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Background: Junctophilins form junctional membrane complexes between the sarcoplasmic reticulum and the plasma

membrane in skeletal muscle.

Results: Junctophilins interact with both the dihydropyridine receptors and the ryanodine receptor Ca>* channels.
Conclusion: Assembly of junctional proteins in junctional membrane complexes is facilitated by Junctophilins.
Significance: This suggests that junctophilins have multiple roles in the assembly of Ca>" release units in muscle cells.

Junctophilins (JPs) anchor the endo/sarcoplasmic reticulum
to the plasma membrane, thus contributing to the assembly of
junctional membrane complexes in striated muscles and neu-
rons. Recent studies have shown that JPs may be also involved in
regulating Ca>* homeostasis. Here, we report that in skeletal
muscle, JP1 and JP2 are part of a complex that, in addition to
ryanodine receptor 1 (RyR1), includes caveolin 3 and the dihy-
dropyridine receptor (DHPR). The interaction between JPs and
DHPR was mediated by a region encompassing amino acids
230-369 and amino acids 216 -399 in JP1 and JP2, respectively.
Immunofluorescence studies revealed that the pattern of DHPR
and RyR signals in C2C12 cells knocked down for JP1 and JP2
was rather diffused and characterized by smaller puncta in con-
trast to that observed in control cells. Functional experiments
revealed that down-regulation of JPs in differentiated C2C12
cells resulted in a reduction of intramembrane charge move-
ment and the L-type Ca®>* current accompanied by a reduced
number of DHPRs at the plasma membrane, whereas there was
no substantial alteration in Ca>* release from the sterol regula-
tory element-binding protein. Altogether, these results suggest
that JP1 and JP2 can facilitate the assembly of DHPR with other
proteins of the excitation-contraction coupling machinery.

The sarcoplasmic reticulum (SR)* of skeletal muscle cells is a
highly specialized form of the smooth endoplasmic reticulum

* This work was supported in part by a grant from Telethon (GGP08153).

51 The on-line version of this article (available at http://www.jbc.org) contains
supplemental Methods and Figs. S1 and S2.

" Both authors contributed equally to this work.

2 Present address: Novartis Institutes for Biomedical Research, Forum 1,
Novartis Campus, 4056 Basel, Switzerland.

3To whom correspondence should be addressed: Molecular Medicine Sec-
tion, Dept. of Neuroscience, University of Siena, via A. Moro, 53100 Siena,
Italy. Tel: 39-0577-234-079; Fax: 39-0577-234-191; E-mail: vincenzo.
sorrentino@unisi.it.

“The abbreviations used are: SR, sarcoplasmic reticulum; ER, endoplasmic
reticulum; e-c, excitation-contraction; JP, junctophilin; RyR, ryanodine
receptor; DHPR, dihydropyridine receptor; T-tubule, transverse tubule;

DECEMBER 23,2011 +VOLUME 286+NUMBER 51

that controls Ca®>* storage and release to regulate muscle con-
traction (1, 2). Activation of Ca®" release from the SR is linked
to depolarization of the plasma membrane in a process named
excitation-contraction (e-c) coupling (3). In skeletal muscle, e-c
coupling requires the close association of two membrane com-
partments: the transverse tubules (T-tubules), which are
invaginations of the plasma membrane, and the terminal cister-
nae, which are specialized domains of SR, resulting in the for-
mation of junctional membrane complexes, also known as tri-
ads. Junctional membrane complexes are enriched in proteins
participating in the e-c coupling mechanism and therefore can
be observed by immunofluorescence staining with selective
antibodies as transverse striations localized corresponding to
the junction between the A-I bands in mature mammalian skel-
etal muscle fibers, whereas in cultured myotubes, they appear
as clusters or puncta distributed in a more irregular way with
respect to the contractile apparatus (1). Two major proteins are
known to play an important role in signaling between the T-tu-
bule and the terminal cisternae of SR: the dihydropyridine
receptor (DHPR) and the ryanodine receptor (RyR). The
DHPR, on the T-tubule membrane, is the voltage-gated
Cavl.1 L-type channel, consisting of five subunits (4, 5), that
functions as a voltage sensor in the e-c coupling mechanism,
whereas the RyR is a high conductance tetrameric Ca®*
release channel, located on the membrane of the terminal
cisternae of the SR (3). In mature skeletal muscle, e-c cou-
pling critically depends on the direct interaction between
RyR1 and DHPR. Activation of DHPR by membrane depo-
larization induces conformational changes and opening of
RyR1, leading to release of Ca®>* from the lumen of SR into
the cytoplasm and muscle contraction (3, 6).

