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The mechanism for coupling between Ca?* stores
and store-operated channels (SOCs) is an important
but unresolved question. Although SOCs have not been
molecularly identified, transient receptor potential
(TRP) channels share a number of operational param-
eters with SOCs. The question of whether activation of
SOCs and TRP channels is mediated by the inositol
1,4,5-trisphosphate receptor (InsP;R) was examined
using the permeant InsP;R antagonist, 2-aminoethoxy-
diphenyl borate (2-APB) in both mammalian and inver-
tebrate systems. In HEK293 cells stably transfected
with human TRPC3 channels, the actions of 2-APB to
block carbachol-induced InsP;R-mediated store re-
lease and carbachol-induced Sr?* entry through
TRPC3 channels were both reversed at high agonist
levels, suggesting InsP;Rs mediate TRPC3 activation.
However, electroretinogram recordings of the light-
induced current in Drosophila revealed that the TRP
channel-mediated responses in wild-type as well as érp
and ¢rpl mutant flies were all inhibited by 2-APB. This
action of 2-APB is likely InsP;R-independent since
InsP;Rs are dispensable for the light response. We
used triple InsP;R knockout DT40 chicken B-cells to
further assess the role of InsP;Rs in SOC activation.
45Ca2* flux analysis revealed that although DT40 wild-
type cells retained normal InsP;Rs mediating 2-APB-
sensitive Ca®* release, the DT40InsP;R-k/o cells were
devoid of functional InsP;Rs. Using intact cells, all
parameters of Ca?* store function and SOC activation
were identical in DT40wt and DT40InsP;R-k/o cells.
Moreover, in both cell lines SOC activation was com-
pletely blocked by 2-APB, and the kinetics of action of
2-APB on SOCs (time dependence and IC;,) were iden-
tical. The results indicate that (a) the action of 2-APB
on Ca®* entry is not mediated by the InsP;R and (b) the
effects of 2-APB provide evidence for an important
similarity in the function of invertebrate TRP chan-
nels, mammalian TRP channels, and mammalian store-
operated channels.
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Intracellular Ca2" signals control diverse cellular func-
tions ranging from short-term responses such as contraction
and secretion to longer-term regulation of cell growth and
proliferation (1, 2). The cytosolic Ca%* signals generated in
response to receptors are complex, involving two closely cou-
pled components: rapid, transient release of Ca?" stored in
the endoplasmic reticulum (ER)! followed by slowly develop-
ing extracellular Ca®* entry (1, 3-7). G protein-coupled re-
ceptors and tyrosine kinase receptors, through activation of
phospholipase C, generate the second messenger, inositol
1,4,5-trisphosphate (InsP,), that diffuses rapidly within the
cytosol to interact with InsP; receptors on the ER, which
serve as Ca®" channels to release luminal-stored Ca®" and
generate the initial Ca®" signal phase (1, 4). The resulting
depletion of CaZ" stored within the ER lumen serves as the
primary trigger for a message that is returned to the plasma
membrane, resulting in the slow activation of store-operated
channels (SOCs), which mediate the process known as capac-
itative Ca2" entry (3, 5-8). This second Ca?" entry phase of
Ca?" signals serves to mediate longer term cytosolic Ca2*
elevations and provides a means to replenish intracellular
stores (3, 5). Whereas receptor-induced generation of InsPg
and the function of Ca®" release channels to mediate the
initial Ca2" signaling phase is well understood, the mecha-
nism for coupling ER Ca2* store depletion with Ca%" entry
remains a crucial but unresolved question (5-8).

Coupling to activate SOCs has been hypothesized to involve
direct coupling between the ER and plasma membrane (9, 10),
and evidence indicates that physical docking of ER with the
plasma membrane may be involved in SOC activation (11-14).
The mammalian TRP family of receptor-operated ion channels
appears to share some operational parameters with SOCs (15,
16). Experiments reveal that the activation of TRPC3 channels
like SOCs may require close coupling between the ER and
plasma membrane (11, 17). Kiselyov et al. (18, 19) provide
evidence that activation of human TRPC3 channels stably ex-
pressed in HEK293 cells occurs through a process involving
endogenous InsP; receptors. This activation appears to reflect
a specific molecular interaction between the two channel pro-
teins (20) analogous in some ways to the coupling between
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ryanodine receptors and Ca?* entry channels in fast muscle
triad junctions (1). Experiments reveal that the activation of
both TRP channels and SOCs is prevented by the action of two
different membrane-permeant InsP; receptor antagonists, xes-
tospongin C and 2-aminoethoxydiphenyl borate (2-APB) (17,
21), providing further evidence for the involvement of the InsP;
receptor in coupling to activate both entry channel types. The
analogy between the operation of SOCs and TRP channels is
further strengthened by reports indicating that specific mem-
bers of the TRP family of channels can operate in a store-de-
pendent manner (18, 19, 22-27). However, there are also re-
ports indicating that the ionic selectivity of TRP channels does
not correspond with known SOC activities (28—31) and that
TRP channels can operate independently of store depletion
(31-37).

Given the uncertainty with respect to the function and cou-
pling of store-operated Ca®* entry, the current report focuses
on two central questions: first, whether InsP; receptors are
involved in the operation of SOCs and TRP channels; and
second, whether members of the TRP family of channels are
operationally related to SOCs. The studies provide further
assessment of the involvement of the InsPg receptor in coupling
to entry channels by comparing vertebrate and invertebrate
TRP channel function with store-operated channels function-
ing in mammalian cells in which all three of the InsP; receptor
subtypes have been genetically deleted. The results indicate
that although InsP;Rs do not mediate the action of 2-APB on
Ca" entry, the effects of 2-APB provide evidence for an impor-
tant similarity in the function of invertebrate TRP channels,
mammalian TRP channels, and mammalian store-operated
channels.

EXPERIMENTAL PROCEDURES

Culture of Cells—Cells of both the wild-type DT40 chicken B cell line
(DT40w/t) and triple InsP, receptor knock-out cell line (DT40InsP,R-
k/o) were cultured in RPMI 1640 (Life Technologies) supplemented with
10% fetal bovine serum, penicillin, streptomycin, and glutamine, as
described previously (38). Cells of the T3-65 clone of HEK293 cells
stably expressing the human TRPC3 channel were cultured as de-
scribed previously (17, 21).

Measurement of Intracellular Calcium—Cells grown on coverslips for
1 day were transferred to Hepes-buffered Krebs medium (107 mm NaCl,
6 mm KCI, 1.2 mm MgSO,, 1 mm CaCl,, 1.2 mm KH,PO,, 11.5 mm
glucose, 0.1% bovine serum albumin, 20 mm Hepes-KOH, pH 7.4) and
loaded with fura-2/AM (2 pMm) for 25 min at 20 °C. Cells were washed,
and dye was allowed to de-esterify for a minimum of 15 min at 20 °C.
Approximately 95% of the dye was confined to the cytoplasm as deter-
mined by the signal remaining after saponin permeabilization (39, 40).
Fluorescence emission at 505 nm was monitored with excitation at 340
and 380 nm; Ca?" measurements are shown as 340/380-nm ratios
obtained from groups of 10—12 cells. Details of these Ca?" measure-
ments were described previously for the T3—65 clone of HEK293 cells
(17, 21). Resting Ca®* levels in the two DT40 cell lines were similar,
~100-130 nm, and in T3—-65 HEK293 cells, resting Ca®>* was 50—100
nM. All measurements shown are representative of a minimum of three
and, in most cases, a larger number of independent experiments.

