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Background: STIM1 gates TRPC channels, but the interacting domains are unknown.
Results: The TRPC N and C terminus coiled coil domains interact to restrict access of STIM1. Their dissociation by cell
stimulation promotes STIM1 interaction.
Conclusion: The STIM1 Orai1-activating region (SOAR) domain interacts with the TRPC C terminus CCD to open the
channels.
Significance: The findings reveal how STIM1 opens the TRPC channels to control receptor-stimulated Ca2� influx.

Transient receptor potential canonical (TRPC) channels
mediate a critical part of the receptor-evoked Ca2� influx.
TRPCs are gated open by the endoplasmic reticulum Ca2� sen-
sor STIM1. Here we asked which stromal interaction molecule 1
(STIM1) and TRPC domains mediate the interaction between
them and how this interaction is used to open the channels. We
report that the STIM1 Orai1-activating region domain of
STIM1 interacts with the TRPC channel coiled coil domains
(CCDs) and that this interaction is essential for opening the
channels by STIM1. Thus, disruption of the N-terminal (NT)
CCDs by triple mutations eliminated TRPC surface localization
and reduced binding of STIM1 to TRPC1 and TRPC5 while
increasing binding to TRPC3 and TRPC6. Single mutations in
TRPC1 NT or C-terminal (CT) CCDs reduced interaction and
activation of TRPC1 by STIM1. Remarkably, single mutations in
the TRPC3 NT CCD enhanced interaction and regulation by
STIM1. Disruption in the TRPC3 CT CCD eliminated regula-
tion by STIM1 and the enhanced interaction caused by NT CCD
mutations. The NT CCD mutations converted TRPC3 from a
TRPC1-dependent to a TRPC1-independent, STIM1-regulated
channel. TRPC1 reduced the FRET between BFP-TRPC3 and
TRPC3-YFP and between CFP-TRPC3-YFP upon stimulation.
Accordingly, knockdown of TRPC1 made TRPC3 STIM1-inde-
pendent. STIM1 dependence of TRPC3 was reconstituted by the

TRPC1 CT CCD alone. Knockout of Trpc1 and Trpc3 similarly
inhibited Ca2� influx, and inhibition of Trpc3 had no further
effect on Ca2� influx in Trpc1�/� cells. Cell stimulation
enhanced the formation of Trpc1-Stim1-Trpc3 complexes.
These findings support a model in which the TRPC3 NT and CT
CCDs interact to shield the CT CCD from interaction with
STIM1. The TRPC1 CT CCD dissociates this interaction to
allow the STIM1 Orai1-activating region within STIM1 access
to the TRPC3 CT CCD and regulation of TRPC3 by STIM1.
These studies provide evidence that the TRPC channel CCDs
participate in channel gating.

The receptor-evoked Ca2� signal entails Ca2� release from
internal stores, primarily the ER,3 which is followed by activa-
tion of the store-operated Ca2� influx channels (SOCs) at the
plasma membrane. The two established receptor-stimulated
SOCs are the Orai (1–3) and transient receptor potential sub-
family C channels (TRPCs) (4, 5). Both channels are gated by
the ER Ca2� sensor STIM1. STIM1 has several domains that
participate in gating of Orai and TRPC channels. The N-termi-
nal, ER-resident portion of STIM1 has an EF hand Ca2� binding
domain and a SAM domain. Ca2� binding to the EF hand pre-
vents STIM1 clustering and access to Orai1 (2, 6, 7) and TRPC
channels (8). The SAM domain participates in clustering of
STIM1 upon depletion of ER Ca2� (9, 10). The cytoplasmic
portion of STIM1 begins with the first coiled coil domain
(CC1), an inhibitory helix (11, 12) that is followed by the STIM1
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Orai- activating region (SOAR) (13) (also known as CAD (14)
and CCb9 (15)); a C-terminal inhibitory domain (16); a serine/
proline region; and a polybasic, lysine-rich domain (K-domain)
(17).

Gating of Orai1 by STIM1 is only partially understood.
SOAR is the only domain needed for activation of Orai1 (13–
15) and the other Orai channels (18). SOAR folds as a coiled coil
domain (12) and functions as a dimer (12, 13). The activation of
Orai channels by SOAR requires the interaction of SOAR with
the C-terminal coiled coil regions of Orai1 (18, 19), Orai2, and
Orai3 (20, 21). Little information is available on the interaction
and regulation of the TRPC channels by STIM1. STIM1
appears to directly interact with TRPC1, TRPC4, and TRPC5,
but not with TRPC3, TRPC6, and TRPC7 (8). However, STIM1
mediates the heteromultimerization of TRPC3 with TRPC1.
Thereby, TRPC1 confers STIM1 dependence to TRPC3 by an
unknown mechanism (22). STIM1 gates TRPC channels by
electrostatic interaction of the last two STIM1 lysines with two
conserved aspartates/glutamates in the C terminus of the
TRPC channels (23). However, the K-domain of the endoplas-
mic reticulum-resident STIM1 does not mediate and is not
required for the interaction of STIM1 with TRPC channels (8),
although a recent study reported a role of the K-domain in the
interaction of plasma membrane-resident STIM1 with TRPC1
and the regulation of TRPC1-mediated Ca2� influx by external
Ca2� (24). How STIM1 physically interacts with TRPC chan-
nels, the functional significance of the interaction, and how
TRPC1 confers STIM1 dependence to TRPC3 is not known.
This study attempts to address these topics.

