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Gating of Store-Operated Channels by
Conformational Coupling to Ryanodine Receptors

store depletion result in opening of CCE channels in
the plasma membrane. Indeed, store-operated hTrp3
channels stably expressed in HEK293 cells are gated
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School of Veterinary Medicine Conformation coupling (C-C) between IP3Rs and CCE
University of California, Davis channels is analogous to excitation-contraction (E-C)
Davis, California 95616 coupling between the L-type Ca21 channels and the

ryanodine receptors (RyRs) in skeletal muscle (Beam
and Franzini-Armstrong, 1997). In these cells, the L-type

Summary Ca21 channels sense the membrane depolarization to
activate the RyRs. RyRs in turn regulate the gating of
the L-type Ca21 channels (Nakai et al., 1996). Of theWe report here that RyRs interact with and gate the
three known RyR isoforms, RyR1 is expressed in skeletalstore-operated hTrp3 and Icrac channels. This gating
muscle and couples to L-type Ca21 channels. RyR2 iscontributes to activation of hTrp3 and Icrac by agonists.
expressed in cardiac myocytes and is not capable ofCoupling of hTrp3 to IP3Rs or RyRs in the same cells
coupling to L-type Ca21 channels (Nakai et al., 1997).was found to be mutually exclusive. Biochemical and
RyR3 is widely expressed in both excitable and nonex-functional evidence suggest that mutually exclusive
citable cells (Sorrentino and Reggiani, 1999). In neonatalcoupling reflects clustering and segregation of hTrp3-
but not adult skeletal muscle (Bertocchini et al., 1997),IP3R and hTrp3-RyR complexes in plasma membrane
and in neuronal cells (Balschun et al., 1999), it appearsmicrodomains. Gating of CCE by RyRs indicates that
to participate in E-C coupling. Although studies in RyR3gating by conformational coupling is not unique to
null mice suggest that RyR3 may mediate Ca21 release

skeletal muscle but is a general mechanism for com- secondary to activation of Ca21 entry (Sorrentino and
munication between events in the plasma and endo- Reggiani, 1999), the ability of RyR3 to couple to the
plasmic reticulum membranes. L-type Ca21 channel was not tested directly. The role of

RyR3 in nonmuscle cells is not known.
Introduction Growing evidence suggests that Ca21 stores of many

nonmuscle cells, including neurons (Balschun et al.,
Receptor-evoked Ca21 signals include Ca21 release from 1999), neuroendocrine (Bennett at al., 1998), epithelial
internal stores and subsequent Ca21 influx across the (Lee et al., 1997b), and HEK293 cells (Querfurth et al.,
plasma membrane (PM) (Putney and McKay, 1999). The 1998) express RyRs. Thus, pharmacological agents
two activities are linked in that Ca21 release from the such as caffeine and the second messenger cADPR
stores is obligatory for activation of Ca21 influx. This (Lee, 1997) can release Ca21 from internal stores of these
gating behavior led to the formulation of the capacitative cells. Furthermore, Ca21 release by activation of RyRs
Ca21 entry (CCE) hypothesis (Putney, 1990). The hypoth- in nonmuscle cells activates CCE in a manner similar to
esis was established as a gating behavior with the identi- Ca21 release from the IP3-sensitive stores (Bennett et
fication of the Ca21 release activated Ca21 current (ICRAC) al., 1998; Usachev and Thayer, 1999). Notably, expres-
in the plasma membrane of nonexcitable and excitable sion of RyR1 in an HEK293 clone lacking RyRs strongly
cells (Parekh and Penner, 1997). increased Ca21 entry due to Ca21 release evoked by

In the last year, experimental evidence supported two caffeine (Figure 6 in Tong et al., 1999). Considering the
mechanisms to account for the CCE phenomenon (Put- coupling and gating of CCE channels by IP3Rs (Kiselyov
ney, 1999). The first is a secretion mechanism, which et al., 1998,1999a), the question that arises is whether
proposes that store depletion triggers a delivery of con- RyRs expressed in nonmuscle cells can also couple to
ducting units containing CCE channels to the plasma and gate CCE channels such as hTrp3 and Icrac. The
membrane. Fusion of the conducting units inserts the answer to this question should have important implica-
channels in the PM to activate CCE (Patterson et al., tions to the generality and origin of C-C as a mean of
1999; Yao et al., 1999). The second mechanism is based communication between events in the plasma mem-
on the conformational-coupling hypothesis (Irvine, 1991; brane and the endoplasmic reticulum.
Berridge, 1995) in which the IP3-activated Ca21 release We report here that Ca21 release due to activation of
channels (IP3 receptors [IP3Rs]) in the store membrane RyRs in T3 cells results in activation of hTrp3 channels
couple to and gate Ca21 influx channels in the PM. Con- in a manner similar to Ca21 release initiated by activation
formational changes in IP3Rs due to IP3 binding and of IP3Rs. Maximal activation of hTrp3 in T3 cells and Icrac

in HSG cells by agonist stimulation requires activation
of the CCE channels regulated by RyR. Biochemical and§ To whom correspondence should be addressed (e-mail: smuall@

mednet.swmed.edu). functional evidence indicate that in intact cells coupling
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in T3 than in control cells (Figure 1, A2 and A3). In eight
experiments, caffeine increased Ba21 influx by 1.15 6
0.19-fold in control cells and by 2.26 6 0.6-fold (n 5 8)
in T3 cells. Hence, as was found with agonist, similar
Ca21 release from internal stores caused larger Ca21

influx in T3 cells.
To verify that activation of RyRs activates hTrp3 chan-

nels, we measured hTrp3 current directly using the
whole-cell configuration of the patch clamp technique.
Figure 1B shows that the Ca21 mobilizing agonist carba-
chol activated a nonselective, outward rectifying current
in T3 but not in control cells. The outward rectification
is due to the regulation of hTrp3 channel open probabil-
ity by the membrane potential (Kiselyov et al., 1998).
Ca21 release from internal stores due to infusion of IP3

into the cytosol activated the hTrp3 channels (Figure
1C). Notably, infusion of the RyRs activator cADPR (Lee,
1997) through the patch pipette also activated a current
typical of hTrp3 (Figure 1D). Interestingly, IP3, and in
particular cADPR alone, were less effective than agonist
in activating hTrp3. Indeed, when infused together
cADPR and IP3 activated hTrp3 by 1.44 6 0.21 (n 5 4)-
fold higher than IP3 alone in the same set of experiments.
None of the Ca21 mobilizing agents activated a hTrp3-
like current (Figure 1, B2, D2, and B3–D3).

