and F394 in Sa2 as critical residues for stronger activation of Orail by STIM1 compared
to STIM2 [31,37]. G379 of STIM1 is the main point for stronger interaction of SOAR with
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CC1 in the resting state and with Orail in the activated state compared to STIM2. We
generated the mutant STIM1-G379E and found that the SOCE for STIM1-G379E /Orail
was significantly reduced compared to STIM1/Orail (Figure 61]), consistent with previ-
ous studies [31]. Interestingly, we found that the heat response of STIM1-G379E/Orail
was unaffected (Figure 6G,H), indicating that distinct interaction mechanisms existed for
STIM1-Orail interaction between these two responses. This effect may be attributed to
the increased dissociation of SOAR and CC1 triggered by temperature, and the STIM1
interaction ability with the C—terminal of Orail may also be enhanced. Sa2 has only one
different site between STIM1 (F394) and STIM2 (L485). STIM1-F394L/Orail mutant was
reported to have decreased SOCE, while STIM1-F394H /Orail lost SOCE completely. Pre-
vious studies have indicated that STIM1-F394H cannot effectively combine with Orail,
while STIM1-F394L still has the ability to combine with Orail [37]. Our research revealed
a similar trend for thermal responses, with a significant decrease in the thermal response
of STIM1-F394L/Orail and a complete loss of thermal response in STIM1-F394H /Orail
(Figure 6K,L). Our findings demonstrate distinct mechanisms underlying the interaction
between the C—terminal region of Orail and STIM1 during SOCE and thermal response.
However, the process for opening the Orail channel appears to be similar in both pathways.

3.6. The Key Sites of Orail Played a Similar Role in STIM1-Dependent Thermal Response
and SOCE

We next wanted to further investigate the role of Orail in STIM1-dependent thermal
response; we focused on the representative key sites of Orail, which are crucial in SOCE
reaction, and examined the roles of these regions or sites in STIM1-dependent thermal
response. The mutations Orail-R91W and Orail-E106A can lead to the inactivation of
the Orail ion channel and its inability to induce calcium release-mediated calcium ion
influx [38,39]. Therefore, we separately analyzed the thermal responses of STIM1/Orail-
R91W and STIM1/Orail-E106A. Consistent with the SOCE reaction, the STIM1-related
thermal response of these two mutations was completely abolished (Figure 7B,C), indicating
that R91 and E106 in Orail are critical amino acids for pore formation, and they are equally
important in both the SOCE reaction and thermal response. Furthermore, the thermal
responses induced by STIM1/0Orail-R91W and STIM1/Orail-E106A were even lower than
those of the blank control STIM1/mCherry. The inhibitory effect of overexpressed Orail
mutants on endogenous Orail ion channels may explain these results [40]. Additionally,
E149 of Orail, located in the loop2 region (Figure 7A), forms a salt bridge with the N-
terminal R83 when Orail is activated and is crucial for transmitting conformational changes
that gate the Orail ion channel [41]. Our study found that the thermal response and SOCE
reaction of the single-gene mutant STIM1/Orail-E149R was almost abolished, while there
was no significant change in STIM1/Orail-R83E. The double-gene mutant STIM1/Orail-
R83E-E149R partially restored the SOCE reaction and thermal response (Figure 7D-G).
The various Orail mutants did not display any noticeable difference between the thermal
response and SOCE reaction. This is different from STIM1 mutants, which exhibited both
similarities and differences between thermal response and SOCE reaction.
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Figure 7. Analysis of the coupling mechanism between STIM1 and Orail in thermal response by key—
site mutants of Orail. (A) Structure and sequence of Orail and Orai3 molecules. (B,D) Representative
average traces of HEK293T cells transfected with indicated constructs in response to a heating pulse
to around 50 °C in the presence of 1.3 mM Ca?* using single—cell Ca?* imaging. (C) Statistic analysis
of heat—off responses for STIM1/Orail (n = 6 coverslips), STIM1/Orail-R91W (n = 3 coverslips),
STIM1/Orail-E106A (n = 4 coverslips) and STIM1/mcherry (n = 5 coverslips). (E) Statistic analysis
of heat—off responses for STIM1/Orail (n = 6 coverslips), STIM1/Orail-R83E (n = 4 coverslips),
STIM1/Orail-E149R (n = 5 coverslips) and STIM1/Orail-R83E-E149R (1 = 4 coverslips). (F) Repre-
sentative average traces of the HEK293T cells transfected with indicated constructs for SOCE mea-
surement using single—cell Ca?* imaging. (G) Statistic analysis of SOCE responses for STIM1/Orail
(n = 3 coverslips for each construct). The fura—2 amplitude change in heat—off response was obtained
by subtracting the initial baseline from the peak value during cooling process. The fura-2 amplitude
change in SOCE was obtained by subtracting initial baseline from the peak value after changing
calcium buffer from 0 mM to 1.3 mM Ca?*. Data are expressed as x + s. *p < 0.05, ** p < 0.01.