Cell Permeabilization—The procedures for cell permeabilization
were as described earlier (41, 42). Briefly, suspensions of DT40 cells
(1 X 10° cells/ml) were gently stirred and incubated with 0.0025%
saponin in an intracellular-like medium (140 mm KCI, 10 mm NaCl, 2.5
mM MgCl,, and 10 mm Hepes-KOH, pH 7.0) at 37 °C until 95% perme-
abilization occurred (normally after 6—7 min). After permeabilization,
cells were washed twice in saponin-free intracellular-like medium at
4 °C and kept cold before use in experiments. To avoid problems of lipid
dilution of added hydrophobic compounds, the final cell concentration in
all experiments was kept at exactly 5 X 10° cells/ml.

Calcium Flux Experiments—Ca®' flux measurements were con-
ducted as previously described (42—44). The accumulation of *°Ca®"
into intracellular organelles was measured using permeabilized DT40
cells (5 X 10° cells/ml) maintained with gentle stirring at 37 °C in
intracellular-like medium containing 50 um CaCl,, (with 150 Ci/mol
45Ca?"), buffered to 0.1 um free Ca?" with EGTA, 3% polyethylene
glycol, and 5 uM ruthenium red (to prevent mitochondrial Ca®*" accu-
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mulation) in a total volume of 2 ml. Effectors mentioned in the figures
(InsP,, adenophostin-A, and 2-APB) were added at the times shown.
Oxalate with GTP when present were added immediately before the
start of uptake. At the required times, 200-ul aliquots were removed
from the stirred uptake medium, diluted immediately into 4 ml of
ice-cold intracellular-like medium containing 1 mm LaCl,, then rapidly
vacuum-filtered on glass fiber filters (Whatman GF/B), washed, and
counted. The figures show ATP-dependent Ca®* accumulation with that
component of Ca?* retained by cells and filters in the absence of ATP
subtracted (~0.1% of total Ca®"). All experiments shown are typical of
at least three and, in most cases, a larger number of separate
experiments.

Electroretinogram Recordings in Drosophila Retina—Wild-type
(Canton S), trp, and ¢trpl mutant flies were immobilized on coverslips in
bee’s wax, and electroretinogram (ERG) recordings were performed as
previously described using orange (580 nm) light (45). To introduce
2-APB or the control solution into the retina of a live fly, a small hole
was generated near the edge of the eye using a glass needle. The hole
was covered immediately with Vaseline to prevent dehydration of the
exposed tissue. 2-APB (100 mM in Me,SO) or Me,SO (negative control)
was diluted 1:200 into Ringer’s solution, and glass needles (tip diameter
~8 pm) containing these solutions were inserted into the holes in the
retina. The chemicals were driven into the eye by application of brief
pressure using a 1-ml syringe connected to the needles. The injections
caused an immediate change in the ERG amplitudes due to an alter-
ation in electrical resistance. This initial change was also observed with
vehicle only and therefore did not represent an effect of the 2-APB.

Materials and Miscellaneous Procedures—InsP, and adenophostin-A
were from Calbiochem. ATP, GTP, EGTA, carbachol, polyethylene gly-
col, saponin, ruthenium red, Hepes, and oxalate were purchased from
Sigma. 2-APB used in intact cell studies was from Sigma. For the
45Ca?* studies using permeabilized DT40 cells, we utilized 2-APB from
Tocris (Ballwin, MO) since Sigma 2-APB induced significantly greater
inhibition of sarcoplasmic/endoplasmic reticulum Ca®" ATPase pump-
mediated Ca®" uptake. Thapsigargin was from LC Services, Woburn,
MA. Fura-2/acetoxymethylester was from Molecular Probes, Eugene,
OR. The DT40 cell line was from Dr. Tomohiro Kurosaki, Kyoto, Japan.
For Ca®" flux experiments, free Ca®* concentrations were controlled
using EGTA, computing all complexes between EGTA, ATP, Ca?*,
Mg?", monovalent cations, and protons, as previously described (46).

RESULTS AND DISCUSSION

The mechanism of coupling between intracellular Ca®*
stores and the activation of store-operated Ca?" entry channels
has remained an elusive process. Support for the conformation-
al-coupling model (9, 10) has arisen from recent evidence that
InsP; receptors are involved in the activation of TRP channels
and SOCs (17-20). Availability of the membrane-permeant
antagonist of the InsP; receptor, 2-APB (47), provided some
new information on the possible role of the InsPg receptor in
capacitative CaZt entry (17). 2-APB blocks the activation of
capacitative Ca?" entry in response to store depletion with
Ca?* pump blockers or ionomycin (17, 21). In addition, 2-APB
blocks receptor-induced activation of mammalian TRPC3 chan-
nels (17, 21). TRPC3 channels can also be activated directly by
application of diacylglycerol (17, 36); however, this direct stim-
ulation of TRPC3 channels is not blocked by 2-APB, suggesting
its action is not directly on the Ca?" entry channels but, in-
stead, on the coupling process, leading to channel activation in
response to receptor stimulation (17).

Using the T3-65 clone of HEK293 cells stably expressing
TRPC3 channels (48), the experiment shown in Fig. 1 appeared
to reinforce this conclusion. In these cells, TRPC3 channels can
be distinguished from SOCs by their ability to mediate a sub-
stantial entry of Sr?" in response to agonists of phospholipase
C-coupled receptors (17). Carbachol acting through endogenous
muscarinic receptors was observed to be a particularly effective
activator of TRPC3 channels. Compared with other phospho-
lipase C-coupled receptors in the same cells, for example puri-
nergic receptors (17), muscarinic receptor-induced InsP; levels
are sustained longer as a result of less efficient receptor desen-
sitization (49). At a low dose (1 um), carbachol induced a modest
transient release of Ca®" from internal stores in the absence
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Fic. 1. Inhibition by 2-APB of muscarinic receptor-induced
Ca®* release and Sr®* entry through TRPC3 channels stably
transfected HEK293 cells is partially reversed by increased ag-
onist stimulation. Cytosolic Ca?* was measured in fura-2-loaded
T3-65 clone of the HEK293 cells as described under “Experimental
Procedures.” Standard conditions included 1 mm Ca®* in the external
medium; bars indicate times of replacement of nominally divalent cat-
ion-free medium with medium containing 1 mm Sr?* and/or 75 um
2-APB. A, TRPC3 channels were activated by the addition of 1 um
carbachol (CCh) (arrow) followed by the addition of medium containing
1 mm Sr?*. B, as in A, but in the presence of 75 um 2-APB (bar). C, as
in A, but TRPC3 channels were activated by the addition of 10 um CCh
(arrow) followed by the addition of medium containing 1 mm Sr®>*. D, as
in C, but in the presence of 75 uMm 2-APB (bar). E, as in A, but hTRP3
channels were activated by the addition of 100 uM carbachol (arrow)
followed by the addition of medium containing 1 mm Sr®>*. F, as in E, but
in the presence of 75 uMm 2-APB (bar). F, fluorescence.