Most TRPC channels have N-terminal (NT) and C-terminal
(CT) coiled coil domains (CCDs). We reasoned that, because
the SOAR-Orai1 interaction is mediated by their CCDs, CCDs
may also mediate TRPC-STIM1 interaction. Indeed, we found
that SOAR mediates STIM1 interaction with the TRPC CCDs.
The intact TRPC1 NT CCD and CT CCD appear to be required
for interaction with and activation by STIM1. Remarkably, dis-
ruption of the TRPC3 NT CCD unmasked the interaction of
TRPC3 with STIM1 and converted TRPC3 from a STIM1-reg-
ulated, TRPC1-dependent channel to a STIM1-regulated,
TRPC1-independent channel. Disruption of the TRPC3 CT
CCD eliminated all forms of interaction and regulation of
TRPC3 by STIM1. Interestingly, upon receptor stimulation,
TRPC1 reduced the FRET between BFP-TRPC3 and TRPC3-
YFP and between CFP and YFP in CFP-TRPC3-YFP. STIM1
dependence of TRPC3 is conferred by the TRPC1 C terminus.
Our findings lead to a model in which the TRPC3 NT and CT
CCDs interact to shield the CT CCD from interaction with
STIM1. The TRPC1 CT CCD dissociates this interaction to
allow SOAR within STIM1 access to the TRPC3 CT CCD and
regulation of TRPC3 by STIM1. These findings provide a
molecular mechanism by which STIM1 interacts with and reg-
ulates TRPC channels.

EXPERIMENTAL PROCEDURES

Plasmid Construction Solutions—The BFP-TRPC3 clone
(25) was provided by Dr. Barbara Miller (Pennsylvania State
University, Hershey, PA). Dr. Craig Montell (University of Cal-
ifornia Santa Barbara) provided the polyclonal antibody recog-

nizing TRPC3. Dr. Leonidas Tsiokas (University of Oklahoma,
Oklahoma City, OK) provided the monoclonal antibody recog-
nizing TRPC1. Dr. Yizheng Wang (Shanghai Institutes of Bio-
logical Sciences, Shanghai, China) provided the monoclonal
antibody recognizing TRPC3. Dr. Lutz Birnbaumer (NIEHS,
National Institutes of Health) provided the Trpc1�/� and
Trpc3�/� mice. Dr. Klaus Groschner (Medical University of
Graz, Graz, Austria) provided the pyrazole 10. The HA-TRPC1,
FLAG-TRPC1, FLAG-TRPC3, FLAG-TRPC5, FLAG-TRPC6,
FLAG-TRPC7, YFP-STIM1 (wild-type and �ERM), and FLAG-
mCherry-Orai1(R91W) clones have been described previously
(8, 13). To prepare CFP-TRPC3-YFP, CFP was PCR-cloned into
the KpnI site in-frame in the TRPC3-YFP plasmid. CFP was
amplified from the pAMCFPN1 vector from Clontech, digested
with KpnI enzyme, and ligated with the TRPC3-YFP plasmid
that was also digested with KpnI. The entire reading frame was
sequenced to confirm the direction of insertion of CFP. All
TRPC1 and TRPC3 point mutations were made using site-di-
rected mutagenesis (Agilent Technologies) in their respective
vectors: N-terminal HA-tagged pRK5 and FLAG-tagged
p3XFLAG-CMV 7.1. The human STIM1 siRNA sequence is
5�-GGCUCUGGAUACAGUGCUC-3�. The various TRPC1
and TRPC3 N- and C-terminal fragments were generated by
PCR and cloned into the p3XFLAG-CMV 7.1 vector (Sigma-
Aldrich) using NotII (5�) and SalI (3�). Some of these fragments
also had an HA tag inserted between the FLAG and cDNA using
the NotI (5� and 3�) site. The antibodies used were monoclonal
antibody recognizing STIM1 (BD Biosciences), polyclonal anti-
body recognizing GFP (Invitrogen), monoclonal HRP-conju-
gated antibody recognizing HA (Santa Cruz Biotechnology)
and monoclonal HRP-conjugated antibody recognizing FLAG
(Sigma-Aldrich).4

Mice and Preparation of Salivary Gland Cells—All experi-
ments with animals have been approved by the National Institutes
of Health Animal Use Committee and adhered to National Insti-
tutes of Health guidelines. Generation of Trpc1�/� mice (26) and
Trpc3�/� mice (27) has been described elsewhere. Dispersed
acinar and duct fragments were prepared from mouse subman-
dibular glands as detailed before (28). In brief, mice were sacri-
ficed by inhalation of CO2, and the glands were quickly
removed into solution containing 140 mM NaCl, 5 mM KCl, 1
mM CaCl2, 1 mM MaCl2, 10 mM HEPES (pH 7.4) (with NaOH),
10 mM glucose, 10 mM pyruvate, 0.02% trypsin inhibitor, and
0.1% bovine serum albumin. The glands were minced finely and
digested in the same solution that also contained 0.5 mg/ml
collagenase P for 10 min at 37 °C. After replacement with fresh
digestion medium, the digestion continued for an additional
7–10 min until liberation of the acini and duct fragments. The
digest was washed three times, and the acini and ducts were
suspended with the same solution without the digestive
enzymes. The cells were loaded with Fura-2 by incubation with
5 �M Fura-2/AM for 20 min at room temperature, washed, and
used to measure Ca2� as described (27).

