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Functional coupling between large-conductance Ca2�-acti-
vated K� (BKCa) channels in the plasma membrane (PM) and
ryanodine receptors (RyRs) in the sarcoplasmic reticulum (SR)
is an essential mechanism for regulating mechanical force in
most smooth muscle (SM) tissues. Spontaneous Ca2� release
through RyRs (Ca2� sparks) and subsequent BKCa channel acti-
vation occur within the PM-SR junctional sites. We report here
that a molecular interaction of caveolin-1 (Cav1), a caveola-
forming protein, with junctophilin-2 (JP2), a bridging protein
between PM and SR, positions BKCa channels near RyRs in SM
cells (SMCs) and thereby contributes to the formation of a
molecular complex essential for Ca2� microdomain function.
Approximately half of all Ca2� sparks occurred within a close
distance (<400 nm) from fluorescently labeled JP2 or Cav1 par-
ticles, when they were moderately expressed in primary SMCs
from mouse mesenteric artery. The removal of caveolae by
genetic Cav1 ablation or methyl-�-cyclodextrin treatments sig-
nificantly reduced coupling efficiency between Ca2� sparks and
BKCa channel activity in SMCs, an effect also observed after JP2
knockdown in SMCs. A 20-amino acid-long region in JP2
appeared to be essential for the observed JP2-Cav1 interaction,
and we also observed an interaction between JP2 and the BKCa
channel. It can be concluded that the JP2-Cav1 interaction pro-
vides a structural and functional basis for the Ca2� microdo-
main at PM-SR junctions and mediates cross-talk between RyRs
and BKCa channels, converts local Ca2� sparks into membrane
hyperpolarization, and contributes to stabilizing resting tone in
SMCs.

Ca2� microdomains refer various types of transient elevation
of intracellular Ca2� concentration ([Ca2�]i) and are a key ele-

ment of Ca2� signaling (1). Junctophilins (JPs)2 are a family of
structural proteins that span the immediate subcellular gaps
between the plasma membrane (PM) and endo/sarcoplasmic
reticulum (ER/SR) (2, 3). The JP1 and JP2 isoforms have oblig-
atory roles in the junctional membrane complexes (JMCs)
formed under the transverse- (T-) tubular system in striated
muscle cells. They enable skeletal and cardiac myocytes to
translate conformational changes in voltage-gated Ca2� chan-
nels (VDCCs) in PM and Ca2� influx through VDCC, respec-
tively, to a marked elevation as a Ca2� microdomain via highly
effective Ca2� release from SR through ryanodine receptors
(RyR) during excitation-contraction (E-C) coupling (4 –6). JP3
and JP4 are strongly expressed in neurons and also important
for the regulation of cellular Ca2� signaling (7).

In the N termini of all JPs, eight conserved motifs, each con-
sisting of 14 amino acid residues, have been named “membrane
occupation and recognition nexus” (MORN) motifs. These
motifs in the N termini selectively bind to T-tubular mem-
branes and C-terminal transmembrane segments anchor the
opposite end to the ER/SR membrane (2). Among the four sub-
types of JPs (JP1– 4), JP2 is predominantly expressed in cardiac
myocytes (8). Its function is essential for physiological E-C cou-
pling (2), and it is altered in progressive hypertrophic cardiomy-
opathy (9, 10).

JP2 mRNA expression has been reported in some smooth
muscle (SM) tissues (2). However, in contrast to striated mus-
cles, SM cells (SMCs) lack the T-tubular system, and, thus, the
role of JP2 currently remains unknown. We previously sug-
gested that caveolae, �-shaped structures on PM, serve as a
structural component responsible for functions of Ca2�

microdomains, and may play significant roles in the control of
Ca2� signaling, excitability, and contractility by facilitating the
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functional coupling of ion channel complexes in vascular SMCs
(VSMCs) (11, 12). For example, localized and spontaneous
Ca2� release from RyR, referred to as Ca2� sparks, activates
large-conductance Ca2�-activated K� (BKCa) channels in cave-
olae. As a result, spontaneous transient outward currents
(STOCs) are generated to induce membrane hyperpolarization
(13, 14), leading to the suppression of VDCC activity and stabi-
lization of resting tone in SM tissues (15). Caveolae are impli-
cated in structurally confining action potential Ca2� signals
and may enable efficient, bidirectional Ca2�-mediated cross-
talk between the cell surface and SR (11, 16).

Caveolin isoforms (Cav1, 2, and 3) are differentially ex-
pressed in tissue-dependent manners and are essential for the
stability and function of caveolae (17). Cav3, which is the iso-
form that is predominantly expressed in skeletal and cardiac
myocytes, forms caveolae in the extra T-tubular PM. In con-
trast, Cav1 may be the key molecule for composing caveolae in
SMCs based on observations that a genetic deficiency in Cav1
results in the abolishment of caveolae (18) and that Cav1 accu-
mulates various types of signal molecules in caveolae (17). In
SMCs, a JMC-like structure has been detected in specific parts of
SR elements located just beneath caveolae by EM analyses (19).

Based on previous findings (2, 12, 20), we hypothesized that
JP2 in SMCs is involved in the formation of distinct molecular

complex responsible for Ca2� microdomain function within
JMCs. Key molecules, such as VDCC, Cav1, BKCa channels, and
RyR, may be included in the functional molecular complex in
JMCs. Here, fluorescent imaging based on total internal reflec-
tion fluorescence (TIRF) microscopy and whole-cell patch
clamp recordings reveal that JP2 functions as a critical struc-
tural component enabling efficient localized translation of
Ca2� sparks to STOCs, thus effectively regulating resting tone
in VSMCs.

Results

JP2 binds to Cav1 in a caveolar structure-dependent manner

JP2 is abundantly expressed in striated muscles such as car-
diac muscles (2). On the other hand, the expression of JP2 has
only been reported at the mRNA level in the SM of the stomach
and lung (2). Therefore, our initial experiments were performed
to examine the mRNA expression of JP2 in the mouse mesen-
teric artery. The mRNA expression of JP2 in the mouse mesen-
teric artery was abundantly detected, in contrast to that of JP1
(Fig. S1A). Western blotting (Fig. 1A) and immunocytochemi-
cal staining (Fig. 1B) showed the abundant protein expression
of JP2 and its prominent distribution along PM in mouse mes-
enteric artery SMCs (mMASMCs).