It was important to establish the physiological signifi-
cance of the regulation of hTrp3 and Ca21 influx by RyRs.
Since IP3Rs and RyRs are positively and negatively regu-
lated by Ca21 and can influence each other’s activity,
the best protocol to isolate the contribution of RyRs to
Ca21 influx is to determine the effect of RyR inhibitorsFigure 1. Ca21 Release from a RyRs-Sensitive Pool Activates hTrp3
on Ca21 influx activated by agonist stimulation. The re-(A) The effect of agonist and caffeine on Ca21 release (A1) and Ba21

sults of such experiments with T3 cells and the humaninflux (A2) in HEK293 and T3 cells was measured in Ca21-free solution
containing 100 mM UTP or 20 mM caffeine (A1) and then 10 mM submandibular gland (HSG) cell line, in which Icrac can
Ba21 (A2). (A3) summarizes results from the multiple experiments. be reliably measured (Liu et al., 1998), are shown in
(B–D) Closed symbols in (B1)–(D1) show examples of hTrp3 activa- Figure 2. Figure 2A shows that inhibition of RyRs with
tion by agonist (B1), IP3 (C1), or cADPR (D1). Open symbols show either the cADPR antagonist N2-8-cADPR or with Ruthe-
similar experiments with control cells. (B2)–(D2) show macroscopic

nium Red (RuR) reduced agonist-dependent activationI/V plots from experiments with control or T3 cells. (B3)–(D3) show
of hTrp3 by about 40%. Importantly, these inhibitorssummary of the maximal currents recorded in multiple experiments.
reduced agonist-dependent activation of Icrac in HSGCurrents were recorded at 240 mV. Repetitive trains of five consecu-
cells by about 35% (Figure 2B). Furthermore, the twotive 250 ms RAMPs from 280 to 180 mV were delivered every 15

s. Data were superimposed and averaged within each train. Currents inhibitors appear to facilitate the spontaneous, time-
measured at 160 and 260 mV are plotted as a function of time. The dependent inactivation of Icrac current in these cells.
currents present at the time of patch breakdown were subtracted. Hence, we conclude that Ca21 release from RyR-express-

ing stores is needed for maximal activation of store-
operated Ca21 influx by agonists.of hTrp3 channels to IP3Rs and RyRs is mutually exclu-

Having established the physiological importance ofsive, and mutually exclusive coupling reflects clustering
Ca21 release by RyR to agonist-stimulated Ca21 influx,of hTrp3-RyRs or hTrp3-IP3Rs complexes in plasma
we proceeded to further study the relationship betweenmembrane microdomains. These findings indicate that
hTrp3 and the RyRs channels by recording the activity ofE-C coupling in skeletal muscle may be viewed as a
hTrp3 in cell-attached patches and in the same patchesspecialized case of the general phenomenon of gating
after excision into different media. Figure 3A shows thatof plasma membrane Ca21 influx channels by conforma-
application of 20 mM caffeine to T3 cells activated singletional coupling to Ca21 release channels.
channels with the properties of hTrp3 described before
(Kiselyov et al., 1998). Excising the patches to a caffeine-Results
free medium resulted in a complete loss of channel activ-
ity (Figure 3A, left panel). The same behavior was ob-Ca21 Release by Activation of RyRs Activates
served in more than 15 experiments. However, whenhTrp3 and Icrac

patches from caffeine-responding cells were excisedThe parental HEK293 cells and the HEK 293 cells stably
into a medium containing 20 mM caffeine, hTrp3 channelexpressing the hTrp3 channels (T3 cells) used in the
activity was observed in 11/15 experiments (Figure 3A,present study showed a similar Ca21 release in response
right panel). Several of the kinetic properties of the chan-to stimulation with the RyRs ligand caffeine (Figure 1,
nel activated by caffeine in excised patches are shownA1), which averaged 38.7 6 7.7% (n 5 5) and 37.2 6
in Figures 3B and 3C. The channel had an averaged3.8% (n 5 7) of that caused by stimulation of the Gq-
conductance of either 16.0 6 0.3 or 64.5 6 0.3 (n 5 6)coupled P2Y receptor with UTP. By contrast, caffeine-

induced Ba21 influx was significantly larger (P , 0.05) pS (panel B) and a mean open time of 0.76 6 0.06 (n 5



Gating of SOCs by Ryanodine Receptors
423

Figure 2. Regulation of hTrp3 and Icrac by
RyRs Is Required for Maximal Activation of
the Channels by Agonists

hTrp3 (A) or Icrac currents were measured in
T3 or HSG cells, respectively, as detailed in
the Experimental Procedures. Pipette solu-
tion contained either 30 mM cADPR or 30 mM
RuR. About 3 min after establishing the
whole-cell configuration, the cells were stim-
ulated with 100 mM carbachol. (A1) and (B1)
show individual examples, and (A2) and (B2)
show summary of the indicated number of
experiments. (B3) shows the I/V plot of the
macroscopic Icrac current at the times indi-
cated in (B1).