Ca?", and a substantial entry of Sr?>" upon the addition of the
divalent cation, typical of the activation of TRPC3 channels in
these cells. In the presence of 75 um 2-APB, both the release
and entry responses to 1 uM carbachol were abolished (Fig. 1B).
At higher concentrations of carbachol (Fig. 1, C and E), both the
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release phase and the entry phase were more pronounced.
However, the inhibitory action of 2-APB was substantially de-
creased. With 10 um carbachol, significant release and entry
were observed in the presence of 2-APB (Fig. 1D), and at 100
uM carbachol, release and entry were reduced by only ~50% by
2-APB (Fig. 1F). This could suggest that the higher levels of
InsP; induced by muscarinic activation prevent the action of
2-APB on both InsP; receptor-mediated Ca®" release and
TRPC3 channel activation. Such an effect would be consistent
with the action of 2-APB on the InsP; receptor, which has been
shown to be reduced at higher InsP; concentrations (47). The
implication from this is that the InsP; receptor could be the
mediator of both release and entry, a conclusion consistent
with the substantial evidence indicating a direct interaction
between TRP channels and InsP; receptors (18—-20). It is also
possible that the higher activation of phospholipase C results
in more diacylglycerol (as well as InsP3) to stimulate TRPC3
channels (36), resulting in the observed decrease in 2-APB
sensitivity since the action of diacylglycerol on TRPC3 chan-
nels is insensitive to 2-APB (17). Whether or not this is the
case, it still remains that 2-APB blocks receptor-induced
TRPC3 activation.

The central question of whether the action of 2-APB on
TRPC3 channels reflects its modification of InsP; receptors
was addressed by analyzing the TRP channels that mediate the
visual response in Drosophila. Invertebrate phototransduction
occurs through rhodopsin-induced phospholipase C activation,
resulting in activation of the family of retinal-specific TRP
channels that mediate the light-induced current (16). The ac-
tivation of these channels had been considered a paradigm for
store-operated channels; however, the role of Ca®" stores in the
light response is controversial, and evidence indicates they
may not be involved (16, 37). Moreover, genetic studies indicate
that the single InsP; receptor gene product in Drosophila is
dispensable with respect to the light response (50, 51). Based
on the action of 2-APB on the mammalian TRPC3 channels, it
was important to assess the agent’s action on Drosophila TRP
channels. Drosophila photoreceptor cells express three mem-
bers of the TRP family, TRP, TRPL, and TRPy (52-54). Loss-
of-function mutations in two of these channels, TRP and TRPL,
have been described, demonstrating that they are essential for
a normal light response (55, 56). To determine whether 2-APB
had any effect on the light-stimulated channel activities, the
drug was injected into fly eyes, and ERG recordings were
performed. ERGs are extracellular recordings that measure the
summed response of all cells in the retina. Since TRP, TRPL,
and TRPvy form the light-stimulated channels in photoreceptor
cells, the ERG amplitudes reflect the activities of these TRP
family members. Stimulation of wild-type eyes with light re-
sults in a corneal negative response that rapidly returns to
base line after cessation of the light stimulus. Control injec-
tions in wild-type retinas had no effect on the response ampli-
tudes of the ERG over the 4-min course of the experiment (Fig.
2A, top trace). The ERGs in ¢rp and trpl flies were also un-
changed after control injections (data not shown). Injection of
2-APB caused a gradual decrease in amplitude of the wild-type
ERG responses (Fig. 2A, second trace). The trp and trpl mu-
tants were more sensitive to the inhibitory effects of 2-APB
than wild-type flies (Fig. 24, third and fourth traces). A plot of
the time course of inhibition of light response amplitude by
2-APB is shown in Fig. 2B. Four minutes after injection of
2-APB, the ERG amplitudes of wild-type flies were decreased to
46.5 *= 4.1%, whereas those in ¢rp or ¢rpl flies were inhibited to
21.1 = 3.7% and 18.8 *= 2.1% respectively.

Given the information from the laboratories of Zuker and
co-workers (50) and Hardie and co-workers (51) that activation
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Fic. 2. The TRP channel-mediated light responses in Drosoph-
ila eyes are inhibited by 2-APB. A, ERG recording in wild-type (WT)
flies (Canton S strain) after introduction of the vehicle alone (Me,SO)
diluted in Ringer’s solution (ctrl inj). The flies were exposed to a series
of 2-s orange light stimuli with a frequency of 2 pulses/min. An ERG
recorded 4 min after the control injection is included to the right.
Similar control injections were performed with ¢7p and ¢rpl flies (data
not shown). ¢rp flies were exposed to light stimuli of slightly shorter (1.7
s) to avoid the inactivation resulting from repeated exposure to light of
2-s duration. As was the case with wild-type flies, the amplitudes of the
trp and ¢rpl ERGs were largely unchanged over the course of the
experiment (data not shown). Event markers showing the initiation and
cessation of the light stimuli are indicated above, and time and millivolt
scales are presented to the right of the ERGs. B, ERG recordings after
the introduction of 2-APB (500 uM final concentration) to the retinas of
wild-type (WT), trp, and ¢rpl flies. WT and ¢rpl flies were exposed to
light pulses of 2-s duration, and ¢rp flies were stimulated with 1.7-s
light pulses. C, relative amplitudes of ERGs in wild-type, ¢rp, and trpl
flies after exposure to 2-APB or the control injections. Shown are the
mean ERG amplitudes at a frequency of 2 light pulses/min over the
course of 4 min. The numbers of flies assayed (n) are indicated. The zero
time point represents the first light response 7 s after the injections.

of the TRP channels mediating the Drosophila light-induced
current appears normal in the absence of InsPg receptors, the
results indicate that the action of 2-APB may be independent of
the InsP; receptor. Although the action of 2-APB on the Dro-
sophila ERGs may appear slower than its action on SOCs and
TRP channels in mammalian cells (17, 21), it should be noted
that the ERG is a measurement of the sum of responses from
all retinal cells, only some of which are in close apposition to
the site of 2-APB application. Diffusion of the drug to more
distant cells likely accounts for the slower onset of its action.
Indeed, it appears that almost complete inhibition of TRP chan-
nel activation can be obtained with 2-APB within the 4-min
time period. The principle channels in wild-type photoreceptor
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cells appear to be TRP homomultimers, TRP/TRPL heteromul-
timers, and TRPL/TRPy heteromultimers (54, 57). Because
TRP/TRPL heteromultimers are absent in both ¢rp and ¢rpl, the
greater sensitivity of the mutant flies to the effects of 2-ABP
may reflect a relative lower sensitivity of TRP/TRPL hetero-
multimers to 2-ABP. From these studies it is probable that the
action of 2-APB on blocking TRP channels, at least in fly retinal
cells, is through a target other than the InsP; receptor.