Figure 1. Abundant expression of JP2 in MASMCs, and its interaction with Cav1. A, a Western blot analysis using a protein lysate isolated from the mouse
mesenteric artery. B, an immunofluorescent image of a freshly isolated mMASMC obtained using a confocal microscope and its transmitted light image. C, co-IP
indicating molecular coupling between JP2 and Cav1. Extracts of the rat mesenteric artery were processed for IP with anti-Cav1 antibodies. Bound proteins
were solubilized and analyzed on SDS-PAGE, followed by immunoblotting for JP2. D, epifluorescent images obtained by PLA experiments for the interaction
between JP2 and Cav1 in MASMCs from WT (top) and Cav1�/� mice (bottom). E, the number of puncta per cell was summarized (WT: n � 14, Cav1�/�: n � 10).
F and G, JP2 and Cav1 in freshly isolated mMASMCs were labeled with specific antibodies, and then visualized using a TIRF microscope. Caveolae were
disrupted by the treatment with 10 mM M�CD (G). Fluorescent signals corresponding to JP2, Cav1, and their co-localization are colored in green, red, and yellow
(denoted by arrowheads), respectively. H and I, ratios of the number of co-localizing particles to those of all JP2 (H) or Cav1 (I) particles in control and
M�CD-treated myocytes. **, p � 0.01; the Student’s t test. Scale bars indicate 10 �m (B, D, F, and G).
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Based on our quantitative PCR analyses, the major Cav iso-
form expressed in mMASMCs was Cav1 (Fig. S1B), as has been
reported in airway SM (21). Because a part of the caveola is
located very close to SR in SMCs (19), we investigated whether
JP2 binds to Cav1. Co-immunoprecipitation (co-IP) assays
revealed an interaction between JP2 and Cav1 in rat mesenteric
artery SM tissues (Fig. 1C). Moreover, the application of in situ
proximity ligation assays (PLAs, see “Experimental proce-
dures”) for JP2 and Cav1 in mMASMCs resulted in the appear-
ance of abundant green fluorescent puncta in epifluorescent
images, indicating co-localization of these two molecules
within 40 nm (Fig. 1D). The number of puncta in MASMCs
from WT mice was significantly larger than in Cav1�/� (WT:
14.8 � 10.3 puncta/cell, n � 14, Cav1�/�: 1.5 � 1.4 puncta/cell,
n � 10, p � 0.01, Fig. 1E). These results suggest that JP2 and
Cav1 closely interact each other in native myocytes.

Single molecular imaging using a TIRF microscope was per-
formed to visualize the precise distribution of JP2 and Cav1.
These two proteins in freshly isolated mMASMCs were each
stained with a specific antibody in SMCs. TIRF images visual-
ized fluorescent particles existing on PM (Fig. 1F). Some of the
fluorescent particles of JP2 co-localized with those of Cav1 in
mMASMCs (yellow particles indicated by arrowheads in Fig.
1F). To investigate this interaction in more detail, the effects of
10 mM methyl-�-cyclodextrin (M�CD), which removes choles-
terol from PM and disrupts caveolae, were examined (Fig. 1G).
The ratio of co-localizing particles was significantly reduced by
the M�CD treatment (the ratio of co-localization against all JP2
particles: control, 36.2 � 8.1%, n � 12; M�CD, 22.6 � 9.3%, n �
10, p � 0.01; the ratio of co-localization against all Cav1 parti-
cles, control, 42.1 � 7.4%, n � 10; M�CD, 27.0 � 11.1%, n � 12,
p � 0.01; Fig. 1, H and I).

The specific region of JP2 responsible for the interaction with
Cav1 was examined by bimolecular fluorescent complementa-
tion (BiFC) analyses (22). VN and VC are the N- and C-terminal
halves, respectively, of the Venus fluorescent protein. The N
terminus of full-length JP2 (VN-JP2) or the C termini of a series
of truncated JP2 constructs (JP2(X-Y)-VN) were labeled with VN
(Fig. 2A, upper). The N terminus of Cav1 (VC-Cav1) was
labeled with VC. These constructs were co-expressed in
HEK293 cells and visualized by confocal microscopy. The con-
sistent detection of fluorescent signals from the reconstituted
Venus protein by VN-VC coupling strongly suggested a molec-
ular interaction between JP2 or truncated JP2 and Cav1. The
deletion of 271–290 residues within the joining region (com-
pare [4] and [5] in Fig. 2A) removed molecular coupling
between JP2 and Cav1, as shown in Fig. 2B. Further molecular
analyses using deletion mutants (mutants [4-i], [4-ii], [4-iii], [5]
in Fig. 2, A, lower, and C) revealed that 286TTTET290 was impor-
tant for JP2-Cav1 binding (n � 7, mutant [5] versus [4-i], p �
0.01; mutant [5] versus [4-ii], [4-iii] p � 0.05; Fig. 2D). Collec-
tively, these results strongly suggest that JP2 (286TTTET290)
interacts with Cav1 in caveolae in mMASMCs.

Ca2� spark-generating sites are proximal to JMCs in
mMASMCs.

The next series of experiments focused on the relationship
between JP2 and RyR (Fig. 3), which has been reported in stri-

ated muscles (23). In freshly isolated mMASMCs, the fluores-
cent particles of RyR were abundantly detected in TIRF images,
indicating very close localization to PM (in the evanescent wave
area within 200 nm of the bottom of the chamber; Fig. 3, A and
B) (24). The application of M�CD had no effect on this co-lo-
calization (Fig. 3, B–D) and the number of fluorescent particles
of RyR and JP2 (Table S1), suggesting that JP2 binds to RyR in a
caveolar-independent manner. The possibility of the co-local-
ization of Cav1 with RyR was also examined in mMASMCs (Fig.
3, E and F). The ratio of co-localizing particles was significantly
lower in M�CD-pretreated myocytes than in the control (for
Cav1, control, 46.2 � 5.4%, n � 8; M�CD, 31.6 � 6.5%, n � 6,
p � 0.01; for RyR, control, 50.5 � 13.3%; M�CD, 34.1 � 9.9%,
p � 0.05; Fig. 3, G and H). These results suggest that the JP2-
mediated co-localization of Cav1 and RyR depends on the
integrity of the caveolar structure.

To gain functional insights into this coupling, Ca2� dynam-
ics and the location of JP2 or Cav1 were simultaneously
recorded in a mMASMC using TIRF microscopy. To prevent
the excessive expression of mCherry-tagged JP2 or Cav1 in

Figure 2. Essential binding sites of JP2 for the interaction with Cav1. A,
the JP2 truncation constructs ([1] to [5]) used in the present study are shown.
MORN motifs, the joining regions, and ER transmembrane domains (ERTM) are
indicated. B and C, a series of representative confocal images of the BiFC
assay. Fluorescent signals in the top panels indicate the complementation of
VN and VC. Corresponding transmitted light images are shown in the bottom.
Representative images from three independent experiments are shown. D,
the fluorescence intensity of complimented Venus within regions of interest
(ROI) in each image was divided by that of the Hoechst signal. The Venus/
Hoechst ratio of the mutants ([4-ii], [4-iii], and [5]) was normalized to that of
JP2(276 – 674aa)-VN ([4-i]). Seven sets of images ([4-i], [4-ii], [4-iii], and [5])
were acquired from three independent experiments in epifluorescent fields.
*, p � 0.05; **, p � 0.01; one-way ANOVA followed by Tukey’s test. Scale bars
indicate 10 �m (B and C).
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mMASMCs, the amount of cDNA for transfection was care-
fully adjusted as reported previously (25). Our goal was to reveal
the spatiotemporal relationship between Ca2�-spark sites and
JMCs or caveolae. The Ca2� sparks were blocked by 100 �M

tetracaine, a RyR inhibitor, but not by 3 �M xestospongin C, an
IP3 receptor inhibitor (n � 3 for each, not shown in figures). JP2
or Cav1 labeled with mCherry was transiently expressed in pri-
mary-cultured mMASMCs, and Ca2� sparks were recorded by
fluo-4 imaging (Fig. 4A and Movie S1). Based on the kinetic
analysis, the Ca2� signals are identified as Ca2� sparks (time to
peak: 62.0 � 18.1 ms in mCherry-JP2 expressed cells, 51.8 �
14.3 ms mCherry-Cav1-expressing cells; full width at half-max-
imum (FWHM): 2.4 � 0.9 �m in mCherry-JP2-expressing cells,
2.3 � 0.8 �m in mCherry-Cav1– expressing cells). These
parameters were very similar to previous findings (time to peak:
20 –95 ms (26), FWHM: 2– 4 �m (27)).