5) ms (panel C). The current was nonselective with re- myoblasts isolated from mice lacking RyR1 (see Experi-
mental Procedures), or sarcoplasmic reticulum micro-spect to K1, Na1, and Ca21, and showed voltage depen-
somes prepared from skeletal muscle and containingdence of NPo with steep outward rectification (data not
native RyR1. Recombinant or native RyR1 alone or to-shown). All these parameters are the same as those
gether with cADPR restored hTrp3 channel activity indescribed for hTrp3 channels activated by Ca21-mobiliz-
only 1/10 attempts. Incubation of RyR1 with caffeineing agonists in intact cells and by IP3 in excised patches
resulted in 4/21 successful attempts. Similar findings(Kiselyov et al., 1998). Equally important, application of
were observed with RyR3. In the absence of ligands,cADPR to the cytoplasmic face of patches excised from
RyR3 activated hTrp3 in 1/11 experiments. In the pres-caffeine-responsive cells into caffeine-free solutions ac-
ence of cADPR or caffeine, successful reconstitution oftivated hTrp3 in 4/18 attempts. An example is given in
RyR3 with hTrp3 was observed in 5/21 and 6/21 at-Figure 3D.
tempts, respectively.

The statistical significance of the findings in Figure 5
Interaction of RyRs and hTrp3 Channels was analyzed by a Chi-square test. For this, we com-
The maintained regulation of hTrp3 channels by activa- bined the experiments with ligands but no receptors
tors of RyRs in excised patches suggests that the hTrp3 into control group A (0/76 attempts). Experiments with
and RyRs channels directly or indirectly interact with RyR1 with and without cADPR and with RyR3 but with-
each other. Two experimental protocols were used to out ligands were combined into group B (4/41 attempts).
test this prediction. In the first protocol, we determined Experiments with RyRs and ligands (RyR1 1 Caffeine
whether the two channels can be coimmunoprecipitated and RyR3 1 Caffeine or cADPR) were combined into
(Co-IP). Figure 4 shows that the antibody recognizing group C (15/63 attempts). The difference between group
the HA-tagged hTrp3 protein Co-IP hTrp3 and RyRs A and B and A and C was statistically significant (P ,
from T3 cells but not control cells. Further, antibodies 0.01). The difference between groups B and C (require-
recognizing RyRs IP RyRs from either control or T3 cells ment for occupation or RyRs with ligands) had a P 5
but Co-IP the RyRs and hTrp3 only from T3 cells. 0.069. Hence, it seems that ligands tended to improve

In the second protocol, the ability of all known RyRs the coupling of RyRs to hTrp3. In all 20 experiments,
isoforms to recouple and gate hTrp3 channels was stud- attempt to reconstitute gating of hTrp3 with RyR2 pre-
ied in detail. The experimental protocol used for these pared from cardiac muscle failed. This may be antici-
studies and the results are summarized in Figure 5. hTrp3 pated from the mode of E-C coupling in cardiac muscle.
channel activity was measured using the cell-attached Unlike skeletal muscle RyRs, RyR2 expressed in cardiac
mode in T3 cells stimulated with caffeine. Patches con- cells cannot couple to the L-type Ca21 channels (Nakai
taining responding hTrp3 channels were excised into a et al., 1997).
control solution and were washed to strip the patches To extend the physiological significance of gating of
from attached RyRs. Stripping of RyRs was considered CCE by RyR to ICRAC-like channels, we used the protocol
achieved when the hTrp3 channels no longer responded of Figure 5 to examine the interaction of RyRs with Imin.
to application of caffeine (the first portion in each trace). Imin shares many kinetic and pharmacological properties
The patches were then exposed to the specified native with ICRAC (Kiselyov et al., 1999b), including gating by
(n) or recombinant (r) RyR isoforms and in the presence IP3R (Zubov el al, 1999). Since regulation of Imin was not
or absence of RyR ligands. The results are summarized studied before in HGS cells, we determined first whether
in the table in terms of the number of successful at- Imin can be activated by IP3 and caffeine in these cells.
tempts in which gating of hTrp3 channels by RyRs was Figure 6A shows that excising patches from UTP-
restored. The source of RyR1 was either microsomes responding cells in the cell-attached mode to a control

solution resulted in disappearance of Imin activity. Whencontaining recombinant RyR1 expressed in dyspedic
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Figure 4. Immunoprecipitation of hTrp3-RyRs and hTrp3-IP3Rs
Complexes

Extracts from HEK293 or T3 cells were used to IP hTrp3, RyRs, or
IP3Rs with the respective antibodies. Proteins were blotted by anti-
HA (A), anti-IP3Rs (B), or anti-RyRs (C) antibodies. Extracts from T3

cells were used for hTrp3 (last lane in [A], -Con) and IP3R3 (first lane
in [B], -Con) standards and from skeletal muscle microsomes for
RyRs standards (last lane in [C], -Con).

Figure 3. Single-Channel Properties of RyRs-Dependent hTrp3 channels are coupled simultaneously to the two types
Channels of Ca21 release channel or whether coupling of hTrp3
(A) Single-channel recordings of caffeine-induced hTrp3 channel channels to IP3Rs and RyRs is mutually exclusive. To
activity in intact cells (cell-attached) and excised (inside-out) distinguish between these possibilities, we embarked
patches. on the series of experiments illustrated in Figure 7. The
(B) Single-channel I/V relationship of caffeine-activated hTrp3 chan- reasoning behind these experiments is as follows. Mutu-
nel. The large symbols represent the 66 pS conductance and small ally exclusive coupling requires that RyRs-coupled hTrp3
symbols the 17 pS substate. Errors (SEM) are smaller than the sym-

channels will be excised with RyRs and should be sensi-bol sizes. Each point is the average of three to seven experiments.
tive to and only to activators of RyRs. That is, hTrp3(C) Dwell-time distribution of the large, 66 pS openings induced by
channels activated by caffeine in the cell-attached modecaffeine. The curve is a single exponential fit of the data.
should retain their activity after patch excision into caf-(D) Activation of hTrp3 channels in excised patches by cADPR.
feine-containing medium and lose their activity whenCaffeine responsive patches were excised into control medium to

ensure no channel activity in the absence of cofactor and were then excised into control or IP3-containing medium. Con-
exposed to 20 mM cADPR. The experiment in (D) represents 4/18 versely, hTrp3 channels not responsive to caffeine in
successful attempts to activate hTrp3 by cADPR. the cell-attached mode should be coupled to IP3Rs and