3.7. Molecular Mechanism Analysis of the Different Thermal Response Patterns between
STIM1/Orail and STIM1/Orai3

In our previous studies, we discovered that STIM1/Orail mainly facilitated the ther-
mal response during cooling as heat—off response, while STIM1/Orai3 played a significant
role in thermal response during both heating (heat-on response) and cooling [20,21]. The
coupling mechanism of STIM1/Orail has been extensively studied, which revealed that
its coupling is impeded at higher temperatures, and its inhibitory effect is reduced during
cooling, leading to a heat—off response [20]. In this research, we focused on elucidat-
ing the coupling mechanism of STIM1/Orai3. Using confocal analysis, we found that
STIM1/Orai3 exhibited comparable co-localization levels during both heating and cooling
processes (Figure 8), providing an additional understanding of its molecular mechanism of
thermal response.
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Figure 8. Co-localization analysis of STIM1 and Orai3 during thermal response. (A) Representative
figures and (B) statistic analysis of the co-localization of STIM1 and Orai3 at the phase of baseline,
heat—on and heat—off, respectively (1 = 3 coverslips). The red color (mCherry) represents the Orai3
protein, while the green color (GFP) represents the STIM1 protein. Data were expressed as x =+ s.
**p <0.01.

To investigate the molecular mechanisms underlying the differential thermal responses
mediated by STIM1/Orail and STIM1/Orai3, we generated chimeric mutation plasmids
of Orail and Orai3 and performed thermo response analysis using 2-APB as an auxiliary
detection tool (Figure 7A). Our results showed that STIM1/Orail primarily mediated
heat-off response, which was characterized by a small peak of rapid activation followed by
rapid inhibition upon exposure to 2-APB. In contrast, STIM1/Orai3 displayed both heat-on
and heat—off response, and upon exposure to 2-APB, it exhibited further activation on the
basis of heat-off response, leading to calcium ion influx (Figure 9). By substituting the TM
region of Orai3 with that of Orail (referred to as Orai3—TM-Orail) and co—-transfecting
it with STIM1, we observed only the heat-off response and a rapid inhibition pattern
upon exposure to 2-APB, which closely resembles the response observed in STIM1/Orail
transfected cells. This suggests that the main factor determining the thermal response
characteristics of STIM1/Orail is the Orail TM region, and by deleting the Orai3 TM
region, the unique heat-on response of STIM1/Orai3 can be eliminated. We attempted
to replicate the thermal response characteristics of STIM1/Orai3 by replacing the TM
region of Orail with that of Orai3 (Orail-TM-Orai3) and co-transfecting it with STIM1.
However, the results obtained were not consistent with our initial predictions, as we
did not observe the anticipated heat—on response. Instead, only a heat—off response was
detected, which resembled that of the STIM1/Orail response pattern. Interestingly, after
thermal stimulation and subsequent exposure to 2-APB, Orail-TM-Orai3 exhibited a
further activation effect, similar to STIM1/Orai3. Based on the data obtained, it can be
conjectured that the heat—on response may result from a combined effect of Orai3, as the
heat—on response was eliminated in both Orai3—-TM-Orail (lack TM domain of Orai3) and
Orail-TM-Orai3 (lack N and C terminals of Orai3) constructs.