Two-dimensional distances from spark-generating sites
detected as the Ca2� spark-initiating point in each movie to the
fluorescent peak of the closest mCherry-JP2 particles were mea-
sured and summarized in Fig. 4B. We noted that the mean
radius of mCherry-JP2 particles was 455 nm (r2 � 0.92, Lorenz
fit, Fig. 4C). A total of 60.2% of Ca2� sparks (65/108 sparks from
12 cells) overlapped with mCherry-JP2 particles. Moreover,
61.1% of Ca2� spark-generating sites (22/36 spark-generating
sites from 12 cells) were located within 460 nm of the peak
(usually the center) points of mCherry-JP2 signals. Similarly,

47.3% of Ca2� sparks (69/146 sparks from 15 cells, Fig. 4E)
overlapped with the fluorescent particles of mCherry-Cav1 in
mMASMCs expressing mCherry-Cav1 (Fig. 4D and Movie S2).
The mean radius of mCherry-Cav1 was 368 nm (Fig. 4F). Based
on analyses of spark-generating sites, 35.8% of the sites (24/67
from 15 cells) were located within 370 nm of the peak point
(typically the center) of mCherry-Cav1 signals. The density of
Ca2� spark-generating sites (sites/�m2) in the JP2 signals
(JP2in) and outside of them (JP2out) was 0.276 � 0.257 and
0.007 � 0.007, respectively (p � 0.01). The density in the Cav1
signals (Cav1in) and the outside (Cav1out) was 0.517 � 0.454
and 0.019 � 0.010, respectively (p � 0.01) (Table S2). These
results indicate that a large proportion of Ca2� spark-generat-
ing sites, which may include RyR clusters on SR, closely local-
ized with caveolae (�368 nm) and JP2 signals (�455 nm) in
JMC.

The JP2-BKCa channel complex is assembled by Cav1 in
caveolae

BKCa channels are preferentially localized in caveolae by the
interaction with Cav1 (12, 28) and are efficiently activated by
Ca2� sparks arising from RyR in SR (12, 29). Our assumption is
that JP2 is the key molecule functionally linking BKCa channels
with RyR in the Ca2� microdomain.

Thus, to examine the exact relationship between JP2 and the
BKCa channel, we performed co-IP assays, which clearly dem-

Figure 3. TIRF imaging of the co-localization of RyR-JP2 and Cav1-RyR in mMASMCs. A and B, RyR and JP2 in freshly isolated mMASMCs were identified by
immunostaining using antibodies specific to each protein and a TIRF microscope. Cells were nontreated or treated with M�CD before staining. TIRF images
obtained from the area surrounded by the white line in transmitted light images (left) are shown. Fluorescent signals corresponding to RyR, JP2, and their
co-localization are colored in red, green, and yellow (denoted by arrowheads), respectively. C and D, the ratio of the number of co-localizing particles to that of
all JP2 (C) or RyR (D) particles in control (n � 8) and M�CD-treated myocytes (n � 9); p � 0.05; t test. E and F, RyR and Cav1 in freshly isolated mMASMCs were
labeled with each specific antibody and visualized using a TIRF microscope. Fluorescent signals corresponding to RyR, Cav1, and their co-localization are shown
in green, red, and yellow (denoted by arrowheads), respectively. G and H, the ratio of the number of co-localizing particles to that of all Cav1 (G) or RyR (H)
particles in control and M�CD myocytes. *, p � 0.05; **, p � 0.01; t test. Scale bars indicate 10 �m (A, B, E, and F).
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onstrated a molecular interaction between JP2 and BKCa chan-
nels in the rat mesenteric artery (Fig. S2A) and in HEK293 cells
expressing GFP-JP2 and BKCa channels (Fig. S2B). Our BiFC
analyses based on VN-tagged JP2 and the VC-tagged � subunit
of BKCa channels (BK�) revealed reconstructed Venus fluores-
cence along the PM in HEK293 cells, in which VN-JP2 and
BK�-VC were both expressed (Fig. S2C). The results using
truncated mutants of VN-JP2 revealed a novel molecular inter-
action of JP2 joining region with BK�-VC, as well as Cav1-VC
in Fig. 1, in living cells (Fig. S2, D and E).

We then investigated whether Cav1/caveola contributed to
the molecular complex formation of the BKCa channel with JP2.
Immunostaining analyses with TIRF microscopy showed that
BKCa channels are colocalized with JP2 in freshly isolated
mMASMCs (Fig. 5A). We then investigated whether Cav1/
caveolae contributed to the molecular complex formation of
BKCa channels with JP2 using Cav1 knockout mice (Cav1�/�).
The co-localization of JP2 and BK� was also detected in
Cav1�/� myocytes (Fig. 5B). The ratio of their co-localization
versus all BK� particles was significantly decreased by the Cav1
deficiency (WT, 29.4 � 3.2%, n � 8; Cav1�/�, 16.7 � 1.5%, n �
11, p � 0.01 versus WT), although the number of fluorescent
particles of JP2 and BK� were not altered (Table S1). The ratio
of co-localizing particles versus all JP2 particles was also
decreased by the Cav1 deficiency (WT, 23.9 � 9.6%, n � 8;
Cav1�/�, 12.0 � 3.3%, n � 11, p � 0.01 versus control; Fig. 5, C
and D). Similar results were obtained when caveolae were dis-
rupted by the M�CD pretreatment (Fig. S3).

The average fluorescent intensity per single BK� particle in
Cav1�/� (97.2 � 36.1, n � 11) was significantly lower than that
in WT (189.0 � 77.6, n � 8, p � 0.01) (Fig. 5E). The percentage
of the integrated area occupied by BK� particles versus the total
TIRF image area was also calculated and compared between
WT and Cav1�/� (Fig. 5F). The percentage of BK� in WT
(3.2 � 1.7%, n � 8) was significantly smaller than that in
Cav1�/� (5.2 � 1.5%, n � 11, p � 0.01). In contrast, the number
of BK� particles per unit area (100 �m2) of TIRF images and the
integrated intensity of BK� particles per unit area were not
significantly different between WT and Cav1�/� (number of
particles: 10.7 � 5.3 in WT, n � 8, and 12.6 � 3.0 in Cav1�/�,
n � 11, p � 0.05; intensity: 19.6 � 13.1 in WT, n � 8, and 12.9 �
7.6 in Cav1�/�, n � 11, p � 0.05; Fig. 5, G and H). These results
indicate that BKCa channels are more highly concentrated
within local areas (detected as single particles in this experi-
ment) in WT than in Cav1�/�. Therefore, Cav1/caveolae are
important for the accumulation of BKCa channels and form a
structural basis to facilitate Ca2� microdomain function by
promoting BKCa-JP2 coupling. Moreover, FRET analyses using
TIRF microscopy were performed based on acceptor photo-
bleaching methods (Fig. 5, I and J) (25). In WT myocytes co-ex-
pressing YFP-JP2 � BK�-CFP, the fluorescence intensity of
BK�-CFP was significantly increased after the bleaching of
YFP-JP2 (FRET efficiency (EFRET) in WT myocytes: YFP-JP2 �
BK�-CFP, 12.9 � 9.1%, 37 particles in 5 cells; YFP � BK�-CFP
as a negative control, �0.34 � 6.19%, 51 particles in 11 cells,
p � 0.01). This increase in BK�-CFP fluorescence intensity