should retain their activity when excised into IP3-con-
taining but not caffeine-containing medium. If hTrp3

seven of these patches were exposed to IP3, Imin was channels are simultaneously coupled to IP3Rs and RyRs
observed in three patches (Figure 6B). Similarly, exposing or hTrp3 channels coupled to either receptor are present
seven of the patches to caffeine resulted in reactivation in the same patch, then they should respond to IP3 or
of Imin in three patches (Figure 6C). After washing the caffeine after patch excision. The results in Figure 7
patches 3–4 times with the bath solution, caffeine could demonstrate that in intact cells coupling of hTrp3 to
no longer activate Imin in 16 patches (Figure 6D). Exposing RyRs and IP3Rs is mutually exclusive. The type of cou-
these patches to caffeine and microsomes containing re- pling present in the patches was evaluated by the ability
combinant RyR3 reconstituted Imin activity in 4/16 patches of caffeine to activate the channels in the cell-attached
(Figure 6E). This rate is similar to that found for reconsti- mode. hTrp3 channels activated by caffeine were con-
tution of hTrp3 gating by RyR3 (Figure 5). Hence, similar sidered coupled to RyR. For example, in Figure 7A 15/24
to hTrp3, Imin is gated by both IP3Rs and RyRs. and in Figure 7C, 12/27 of the channels were considered

coupled to RyRs, whereas the remaining are assumed to
Coupling of hTrp3 Channels to IP3Rs and RyRs be coupled to IP3R. Figure 7A shows that excision of 15
Is Mutually Exclusive patches containing RyRs-coupled hTrp3 channels into
Gating of hTrp3 channels by RyRs and IP3Rs in the same control medium resulted in loss of hTrp3 channel activ-

ity. Figure 7B shows that in another set of experimentscells raised the question of whether the same hTrp3
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Figure 5. Specificity of RyRs Isoforms in Re-
constituting hTrp3 Gating in Excised Patches

(A)–(C) These panels illustrate typical experi-
ments to test reconstitution of gating of hTrp3
channels by the indicated RyR in the pres-
ence of 20 mM caffeine. Results are shown
in the form of increased NPo. Patches con-
taining caffeine-responsive hTrp3 channels
were washed (three to four times with 1.5 ml
while keeping bath solution at 100 ml to re-
duce patch rupture) before application of 20
mM caffeine and then caffeine and control
microsomes (microsomes from nontrans-
fected cells) or caffeine and the indicated RyR
isoforms. The table in (D) summarizes the re-
sults of all experiments. The source of RyRs
was either native (n) (skeletal [RyR1] or car-
diac [RyR2] SR) or recombinant (r) (RyR1 and
RyR3).

11 of 15 patches containing RyRs-coupled hTrp3 chan- the second alternative. To determine the relationship
between hTrp3 channels coupled to RyRs and IP3Rs,nels retained hTrp3 channel activity when excised into

medium containing caffeine. Figure 7C shows that none we tested the ability of anti-RyRs antibodies to Co-IP
IP3Rs and the ability of anti-IP3R3 antibodies to Co-IPof the 12 RyRs-coupled hTrp3 channels responded to

IP3 after patch excision into IP3-containing medium. By hTrp3 and RyRs. Figure 4A shows that anti-IP3Rs and
anti-RyRs antibody Co-IP similar amount of hTrp3 pro-contrast, of the remaining 15 patches that did not re-

spond to caffeine in the cell-attached mode, 10 re- tein. However, anti-IP3Rs antibodies IP IP3Rs, but not
sponded to IP3 after patch excision (Figure 7D). As an RyRs, and conversely, anti-RyRs antibodies IP RyRs
additional control, we observed that excision of seven but not IP3Rs. Similar results were observed in seven
patches containing caffeine-insensitive hTrp3 channels experiments. Thus, hTrp3 channels form separate com-
into medium containing caffeine did not result in any plexes with RyRs and IP3Rs.
channel activity (Figure 7D). Thus, the patches contained Functional segregation of the complexes is demon-
hTrp3 channels coupled to either IP3Rs or RyRs. strated in Figure 8. In these experiments, we used large

diameter pipettes ($ 5 mm) to increase the probability
of finding patches containing at least two hTrp3 chan-Spatial Segregation of hTrp3-IP3Rs

and hTrp3-RyRs Complexes nels. In 20 of the large cell-attached patches, the pres-
ence of two caffeine-activated RyRs-coupled hTrp3Possible explanations for the mutually exclusive cou-

pling of hTrp3 channels to IP3Rs and RyRs are (1) the channels could be clearly resolved. The very short dwell
time of hTrp3 (0.8 ms, Figure 3) dictates that simultane-density of coupled hTrp3 channels is low and each patch

contains a single hTrp3 channel coupled to IP3Rs or ous opening of more than one hTrp3 channels present
in a patch must be a rare event. This indicates that theRyRs; and (2) hTrp3 channels coupled to IP3Rs or RyRs

are spatially segregated in plasma membrane microdo- number of hTrp3 channels per patch is underestimated
in all experiments. Thus, simultaneous opening of twomains. Biochemical and functional evidence supports
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the hTrp3-RyRs and hTrp3-IP3Rs complexes are segre-
gated in plasma membrane microdomains.

In the next set of experiments, an attempt was made
to determine whether the mutually exclusive coupling
is due to a structural modification(s) of subsets of hTrp3
channels. For this, we tested whether hTrp3 channels
coupled to RyRs can be stripped of RyRs and made to
recouple to IP3Rs. The experimental protocol is shown
in Figure 9. Of the 27 patches studied, 11 responded to
caffeine in the cell-attached mode. The 11 patches were
excised into medium containing IP3 to ascertain the ab-
sence of IP3Rs-coupled channels in the patches. Indeed,
11/11 patches failed to respond to IP3. The patches were
then further washed to strip them of RyRs and treated
with microsomes rich in IP3R1. hTrp3 channel activity
was restored in 4/11 patches. For controls, eleven of the
caffeine-insensitive patches in the cell-attached mode
were excised into a medium containing IP3 and washed
to strip them from IP3Rs in the same manner as patches
obtained from caffeine-responsive cells. Microsomes
containing IP3R1 reactivated hTrp3 in 5/11 of these
patches. Hence, it appears that IP3Rs can couple to
hTrp3 channels previously coupled to IP3Rs or RyRs
with similar efficiency.