Although the molecular mechanisms responsible for the for-
mation and organization of junctional membrane complexes
are still not completely understood, some of the proteins
responsible for their formation during muscle development

TRPC, transient receptor potential channel; TEA, triethanolamine; TTX,
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have been identified (7). Junctophilins (JPs) are a class of highly
conserved proteins that are localized at junctional membrane
complexes and are involved in anchoring the endo/sarcoplas-
mic (ER/SR) membranes to the sarcolemma/T-tubules. JPs are
composed of a large cytoplasmic region and a carboxyl-termi-
nal hydrophobic transmembrane segment spanning the junc-
tional ER/SR membranes. The cytoplasmic region of JPs con-
tains the repeated motifs of 14 amino acid residues, named
“MORN motifs,” that exhibit selective binding affinity to the
plasma membrane (8). The four known junctophilin genes (JP1,
JP2,]P3, and JP4) are differentially expressed throughout excit-
able cells; both JP1 and JP2 are expressed in skeletal muscle, JP2
is the only isoform expressed in cardiac and smooth muscle,
whereas neurons express both JP3 and JP4 (7, 9 —12). In skeletal
muscle, the expression and proper targeting of JP1 appear to be
involved in the correct formation and stabilization of triads.
Heterologous expression of JP1 in amphibian embryos results
in formation of artificial plasma membrane/ER junctions,
whereas JP1 knock-out mice show neonatal lethality and dis-
rupted membrane junctional structures in skeletal muscle
fibers with limited muscle contraction (9, 12, 13). Knock-out of
JP2 caused an increase in the gap between plasma membrane
and the junctional SR and altered Ca®* signaling in cardiomyo-
cytes, resulting in embryonic lethality (7). More recent studies
on JPs have identified missense mutations in JP2 in patients
with hypertrophic cardiomyopathy (14, 15), and decreased lev-
els of JP2 expression have been reported in animal models of
aortic stenosis (16) and hypertrophic and dilated cardiomyop-
athy (17). In addition, patients with hypertrophic cardiomyop-
athy presented reduced levels of JP2 expression associated with
reduced excitation-contraction coupling gain as well as altered
Ca®>" homeostasis (14). Comparable alterations were reported
in knockdown mice with reduced JP2 expression (18). Alto-
gether, these evidences strongly suggest that JP1 and JP2 have a
critical role in the assembly of the junctional membrane com-
plexes that support the e-c coupling mechanism.
Furthermore, Phimister et al. (19) reported that JP1 and
RyR1 interact in a conformation-sensitive manner that coin-
cides with changes in the reactivity of specific thiol residues
residing on both proteins. An interaction between JP2 and
RyR2 has been reported by van Oort et al. (18). Additional evi-
dence has suggested that JPs could interact with other proteins
that control Ca>" homeostasis and e-c coupling. JP1 was shown
to be up-regulated in myotubes expressing low levels of TRPC3
(20), a Ca®>"-permeant channel interacting directly with JP2
(21, 22) and presumed to also be functionally linked to RyR1 in
muscle (20, 21). Conversely, JP1-deficient muscle cells yield a
reduced expression of TRPC3 as well as changes in expression
of other channels from the TRPC family (23). Although the role
of TRPC channels in muscle remains misunderstood (24, 25),
available results highlight the existence of complex interactions
between this class of Ca®>" -permeant channels, JPs, and ryano-
dine receptors. Junctophilin deficiency in muscle cells was also
reported to be associated with compromised store-operated
calcium entry (26) and with reduced normal resting Ca®" entry
(23). The identity of the molecules responsible for these Ca>"
entry pathways in muscle remains controversial, but there is
growing evidence for a significant contribution of the STIM1-
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Orail protein system (23, 27, 28). Interestingly, both compo-
nents of this mechanism were found down-regulated in JP1-
deficient myotubes (23), suggesting that JP1 may be an
important determinant of proper function of STIM1-Orai-1-
mediated resting- and store-operated- trans-plasma mem-
brane Ca>" entry. Also worth mentioning in this context is the
recently discovered possibility of interactions between STIM1
and voltage-gated Ca®>* entry, as demonstrated for Cavl.2
channels (29, 30).