Figure 4. TIRF images of Ca2� sparks and those of JP2 or Cav1 in mMASMCs. A and D, Ca2� sparks in 40 mM [K�]o were detected with fluo-4/AM using a TIRF
microscope. Continuous TIRF images of Ca2� sparks were obtained at 27.2-ms intervals. Ca2�-spark images were merged with those of mCherry-JP2 or
mCherry-cav1 (purple), which were separately recorded in the same cells. B and E, the distance from the center of a Ca2�-spark site to the center of the nearest
mCherry-JP2 or mCherry-cav1 particles were measured. The number of observed sparks versus the distance is demonstrated in the distribution histogram (108
sparks from 12 mCherry-JP2-expressing cells, cav1; 146 sparks from 15 mCherry-cav1-expressing cells). C and F, the radii of mCherry-JP2 or mCherry-cav1
particles located closest to Ca2�-spark sites were measured (30 mCherry-JP2 particles, 59 mCherry-cav1 particles). The distribution histogram of radii is
demonstrated and fit by the Lorenz function (red curves). Scale bars indicate 500 nm (A and D).
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after bleaching was significantly attenuated in Cav1�/� myo-
cytes (EFRET in Cav1�/� myocytes, YFP-JP2 � BK�-CFP, 4.2 �
9.1%, 64 particles in 7 cells, p � 0.01 versus WT myocytes; YFP
� BK�-CFP, �1.6 � 12.0%, 25 particles in 5 cells, p � 0.05
versus YFP-JP2 � BK�-CFP in Cav1�/� myocytes). These
results indicate that Cav1 facilitates the selective localization of
BKCa channels in caveolae and enhances the formation of a
molecular complex with JP2 in mMASMCs.

JP2 mediates molecular interactions between Cav1 and RyR

In the next series of experiments, the knockdown effects of
JP2 by siRNA were examined to assess the significance of JP2 in
molecular coupling between Cav1 and RyR. The mesenteric
arterial tissues of mice were organ-cultured for 4 days and con-
comitantly treated with control siRNA (siControl) or siRNA
specific for JP2 (siJP2) using reversible permeabilization proce-
dures (30). Western blotting and immunostaining analyses
revealed that siJP2 significantly decreased JP2 protein expres-
sion in mesenteric arterial tissues and mMASMCs (Fig. 6,
A–D).

In corresponding TIRF images of single myocytes isolated
after the knockdown, fluorescent particles of RyR often co-lo-
calized with those of Cav1 in myocytes incorporated with
siControl or siJP2 (Fig. 6, E and F), in a similar manner to that

shown in Fig. 3. However, the ratio of co-localization was sig-
nificantly lower in siJP2-treated myocytes than in siControl (for
RyR, siControl, 48.9 � 8.8%, n � 9; siJP2, 34.4 � 6.9%, n � 8, p �
0.01; for Cav1, siControl, 48.9 � 9.9%; siJP2, 36.6 � 5.7%; p �
0.01, Fig. 6, G and H), although the number of fluorescent par-
ticles of Cav1 and JP2 was not altered (Table S1). These results
provide additional evidence for JP2 connecting Cav1 and RyR
and, thus, linking caveolae to the SR element.

JP2 facilitates the efficiency of Ca2� sparks forming STOCs.

The proposed molecular complex may constitute a Ca2� sig-
naling pathway functionally distinct from those established in
striated muscles. Thus, STOCs were measured as the results of
functional coupling between Ca2� sparks and BKCa channel
activity at a holding potential of �20 mV in mMASMCs under
the whole cell voltage-clamp mode (Fig. 7A). Single mMASMCs
were isolated from tissues pre-treated with siControl or siJP2
for 4 days by reversible permeabilization. The principal results
obtained were summarized as amplitude histograms of STOCs
in Fig. 7B. The averaged STOC amplitude was significantly
smaller in siJP2-treated mMASMCs than in siControl-treated
myocytes (siControl, 23.7 � 5.3 pA, n � 9; siJP2, 18.9 � 1.0 pA,
n � 8; p � 0.05, Fig. 7C). The averaged frequency was not
significantly different between siControl- and siJP2-treated

Figure 5. The JP2 protein and BKCa channels co-assembled in caveolae in mMASMCs. A and B, JP2 and BK� subunits in freshly isolated mMASMCs from WT
(A) or Cav1�/� (B) mice were labeled with specific antibodies, and then visualized using a TIRF microscope. Fluorescent signals corresponding to BKCa, JP2, and
their co-localization are colored in red, green, and yellow (denoted by arrowheads), respectively. C and D, ratios of the number of co-localizing particles to those
of all JP2 (C) or BK� (D) particles in WT and Cav1�/� myocytes. E–H, the averaged fluorescence intensity in particles of BK� (E), the percentage of the integrated
area occupied by BK� particles versus the cell area in TIRF images (F), the number of BK� particles per unit area (100 �m2) in TIRF images (G), and the integrated
intensity of BK� particles per unit area (H) are shown. The number of cells examined was 8 for WT and 11 for Cav1�/� (C–H). **, p � 0.01; the Student’s t test. I,
a FRET analysis was performed in mMASMCs co-expressing YFP-JP2 and BK�-CFP from WT and Cav1�/�. Panels show YFP-JP2 and BK�-CFP emissions before
(Pre) and after (Post) selective YFP photobleaching. The numerical value in each image indicates fluorescence intensity relative to that before bleaching. J,
summarized data of EFRET in WT and Cav1�/� (YFP-JP2 � BK�-CFP in WT myocytes: 37 particles, 5 cells; YFP � BK�-CFP in WT myocytes: 51 particles, 11 cells,
YFP-JP2 � BK�-CFP in Cav1�/� myocytes: 64 particles, 7 cells; YFP � BK�-CFP: 25 particles, 5 cells in Cav1�/� myocytes). *, p � 0.05; **, p � 0.01; two-way
ANOVA was applied to the analysis (see Table S3). The effect of Cav1 on the FRET values (Effect 1) were compared in WT and Cav�/� was measured as the
molecular interaction between YFP-JP2 and BK�-CFP. The effect of YFP on the molecular interaction between BK�-CFP and YFP-JP2 (Effect 2) was also
compared in WT and Cav1�/�. The interaction between Effect 1 and Effect 2 was statistically significant (F-test, p � 0.05). Thus, the statistical significance
between the four groups was examined by Tukey’s test. Scale bars indicate 10 �m (A and B) and 2 �m (I), respectively. n.s., not significant.
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myocytes (siControl, 0.78 � 0.20 Hz, n � 9; siJP2, 1.08 � 0.57
Hz, n � 8; p � 0.05, Fig. 7D). The average value of STOCs
integrated for 30 s was significantly smaller in siJP2-treated
mMASMCs than in siControl-treated myocytes (siControl,
10.6 � 4.0 pC, n � 9; siJP2, 7.1 � 2.5 pC, n � 8; p � 0.05, Fig.
7E). Although the averaged STOC amplitude and the inte-
grated STOCs were reduced by the treatment with siJP2, the
whole-cell BKCa channel current density (Fig. S4) and ampli-
tude of Ca2� sparks were not affected (Fig. S5). In contrast, the
frequency and area at which Ca2� sparks spread (FWHM) were
significantly increased, and the decay (t1⁄2 and FDHM) was pro-
longed by siJP2 (Fig. S5D). These results are consistent with
previous findings that demonstrated enhanced RyR activity and
reduced Na�/Ca2�-exchanger activity in JP2 knockdown car-
diac myocytes (31–33). These results suggest that the knock-
down of JP2 attenuates proximal coupling between BKCa chan-
nels and RyR, thereby decreasing the efficiency with which
localized Ca2� spark signals are converted to cellular STOC
signals, i.e. Ca2� derived from Ca2� sparks did not sufficiently
reach nearby BKCa channels.