Cell Culture and Transfection—HEK 293 cells and HeLa cells
were grown according to the recommendation of the supplier.

4 Plasmids are available upon request but require an MTA approved by
NIDCR, National Institutes of Health.
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The cells were plated on poly-L-lysine-coated 6-well plates (day
0) so that they would be 80 –90% confluent the next day (day 1).
The cells were then transiently transfected for 6 h with the
desired constructs using Lipofectamine 2000 (Invitrogen),
replaced with regular HEK growth medium (DMEM � 10%
FBS � 1% penicillin-streptomycin), and, 24 h later, were har-
vested and lysed (day 2) and used for surface and coimmuno-
precipitation analysis.

Harvesting Total Protein Extract and Coimmunoprecipitation—
Transfected cells were collected and lysed using 500 �l of bind-
ing buffer (1� PBS buffer containing 1 mM NaVO3, 10 mM

sodium pyrophosphate, 50 mM NaF (pH 7.4), and 1% Triton
X-100). The cell extracts were sonicated, and insoluble material
was spun down at 30,000 � g at 4 °C for 20 min. For the coim-
munoprecipitation experiments, antibody recognizing STIM1
or antibody recognizing GFP (1 �g) was added to cell extract
(100 �l) and incubated for 2 h at 4 °C. Then, 50 �l of a 1:1 slurry
of protein A-Sepharose 4B beads was added to the antibody:
extract mixture and incubated for an additional 1 h at 4 °C.
Beads were washed three times for 10 min with binding buffer,
and proteins were released from the beads with 50 �l of SDS
loading buffer. Protein (25 �l) was loaded onto 8 or 10% tris-
glycine SDS-PAGE gels, which were transferred onto a PVDF
membrane for Western blot analysis.

Surface Biotinylation—Transfected cells still adherent to the
plate were washed once with 1� PBS on ice. EZ-Link Sulfo-
NHS-SS-Biotin (0.5 mg/ml, Pierce) was added to the cells for 30
min on ice. Afterward, the biotin was quenched with 50 mM

glycine on ice for 2 � 5 min. The cells were then processed as
described above to make cell extracts. A 1:1 slurry of immobi-
lized avidin beads (50 �l, Pierce) was added to 100 �l of the cell
extract and incubated for 2 h at 4 °C. Beads were washed three
times for 10 min with binding buffer, and proteins were
released from the beads with SDS loading buffer (50 �l). Protein
(25 �l) was loaded onto 8% tris-glycine SDS-PAGE gels, which
were transferred onto a PVDF membrane for Western blot
analysis.

Fluorescence Measurements—Fura-2 fluorescence was mea-
sured by placing Fura-2-loaded salivary gland cells in an open
perfusion chamber and perfusing continuously with pre-
warmed (37 °C) solution containing 140 mM NaCl, 5 mM KCl, 1
mM MgCl2, 10 mM Hepes (pH 7.4 with NaOH), 10 mM glucose
and either 1.5 mM CaCl2 or 0.2 mM EGTA (Ca2�-free solution)
as specified. Fluorescence was recorded with a Photon Tech-
nology International imaging system at excitation wavelengths
of 340 and 360 nm, and the light emitted at wavelengths higher
than 530 nm. Images where then analyzed to obtain the 340/380
ratios from ducts, and the ratios were normalized to the initial
fluorescence and averaged. The signals were plotted as the
mean � S.E. For FRET measurements, COS-7 cells were trans-
fected with BFP-TRPC3 and TRPC3-eGFP and with an empty
vector or HA-TRPC1. The cells were perfused with a solution
containing 1 mM Ca2� and switched to Ca2�-free solution dur-
ing the stimulation with 100 �M ATP. Images were captured
with a confocal system (FV1000, Olympus) equipped with a
UplanSApo �60 oil immersion objective (numerical aperture
1.35, Olympus) at �3 magnification. The cells were excited by a
440-nm laser, and the emission was recorded at 535 nm. For

time-lapse imaging, images were captured every 11s. Photo-
bleaching was minimized by using 0.1% laser power. Images
were processed with Photoshop CS3 to obtain the CFP:eGFP
ratio and determine FRET efficiency. For controls, BFP-TRPC3
was expressed with the eGFP plasmid. No FRET signal was
observed under control conditions.

Current Measurements—Electrophysiological recordings
were performed 24h after transfection of the full-length chan-
nel or the mutants in untreated cells or cells treated with scram-
bled or STIM1 or TRPC1 siRNA. The siRNA sequences and
transfection conditions were as described previously (29).
Transfected cells were identified by YFP, CFP, or BFP fluores-
cence. Current was measured in pipette solution containing
140 mM CsCl, 2 mM MgCl2, 1 mM ATP, 5 mM EGTA, and 1.5 mM

CaCl2 to clamp free Ca2� at 70 nM and 10 mM HEPES (pH 7.2)
with CsOH. This solution eliminates the K� current and pre-
vents inhibition of the TRPC channel by cytoplasmic Ca2�. The
bath solution contained 140 mM NaCl, 5 mM KCl, 0.5 mM EGTA
or 2 mM CaCl2, and 10 mM HEPES (pH 7.4) (with NaOH). HEK
293 cells were transfected with 1.5 �g/well of total cDNA mix-
ture including TRPC channels and the M3 muscarinic receptor
and with or without STIM1, Orai1(R91W), and TRPC coiled
coil fragments. Current was always stimulated with 100 �M of
the M3 receptor ligand carbachol. The current was recorded by
400-ms rapid alterations of membrane potential from �100 to
�100 mV from a holding potential of 0 mV. The current
recorded at �80 mV was used to calculate current density as
picoampere/picofarad, and the current recorded in multiple
experiments was used to obtain the mean � S.E. and calculate
significance.