Considering this information, it was important to assess
whether the action of 2-APB on SOC activation in vertebrate
cells was also independent of the InsP; receptor. An important
tool for such analysis was the InsP; receptor knock-out cell line
developed by Sugawara et al. (38). The wild-type DT40 chicken
B cell line is a useful tool for generating gene knock-outs and
expresses all three mammalian subtypes of the InsP; receptor
(38). The loci of the three InsP; receptor subtypes were dis-
rupted sequentially by the targeted introduction of mutations
of the alleles of each InsP; receptor subtype into the wild-type
loci by homologous recombination (38). The resulting triple-
InsP; receptor gene knock-out cells (DT40InsP;R-k/o) have
been reported to have no phospholipase C-coupled receptor-
induced Ca2" release responses, yet apparently retain CaZ"
entry in response to store-depletion (38). It has been suggested
that the triple InsP;R-k/o cells could be expressing truncated
variants of the InsP5 receptor and that certain functions of the
InsP; receptor (for example, physical coupling to plasma mem-
brane entry channels) could be retained in the cells (18); how-
ever, there is at present no evidence that a corresponding
transcript or protein is expressed in these cells.

Using both wild-type DT40 cells and the DT40 triple InsP;R-
k/o cells, we sought first to assess and compare InsPg receptor
function directly. Radioactive Ca®" flux measurements using
permeabilized cells provide a sensitive means for assessing the
Ca?' accumulation and release properties of Ca?" stores (43,
46) and have not previously been conducted in the InsP;R-k/o
cells. Saponin-permeabilized DT40w/t cells displayed sarco-
plasmic/endoplasmic reticulum Ca®?* ATPase-mediated Ca®*
pumping activity qualitatively similar to many other cell types
(42—44), although the absolute uptake capacity of stores (be-
tween 0.1 and 0.2 nmol of Ca%2*/10° cells) was somewhat less,
likely as a result of the comparatively smaller size of DT40
cells. In DT40w/t cells, application of 10 uM InsPg induced rapid
release of more than 50% of accumulated Ca2?" (Fig. 34). CaZ*
accumulation was almost identical in the DT40InsPs;R-k/o
cells; however, in contrast to DT40w/t cells, there was no meas-
urable release of Ca®" in response to InsP; (Fig. 3B). Moreover,
adenophostin A, a powerful InsP; receptor agonist with 100-
fold greater potency than InsP; (58), also had no significant
effect on Ca®" release in the DT40InsP,R-k/o cells (Fig. 3C).

The somewhat small accumulation of Ca®* within DT40 cells
made it difficult to conclude with certainty that there was no
InsP; receptor function. Uptake of Ca?* within the ER lumen
can be dramatically enhanced by application of a combination
of GTP and oxalate to the uptake medium (41, 42, 59). GTP
induces self-association and communication between ER sub-
compartments within permeabilized cells, resulting in luminal
Ca?* accumulation reflecting the combined activity of a much
large number of sarcoplasmic/endoplasmic reticulum CaZ*
ATPase pumps (42, 46, 59). The InsP,-sensitive Ca®* pool is
selectively permeable to carboxylate anions, including oxalate,
which precipitate Ca?" and greatly increase the Ca2" capacity
of the ER lumen (41, 42, 46). Whereas 10 mm oxalate alone has
a marginal effect, in combination with 20 um GTP there is an
~100-fold increase in the accumulation of Ca?" specifically
within the InsPs-sensitive Ca®* pool (59, 60). In this respect,
DT40 cells were similar, and Ca?" accumulation in the pres-
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Fic. 3. InsP;- and adenophostin A-
mediated effects on Ca®* release in
permeabilized wild-type and triple
InsP, receptor knockout variants of
the DT40 cell line. Cell permeabiliza-
tion and ATP-dependent Ca®?* accumula-
tion were as described under “Experimen-
tal Procedures.” A, uptake was under
control conditions (e ) or with 10 uMm InsP,
(O) added at 4 min (arrow) in wild-type
DT40 cells (DT40wt). B, as in A, but cells
were the triple InsP; receptor knockout
variant of the DT40 line (DT40InsP,R-k/
0). C, as with B, but with 500 nm adeno-
phostin A (Adn-A) (O) added at 4 min

Ca?* Accumulation (nmolef1( cells)

Activation of TRP and Store-operated Channels

(arrow). T T T

0.3 03~
B DT40 InsP,R-ko c
InsP, Adn-A
i 02 l
L ]
0.1+
00+
0 2 4 6 g 0 2 4 6 80 2 4 6 8

Time (minutes)

ence of GTP and oxalate continued at a steady rate (Fig. 4).
This rate of uptake was sustained for 10s of minutes, resulting
in accumulation of Ca%* 20-50-fold higher than the steady
state reached in the absence of GTP and oxalate. Almost all of
this Ca®?" uptake was within the InsP,-sensitive Ca®" pool.
Thus, inclusion of InsP; in the uptake medium resulted in a
substantial reduction of Ca®" accumulation (Fig. 4A). From a
number of experiments the effect of InsP; was to prevent 80—
90% of the Ca®* accumulation in DT40w/t cells (Fig. 4A). In
complete contrast, there was no effect of InsP; on Ca®* accu-
mulation in DT40InsP;R-k/o cells even though there was an
almost identical enhancement of Ca®" accumulation in the
presence of GTP and oxalate (Fig. 4B). Even more compelling
were the differences in effectiveness of adenophostin A under
the same conditions (Fig. 4, C and D); almost 100% of the
accumulation was prevented in DT40w/t cells, whereas there
was no releasing action in the DT40InsP;R-k/o cells. The slight
enhancement of Ca?* accumulation observed with adenophos-
tin A in Fig. 4D was not consistent; in four separate experi-
ments with knock-out cells, there was no measurable decrease
in uptake with adenophostin A. Thus, under conditions enor-
mously enhancing the amount of Ca2?" sequestered within the
InsP;-sensitive Ca®" store and, hence, the Ca®* release signal
mediated by InsP; receptors, the results clearly reveal the
absence of any functional InsP; receptors in the knock-out
cells, whereas the responses of wild-type cells are essentially
normal. An interesting corollary to this is that, in answer to an
earlier question (11), the action of GTP to induce communica-
tion between ER subcompartments does not appear related to
InsP; receptor function.