To examine the contribution of JP2 to muscle contraction,
the pressure myography measurements were performed in tis-
sue preparations. The diameter of mouse mesenteric arteries
pretreated with siControl or siJP2 was measured before and
after the BKCa channel block (Fig. 7F). Contractions elicited by
1 �M paxilline were significantly weaker in siJP2-treated arter-

ies than in those treated with siControl (siControl, 15.2 � 6.4%;
siJP2, 6.2 � 2.1%, n � 4, p � 0.05, Fig. 7G). In contrast, there was
no effect of siJP2 on 40 mM KCl-induced constrictions (Fig.
S6A). These experiments were performed using artery seg-
ments, which had a similar maximal passive diameter under
fully relaxed conditions (Fig. S6B). Taken together, it can be
suggested that the knockdown of JP2 reduced the contribution
of STOCs to the regulation of muscle tone and, thus, the sus-
ceptibility of resting tone to paxilline.

Discussion

In skeletal and cardiac myocytes, JP1 and JP2 localize on the
T-tubular membrane to organize JMC by linking various mol-
ecules such as ion channels (VDCC (34, 35), TRPC3 (36), and
RyR2 (32)) and scaffolding proteins (Cav3 (37) and BIN-1
(bridging integrator-1) (23)). On the other hand, SMCs lack the
T-tubular system. The functions of caveolae as a platform for
E-C coupling (11) and STOC generation have instead been sug-
gested in SMCs (12, 18). In the present study, we found that a
key tethering molecule, JP2, bound with Cav1 (Figs. 1 and 2)
and BKCa channels (Fig. 5 and Fig. S2). These molecular inter-
actions, as well as that between JP2 and RyR (38), may play a
critical role in the formation of the Ca2� signaling pathway,
which functionally connect BKCa channels in caveolae to RyR in
junctional SR in VSMCs.

Figure 6. JP2 mediates the molecular coupling of RyR and Cav1 in MASMCs. A, Western blotting analyses were performed using the protein lysate (30 �g)
from mouse mesenteric artery tissues treated with siRNA for 4 days. The band density of JP2 was normalized to that of �-SM actin (JP2/�-SM actin). The ratio
of siJP2 was normalized to that of siControl. B, summarized effects of siControl and siJP2 on JP2 protein expression in the mesenteric artery. C, representative
transmitted light and immunofluorescent images of mMASMCs treated with siControl or siJP2. Myocytes were labeled with an anti-JP2 antibody and observed
using a confocal microscope. D, summarized effects of siControl (n � 23) and siJP2 (n � 14) on JP2 expression estimated by fluorescent intensity. E and F, RyR
and Cav1 in mMASMCs treated with siControl (E) or siJP2 (F) were labeled with the specific antibody and observed under a TIRF microscope. Fluorescent signals
corresponding to Cav1, RyR, and their co-localization are colored in red, green, and yellow (denoted by arrowheads in merged), respectively. The yellow puncta
in co-localized indicate only the overlapping signals of Cav1 and RyR. G and H, the co-localization ratio of RyR (G) or Cav1 (H) particles in myocytes treated with
siControl (n � 9) or siJP2 (n � 8). *, p � 0.05; **, p � 0.01; the Student’s t test. Scale bars indicate 10 �m (C, E, and F).
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Co-IP and single molecular imaging analyses (Fig. 1) revealed
the interaction between JP2 and Cav1 in mMASMCs. More-
over, BiFC assays based on a series of deletion/truncated
mutants provided evidence to show that the 271–290 residues,
particularly 286TTTET290, in the joining region of JP2 were
important for the interaction with Cav1. Because this region
contains many hydrophilic amino acids, JP2 and Cav1 may bind
together through their regions facing the cytosol. We also dem-
onstrated the molecular coupling of JP2 with BKCa channels,
which preferentially localize in caveolae (12, 28), using co-IP
and TIRF imaging (Fig. 5, Fig. S2). BiFC assays revealed that the

271–290 residues in the JP2 joining region were also an essen-
tial site for binding with BKCa channels as well as Cav1 (Fig. S2).
The joining region also contains some interaction domains for
other ion channels, such as VDCC (Cav1.1 and Cav1.2) (34, 35),
TRPC3 (36), and RyR2 (32). In smooth muscle tissues, all three
RyR isoforms are expressed, and the relative proportions of this
expression are tissue- and species-dependent (39). We think
that JP2 mainly interact with RyR2 in mesenteric artery smooth
muscle cells because (i) JP2 does not bind to RyR1 (40), (ii) RyR2
binds to JP2 (23, 32), and (iii) Ca2� spark-STOCs activity is
rather high in mesenteric artery smooth muscle cells in the
RyR3�/� mouse (41). Therefore, JP2 appears to be the basis for
a number of macromolecular complexes by accumulating
Ca2�-related molecules in SMCs.

In the present study, the disruption of caveolae by M�CD
resulted in: 1) a decrease in Cav1-JP2 co-localization (Fig. 1),
but 2) no change in JP2-RyR co-localization (Fig. 3), and 3) a
decrease in Cav1-RyR co-localization (Fig. 3). These results
suggest that the caveolar structure mainly facilitates the inter-
action with Cav1-JP2. Moreover, caveolar disruption/abolish-
ment by M�CD or the Cav1 gene deficiency, respectively, also
significantly reduced JP2-BKCa channel coupling (Fig. 5). Cav1
facilitates this coupling by accumulating JP2 and BKCa channels
(12, 28) within the caveolar structure. The present results are
consistent with our previous findings showing that the STOC
frequency was significantly lower in MASMCs from Cav1�/�

mice than in those from WT and that the occurrence of Ca2�

sparks was not altered (12). Thus, the significance of the caveo-
lar structure in formation of the Ca2�-signaling pathway in
SMCs may be explained by two factors. The invagination of
caveolae into the cytosol shortens the distance between PM and
SR and allows JP2 molecules to more easily facilitate functional
coupling between RyR2 in SR and BKCa channels in PM. The
interaction between JP2 and RyR2 and its functional impor-
tance have been shown in cardiac myocytes (23, 32). Our imag-
ing analyses revealed the co-localization of Cav1-RyR in
mMASMCs. The results from experiments using siJP2 (Fig. 6)
clearly showed that JP2 was responsible for connecting RyR and
Cav1 in the Ca2�-signaling pathway. In addition, related signal
molecules in PM, such as BKCa channels and VDCC, accumu-
lated in the caveolar structure and were primed to interact with
one another and also with RyR for functional coupling in Ca2�

microdomains.
The spatio-positional relationships between RyR and BKCa

channels (42) or scaffold proteins (43, 44) have only been
reported using immunochemical staining in formalin-fixed
myocytes, regardless of muscle types. In contrast, our molecu-
lar imaging of primary cultured mMASMCs, in which JP2 or
Cav1 labeled with mCherry was expressed, enabled us to map
the positional relationships between Ca2� spark-generating
sites and JP2 or Cav1 molecules (Fig. 4). It is especially notable
that these measurements of the distance between spark sites
and JP2 or Cav1 is performed in live imaging. Our results
revealed that almost 50% of Ca2� spark-generating sites local-
ized within mCherry-JP2 particles (58.3%) or mCherry-Cav1
particles (39.7%). By taking the expression efficiency of
mCherry-labeled JP2 or Cav1 in mMASMCs into account,
Ca2� spark-generating sites distant from mCherry particles