Discussion

Ca21 release from internal stores by activation of either
IP3Rs or RyRs leads to activation of CCE. In the present
work, we extended these findings to show that Ca21

release from RyR-sensitive stores activates ICRAC and
RyRs participate in activation of ICRAC during agonist
stimulation. Furthermore, Imin, which is probably a form
of ICRAC (Kiselyov et al., 1999b; Zubov et al., 1999), is
gated by RyRs. Thus, our findings indicate that ICRAC is
gated by both IP3Rs and RyRs. This conclusion appears
in contradiction with a recent study in which an inhibitor
of IP3Rs, 2-Aminoethoxydiphenyl Borate (2ABP), com-
pletely inhibited CCE in a T3 clone in which all stores
were depleted of Ca21 (Ma et al., 2000). However, it is

Figure 6. Interaction of the Icrac-like Channel Imin with RyRs in HSG possible that unlike our clone, the T3 clone used in these
Cells studies did not express RyRs. HEK293 clones vary con-
The presence of Imin in each patch was verified in the cell-attached siderably with respect to expression of RyRs. In addi-
mode. The patches were then excised into a control solution (A) tion, at the concentration used, 2ABP was reported to
that also contained 4 mM IP3 (B) or 10 mM caffeine (C). In another have nonspecific effects in some cell types (Maruyama
set of experiments, patches were excised into a solution containing

et al., 1997). It is thus possible that 2ABP at least partiallyeither IP3 or caffeine. If Imin activity was present, the patches were
inhibited RyRs (if present) in the cells used in Ma et al.washed until they failed to respond to caffeine ([D], 16 patches).
(2000) studies. Based on the findings of the presentThe patches were incubated with 10 mM caffeine and microsomes
studies, we therefore conclude that, when expressed,expressing recombinant RyR3 (E). Successful reconstitution of Imin

RyRs participate in gating of CCE channel during agonistwas observed in 4/16 experiments.
stimulation.

In recent years, studies focused on the mechanism
by which ICRAC can sense and respond to Ca21 content inhTrp3 channels in a patch likely reflects clustering of
the stores. Experimental evidence supported two major

several hTrp3 channels in the membrane patch. Exam- mechanisms, regulation of Ca21 influx by exocytosis
ples of patches containing two resolvable hTrp3 chan- (Patterson et al., 1999; Yao et al., 1999; Ma et al., 2000)
nels are given in Figures 8A and 8B. In 9/9 of these or by conformational coupling (C-C) between the Ca21

patches, hTrp3 activity was retained after excision into release channels and CCE (Kiselyov et al., 1998, 1999a;
a medium containing caffeine. The high rate of hTrp3 Boulay et al., 1999). Regulation by exocytosis was sug-
channel activity conservation (100%) probably reflects gested based on findings in Xenopus oocytes in which
the presence of more than one active channel in the inhibitors of SNARE proteins inhibited CCE (Yao et al.,
patches. By contrast, excision of 11 patches containing 1999) and on findings in several cell lines in which solidi-
two resolvable RyRs-coupled hTrp3 channels into me- fication of the cytoskeleton inhibited CCE (Patterson
dium containing IP3 failed to preserve hTrp3 channel et al., 1999; Ma et al., 2000). Regulation by C-C was
activity. Since IP3 activated hTrp3 channels in 10/15 concluded from the findings that IP3Rs and the store
patches that contained caffeine nonresponsive chan- operated hTrp3 channels interact with each other (Bou-

lay et al., 1999; Kiselyov et al., 1999a). Partially purifiednels (Figure 7D), the results in Figure 8 indicates that



Gating of SOCs by Ryanodine Receptors
427

Figure 7. Mutually Exclusive Coupling of
hTrp3 to RyRs or IP3Rs

The experimental protocol was as follows.
Cells in the cell-attached configuration were
stimulated with caffeine, and patches were
excised into a control solution or solutions
containing caffeine or IP3. To facilitate com-
parison of the data, NPo is calculated relative
to the activity measured in caffeine-respon-
sive cell-attached patches, which was taken
as 1.0. Numbers above the bars show the
number of experiments performed under
each condition. In (A), 15/24 cells responded
to caffeine in cell-attached mode, and hTrp3
activity was absent in all 15 patches when
excised (IO-inside out) into control solution.
In (B), the 15 cells in (A) are compared to
another set of 15 caffeine-responding cells.
In 11/15 patches, hTrp3 activity was retained
after excision into a caffeine-containing solu-
tion. In (C), of the 12 cells that responded to
caffeine, all lost hTrp3 channel activity when
excised into IP3

-containing medium. The re-
maining 15 cells that did not respond to caf-
feine in the cell-attached mode were excised
into IP3-containing medium. (D) shows that 10
of these 15 patches retained hTrp3 channel
activity. As a control for the latter, (D) also
shows that excising patches from caffeine-
nonresponding cells into medium containing
caffeine did not result in hTrp3 activity in 7/7
patches. Right panels, examples of histo-
grams of NPo plots.