Prediction of TRPC Channel Coiled Coil Domains—To map
putative CCDs on TRPC channels, we used Marcoil 1.0 soft-
ware. Marcoil 1.0 lists the coiled coil probability in percent and
the heptad phase with the highest probability. The predicted
heptad phases are shown in the figures for each of the TRPC
channels. Candidate CCDs that were analyzed had a typical
coiled coil probability of 70 –90%, meaning that each amino
acid in this region had a 70 –90% chance of being in a coiled coil.
Selective and strategic mutations were made within this puta-
tive coiled coil domain to reduce the coiled coil probability to
close to 0% both in silico and in the channels. Most of the muta-
tions that drastically reduced the coiled coil probability were
made on hydrophobic residues in position a or position d of the
heptad repeat. Next, the region of this heptad repeat was put
through an online helical wheel analysis program to plot the
location of the anticipated cluster of hydrophobic residues
on one side of the coiled coil. These hydrophobic residues
form the fundamental units of coiled coil-mediated interac-
tion between two proteins. The effect of triple mutations in
the predicted wheels on total and surface expression of the
channels and their interaction with STIM1 are shown in the
figures.

Statistics—All results are given as mean � S.E., and signifi-
cance was analyzed by Student’s t test or by analysis of variance.

RESULTS

SOAR Interacts with the TRPC Channel Coiled Coil Domains—
In a previous study, we showed that full-length STIM1 interacts
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with TRPC1, TRPC4, and TRPC5 but not with TRPC3, TRPC6,
and TRPC7 (8). In Fig. 1a we show that SOAR mediates the
interaction of STIM1 with TRPC channels. As was found with
STIM1, SOAR interacts with TRPC1, TRPC4, and TRPC5 but
minimally with TRPC3 and TRPC6 and not with TRPC7. The
minimal interaction with TRPC3 and TRPC6 may be due to the
presence of a basal low level of TRPC1-TRPC3 and TRPC4-
TRPC6 complexes, where TRPC1 and TRPC4 facilitate the
interaction of TRPC3 and TRPC6, respectively, with STIM1
(see Ref. 22).

SOAR interacts with the Orais CT CCD (13, 19, 21). To
examine the role of TRPC channel CCDs in their interaction
with STIM1, the predicted fold and mutations that disrupt
them were generated using a helical wheel plotting program.
The results are shown in Fig. 1d for the TRPC1 and TRPC3 NT

and CT coiled-coil domains and for the TRPC5 and TRPC6 NT
CCDs. The program predicted that maximal disruption of the
CCDs requires mutation of three residues, as shown in Fig. 1d.
The mutations decrease the interaction of STIM1 with TRPC1
and TRPC5 (Fig. 1, b and c). However, unexpectedly, the muta-
tions markedly increase the interaction of STIM1 with TRPC3
and TRPC6 (Fig. 1c). In addition, the mutations eliminated the
surface expression of all TRPC channels examined (Fig. 1, b and
c). These findings indicate that the TRPCs NT CCDs are
involved either in folding or trafficking of TRPC channels. A
role of the TRPC3 CT CCD in trafficking has been suggested
previously (30). More important for our discussion, the TRPC
channel CCDs participate in isoform-specific interaction with
STIM1. To further explore the latter, we selected to focus on
TRPC1 and TRPC3 because they form heteromultimers (22, 31,

FIGURE 1. Interaction of TRPC channels with SOAR and effect of N-terminal triple point mutations on the interaction and on TRPC channel surface
expression. a, SOAR interacts with TRPC1, TRPC4, and TRPC5 but not with TRPC3, TRPC6, and TRPC7. IP, immunoprecipitation. b and c, mutations of three
residues in the NT coiled coil domains of the indicated TRPC channels eliminate their surface expression and reduce the interaction of TRPC1, TRPC4, and TRPC5
with SOAR but enhance the interaction of TRPC3 and TRPC6 with SOAR. The mutants used were as follows: TRPC1, Y224S/L227S/L238S; TRPC3, L241S/L245S/
L248S; TRPC5, Y241S/L244S/L255S; and TRPC6, L300S/L304S/L307S. The blots in a–c are one of three similar experiments. d, the predicted N-terminal and
C-terminal CCDs of TRPC1 and TRPC3, the N-terminal CCDs of TRPC5 and TRPC6, and the tested mutations in the hydrophobic region that make up the coiled
coil-mediated interactions.
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32) that are mediated by STIM1 and in which TRPC1 confers
STIM1-dependent regulation to TRPC3 (22).