Figure 7. JP2 facilitates the efficiency of STOCs in mMASMCs. A, STOCs
were recorded in siControl and siJP2-treated myocytes at a holding potential
of �20 mV. STOCs were completely blocked by 1 �M paxilline (Pax). B, distri-
bution histogram of STOC events versus their peak amplitude. C–E, summary
of the mean STOC amplitude, frequency and integral for 30 s in myocytes
treated with siControl (9 cells from 6 mice) or siJP2 (8 cells from 7 mice). F,
images of vasocontractions caused by 1 �M Pax. The averaged diameter (�m)
for: siControl, 125.7 � 9.2 (Control) and 116.8 � 10.0 (1 �M Pax); siJP2, 133.5 �
14.6 (Control) and 130.5 � 13.1 (1 �M Pax). G, summarized data of 1 �M Pax-
induced decreases in the diameter of mesenteric arteries treated with siCon-
trol (n � 4 from 3 mice) and siJP2 (n � 4 from 3 mice). *, p � 0.05; **, p � 0.01;
the Student’s t test. The scale bar indicates 100 �m in F. n.s., not significant.
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may be located close to non-mCherry–tagged, native JP2 or
Cav1 (12, 25). As a consequence, we may concretely conclude
that the majority of Ca2� sparks occur in JMCs bridged by JP2.

Based on analyses performed with an electron microscope or
super-resolution microscope, Cav1 (45), JP2 (44), and RyR (46)
form clusters as large as 200 nm or more in diameter (47). The
mean radius values for adjacent mCherry-JP2 and mCherry-
Cav1 complexes were 455 and 368 nm, respectively (Fig. 4).
These mCherry particles may reveal functional molecular clus-
ters. Previous studies reported that a Ca2� spark spreads over
an area of 	500 nm in radius and increases [Ca2�]i up to 3.5 �M

or higher in some SMCs (42, 48, 49). JP2, Cav1, BKCa channels,
and other molecules were co-localized within 	400 nm of
Ca2�-spark sites (Fig. 4). Thus, these molecules will be exposed
to high [Ca2�]i provided by Ca2�-spark events. A previous
study reported that BKCa channels, which localize within
150	300 nm of a Ca2�-spark site, may be strongly activated in
airway SMCs (49). Our results provide evidence to suggest that
a distinct molecular complex composed of Cav1, JP2, and junc-
tional SR significantly facilitate the efficiency of functional cou-
pling between RyR and BKCa channels in the structure.

The present results also revealed new and functionally
important roles for JP2 in STOCs in siJP2-treated mMASMCs.
siJP2 had no effect on functional BKCa channel expression or
the amplitude of Ca2� sparks, but significantly increased the
frequency of Ca2� sparks (Figs. S4 and S5). Because JP2 stabi-
lizes RyR and reduces Ca2� leakage in cardiac myocytes (31,
32), decreases in JP2 levels may have increased the spontaneous
opening of RyR in mMASMCs. Despite this increase in Ca2�

spark frequency, JP2 knockdown did not significantly change
STOC frequency, but, importantly, decreased the averaged
STOC amplitude and integrated STOCs (Fig. 7). Small STOCs
may be generated by Ca2� sparks that occur away from PM (�1
�m) (50). Therefore, BKCa channels may be exposed to a larger
number of Ca2� sparks, which occur not close to BKCa channels
in JP2-knocked down myocytes. This may be the reason why
frequency did not decrease in siJP2-treated myocytes, although
BKCa-RyR coupling was weakened by the JP2 knockdown. In
this case, the amount of Ca2� reached from Ca2� sparks to
BKCa channels may have been smaller, leading to the decreased
amplitude of STOCs in Fig. 7. Thus, JP2 knockdown reduced
coupling efficiency between BKCa channels and RyR. A recent
study showed that microtubule structures support peripheral
coupling between BKCa channels and RyR in SMCs (51). Fur-
ther studies are needed to elucidate the relationship between
microtubules and the Cav1-JP2 interaction.

Although Cav3 is the muscle isoform among the three Cav
isoforms, the predominant Cav isoform expressed in SMCs,
including mMASMCs, has been reported as Cav1 (52) (Fig. S1).
The physiological impact of the Cav1-JP2 interaction in the
caveolae of MASMCs may be more significant with respect to
Ca2� handing than those of Cav3-JP1 (34) and Cav3-JP2 (37) in
skeletal or cardiac muscles. Cav3 in skeletal and cardiac myo-
cytes mainly forms caveolae in the extra T-tubular PM (53),
whereas a molecular interaction between JP2 and Cav3 in T-tu-
bules has also been suggested (38). The Cav1-BKCa channel
interaction significantly facilitates the accumulation of BKCa
channels in caveolae, in which BKCa channels form molecular

complexes with VDCC (12) (see Fig. S7). Thus, the Cav1-JP2
interaction in SMCs provides a distinct structural basis essen-
tial for the formation of the Ca2�-signaling pathway in JMC and
for most efficient signal coupling between Ca2� sparks and
STOCs to regulate membrane potential and, consequently,
muscle tone. In addition, the novel Cav1-JP2 interaction and
related molecular complex formation are presumably respon-
sible for the Ca2�-induced Ca2�-release mechanism triggered
by action potentials in mMASMCs (11, 12). The physiological
impact of the interaction between the Cav1 and JP family (JP3)
also needs to be considered in nonmuscle tissues because the
co-expression of this pair of molecules has been reported in
pancreatic �-cells (54, 55); however, the functional significance
of this interaction remains unclear.

In summary, JP2 binds to three key molecules: Cav1, BKCa

channel, and RyR, and connects them to functionalize a molec-
ular complex in the site of Ca2� microdomains from caveolae
and SR in JMC (Fig. S7). The major physiological function of the
Cav1-JP2 interaction in SMCs appears to differ from that of
Cav3-JP1/JP2 in striated muscles. This distinct molecular com-
plex in the JMCs of SMCs enable the effective conversion of
Ca2� sparks to cellular electrical signals, i.e. STOCs and mem-
brane hyperpolarization. More generally, due to these struc-
tural and functional mechanisms essentially provided by the
Cav1-JP2 interaction, Ca2�-sensitive signal molecules assem-
bled in caveolae and in the site of Ca2� microdomains can
obtain sufficient Ca2� without affecting other signaling path-
ways (56). This highly localized compartmentalization of Ca2�

signaling based on Cav1-JP2 interactions is critical for well-
regulated SM tissue functions, including the regulation of vas-
cular tone and blood pressure. Furthermore, the Cav-JP inter-
action may provide a novel structural/functional basis for
reciprocal cross-talk between molecules that accumulate in the
caveolae of PM and those in the ER, even in nonmuscular cells.