IP3R1 reconstituted into liposomes (Kiselyov et al., 1998) RyRs can be removed by washing the cytoplasmic face
of the patch and reconstituted with native or recombi-or the soluble N-terminal domain of the IP3R1 (Kiselyov

et al., 1999a) can couple to and gate the activity of hTrp3 nant RyRs. Several findings indicate that the reconstitu-
tion was specific: (a) Microsomes prepared from cellschannels. Domains in hTrp3 and IP3R3 directly interact

with each other, and the interaction affects CCE (Boulay not expressing RyRs were without effect; (b) Notably,
microsomes containing RyR2 prepared from cardiacet al., 1999). Furthermore, IP3R1 gates the miniature,

ICRAC-like and highly Ca21 selective channel Imin (Zubov muscle did not couple to gate hTrp3. The RyR2 does
not couple to the L-type Ca21 channel in cardiac muscleet al., 1999). Since disassembly of the cytoskeleton does

not interfere with CCE either in oocytes or in cell lines or in dyspedic cells expressing recombinant RyR2 (Na-
kai et al., 1997); (c) The ability of RyRs to gate hTrp3(Patterson et al., 1999; Yao et al., 1999), prior cell stimu-

lation is not needed to insert Imin (Zubov et al., 1999) or channels required RyRs ligands and the ligands tended
to enhance the reconstitution of RyRs and hTrp3 com-hTrp3 (K. I. K. and S. M., unpublished data) into the PM,

and since the findings in cell lines (Patterson et al., 1999; plexes. Interestingly, RyRs in the absence of caffeine
and cADPR reconstituted gating of hTrp3 at low fre-Ma et al., 2000) can be explained well by a C-C mecha-

nism, we tend to favor regulation of CCE by C-C. quency (Figure 5). This may be explained by the effect
of Ca21 on the RyRs.In the present work, we were able to develop evidence

that indicates that RyRs, like IP3Rs, can gate store-oper- Based on the findings listed above, we conclude that
RyRs can interact with and gate store-operated chan-ated channels by C-C. Thus, Ca21 release from RyRs-

sensitive stores activated hTrp3 and ICRAC, activation of nels. This conclusion has several important implications.
First, it shows that regulation of Ca21 influx channels byRyRs in cell-attached and the same excised patches

activated the same hTrp3 channels and the RyRs and RyRs is not unique to skeletal muscle. Thus, gating of
PM Ca21 channels by intracellular Ca21 release channelshTrp3 channels can be Co-IP with antibodies recogniz-

ing either RyRs or hTrp3. Moreover, in excised patches, may be viewed as a general and widespread paradigm
in Ca21 signaling. Second, it explains how Ca21 releaseactivation of hTrp3 and Imin channels by activators of
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also the RyRs modulate the activity of the L-type Ca21

channel (Nakai et al., 1996). Regulation of L-type Ca21

channels by RyRs was also reported in neuronal cells
(Chavis et al., 1997). In neuronal cells, the coupling be-
tween the L-type Ca21 channels and RyRs survived
patch excision and required activation of RyRs by caf-
feine (Chavis et al., 1997), similar to the findings reported
here for the interaction between hTrp3 channels and
RyRs. In this respect, it is interesting to note that amino
acids 728–735 in the C-terminal tail of hTrp3 have the
motif KCRRRRLQ, which consists of a stretch of five
positively changed amino acids followed by a neutral
and a negatively charged amino acid. A very similar
motif, EKKRRKMS, was identified in the II-III loop of the
skeletal muscle L-type Ca21 channel as mediating the
coupling of L type Ca21 channels to RyR1 (Gurrola et
al., 1999). In cardiac L-type Ca21 channel, the second
lysine is replaced with glutamate, and the methionine
and serine are replaced with leucine and alanine, re-
spectively (Gurrola et al., 1999). These amino acids sub-
stitutions prevented binding of the cardiac L-type Ca21

channel to RyR1 (Gurrola et al., 1999). Hence, it will
be of interest to determine whether the motif in hTrp3
homologous to that in the II-III loop of the skeletal mus-
cle L-type Ca21 channels is needed for gating CCE chan-
nels by RyRs and possibly IP3Rs.

An interesting observation with implications to organi-
zation of Ca21 signaling complexes in cellular microdo-
mains is the mutually exclusive coupling of hTrp3 to
RyRs or IP3Rs. Mutually exclusive coupling can arise
from the generation of two structurally distinct popula-
tions of hTrp3 channels by posttranslational modifica-
tion. This is unlikely the case, since hTrp3 channels
coupled to RyRs can be stripped of RyRs and recouples
to IP3Rs in a similar frequency as hTrp3 channels pre-
viously coupled to IP3Rs.

Another mechanism to achieve mutually exclusive
coupling is by targeting hTrp3 channels and subsets ofFigure 8. Multiple hTrp3-RyRs Channels in Excised Patches
RyRs-expressing or IP3Rs-expressing internal stores toThe middle traces in (A) and (B) show examples of two channel
cellular microdomains. Support for such a mechanismopenings in large cell-attached patches. hTrp3 channel activity was
comes from the ability of cells to target Ca21 transportretained in 9/9 patches containing two resolvable hTrp3 channels
proteins such as IP3Rs, SERCA pumps, and PMCAwhen excised into 20 mM caffeine (A). hTrp3 channel activity was
pumps to cellular microdomains (Sasaki et al., 1994;not observed in 11/11 similar patches when excised into medium

containing 5 mM IP3. Lee et al., 1997a, 1997b). In addition, the Ca21 pool
responsible for gating of CCE consists of only a very
small fraction of the mobilizable intracellular pool and

from RyRs-sensitive stores activates CCE and Icrac. Third, is probably located just underneath the PM (Broad et
it can explain why truncation of IP3Rs of B lymphocytes al., 1999). Accordingly, anti-RyRs antibodies IP hTrp3-
did not prevent CCE (Sugawara et al., 1997). Fourth, this RyRs, but not hTrp3-IP3Rs complexes and anti-IP3Rs
conclusion implies similarities between E-C coupling in antibodies IP hTrp3-IP3Rs, but not hTrp3-RyRs com-
skeletal muscle and C-C in nonmuscle cells. In skeletal plexes. Furthermore, in large patches containing multi-

ple hTrp3 channels, the coupling of hTrp3 to RyRs ormuscle, the L-type Ca21 channel activates the RyRs but