Given this remarkable divergence in store function meas-
ured in the permeabilized cells, it was crucial to assess whether
there were any corresponding changes in the operation of
stores and the activation of store-operated Ca2* entry in the
intact cells. The data in Fig. 5, A and B, reveal that store
function and store-operated Ca2" entry were each virtually
identical in the intact DT40w/t and DT40InsP5R-k/o cells. The
release of Ca?" in response to thapsigargin was the same in
both amplitude and rate, indicating that the size of stores and
the leak rate from stores after pump blockade were unaffected
by the complete absence of functional InsP; receptors. This is
an interesting result in itself since it indicates that leak of Ca2*
is not attributable to the function of InsP; receptors. After
removal of extracellular Ca2", the decrease in cytosolic CaZ*
indicated that the component of the response resulting from
store-operated Ca®" entry was clearly the same in the two cell
lines. Readdition of Ca®" resulted in the almost identical re-
sumption of store-operated Ca2" entry, confirming the earlier
work of Sugawara et al. (38). In many cell types, removal and
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Fi1c. 4. Effects of InsP; and adenophostin-A on Ca®* sequestra-
tion enhanced by GTP and oxalate in permeabilized wild-type
DT40 cells and permeabilized cells of the InsP;-receptor knock-
out variant of the DT40 cell line. ATP-dependent Ca®" accumulation
was measured in the presence of 20 uMm GTP and 10 mMm oxalate. All
additions were made before initiation of Ca®" accumulation by ATP
addition. The conditions were as follows: A, control conditions with 20
uM GTP and 10 mMm oxalate (e ) or with 10 uM InsP; (O) in the wild-type
DT40 cells (DT-40wt); B, as in A, but using the InsP, receptor knockout
variant of the DT40 cells (DT40InsP;R-k/0); C, as in A, but with 500 nm
adenophostin A (Adn-A) (O); D, as in B, but with 500 nm Adn-A (e).

readdition of Ca2™" after store-emptying results in a large over-
shoot of store-operated Ca?* entry, reflecting transient rever-
sal of a Ca®"-sensitive negative feedback mechanism on SOC
activation (11, 61). In contrast, the entry response upon the
readdition of Ca2" in both DT40 cell lines did not include an
overshoot, entry merely returning to an approximate steady
state level.

Since SOC activation occurred essentially normally in the
two cell types, the important question was whether the entry

TT0Z ‘v Joquiaidas uo ‘Areiqi] DINL-WVH e 61070ql-mmm wolj papeojumod


http://www.jbc.org/

Activation of TRP and Store-operated Channels

2.8 4 B

A B
DT40 ins P R-kio
Té TG
2.0 \ J
B
W
- 1.5 J
]
S
[T
1.0 J
oca™ ocas oca®  Joca® oca ocas
T T T T T T T L T T T T T )
0§ 0 15 20 25 30 3/ a0 & 10 15 20 25 30
Titne {min) Time {miny

Fic. 5. Ca®?* store mobilization induced by thapsigargin and
subsequent store-operated Ca®* entry in intact DT40 wild-type
cells and the DT40 triple InsP, receptor knockout variant cell
line. Ca®" measurements were as described under “Experimental Pro-
cedures”; bars indicate times of replacement of medium with nominally
Ca%*-free media (0 Ca®*). A, Ca®* levels were monitored after store
depletion with 1 uM thapsigargin (arrow) and transient Ca®* removal in
the wild-type DT40 cells (DT40wt). B, as in A, but in the InsP, receptor
knockout DT40 variant cells (DT40InsP3;R-k/o). F, fluorescence.

was sensitive to the InsP; receptor antagonist, 2-APB. The
answer to this question is clearly affirmative, as shown from
the data in Fig. 6. In this experiment, Ca®" entry was activated
by Ca®?" addition after thapsigargin-induced store depletion in
the absence of extracellular Ca®*. A comparison of release and
entry for DT40w/t and DT40InsP3R-k/o cells under this condi-
tion is shown in Fig. 6, A and B, respectively. If 75 um 2-APB
was added 5 min before Ca2" addition, the store-operated Ca?"
entry was almost completely blocked in both cell types (Fig. 6,
C and D). As important as determining whether 2-APB could
alter SOC activity was to determine if the presence or absence
of functional InsP; receptors might influence the kinetics of
action of 2-APB on SOC function. The data shown in Fig. 7
address this point. After emptying stores in DT40-w/t cells with
thapsigargin, the addition of Ca®* resulted in sustained Ca?*
entry lasting for 10s of minutes. The addition of 2-APB caused
an immediate inhibition of SOC-mediated Ca%* entry, and
Ca?" levels rapidly fell (Fig. 7A). This action of 2-APB was
identical in the DT40InsP;R-k/o cells (Fig. 7B). Moreover, the
presence or absence of InsP; receptors did not influence the
return of functional SOC activity after removal of 2-APB. Thus,
after the blockade of SOC-mediated Ca®" entry, removal of
2-APB caused a clear return of Ca?" entry in DT40w/t cells
(Fig. 7C), and this reversal of action of 2-APB was almost
identical in DT40InsP;R-k/o cells (Fig. 7D). Experiments also
assessed the concentration dependence of action of 2-APB to
block store-operated Ca2* entry in the two cell types. There
was no significant difference in the 2-APB sensitivity of Ca?"
entry between DT40w/t and DT40InsP;R-k/o cells, the IC;, in
both cases being 15-20 um (data not shown). Therefore, the
actions of 2-APB on store-operated Ca®* entry does appear to
be independent of whether or not cells have functional InsPg
receptors.

Considering these results, one further important question
about 2-APB was whether it truly did have a direct action upon
the InsPg receptor within DT40 cells. Until now we have used
intact cells and shown that 2-APB clearly blocks phospholipase
C-coupled receptor agonist responses in a variety of cell types,
and this has been presumed to reflect blockade of InsP;-in-
duced activation of InsPg receptors (17, 21). However, since the
actions of 2-APB on Ca2" entry in DT40 cells appear independ-
ent of InsP; receptors, we considered the possibility that the
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Fic. 6. Store-operated Ca®* entry is blocked by 2-APB in both
wild-type DT40 cells and the InsP, receptor knockout variant
DT40 cell line. Ca?" measurements using the wild-type and InsP,
receptor knockout variant of the DT-40 cell line were as described in the
legend to Fig. 5; bars indicate times of replacement of medium with
nominally Ca®*-free media (0 Ca®") and/or 75 um 2-APB. A, Ca®"
release induced by the addition of 1 uM thapsigargin (arrow) in Ca?*-
free media followed by Ca®* entry after the addition of medium con-
taining 1 mm Ca®" in the wild-type DT-40 cells (DT40wt). B, as in A, but
in the InsP; receptor knockout variant of the DT40 cells (DT40InsP,R-
k/o). C, as in A, but in the presence of 75 um 2-APB (bar) added before
the addition of medium containing 1 mm Ca®*. D, as in B, but in the
presence of 75 um 2-APB (bar) added before the addition of medium
containing 1 mm Ca®". F, fluorescence.