To further narrow down the key region, we constructed a chimeric mutant named
Orai3-TM23-Orail. This mutant was designed to replace the TM23 region of Orai3 with
the corresponding region from Orail, which includes the second transmembrane, second
loop, and third transmembrane regions. We found that the thermal response mediated
by STIM1/Orai3—TM23-Orail was similar to that of STIM1/Orail, primarily a heat—off
response. It suggests that only TM23 elimination of Orai3 can also abolish the heat-on
response, while the TM23 region of Orail is the key domain determining STIM1/Orail-
induced heat—off response. Nevertheless, when exposed to 2-APB after thermal stimulation,
STIM1/0Orai3—-TM23-Orail was directly inhibited by it, without the small peak of rapid
activation observed in STIM1/Orail, suggesting another region of Orail is responsible for
this 2-APB induced rapid activation after heat—off response. Similarly, replacing the TM23
region of Orail with that of Orai3, i.e., STIM1/Orail-TM23-Orai3, did not significantly
affect its thermal response but resulted in a response pattern to 2—APB similar to that of
STIM1/Orai3. We further pinpointed the region by replacing loop2 in Orail with that from
Orai3 (STIM1/Orail-loop2-Orai3), which did not significantly differ from STIM1/Orail
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contrasts with previous reports that substitution of loop2 could reverse the response pattern
for 2-APB between Orail and Orai3 [42]. In summary, our study indicates that the distinct
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Figure 9. Distinct molecular mechanism analysis of thermal responses between STIM1/Orail and
STIM1/Orai3. (A,B) Representative average traces of HEK293T cells transfected with indicated
constructs in response to a heating pulse to around 50 °C and subsequent 2-APB (100 uM) in the
presence of 1.3 mM Ca?* using single—cell Ca?* imaging. Each test was repeated 3 times.

4. Discussion

Thermal sensation is a vital function of STIM1. In our present study, we extensively
analyzed the temperature sensitivity mechanism of STIM1 from the N—-terminal to the
C—terminal and identified the key temperature-sensitive sites of STIM1. Furthermore, we
utilized the STIM1-induced SOCE response as a control to delineate the similarities and
differences between thermal response and SOCE reaction. STIM1 (209-685)/Orail elicited a
thermal response but not SOCE, which provides compelling evidence that STIM1 activation
by temperature does not require the N-terminal of STIM1 and is not reliant on calcium
release from the ER, which needs EF-SAM domain. Furthermore, we found that STIM1
(209-685) is the shortest truncation capable of inducing a heat response. When we further
truncated the TM region of STIM1 to create STIM1-CT (233-685), no thermal response was
observed. This discovery highlights the crucial role of the TM region in STIM1’s thermal
sensation, although there exists the possibility that deletion of the TM region may destroy
the fundamental function of STIM1. Previous research has shown that the TM region of
STIM1 underwent structural rearrangements upon adopting an activated conformation,
which subsequently triggered further conformational alterations in the cytosolic juxtamem-
brane region. Specifically, this led to the release of the STIM Orai-activating region (SOAR)
from its interaction with the coiled—coil 1 (CC1) regions, allowing for physical extension
of the STIM1 cytoplasmic domain across the gap [43]. Lower calcium influx was found
for STIM1 (209-685)/Orail when changing Ca?* concentration compared to the cytosolic
protein STIM1-CT (233-685)/Orail at room temperature. This suggests that apart from
working in conjunction with the luminal region to maintain STIM1 in an inactive state at
rest [44]. TM region can also exhibit an inhibitory effect in other mechanisms. While STIM1
(209-685) /Orail showed a significant increase in basal calcium influx at higher tempera-
tures, which was opposite to STIM1-CT (233-685) /Orail (Figure 2E), indicating that the
TM region has a promoting effect on the relief of STIM1 inhibition when the temperature is
elevated. The function of the TM region also highlights the crucial role of anchoring to the
ER membrane in STIM1-dependent temperature sensation. Researchers have reported that
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the N234 residue, which marks the emergence of the cytosolic portion of STIM1 from the
ER membrane, exhibited significant resonance changes upon STIM1 adopting an activated
conformation. This finding aligns with our own investigation, which determined that
the STIM1-N234E mutation impairs the SOCE response (Figure 3A,B) [26]. The normal
thermal response of STIM1-N234E/Orail lends support to the notion that STIM1 activa-
tion via heat is not primarily dictated by ER membrane cues as SOCE. Additionally, we
observed that the STIM1-C227W mutation, located in the transmembrane region, triggers
constitutive calcium influx when expressed alongside Orail. However, our study showed
that both the thermal response and SOCE were impaired in this context, likely due to
STIM1-C227W /Orail already being maximally activated and thus unresponsive to further
temperature-induced activation.