Figure 9. Recoupling of the RyRs-Coupled
hTrp3 Channels to IP3Rs

Caffeine-responsive patches in the cell-
attached mode (left panels) were excised into
IP3-containing medium to verify lack of re-
sponse to IP3 (top right). After several washes,
the patches were incubated with microsomes
containing a high level of IP3Rs (bottom right).
Recoupling of hTrp3-RyRs to IP3Rs was ob-
served in 4/11 experiments.
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suspended in an ice-cold hypotonic buffer containing a cocktail ofIP3Rs was mutually exclusive. It should have not been
protease inhibitors and homogenized. This homogenate was centri-possible to observe mutually exclusive coupling in all
fuged at 110,000 g for 1 hr at 48C, and the pellet was suspended inpatches containing more than one hTrp3 channel if the
4 ml of a buffer containing 10% sucrose and 10 mM HEPES (pHpatches contained mixed populations of hTrp3 chan-
7.4). The dispersed pellet was loaded on top of a 27%/45% sucrose

nels. Finally, estimation of the number of channels/cell gradient and centrifuged at 40,000 3 g 1 hr. The fraction at the
and the rate of observing two hTrp3 in a 5–6 mm diameter 27%/45% interface was collected, washed once, and resuspended
patch also support channel clustering. In previous work, in the 10% sucrose buffer. Aliquots were frozen in liquid nitrogen
we estimated that T3 cells contain 20 channels/cell (Ki- and stored at -808C. Before use, aliquots were thawed on ice and

diluted (1:10) into a solution containing 600 mM KCl and 10 mMselyov et al., 1998). The cell diameter is between 15–20
HEPES (pH 7.4). After 30 min incubation at 08C, the microsomesmm. A simple calculation shows that a 5–6 mm patch
were collected by 30 min centrifugation at 100,000 3 g and resus-comprises z1/30-1/40 of the cell surface area. Selection
pended with the intracellular-like pipette solution for reconstitutionof patches containing hTrp3 channels for these experi-
experiments.ments ensures that each patch will have at least one

active hTrp3 channel. Assuming that 50% of channels
Electrophysiologyare coupled to either IP3Rs or RyRs and that the channels
The whole-cell configuration of the patch clamp technique was usedare evenly distributed in the plasma membrane, the
to follow hTrp3 and Icrac channel activities in intact cells. Currentsprobability of seeing one RyRs-hTrp3 channel in a patch
were recorded using an Axopatch 200A patch-clamp amplifier andis about 1/2. The probability of finding two RyRs-hTrp3
digitized at 1 kHz. Membrane potential of T3 cells was held at –40

channels in a single patch is very low due to the low mV and that of HSG cells at 140 mV to minimize Ca21-dependent
number of hTrp3 channels in a cell. The short dwell time inactivation of Icrac. Membrane conductance of T3 cells was probed
of hTrp3 channels reduces this probability even further. with five consecutive 250 ms RAMPs from -80 to 180 mV, and that
Experimentally, two RyRs-hTrp3 channels in a patch of HSG cells with RAMPs from -120 to 160 mV, delivered every 15

s. Pipette resistance for the whole-cell mode was between 4–6 MV,were found in 20/42 large, caffeine-responsive patches.
and seal resistance was always more the 2 GV. Single hTrp3 chan-This can occur only if the hTrp3 channels are clustered
nels were recorded in cell-attached and inside-out patches. Cur-in plasma membrane microdomains.
rents were digitized at 5 kHz. Two types of pipettes were used for theSpatial segregation of hTrp3-RyRs and hTrp3-IP3Rs
cell-attached and inside-out patch recording. For most experiments,complexes in plasma membrane microdomains can be
pipettes of 8–12 MV resistance were used. To obtain large patches

achieved by the aid of scaffolding proteins. dTrp chan- containing more than one resolvable hTrp3 channel, pipettes of 4–6
nels are localized in the rhabdomere by binding to the MV resistance were used. To increase the probability of useable
PDZ domain of INAD (Tsunoda et al., 1997). In the post- experiments, we attempted to select patches containing hTrp3
synaptic density, IP3R1 is localized close to L-type Ca21 channels. This was accomplished by up to 3 min recording in the

cell-attached mode and before cell stimulation to follow spontane-channels by binding to the scaffold protein Homer (Tu
ous activity of hTrp3. Only patches showing at least one openinget al., 1998). The concept of targeting of signaling pro-
of hTrp3 (i.e., positive patches) were used. This is particularly signifi-teins into cellular microdomains is emerging as an im-
cant for the analysis of the experiments in Figures 5 and 7–9. Indeed,portant means for controlling cellular activity (Hunter,
as expected, only about 40% of all patches using the small diameter2000). It is thus possible that binding to scaffold proteins
pipettes contained hTrp3 channels. Current recording and analysis

segregates hTrp3 channels to signaling complexes in was performed with the use of pClamp 6.0.3 software suite. Experi-
cellular microdomains. These structures may be in close ments were carried out at room temperature (228C–248C). Results
proximity to population of internal stores containing are given as mean 6 SEM. Error bars denoting SEM are shown
IP3Rs or RyRs that gate CCE channels. where they exceed the symbol size.

Experimental Procedures
Fluorescence Measurements
Cells grown on glass coverslips were loaded with 2 mM FURA/Cells
2AM. FURA 2 loaded cells were placed in a perfusion chamber andHEK293 cells stably expressing hTrp3 were kept in culture as de-
washed 2–3 times with 1.5 ml of standard solution while maintainingscribed elsewhere (Kiselyov et al., 1998). For patch clamp experi-
a constant chamber volume of 300 ml. Application of agonist andments and fluorescent measurement, cells were seeded onto cov-
Ba21 was made by solution changes so that fluorescence is recordederslips and maintained in culture for 1–3 days before use. HSG cells
under the same conditions as ionic currents. Loaded cells werewere handled essentially the same way as HEK293 cells and were
illuminated by an alternating 340/380 nm light delivered every 0.5 sused for the experiments within a day of reseeding.
and fluorescence intensity at 510 nm was measured with a Del-
taRAM fluorimetric system. The extent of divalent cation influx is

Preparation of Skeletal and Cardiac SR
derived from the change in the ratio of fluorescence intensity at 340

Membranes enriched in markers of junctional SR were prepared
and 380 nm.

from rabbit fast skeletal muscle (Saito et al., 1984) in the presence
of 100 mM PMSF and 10 mg/ml leupeptin. Purified heavy SR was
pelleted, resuspended at a protein concentration of 2–6 mg/ml, fro- Solutions
zen in liquid nitrogen, and stored at -808C until needed. Membranes The standard bath solution for [Ca21]i measurements contained (in
enriched in cardiac junctional SR were prepared from rabbit heart mM) 140 NaCl, 5 KCl, 1 MgCl2, 10 HEPES/KOH, (pH 7.5 with NaOH),
using according to Feher and Davis (1991). 10 Glucose, and either 1 mM CaCl2 or, 10 mM BaCl2 or 0.1 mM EGTA.