InsP, receptor may not be a direct target of 2-APB in these or
even other cells. It was important to investigate the direct
action of 2-APB on the InsP; receptors in permeabilized
DT40w/t cells. As shown in Fig. 8, 2-APB was a highly effective
functional blocker of InsPg; receptors in DT40w/t cells. Thus,
under standard conditions in which InsP, induced rapid Ca®*
release (Fig. 8A), the prior addition of 50 um 2-APB completely
prevented the action of InsP; (Fig. 8B). Moreover, under con-
ditions in which maximal sustained Ca®" accumulation within
the InsP,-sensitive Ca®* pool was achieved in the presence of
GTP and oxalate, the action of InsP; to effect release and
prevent Ca%* accumulation (Fig. 8C) was completely blocked
by 2-APB (Fig. 8D). In these experiments 2-APB had a modest
inhibitory effect on Ca?" pumping activity in DT40w/t cells;
this was the same for pumping activity in DT40InsP;R-k/o cells
(data not shown), indicating that this was not a reflection of an
action of 2-APB on the InsP; receptor. Last, we undertook
experiments to determine the sensitivity of action of 2-APB on
the InsP; receptor in permeabilized DT40w/t cells (Fig. 9). The
IC;, for 2-APB on InsP;-mediated Ca®" release was ~12 uMm
(Fig. 9, inset).? Although not identical, this value is close to the
IC;, values for 2-APB on inhibition of store-operated Ca®*
entry in intact DT40 cells, both wild-type and knock-outs,
which as described above were both 15-20 um. Moreover, these
values are very similar to the ICy, values for 2-APB on store-
operated channels and TRPC3 channels, which were measured
as 10 uMm and 10-15 um, respectively, in HEK293 cells (17).
Overall, these studies provide significant new information on
the activation of TRP channels and store-operated Ca®* entry

2 In work published by Missiaen et al. (66) subsequent to the submis-
sion of this paper, the ICy, for 2-APB on InsP, receptor-induced Ca®*
release in permeabilized A7r5 cells was measured as 36 uM. The differ-
ence may be cell type-related or may reflect differences between the
sources of 2-APB as described under “Materials and Miscellaneous
Procedures.”
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Fic. 7. Acute addition of 2-APB rapidly blocks store-operated
Ca®* entry after store depletion, and this inhibition by 2-APB is
reversible in both the wild-type and the InsP;-receptor knock-
out variant of the DT-40 cell line. Ca®>" measurements using the
wild-type and InsP, receptor knockout variant of the DT-40 cell line
were as described in the legend to Fig. 5; bars indicate times of replace-
ment of medium with nominally Ca®" free media (0 Ca®*) and/or 75 um
2-APB. A, Ca?" entry upon the addition of medium containing 1 mm
Ca?" in wild-type DT40 cells (DT40wt) after prior pool depletion with 1
uM thapsigargin (not shown) can be blocked by the acute addition of 75
uM 2-APB (bar). B, as in A, but in the InsP, receptor knockout variant
of the DT40 cell line (DT40InsP,R-k/o). C, recovery of store-operated
Ca®" entry after the removal of 75 um 2-APB in wild-type DT40 cells
(DT-40wt) after pool depletion with 1 um thapsigargin (arrow). D, as in
C, but in the InsP; receptor knockout variant of the DT40 cells

(DT40InsP,R-k/o0). F, fluorescence.
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channels. The actions of 2-APB in the InsP; receptor knock-out
cells provide compelling evidence that the target through which
2-APB modifies store-operated Ca%* entry is unlikely to be any
of the known InsP; receptor gene products. Certainly, our data
provide strong evidence that the DT40-InsP;R-k/o cells are
devoid of any functional InsP, receptors. The only uncertainty
about this conclusion is the possibility that the inserted mu-
tated InsP, receptor gene sequences could give rise to expres-
sion of truncated InsP; receptors deficient in part of the C-
terminal pore-forming domain, as recently suggested (18). In
experiments of Kiselyov et al. (18), a 154-amino acid C-terminal
deletion construct of the type I InsP, receptor, when expressed
in HEK293 cells, was shown to couple and allow InsPs;-medi-
ated activation of co-expressed TRPC3 channels. Thus,
whereas the C-terminal transmembrane domains of the InsPg
receptor form the release channel, the large cytoplasmic do-
main appears to couple directly with plasma membrane entry
channels (19, 20). However, although the expression of C-ter-
minal deletions could provide an InsP; receptor target for
2-APB and account for inhibition of SOC activation in the
DT40-InsP5;R-k/o cells, at present there is no evidence for the
existence of any transcript or translation product correspond-
ing to a fragment of the InsP; receptor in these cells.?

The conclusion that a target other than the InsP; receptor
mediates the action of 2-APB on entry channels gains further
support from the ability of 2-APB to inhibit TRP channel acti-
vation in Drosophila phototransduction. In Drosophila, there is
only a single InsP, receptor subtype, and homozygous elimina-
tion of the InsPy receptor in fly eyes in the experiments of
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Fic. 8. InsP;-induced Ca®* store release is completely blocked
by 2-APB in permeabilized wild-type DT-40 cells. ATP-dependent
Ca?" accumulation and oxalate-induced GTP-dependent Ca®* seques-
tration in permeabilized wild-type DT40 cells were measured as de-
scribed in the legends to Figs. 3 and 4. A, uptake was under control
conditions (e ) or with 10 uM InsP, (O) added at 4 min (arrow). B, as in
A, but with 50 um 2-APB present throughout (bar). C, ATP-dependent
Ca?* accumulation was measured under control conditions in the pres-
ence of 20 uM GTP and 10 mM oxalate (o) or in the presence of 10 um
InsP; (O). All additions were made before Ca®* accumulation. D, as in
C, but with 50 um 2-APB present throughout (bar).

Acharya et al. (50) and Raghu et al. (51) establish that this
InsP4 receptor is not required for rhodopsin-mediated activa-
tion of the wild-type light-induced current response. Therefore,
the action of 2-APB to inhibit the visual TRP channels may be
either by direct channel inhibition or it may reflect interaction
of 2-APB with another regulatory protein component that is not
the InsP; receptor. Our results indicate that the action of
2-APB is not restricted to a particular member of the family of
TRP channels mediating phototransduction. Thus, it would
seem that activation of at least two and possibly all three
Drosophila TRP channels is blocked by 2-APB.