Elevated temperature can decrease the inhibitory effect of CC1-SOAR, resulting in
higher basal levels and calcium influx of CC1-SOAR/Orail upon 0 mM Ca?* to 1.3 mM
Ca?* at 37 °C compared to 25 °C. We reasoned that CC1-SOAR is a direct-acting site for
temperature. This was further corroborated by the destroyed heat—off response in STIM1-
R426L./Orail transfected cells, which mutation could strengthen the inhibitory effect
coming from CC1-SOAR. Although CC1-SOAR could be directly activated by temperature,
leading to STIM1 activation, STIM1/Orail primarily shows a heat-off response during
cooling rather than heating (Figure 1). This is mainly due to the inhibitory effect of heat on
the interaction between SOAR and Orail [20] (Figure 5B,D). The STIM1-SOAR2 chimera
showed a lack of both SOCE and thermal sensitivity, indicating the specific involvement
of SOARL1 in STIM1. The STIM1-G379E mutation located in sal of SOARI resulted in
a loss of SOCE but retained thermal response, while STIM1-F394 mutations located in
sod showed similar trends for both thermal response and SOCE. It has been reported
that sx1 is responsible for interacting with Orail [31], while so4 mainly contributes to
activating the Orail channel [37]. Therefore, we hypothesized that temperature may
enhance the interaction between STIM1 and Orail, which is stronger than that in the
SOCE response, leading to the retention of normal thermal response for the STIM1-G379E
mutation. However, for mutations related to activating the Orail channel in STIM1, such
as STIM1-F394H /L, the thermal response could not be restored. Additionally, STIM2 is
a useful auxiliary means for determining whether the K domain of STIM1 plays a crucial
role in directly sensing temperature. This is due to the fact that, despite having higher
homology with STIM1, no thermal sensation was observed for STIM2. Previous studies
showed that the K domain of STIM1 plays a crucial role in facilitating STIM1 activation,
promoting its translocation to the PM and interacting with Orail, whereas its role in STIM2
is less significant [45]. STIM1-K2 rescued part of the thermal response of STIM1-AK,
which suggests that the K domain may only be responsible for mediating the targeting of
STIM1 to the PM rather than having a direct temperature-sensing role. Because if the K
domain of STIM1 is responsible for directly activating STIM1, STIM1-K2 would be thermal-
insensitive. Adding the K2 domain to STIM1-AK may facilitate the targeting of STIM1
to the ER-PM junction, similar to the K domain of STIM1, and the K domain—-mediated
targeting of STIM1 to PM can potentially be enhanced with elevated temperatures.

STIM1 can be activated by either temperature or the release of Ca?* from the ER, result-
ing in thermal response or store-operated Ca?* entry (SOCE), respectively. Therefore, it is
critical to identify similarities and differences of Orail for its interaction with STIM1 under
these two types of stimuli. In our research, we selected representative Orail mutations and
found comparable response trends for thermal sensation and SOCE. These findings suggest
that activation modes of STIM1 may not significantly impact its interaction with the key
sites of Orail. However, The distinct characteristics of Orail and Orai3 resulted in different
thermal response patterns between STIM1/Orail and STIM1/Orai3. High temperatures
inhibited the STIM1-Orail interaction [20], while comparable co-localization of STIM1
and Orai3 was observed during both heat-on and heat-off responses (Figure 8). Previous
studies have shown that loop2 inhibits the coupling of Orail with STIM1 [46], and STIM1
couples more efficiently in the presence of Orai3—loop2 than Orail-loop2 [29]. But we did
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not see heat-on response even having loop2 of Orai3 in Orail (Orail-loop2-Orai3, Orail-
TM23-Orai3 and Orail-TM-Orai3), suggesting other mechanisms exist for the heat-on
response of Orai3. Additionally, Zhang et al. replaced the middle two transmembrane
segments of Orail (TM23) with that from Orai3 as Orail-TM23-Orai3 chimera, was ca-
pable of generating 2-APB-evoked Ca?* influx, comparable to Orai3. Narrowing down
the replacement area to the Orail-loop2-Orai3 chimera, a partial response to 2-APB was
observed [42]. We found that 2-APB had an activating effect on Orail-TM23-Orai3 when
added after thermal stimulation. However, there was no discernible difference in 2-APB
response between Orail-loop2-Orai3 and Orail, which contrasts with previous findings.
All these results suggest that differences exist between 2-APB and temperature-mediated
responses for STIM1/Orail and STIM1/Orai3.

By utilizing single—cell calcium imaging and confocal analysis, this study expands
upon previous research to uncover the underlying mechanisms of STIM1 temperature
sensation. Further experiments and alternative methods will still be required to conduct a
more detailed investigation of this mechanism.

5. Conclusions

Our findings provide some important molecular mechanisms underlying STIM1-
induced thermal response, as well as the interaction mechanisms between STIM1 and Orail
or Orai3 following activation by temperature.
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