Role of TRPC1 CCDs in Channel Regulation by STIM1—
Next, we tested the effect of single mutations in the CCDs of the
TRPC channels on the interaction with STIM1 to avoid the
effect of the triple mutations on surface localization. Fig. 2
depicts the effect of single mutations in the NT and CT CCDs
on surface TRPC1 and their interaction and regulation by
STIM1. Single mutations in both TRPC1 NT and CT CCDs
reduce the interaction with STIM1 without affecting surface
TRPC1 (Fig. 2, a and b). Fig. 2c shows an example of TRPC1
current measurement when activated by the M3 muscarinic
receptors. Orai1(R91W) is channel-dead but binds STIM1 sim-
ilar to wild-type Orai1 (19) and, thus, can be used as a STIM1
scavenger (33). The summary in Fig. 1d shows that the current
is inhibited by scavenging STIM1 with the Orai1(R91W)
mutant and that the current is fully restored by overexpressing
STIM1 (Fig. 2d, black columns). Significantly, the TRPC1 NT
and CT CCD mutations that reduce STIM1 interaction also
inhibit activation of TRPC1 current by receptor stimulation,
and the current can be rescued by overexpression of STIM1.
Hence, although the TRPC1 CT CCD is the STIM1 binding site
(see below), in the case of full-length TRPC1 (and perhaps
TRPC4 and TRPC5), the NT CCD appears to be required for
stabilization or promotion of TRPC1 binding to the TRPC1 CT
CCD.

Role of TRPC3 CCDs in Channel Regulation by STIM1—Fig.
3a shows that several single mutations in the TRPC3 NT CCD
reproduce the dramatic increase in interaction of TRPC3 with

SOAR. Importantly, they did so with minimal or no effect on
surface TRPC3. Fig. 3b shows that the single mutations simi-
larly increased the interaction of TRPC3 with full-length
STIM1. For further analysis, we selected the TRPC3(L241S) and
TRPC3(L245S) mutants. We reasoned that the increased STIM1-
TRPC3 interaction by mutation of the NT CCD may have been
due to exposure of the TRPC3 STIM1 binding site that is hidden
by the NT CCD. This site could be the TRPC3 CT CCD. To exam-
ine this possibility, we generated the single TRPC3(I807S) and
the double TRPC3(L241S/I807S) and TRPC3(L245S/I807S)
mutants. Fig. 3c shows that, although TRPC3(I807S) has no
apparent effect on STIM1 interaction, it abolished the
enhanced interaction of STIM1 with TRPC3(L241S) and
TRPC3(L245S). These single and double mutants had no
effect on surface TRPC3 (Fig. 3c), so their effect on channel
activity could be studied.

The enhanced interaction of TRPC3(L245S) with STIM1
predicts that more extensive inhibition of STIM1 should be
required to inhibit its function compared with wild-type
TRPC3. Two independent protocols were used to test this pre-
diction. Fig. 4a shows the effect of different concentrations of
STIM1 siRNA on expression of native STIM1. Fig. 4a shows
that treatment with a higher concentration of siRNA is required
to inhibit current by TRPC3(L245S) compared with TRPC3.
Fig. 4, c and d, shows that about three times more Orai1(R91W)
scavenger is required to inhibit TRPC3(L245S) compared with
TRPC3 currents. The TRPC3 current could be restored by
overexpression of STIM1 using 0.5 �g of STIM1 cDNA. STIM1
at 0.3 �g only partially restored the TRPC3(L245S) current. We

FIGURE 2. Role of N- and C-terminal single point mutations in TRPC1 interaction with and regulation by STIM1. HEK cells were transfected with STIM1 and
the TRPC1 wild type or mutants (a–d) and the M3 receptor (c and d). a and b show the effect of mutations in the N- or C-terminal coiled coil domains of TRPC1,
respectively, on its interaction with STIM1. Anti-HA-HRP (TRPC1) and anti-GFP (STIM1) were used for detection of TRPC1 and STIM1. The blots are representative
of three experiments. IP, immunoprecipitation. c and d, example of activated TRPC1 current trace and current/voltage relationship. Here and in all experiments,
the channels were activated by 100 �M M3 receptor agonist carbachol. The current/voltage relationship was taken at the time marked by f and after
subtraction of the leak current measured in the presence of NMDG. pA, picoampere; pF, picofarad. d, TRPC1-independent current was taken as the current
measured with the channel-dead mutant TRPC1(F562A) (see Ref. 29). *, p � 0.05 or better with respect to TRPC1 current; #, p � 0.01 with respect to the current
measured in the absence of STIM1. The results are the mean � S.E. of the number of cells analyzed, which are listed in the columns.
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could not use a higher amount of STIM1 because the use of high
STIM1 inhibited both the TRPC3 and TRPC3(L245S) currents.

The predicted effect of the I807S mutation alone and when
combined with TRPC3(L245S) is that it should eliminate the
STIM1 dependence of both TRPC3 and TRPC3(L245S). This
prediction is tested in Fig. 4e. Indeed, TRPC3(I807S) is resist-
ant to scavenging of STIM1. Moreover, the function of
TRPC3(L245S/I807S) is also resistant to scavenging of STIM1.
Hence, the I807S mutation that eliminates STIM1 binding to
TRPC3 makes TRPC3 function as a STIM1-independent
channel.