Experimental procedures

Animals

Mesenteric arteries were dissected from male mice or rats
(C57BL/6, 8 –12 weeks and Wistar/ST, 8 –12 weeks, respec-
tively, SLC, Hamamatsu, Japan) (12). Animals were anesthe-
tized by the inhalation of isoflurane (Baxter, Deerfield, IL) and
killed by cervical dislocation. To isolate mMASMCs, tissues
were incubated in Ca2�/Mg2�-free Hanks’ solution: (mM) 137
NaCl, 5.4 KCl, 0.17 Na2HPO4, 0.44 KH2PO4, 4.2 NaHCO3, and
5.6 glucose, containing 0.4% collagenase (Wako, Osaka, Japan)
and 0.1% papain (Sigma) at 37 °C for 40 min. After the incuba-
tion, tissues were washed in Ca2�/Mg2�-free Hanks’ solution
and treated by gentle agitation with a glass pipette. Single
mMASMCs were suspended in M-199 (Sigma) supplemented
with 2% heat-inactivated FBS (Sigma), 20 units/ml of penicillin
(Wako), and 20 �g/ml of streptomycin (Wako), and then cul-
tured on glass-bottomed dishes for 24 – 48 h. All experiments
were approved by the Ethics Committee of Nagoya City Uni-
versity and conducted in accordance with the Guide for the
Care and Use of Laboratory Animals of the Japanese Pharma-
cological Society.
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Plasmid constructs and transfection

The full-length cDNAs encoding JP2 (NM_020433.4) and
Cav1 (NM_001753) were labeled with fluorescent proteins
(using pEYFP-C1, pAcGFP1-C1, or pmCherry-C1 vectors from
Clontech Laboratories, Mountain View, CA) at the N terminus.
BK� (NM_002247) was labeled with fluorescent proteins (using
the pECFP-N1 vector from Clontech Laboratories) at the C
terminus. In BiFC analyses, constructs were labeled by frag-
ments of the N (1–173: VN173) or C (155–238: VC155) termini
of Venus (22). pBiFC-VN173 and pBiFC-VC155 were gifts from
Chang-Deng Hu (Addgene plasmid numbers 22010 and 22011,
respectively). All constructs were confirmed by DNA sequencing.
Primary-cultured myocytes isolated from mouse mesenteric
arteries were transiently transfected with mCherry-labeled cDNA
using Lipofectamine 2000 (Invitrogen). Experiments were per-
formed 24–48 h after transfection.

Reversible permeabilization

siRNA was introduced into mesenteric arteries using a
reversible permeabilization procedure (30). In brief, mesenteric
arteries were incubated at 4 °C for 30 min in the following solu-
tion (mM): 120 KCl; 2 MgCl2, 10 EGTA, 5 Na2ATP, and 20 TES,
pH 6.8. Thereafter, tissues were placed in a solution containing
10 �M siRNA (pre-designed Stealth RNAiTM for the knock-
down of mouse JP2: Jph2MSS226908, 5
-AGU ACC GCC ACA
AUG UGC UGG UCA A-3
 or Medium GC Duplex number 3
for siControl, Invitrogen) at 4 °C for 90 min and then in 10 �M

siRNA-containing solution with 10 mM MgCl2 at 22 °C for 30
min. Permeabilization was reversed by placing the tissue at
22 °C for 30 min in MOPS-buffered physiological solution con-
taining (mM): 140 NaCl, 5 KCl, 10 MgCl2, 5 glucose, and 2
MOPS, pH 7.1. Ca2� was gradually increased over a 45-min
period from nominally Ca2� free to 0.01, 0.1, and 1.8 mM. Fol-
lowing the reversible permeabilization procedures, the mesen-
teric artery was organ-cultured for 4 –5 days in M-199 with 2%
FBS. After 2 days, this culture medium was refreshed.

TIRF imaging

Two-dimensional Ca2� imaging and single-molecular imag-
ing were obtained using a TIRF imaging system (Nikon, Tokyo,
Japan), which consists of a fluorescent microscope (ECLIPSE
TE2000-U; Nikon), objective lens (CFI Plan Apo TIRF �60/
1.45, oil immersion; Nikon), EM-CCD camera (C9100 –12;
Hamamatsu Photonics, Hamamatsu, Japan), and AQUACOS-
MOS software (version 2.6; Hamamatsu Photonics) (12, 25).
Regarding Ca2�-spark measurements, myocytes were loaded
with 10 �M fluo-4 acetoxymethyl ester (fluo-4/AM; Invitrogen-
Molecular Probes). Fluo-4/AM was excited with a 488-nm
argon laser (Coherent, Santa Clara, CA), and emissions were
collected using a dual color filter cube (DM 480 – 495/538 –556
nm, BA 505–530/570 – 660 nm, Omega Optical, USA). To
observe Ca2� sparks in a myocyte, 40 mM KCl HEPES-buffered
solution (40 KCl), which contained (mM) 102.9 NaCl, 40 KCl,
2.2 CaCl2, 1.2 MgCl2, 14 glucose, and 10 HEPES (pH 7.4 with
NaOH), was applied. Fluorescent signals are described as F/F0,
where F is the averaged fluorescence intensity in the TIRF area
during measurements, and F0 is the baseline F value obtained as
the average intensity of the regions of interest (2 �m in diame-

ter). Ca2� images were collected at 27.3-ms exposure intervals.
After Ca2� spark measurements, mCherry-labeled proteins
were excited with a 543-nm He/Ne laser (Coherent). When
Ca2� sparks occurred within 454.9 nm (mean values of the radius
of mCherry-JP2) or 368 nm (distance of the peak points of the
nearest mCherry spots) (see Fig. 4), these two fluorescence signals
were considered to co-localize. These fluorescent particles occu-
pied only 0.05% of the surface area attached to the bottom of the
culture dishes. This weak expression of mCherry indicated that
our experimental maneuver did not cause the overexpression of
transfected genes, and may be used to detect single fluorescent
molecules in a high signal to noise ratio (25). Immunolabeling
images were collected by exposure for 465 ms. The resolution of
images was 178 nm per pixel (x-y) and less than 200 nm (z). All
experiments were performed at room temperature (25 °C).

FRET analysis

EFRET was evaluated based on the acceptor photobleaching
method, in which the emission of the donor fluorophore was
compared before and after the photobleaching of the acceptor
(12). The fluorescence of YFP was photobleached using a mer-
cury lamp (100 W, C-SHG1; Nikon) and G-2A filter cube (Ex
510 –560/DM575/BA590; Nikon) for 2.5 min. After CFP and
YFP fluorescence was detected, a 405-nm blue diode laser (Coher-
ent) or 488-nm laser was used for excitation. CFP-HQ (DM450/
BA460–510; Nikon) and YFP-HQ (DM510/BA520–560; Nikon)
filter cubes were used for the collection of emission signals. EFRET
was calculated as the percentage increase in CFP emission after
YFP photobleaching, as described previously (12).

Confocal imaging

Confocal images were obtained using a laser scanning confo-
cal fluorescent microscope (A1R, Nikon) equipped with a fluo-
rescent unit (ECLIPSE Ti), objective lens (Plan Apo �60 1.40
NA, oil immersion), and NIS Elements software (version 3.10;
Nikon). In BiFC assay (Fig. 2D), images were acquired using
�20 objective lens (2048 � 2048 pixels, 0.31 �m/pixel). The
averaged fluorescence intensity of complimented Venus in the
images was divided by that of the Hoechst signals. The Venus/
Hoechst ratio of the mutants ([4-ii], [4-iii], and [5]) was normal-
ized to that of [4-i].