However, recent work suggests that 2-APB may not neces-
sarily have a direct inhibitory action on the TRP channels
themselves. Thus the Drosophila retinal TRP channels can be
reversibly activated by induction of metabolic stress, for exam-
ple anoxia, ATP depletion, or mitochondrial uncoupling (62).
This activation occurs independently of light stimulation and
does not require rhodopsin, G, or phospholipase C, suggesting
it is at a late coupling stage downstream of the light-induced
pathway and perhaps upon the channel directly. However,
whereas light induction of TRP channels is blocked by 2-APB,
their direct activation in response to metabolic stress is not
blocked by 2-APB.* This situation is intriguingly analogous to

3 T. Kurosaki, unpublished observations.
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Fic. 9. Concentration dependence of 2-APB-induced inhibi-
tion of Ca®* release through InsP, receptors in permeabilized
wild-type DT40 cells. ATP-dependent Ca®** accumulation and ox-
alate-induced GTP-dependent Ca?" sequestration in permeabilized
wild-type DT40 cells were measured as described in the legends to Fig.
3. Uptake was under control conditions (e) or with 10 um InsP; and
either without 2-APB (O) or with 5 um 2-APB (A), 15 um 2-APB (»), 35
uM 2-APB ([), or 50 um 2-APB (M) present throughout. All additions
were made prior to Ca®" accumulation. Inset, plot of the concentration
dependence of the action of 2-APB on InsP, receptor-mediated Ca®*
release in permeabilized DT40 cells, revealing an IC5, of ~12 uM.

the actions of 2-APB on mammalian TRPC3 channels. Thus,
activation of TRPC3 channels by physiological phospholipase
C-coupled receptors is blocked by 2-APB, but direct channel
activation by application of diacylglycerol is resistant to 2-APB
(17). These results would lead us to conclude that the target for
2-APB mediates a step that is upstream from the channel in
the pathway leading to physiological activation of TRP chan-
nels. Whereas we cannot rule out the possibility that 2-APB is
a direct modifier of Ca®" entry channels, we should consider
that its actions are rather specific. Thus, 2-APB has little effect
on a range of Ca®?" and related channels including ryanodine
receptors (47), voltage-sensitive Ca2" entry channels (47),
arachidonic acid-activated Ca®" entry channels (63), Ca®" en-
try channels activated by S-nitrosylation (21), Ca®*-activated
Cl™ entry channels (64),* or purinergic P2X receptor CaZ*
entry channels.® Instead, its action appears restricted to pre-
venting activation of TRP channels, SOCs, and, of course, InsP5
receptors.

Recent data from Braun et al. (65) indicates that 2-APB can
block a Ca2* channel activity measured in excised patches from
rat basophilic leukemia cells. However, it is not clear whether
this current reflects authentic store-operated channels mediat-

Gillo, Z. Selinger, D. L. Gill, and B. Minke, submitted for publication.
5S-D. Mu, H-T. Ma, K. Venkatachalam, and D. L. Gill, manuscript in
preparation.
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ing the Ca®" release-activated current (Icgac). The suggestion
was that the action of 2-APB was directly at the plasma mem-
brane. One could argue that since 2-APB may be a direct
modifier of InsP; receptors (especially considering the data
presented in Fig. 8), then it could as easily be a direct modifier
of TRPs and SOCs. However, this would predict that TRPs,
SOCs, and InsP, receptors would share some underlying func-
tional/structural motifs. Considering all these arguments, per-
haps a reasonable hypothesis for the action of 2-APB is that it
interacts with a target, possibly a regulatory protein, which
directly mediates control over SOCs, TRP channels, and InsP,
receptors. Certainly, the important conclusions to be drawn
from this work are that, although InsPs;Rs do not mediate the
action of 2-APB on Ca2?" entry, the effects of 2-APB provide
evidence for an important similarity in the function of inverte-
brate TRP channels, mammalian TRP channels, and mamma-
lian store-operated channels.

Acknowledgments—We thank Dr. Lutz Birnbaumer for providing the
transfected HEK293 cells and Dr. Katsuhiko Mikoshiba for helpful
advice.

REFERENCES

. Berridge, M. J., Bootman, M. D., and Lipp, P. (1998) Nature 395, 645—648
. Berridge, M. J., Lipp, P., and Bootman, M. D. (2000) Nature Rev. Mol. Cell.
Biol. 1, 11-21

. Putney, J. W., and Bird, G. S. (1993) Cell 75, 199-201

. Clapham, D. E. (1995) Cell 80, 259-268

Parekh, A. B., and Penner, R. (1997) Physiol. Rev. 77, 901-930

. Putney, J. W., and McKay, R. R. (1999) Bioessays 21, 38—46

. Putney, J. W., and Ribeiro, C. M. (2000) Cell Mol. Life Sci. 57, 1272-1286

. Gill, D. L., Waldron, R. T., Rys-Sikora, K. E., Ufret-Vincenty, C. A., Graber,

M. N, Favre, C. J., and Alfonso, A. (1996) Biosci. Rep. 16, 139-157
9. Irvine, R. F. (1990) FEBS Lett. 263, 5-9

10. Berridge, M. J. (1995) Biochem. J. 312, 1-11

11. Patterson, R. L., van Rossum, D. B., and Gill, D. L. (1999) Cell 98, 487-499

12. Putney, J. W. (1999) Cell 99, 5-8

13. Yao, Y., Ferrer-Montiel, A. V., Montal, M., and Tsien, R. Y. (1999) Cell 98,
475—-485

14. Rosado, J. A., Jenner, S., and Sage, S. O. (2000) /. Biol. Chem. 275, 7527-7533

15. Zhu, X., Jiang, M., Peyton, M., Boulay, G., Hurst, R., Stefani, E., and
Birnbaumer, L. (1996) Cell 85, 661-671

16. Montell, C. (1999) Annu. Rev. Cell Dev. Biol. 15, 231-268

17. Ma, H.-T., Patterson, R. L., van Rossum, D. B., Birnbaumer, L., Mikoshiba, K.,
and Gill, D. L. (2000) Science 287, 1647-1651

18. Kiselyov, K. 1., Xu, X., Mohayeva, G., Kuo, T., Pessah, I. N., Mignery, G. A.,
Zhu, X., Birnbaumer, L., and Muallem, S. (1998) Nature 396, 478—482

19. Kiselyov, K. 1., Mignery, G. A., Zhu, M. X., and Muallem, S. (1999) Mol. Cell 4,
423-429

20. Boulay, G., Brown, D. M., Qin, N., Jiang, M., Dietrich, A., Zhu, M. X,, Chen, Z.,
Birnbaumer, M., Mikoshiba, K., and Birnbaumer, L. (1999) Proc. Natl.
Acad. Sci. U. S. A. 96, 14955-14960

21. van Rossum, D. B., Patterson, R. L., Ma, H.-T., and Gill, D. L. (2000) /. Biol.
Chem. 275, 28562—-28568

22. Philipp, S., Cavalié, A., Freichel, M., Wissenbach, U., Zimmer, S., Trost, C.,
Marquart, A., Murakami, M., and Flockerzi, V. (1996) EMBO J. 15,
6166-6171

23. Philipp, S., Hambrecht, J., Braslavski, L., Schroth, G., Freichel, M.,
Murakami, M., Cavalié, A., and Flockerzi, V. (1998) EMBO J. 17,
42744282

24. Groschner, K., Hingel, S., Lintschinger, B., Balzer, M., Romanin, C., Zhu, X.,
and Schreibmayer, W. (1998) FEBS Lett. 437, 101-106

25. Vannier, B., Peyton, M., Boulay, G., Brown, D., Qin, N., Jiang, M., Zhu, X., and
Birnbaumer, L. (1999) Proc. Natl. Acad. Sci. U. S. A. 96, 2060-2064