The TRPC1 C-terminal CCD Mediates STIM1 Dependence of
TRPC3—TRPC3 functions as a STIM1-dependent channel
only in the presence of TRPC1 (Ref. 22 and below). The
enhanced interaction of TRPC3(L245S) with STIM1 raises the
possibility that TRPC3(L245S) may function as a STIM1-de-
pendent channel independently of TRPC1. To test this, we
measured the effect of STIM1 scavenging on the function of
TRPC3(L245S) expressed in cells treated with scrambled or
TRPC1 siRNA. Fig. 5, a and b, shows that the TRPC3(L245S)
current is inhibited by scavenging STIM1 with Orai1(R91W) in
the presence and absence of TRPC1. Hence, TRPC3(L245S)
appears to be directly regulated by STIM1 and does not require
TRPC1 to access STIM1.

The requirement of TRPC1 for TRPC3 to function as a
STIM1-regulated channel suggests that TRPC1 exposes the
TRPC3 CT CCD, which is the TRPC3 STIM1-binding site. To
test this prediction, we first measured the effect of TRPC1 on
the FRET signal between TRPC3 tagged with BFP on the N
terminus (BFP-TRPC3) and TRPC3 tagged with YFP on the C
terminus (TRPC3-YFP). Fig. 5c shows that TRPC1 had no sig-
nificant effect on the basal FRET signal between BFP-TRPC3

and TRPC3-eGFP. Notably, cell stimulation with 100 �M ATP
to activate the native P2Y2 receptors in HeLa cells resulted in a
reduction in the FRET signal only in the presence of TRPC1.
This suggests that cell stimulation enhances the formation
of the TRPC1-TRPC3 complexes. To determine the effect of
TRPC1 on the interaction between the N and C termini of
TRPC3, we prepared CFP-TRPC3-YFP tagged at both the C
and N termini that is fully active (data not shown). Fig. 5d shows
that the FRET signal observed between the CFP and YFP was
nearly constant during cell stimulation in the absence of
TRPC1. Notably, TRPC1 markedly reduced the CFP-TRPC3-
YFP FRET upon cell stimulation, suggesting that TRPC1 disso-
ciates the TRPC3 N and C termini. Next, to identify the TRPC1
domain mediating the STIM1 dependence of TRPC3, we pre-
pared TRPC1 NT and CT CCD constructs and tested their
interaction with STIM1 and their effect of TRPC3 interaction
with STIM1. Fig. 5e shows that the TRPC1 CT CCD, but not the
TRPC1 NT CCD, interacts with STIM1. Moreover, the TRPC1
CT CCD, but not the NT CCD, enhances the interaction of
TRPC3 with STIM1. Finally, binding of STIM1 to the TRPC1
CT CCD has no apparent effect on the interaction of STIM1
with TRPC3(L241S) and TRPC3(L245S), suggesting that their
enhanced binding with STIM1 is already saturated and inde-
pendent of TRPC1.

To determine whether the TRPC1 CT CCD mediates the
STIM1 dependence of TRPC3, we tested the ability of the
TRPC1 NT and CT CCDs to reconstitute STIM1 dependence
to TRPC3 in cells treated with TRPC1 siRNA. Fig. 5f shows that
knockdown of TRPC1 makes TRPC3 activity resistant to inhi-
bition of STIM1 by the dominant negative STIM1(�ERM) (8)
or to scavenging STIM1 with Orai1(R91W). Thus, in the
absence of TRPC1, TRPC3 function becomes STIM1-inde-

FIGURE 3. N- and C-terminal single point mutants increase TRPC3 interaction with SOAR and STIM1. HEK cells were transfected with the indicated TRPC3
mutants and SOAR (a) or STIM1 (b and c). Interaction was evaluated by coimmunoprecipitation (IP) (a–c) and surface localization by biotinylation. The blot in
a is one of three experiments, and the blot in b is one of two experiments. c, effect of the C-terminal CCD TRPC3(I807S) mutation on the interaction of the wild
type, TRPC3(L241S), and TRPC3(L245S) with STIM1. The blots are representative of four experiments. TRPC3 was detected with antibodies recognizing FLAG
and STIM1 and recognizing GFP. The minor high molecular weight band in a may represent TRPC3 multimers, and the lower band in b is due to some STIM1
degradation.
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pendent. That is, in the absence of TRPC1, TRPC3 is set in a
mode where it can still be opened by receptor stimulation but is
no longer gated by STIM1. To test which TRPC1 domain con-
fers STIM1 dependence to TRPC3, we determined the effect of
the TRPC1 NT CCD and CT CCD on TRPC3 gating by STIM1.
Fig. 5f shows that expression of the TRPC1 CT CCD alone was
sufficient to fully restore STIM1 dependence to TRPC3.

The results with siTRPC1 in Fig. 5f imply that the TRPC1-
TRPC3 regulatory interaction takes place between the native
TRPCs. To test this, we measured the interaction of the
native Trpc1, Trpc3, and Stim1 in salivary gland cells and
the role of Trpc1 and Trpc3 on Ca2� influx activated by the
Gq-coupled M3 receptors, for which Stim1 is obligatory. Fig.
6a shows that knockout of Trpc1 and Trpc3 in mice similarly
reduced receptor-stimulated Ca2� influx by about 50%. The
relatively selective TRPC3 inhibitor pyrazole 10 (34) also inhib-
ited Ca2� influx by about 50% (Fig. 6b). Significantly, Fig. 6c
shows that the inhibition of Trpc3 by pyrazole 10 in Trpc1�/�

cells had no effect on the influx, suggesting that the native
Trpc1 and Trpc3 in salivary gland cells cooperate to mediate

the same component of the receptor-mediated Ca2� influx.
Finally, cell stimulation assembles the Trpc1-Stim1-Trpc3
complex, as revealed by their enhanced mutual coimmunopre-
cipitation in stimulated cells (Fig. 6d).