Immunocytochemistry

Single MASMCs were fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS). These cells were treated with
0.2% Triton X-100, 2% bovine serum albumin (BSA, Sigma),
and a goat polyclonal anti-JP2 antibody (1:50 dilution; �-15,
Santa Cruz Biotechnology, Dallas, TX), rabbit polyclonal anti-
Cav1 antibody (1:1000 dilution; Sigma), rabbit polyclonal anti-
BK� antibody (APC-107, Alomone Laboratories, Jerusalem,
Israel), or mouse monoclonal anti-RyR antibody (clone 34C;
Sigma, 1:1000) at 4 °C for 12 h. After washing repeatedly, the
preparations were treated with Alexa 488- or Alexa 405-conju-
gated secondary antibodies (1:1000, Molecular Probes) at room
temperature for 1 h. Fluorescently labeled cells were observed
using a confocal imaging system or the TIRF imaging system
described above. Alexa 405 and Alexa 488 were excited with the
blue diode and argon laser, respectively. The emissions of Alexa
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405 and Alexa 488 were collected using CFP-HQ and YFP-HQ
filter cubes, respectively.

The specificity of the anti-JP2 antibody (�-15, Santa Cruz)
was proved by the following data: (i) the antibody detected a
single band that corresponded to the predicted molecular mass
of JP2 (	100 kDa) in a Western blot analysis (Fig. 1A), (ii) the
antibody detected JP2 expression along with PM in immuno-
staining experiments (Fig. 1B), and (iii) siJP2 clearly decreased
the band density (Fig. 6, A and B) as well as fluorescent signal
(Fig. 6, C and D). This antibody has been used in many other
studies (57–59). The anti-BK� antibody and anti-RyR antibody
have also been used in other studies (51).

The specificity of the anti-Cav1 antibody was validated in
experiments using mesenteric artery SM cells from Cav1�/�

mice. The antibody clearly detected Cav1 on PM in WT mouse,
whereas no signal was noted in myocytes from Cav1�/� mouse
(data not shown).

In situ PLAs

To clarify whether JP2 and Cav1 co-localize within 40 nm of
mMASMCs, PLAs were performed using a PLA kit (Duolink,
Sigma) (60). Single mMASMCs were fixed with 4% paraformal-
dehyde in PBS and treated with 0.2% Triton X-100. Cells were
then labeled with anti-JP2 and anti-Cav1 antibodies in PBS con-
taining 2% BSA at 4 °C for 12 h. After washing repeatedly, cells
were incubated in a humidified chamber at 37 °C for 1 h with
secondary anti-goat PLUS and anti-rabbit MINUS PLA probes
and then washed in Duolink Wash Buffer A. The preparations
were incubated in ligation-ligase solution at 37 °C for 30 min in
a humidifier chamber and then washed repeatedly in Wash
Buffer A. Samples were incubated in Amplification Polymerase
solution at 37 °C for 100 min in a humidifier chamber and then
washed repeatedly in Duolink Wash Buffer B. Fluorescence
images were observed using a confocal imaging system. When
two PLAs probes were within 40 nm, positive signals (green
puncta) were generated. The excitation of fluorescent puncta
was illuminated at 488 nm. Negative control experiments were
performed using mMASMCs from Cav1�/� mice.

Co-IP and Western blotting

Co-IP was performed using the Pierce Co-Immunoprecipi-
tation Kit (number 26149) according to the experimental man-
ual supplied by Thermo Scientific (Waltham, MA) (22). The rat
mesenteric artery was lysed in IP lysis/wash buffer with prote-
ase inhibitor mixture (Sigma). Precleared whole lysates were
incubated with AminoLinkPlus Coupling Resin or Control
Agarose Resin slurry with which 10 �g of anti-Cav1 was immo-
bilized, washed with IP lysis/wash buffer, eluted with elution
buffer, and subjected to SDS-PAGE (10%). In Western blot
analysis, 30 �g of total protein was applied to the gels. The blots
were incubated with anti-JP2 antibodies and then incubated
with anti-goat horseradish peroxidase-conjugated IgG (Chemi-
con International, Temecula, CA). Images were obtained using
an enhanced chemiluminescence detection system (Amersham
Biosciences, Piscataway, NJ) and analyzed by a LAS-3000
device (Fujifilm, Tokyo, Japan). Full western blot images are
presented in Fig. S8.

Electrophysiological recording

Electrophysiological studies were performed using a whole-
cell voltage-clamp technique with a CEZ-2400 amplifier
(Nihon Kohden, Tokyo, Japan), analog-digital converter
(DIGIDATA 1440A; Axon Instruments, Foster City, CA), and
pCLAMP software (version 10.3; Axon Instruments) (12). In
recordings of STOCs, the pipette solution contained (mM): 140
KCl, 4 MgCl2, 10 HEPES, 0.05 EGTA, and 2 Na2ATP (pH 7.2
with KOH). In BKCa channel current measurements, the
pipette solution contained (mM): 140 KCl, 2.8 MgCl2, 10
HEPES, 2 Na2ATP, 5 EGTA, and 3.19 CaCl2 (pCa 6.5). pH was
adjusted to 7.2 with KOH. The extracellular solution (normal
HEPES-buffered solution) had an ionic composition of (mM):
137 NaCl, 5.9 KCl, 2.2 CaCl2, 1.2 MgCl2, 14 glucose, and 10
HEPES. pH was adjusted to 7.4 with NaOH.

Pressure myography

Endothelium-denuded mouse mesenteric arteries (4th branch)
were cannulated at each end in a perfusion chamber and loaded
with 60 mm Hg. They were placed in standard Krebs solution
containing (in mM): 112 NaCl, 4.7 KCl, 2.2 CaCl2, 1.2 MgCl2, 25
NaHCO3, 1.2 KH2PO4, and 14 glucose, aerated with 95% O2-5%
CO2 to obtain pH 7.4. The arterial diameter (D) was measured
using a CCD camera. Vasoconstriction was calculated as follows:
(1 � D/Dmax), where Dmax is the diameter measured in the pres-
ence of Ca2�- and Mg2�-free Krebs solution containing (mM): 112
NaCl, 4.7 KCl, 25 NaHCO3, 1.2 KH2PO4, 14 glucose, and 1.1
EGTA, aerated with 95% O2, 5% CO2 to obtain pH 7.4.

Data notation and statistical analysis

Pooled data are shown as the mean � S.D. with the numbers
of samples or cells. The significance of differences between two
groups was evaluated using the Student’s t test after the appli-
cation of the F-test. Data from more than two groups were
compared using a one-way analysis of variance (ANOVA), fol-
lowed by Tukey’s test. Two-way ANOVA was applied for the
analysis of FRET data in WT and Cav1�/� (Fig. 5J). In all cases,
p values �5% (p � 0.05) were considered to be significant. The
mean radius of mCherry particles was calculated by fitting his-
tograms with the Lorenz curve.

Drugs

Reagents were obtained from Wako Ltd., except for M�CD
(Sigma), EGTA, HEPES (Dojin, Kumamoto, Japan), and paxil-
line (Alomone). All hydrophobic compounds were dissolved in
dimethyl sulfoxide (DMSO) at a concentration of 1–10 mM as a
stock solution. We confirmed that up to 0.1% of DMSO did not
affect any of the response patterns.
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