The extracellular solution for whole-cell current measurements (in
mM): 140 NaCl, 5 KCl, 1 MgCl2, 1 mM CaCl2, 10 HEPES/KOH, (pHPreparation of Recombinant RyR1 and RyR3

Primary dyspedic myoblasts were isolated from neonates homozy- 7.5 with NaOH), and 10 Glucose. The standard intracellular-like,
pipette solution used during whole-cell current recording containedgous for an insertion in the RyR1 gene that disrupted translation of

the protein (Nakai et al., 1996). Myoblasts were grown and differenti- (in mM): 140 K-Glutamate, 5 NaCl, 1 MgCl2, 10 HEPES, 1.13 CaCl2,

and 2 EGTA/KOH (pCa 7) (pH 7.5). The pipette solution used inated as before (Nakai et al., 1997), and the myotubes were infected
at MOI 1 with helper virus-free HSV-1 amplicon virions containing single channel patch clamp measurements contained (in mM): 140

Na-HEPES, 2 CaCl2, and 5 NaCl (pH 7.5). In cell-attached experi-cDNA encoding for either RyR1 or RyR3 (Wang et al., 1999). Twenty-
four hours postinfection, cells from 10 plates were harvested into ments, the bath solution contained (in mM): 140 KCl, 5 NaCl, 10

HEPES/KOH, 1 MgCl2, and 2 CaCl2 (pH 7.5). After current recordinga buffer and centrifuged for 5 min at 100 3 g. The pellets were



Molecular Cell
430

in cell-attached mode, the bath solution was changed to that speci- of calcium release-activated calcium current Icrac. J. Biol. Chem.
274, 32881–32888.fied for the pipette solution in whole-cell recording before patch

excision. Chavis, P., Fagni, L., Lansman, J.B., and Bockaert, J. (1996). Func-
Icrac measurements in HSG cells were performed using a bath tional coupling between ryanodine receptors and L-type calcium

solution containing (in mM): 140 Na Gluconate, 5 NaCl, 10 HEPES/ channels in neurons. Nature 382, 719–722.
KOH, (pH 7.4 with NaOH), 10 Glucose and 1 or 10 mM CaCl2. The

Feher, J.J., and Davis, M.D. (1991). Isolation of rat cardiac sarcoplas-
pipette solution contained (in mM): 140 Cs-Gluconate, 5 NaCl, 1

mic reticulum with improved Ca21 uptake and ryanodine binding. J.
MgCl2, 1 ATP, 10 HEPES, 10 EGTA/CsOH pH 7.4. Under these condi-

Mol. Cell. Cardiol. 23, 249–258.
tions Icrac in HSG cells is activated very slowly in the absence of

Gurrola, G.B., Arevalo, C., Sreekumar, R., Lokuta, A.J., Walker, J.W.,agonist. Agonist stimulation or inclusion of IP3 in the pipette solution
and Valdivia, H.H. (1999). Activation of ryanodine receptors by im-resulted in a rapid activation of Icrac (Figure 2 and Liu et al., 1998)
peratoxin A and a peptide segment of the II–III loop of the dihydro-
pyridine receptor. J. Biol. Chem. 274, 7879–7886.

Immunoprecipitation
Hunter, T. (2000). Signaling—2000 and beyond. Cell 100, 113-127.Cells were washed with PBS, collected by centrifugation, and lysed

with 200 ml of a buffer containing (in mM) 20 HEPES, 150 NaCl, 1 Irvine, R.F. (1991). Inositol tetrakisphosphate as a second messen-
EDTA, 3 DTT, and 1% CHAPS (pH 8.0) supplemented with a cocktail ger, confusions, contradictions, and a potential resolution. Bioes-
of protease inhibitors. The cleared lysate was incubated with 4 ml says 13, 419–427.
anti HA antibodies, 5 ml anti IP3R3 antibodies, or 30 ml anti RyRs Kiselyov, K.I., Xu, X., Mozhayeva, G.N., Kuo, T., Pessah, I., Mignery,
antibodies for 1 hr before addition of 25 ml sepharose A beads and G.A., Zhu, X., Birnbaumer, L., and Muallem, S. (1998). Functional
an overnight incubation at 48C under gentle agitation. The immuno- interaction between InsP3 receptors and store-operated Htrp3
precipitated proteins were analyzed by SDS-PAGE. Proteins were channels. Nature 396, 478–482.
detected by Western blotting with the desired antibodies. Anti-HA

Kiselyov, K., Mignery, G., Zhu, M.X., and Muallem, S. (1999a). Themonoclonal antibodies (5 mg/ml) were obtained from BABCO (Rich-
N-terminal domain of the IP3 receptor gated store-operated hTrp3mond, CA) and anti-IP3Rs monoclonal antibodies (250 ml/ml) were
channels. Mol. Cell 4, 123–132.obtained from Transduction Laboratories (Lexington, KY). The anti-
Kiselyov, K.I., Semyonova, S.B., Mamin, A.G., and Mozhayeva, G.N.RyRs monoclonal antibodies were prepared by Sutko et al. (Airey
(1999b). Miniature Ca21 channels in excised plasma-membraneet al., 1990) and purchased from the Hybridoma Bank, University of
patches: activation by IP3. Pflugers Arch. 437, 305–314.Iowa.
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