DISCUSSION

This study identifies the domains for STIM1-TRPCs interac-
tion and their role in activation of TRPC channels by STIM1.
The biochemical and functional findings indicate that the
STIM1 SOAR domain mediates the interaction with the TRPC
channels, as was found for the interaction of STIM1 with the
Orai channels (13–15). Disruption of the TRPC channel coiled
coil domains reveals their role in channel trafficking and their
central role in TRPC channel interaction with STIM1. Muta-
tion of three residues in the NT CCD of all TRPCs examined
resulted in complete inhibition of their surface expression (Fig.
1). At present, it is not known whether this is due to misfolding
of the channels or due to a specific role of the NT CCD in
trafficking.

FIGURE 4. Effect of scavenging STIM1 by various amounts of Orai1(R91W) on current density of TRPC3, TRPC3(L245S), TRPC3(I807S), and
TRPC3(I807S/L245S). a, HEK cells were treated with different concentrations of STIM1 siRNA for 72 h prior to evaluation of STIM1 abundance by Western blot
analyses using anti-STIM1 antibodies in two separate experiments (IB). HEK cells were treated with scrambled (SCR) or the indicated concentrations of STIM1
siRNA. After 48 h, the cells were transfected with TRPC3 or TRPC3(L245S) and the M3 receptor, and, 24 h later, they were used to measure TRPC3 current. Each
point is the mean � S.E. of six to eight experiments. b–d, HEK cells were transfected with wild-type TRPC3 or TRPC3(L245S) and different amounts of
Orai1(R91W). b, example current/voltage relationship in medium containing 2 mM Ca2�. The columns in c and d show the effect of Orai1(R91W) and
Orai1(R91W)�STIM1 on current density. pA, picoampere; pF, picofarad. e, HEK cells were transfected with TRPC3(I807S) or TRPC3(L245S/I807S), the M3
receptor, and the indicated concentrations of Orai1(R91W). The results in c–e are the mean � S.E. of the number of cells analyzed, which are listed in the
columns. *, p � 0.05; #, p � 0.01 compared with the respective controls.
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Disruption of the TRPC1 CCDs reduced their interaction
with STIM1. The findings in Fig. 2 lead to several conclusions.
The NT and CT TRPC1 CCDs participate in interaction of
TRPC1 with STIM1, TRPC1 is regulated by STIM1, and inter-
action of STIM1 with the CCDs is required for this regulation.
The single mutations in the CCDs weakened, but did not elim-
inate, the interaction of TRPC1 with STIM1. Consequently,
activation of the TRPC1 mutants by receptor stimulation can
be restored by overexpression of STIM1. The basis of the
involvement of the two TRPC1 CCDs in STIM1 binding is not
clear at present because the isolated CT, but not the NT, of
TRPC1 binds to STIM1 (Fig. 5). One possible explanation is
that, in the full-length TRPC1, the NT CCD interacts with and
stabilizes the CT CCD structure rather than hiding it from
STIM1. Note that TRPC1 interacts with STIM1 with no need to
expose the STIM1 binding site, suggesting that its STIM1 bind-

ing site may not be hidden and that receptor stimulation only
enhances the interaction between TRPC1 and STIM1. In a pre-
vious study, we showed that TRPC1 is gated by electrostatic
interaction between the last two STIM1 lysines and two con-
served C-terminal aspartates in TRPC1 (23). On the basis of the
previous and current findings, we propose that the SOAR inter-
acts with the CT CCD of TRPC1 to present STIM1(Lys684/
Lys685) to TRPC1(Asp639/Asp640) to gate the channel.

In sharp contrast with the findings with TRPC1 and TRPC5,
disruption of the TRPC3 and TRPC6 NT CCD markedly
increased their interaction with STIM1. To understand this
unexpected finding and reveal the role of the CCDs in STIM1
regulation of TRPCs, we focused on TRPC3, its interaction
with STIM1, and how TRPC1 confers STIM1 dependence to
TRPC3. A FRET analysis with N- and C-terminally tagged
TRPC3 (Fig. 5c) suggests that TRPC3 can form homomultim-