26. Philipp, S., Trost, C., Warnat, J., Rautmann, J., Himmerkus, N., Schroth, G.,
Kretz, O., Nastainczyk, W., Cavalié, A., Hoth, M., and Flockerzi, V. (2000)
oJ. Biol. Chem. 275, 23965-23972

27. Liu, X., Wang, W., Singh, B. B., Lockwich, T., Jadlowiec, J., O’ Connell, B.,
Wellner, R., Zhu, M. X., and Ambudkar, I. S. (2000) J. Biol. Chem. 275,
3403-3411

28. Kamouchi, M., Philipp, S., Flockerzi, V., Wissenbach, U., Mamin, A.,
Raeymaekers, L., Eggermont, J., Droogmans, G., and Nilius, B. (1999)
J. Physiol. (Lond.) 518, 345-358

29. Schaefer, M., Plant, T. D., Obukhov, A. G., Hofmann, T., Gudermann, T., and
Schultz, G. (2000) J. Biol. Chem. 275, 17517-17526

30. McKay, R. R., Szymeczek-Seay, C. L., Lievremont, J. P., Bird, G. S., Zitt, C.,
Jungling, E., Luckhoff, A., and Putney, J. W. (2000) Biochem. <J. 351,
735-746

31. Harteneck, C., Plant, T. D., and Schultz, G. (2000) Trends Neurosci. 23,
159-166

32. Okada, T., Shimizu, S., Wakamori, M., Maeda, A., Kurosaki, T., Takada, N.,
Imoto, K., and Mori, Y. (1998) J. Biol. Chem. 273, 10279-10287

33. Zhu, X., Jiang, M., and Birnbaumer, L. (1998) J. Biol. Chem. 273, 133142

34. Zitt, C., Obukhov, A. G., Striibing, C., Zobel, A., Kalkbrenner, F., Liickhoff, A.,
and Schultz, G. (1997) J. Cell Biol. 138, 1333-1341

35. Okada, T., Inoue, R., Yamazaki, K., Maeda, A., Kurosaki, T., Yamakuni, T.,

DN =

LSRN N

TT0Z ‘v Joquiaidas uo ‘Areiqi] DINL-WVH e 61070ql-mmm wolj papeojumod


http://www.jbc.org/

18896

36.
37.
38.
39.
40.
41.
42.
43.
44.

45.
46.

47.
48.

49.
50.

Tanaka, 1., Shimizu, S., Ikenaka, K., Imoto, K., and Mori, Y. (1999) «J. Biol.
Chem. 274, 2735927370

Hofmann, T., Obukhov, A. G., Schaefer, M., Harteneck, C., Gudermann, T.,
and Schultz, G. (1999) Nature 397, 259-263

Hofmann, T., Schaefer, M., Schultz, G., and Gudermann, T. (2000) J. Mol.
Med. 78, 14-25

Sugawara, H., Kurosaki, M., Takata, M., and Kurosaki, T. (1997) EMBO J. 16,
3078-3088

Short, A. D., Klein, M. G., Schneider, M. F., and Gill, D. L. (1993) J. Biol.
Chem. 268, 25887-25893

Short, A. D., Bian, J., Ghosh, T. K., Waldron, R. T., Rybak, S. L., and Gill, D. L.
(1993) Proc. Natl. Acad. Sci. U. S. A. 90, 4986—-4990

Rys-Sikora, K. E., Ghosh, T. K., and Gill, D. L. (1994) J. Biol. Chem. 269,
31607-31613

Rys-Sikora, K. E., and Gill, D. L. (1998) J. Biol. Chem. 273, 32627-32635

Ghosh, T. K., Bian, J., and Gill, D. L. (1990) Science 248, 1653—-1656

Waldron, R. T., Short, A. D., and Gill, D. L. (1995) J. Biol. Chem. 270,
11955-11961

Li, H. S., and Montell, C. (2000) ¢J. Cell Biol. 150, 1411-1422

Ghosh, T. K., Mullaney, J. M., Tarazi, F. L., and Gill, D. L. (1989) Nature 340,
236-239

Maruyama, T., Kanaji, T., Nakade, S., Kanno, T., and Mikoshiba, K. (1997)
oJ. Biochem. (Tokyo) 122, 498-505

Hurst, R. S., Zhu, X,, Boulay, G., Birnbaumer, L., and Stefani, E. (1998) FEBS
Lett. 422, 333-338

Willars, G. B., and Nahorski, S. R. (1995) Mol. Pharmacol. 47, 509-516

Acharya, J. K., Jalink, K., Hardy, R. W., Hartenstein, V., and Zuker, C. S.
(1997) Neuron 18, 881-887

51.
52.
53.
54.

55.
56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

Activation of TRP and Store-operated Channels

Raghu, P., Colley, N. J., Webel, R., James, T., Hasan, G., Danin, M., Selinger,
Z., and Hardie, R. C. (2000) Mol. Cell. Neurosci. 15, 429—-445

Montell, C., and Rubin, G. M. (1989) Neuron 2, 1313-1323

Phillips, A. M., Bull, A, and Kelly, L. E. (1992) Neuron 8, 631-642

Xu, X. Z., Chien, F., Butler, A., Salkoff, L., and Montell, C. (2000) Neuron 26,
647-657

Cosens, D. J., and Manning, A. (1969) Nature 224, 285-287

Niemeyer, B. A., Suzuki, E., Scott, K., Jalink, K., and Zuker, C. S. (1996) Cell
85, 651-659

Xu, X. Z., Li, H. S., Guggino, W. B., and Montell, C. (1997) Cell 89, 1155-1164

Takahashi, M., Tanzawa, K., and Takahashi, S. (1994) J. Biol. Chem. 269,
369-372

Mullaney, J. M., Yu, M., Ghosh, T. K., and Gill, D. L. (1988) Proc. Natl. Acad.
Sci. U. S. A. 85, 2499-2503

Mullaney, J. M., Chueh, S. H., Ghosh, T. K., and Gill, D. L. (1987) J. Biol.
Chem. 262, 13865-13872

Waldron, R. T., Short, A. D., and Gill, D. L. (1997) J. Biol. Chem. 272,
6440-6447

Agam, K., von Campenhausen, M., Levy, S., Ben Ami, H. C., Cook, B.,
Kirschfeld, K., and Minke, B. (2000) J. Neurosci. 20, 5748-5755

Luo, D., Broad, L. M., Bird, G. S., and Putney, J. W. (2001) J. Biol. Chem. 276,
5613-5621

Wu, J., Kamimura, N., Takeo, T., Suga, S., Wakui, M., Maruyama, T., and
Mikoshiba, K. (2000) Mol. Pharmacol. 58, 1368-1374

Braun, F. J., Broad, L. M., Armstrong, D. L., and Putney, J. W. (2001) J. Biol.
Chem. 276, 1063-1070

Missiaen, L., Callewaert, G., De Smedt, H., and Parys, J. B. (2001) Cell
Calcium 29, 111-116

TT0Z ‘v Joquiaidas uo ‘Areiqi] DINL-WVH e 61070ql-mmm wolj papeojumod


http://www.jbc.org/