FIGURE 5. Effect of TRPC1 C-terminal coiled coil domain on regulation of TRPC3 by STIM1. a and b, example current/voltage relationship in Ca2�-free
medium and summary (b) examining the effect of scavenging STIM1 by 0.5 �g Orai1(R91W) on TRPC3(L245S) function in cells treated with scrambled (Scr) and
TRPC1 siRNA. The results in b are the mean � S.E. of nine cells. pA, picoampere; pF, picofarad; Con, control. c, the BFP-TRPC3 channel tagged at the N terminus
with BFP and TRPC3-YFP tagged at the C terminus with YFP were transfected alone or together with AH-tagged TRPC1 in HeLa cells. After 24 h, the FRET
between BFP and YFP was measured before and after stimulation with 100 �M ATP. d, the CFP-TRPC3-YFP channel tagged at both the N terminus with CFP and
at the C terminus with YFP was transfected alone or together with AH-tagged TRPC1 in HeLa cells. After 24 h, the FRET between CFP and YFP was measured
before and after stimulation with 100 �M ATP. The traces in c and d are the mean � S.E. of the indicated number of analyzed cells. e, effect of TRPC1 C and N
terminus CCDs on the interaction of TRPC3 and mutants with STIM1 and their interaction with STIM1 as analyzed by coimmunoprecipitation (IP). The blots are
representative of three similar experiments. f, effect of the isolated TRPC1 CT CCD and NT CCD on the regulation of TRPC3 by STIM1 in cells treated with TRPC1
siRNA. The average carbachol-activated current densities are given as mean � S.E. of the number of cells analyzed as listed in the columns.
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ers, with the N and C termini sufficiently close to generate a
FRET signal. Interestingly, TRPC1 had no apparent effect on
the basal FRET signal, suggesting that TRPC1 and TRPC3 do
not form stable heteromultimers prior to cell stimulation. This
is further supported by the in vivo findings of an increased
Trpc1/Stim1/Trpc3 coimmunoprecipitation upon cell stimu-
lation (Fig. 6d). Analysis of the CFP-TRPC3-YFP FRET sug-
gested that, in the heteromultimers, the TRPC1 C terminus
facilitates the dissociation of the TRPC3 N- and C-terminal
CCDs to promote interaction of TRPC3 with STIM1. That dis-
sociation of the TRPC3 NT CCD/CT CCD by mutations in the
NT CCD was sufficient to markedly increase the interaction of
TRPC3 with STIM1 in the absence of TRPC1 indicates that
TRPC3 does have a STIM1 binding site, that the STIM1 bind-
ing site is at the TRPC3 CT CCD, and that the STIM1 binding
site is shielded by the NT CCD.

Together, these findings are compatible with the model
depicted in Fig. 7. In the inactive state, the TRPC1 and TRPC3
NT and CT CCDs interact with each other to shield the STIM1
binding site and prevent regulation of TRPC1 and TRPC3 by

STIM1. TRPC1 interacts with STIM1 and can be directly gated
by STIM1 (8), and both its N and C terminus CCDs participate
in STIM1 interaction (Fig. 2). Hence, when TRPC1 is not in a
complex with TRPC3 (and perhaps other TRPC channels like
TRPC4 and TRPC5), cell stimulation facilitates the interaction
of the STIM1 SOAR with the TRPC1 CCDs to mediate the
gating of TRPC1 by STIM1. However, when TRPC1 is in com-
plex with TRPC3, cell stimulation facilitates the formation and
enhances the interaction between the TRPC1-TRPC3 hetero-
multimers and dissociates between the TRPC1 NT and CT
CCDs. In the heteromultimers, the free TRPC1 CT CCD inter-
acts with the TRPC3 CCDs to dissociate them, making the
TRPC3 CT CCD available for interaction with STIM1 and,
thereby, allowing the activation of TRPC3 by STIM1.

In the in vivo situation, this mechanism provides an addi-
tional guard for activation of TRPC3 during receptor stimula-
tion. Perhaps more significantly, this mechanism provides the
cells with a mean of determining the mode of TRPC3 function.
As described here and in a previous study (33), TRPC3 can
function both as a STIM1-dependent and STIM1-independent

FIGURE 6. Role and interaction of endogenous Trpc1 and Trpc3 in salivary gland ducts. a, Ca2� was measured in Fura-2-loaded salivary gland ducts
isolated from wild-type, Trpc1�/�, and Trpc3�/� mice. The ducts were perfused with solutions containing 1.5 mM Ca2� or 0.2 mM EGTA (Ca2� free conditions)
as indicated by the bars. b and c, Ca2� was measured in salivary gland ducts from wild-type (b) and Trpc1�/� mice (c) treated with 3 �M Trpc3 inhibitor pyrazole
10 (Pyr 10). The traces are the mean � S.E. of at least five duct fragments analyzed in each experiment obtained in three (a) or two (b and c) experiments in ducts
isolated from three (a) or two (b and c) mice of each phenotype. d, mutual coimmunoprecipitation (IP) of Trpc1/Stim1/Trpc3 in resting and stimulated salivary
gland cells. Coimmunoprecipitation was tested in resting cells (R) and cells stimulated with the M3 receptor ligand carbachol (100 �M) and treated with the
SERCA pump inhibitor CPA 25 �M (S). In the inputs, the heavy bands are not specific, and the bands representing the probed proteins are marked by arrows and
identified by expression of the proteins in HEK cells as controls. The antibodies recognizing Trpc1 did not recognize the protein without enrichment to show
the Trpc1 input. Combinations of monoclonal and polyclonal antibodies were used to immunoprecipitate Stim1 that coimmunoprecipitated Trpc1 and Trpc3
and to immunoprecipitate Trpc1 that coimmunoprecipitated Trpc3 and Stim1. The experiments are separate duplicates of resting and stimulated cells and are
one of three similar experiments. IB, immunoblot.
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channel, depending on the presence of TRPC3 and TRPC1 in
the same cell. When TRPC3 operates as STIM1-gated channel,
its function becomes coupled to Ca2� content in the ER and is
subject to all regulatory modalities of STIM1. The single-chan-
nel conductance of TRPC3 is much higher than that of the
canonical SOC Orai1. Perhaps recruitment of TRPC3 to the
SOC serves as a means of regulating the extent of SOC activity
on the basis of demand, which includes sustaining the Ca2�

signal and reloading the stores, especially when the stores
become overdepleted in pathological situations.
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