Here, we report data from immunoprecipitation and pull-
down experiments showing that in skeletal muscle, JP1 and JP2
can be found in a macromolecular complex that includes RyR1,
Cav3, and the DHPR. Immunostaining experiments revealed
that the DHPR and RyR signals in C2C12 cells following knock-
down of JP1 and JP2 were significantly more diffused than those
observed in control cells. Functional experiments showed that
knockdown of JPs in cultured myotubes reduced the density of
L-type Ca®>" current and intramembrane charge movement
with no concurrent alteration of SR Ca>™ release.

EXPERIMENTAL PROCEDURES

Microsome Preparation and Solubilization—Microsomes
from rabbit skeletal muscle were prepared as described previ-
ously (31) and stored at —80 °C until use or solubilized with a
lysis buffer containing 1% Triton X-100, 10 mm Tris, pH 7.4,
150 mm NaCl, 5 mm EDTA, 1 mm NazVO,, 10% glycerol, 1X
protease inhibitor for 3 h at 4 °C and centrifuged for 30 min at
100,000 X g to remove insoluble proteins.

Cell Cultures—HEK293-T cells were grown at 37 °C under
5% CO, in a-MEM containing 10% heat-inactivated fetal
bovine serum (Bio-Whittaker). C2C12 myoblasts were main-
tained in DMEM medium supplemented with 10% heat-inacti-
vated fetal calf serum at 37 °C. The day before transfection, the
cells were split and seeded onto gelatin-coated coverslips. Cells
were then transfected with the appropriated plasmid by means
of Lipofectamine Plus reagent and induced to differentiate in
DMEM supplemented with 2% horse serum until the appear-
ance of differentiated myotubes.

Immunofluorescence—Cells were fixed with 3% paraformal-
dehyde and permeabilized with Hepes-Triton buffer (20 mm
Hepes, pH 7.4, 300 mm sucrose, 50 mm NaCl, 3 mm MgCl,, 0.5%
Triton X-100). For immunofluorescence experiments, cells
were blocked with 0.2% BSA and 5% goat or fetal calf serum in
PBS and incubated with primary antibodies overnight. The cells
were extensively washed with 0.2% PBS-BSA and incubated
with Cy2 or Cy3 conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories) for 1 h at room temperature,
washed with 0.2% PBS-BSA, and mounted with Mowiol added
with 0.025% 1,4-diazabicyco [2,2,2] octane as antifading agent.
The specimens were analyzed with a confocal microscope
(LSM510, Zeiss, Jena, Germany). Fluorescence measurements
were performed by means of Image] software by measuring the
total mean fluorescence intensity of sets of transfected and
non-transfected cells imaged in the same field. Similarly, the
size of puncta was calculated by means of the Image] “analyze
particles” function in transfected and non-transfected cells. A
limit of 0.163 wm? was fixed to subdivide puncta into small (<
0.163) and large (>0.163) puncta. For calculating the frequency
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of small and large puncta, a total of 7152 puncta were analyzed
in C2C12 cells knocked down for JP1 and JP2 and a total of 5730
from C2C12 cells transfected with the control vector.

Co-immunoprecipitation—Solubilized proteins from skele-
tal muscle microsomes or from HEK293-T cells were pre-
cleared with protein G-Sepharose or protein A-Sepharose
beads (Amersham Biosciences) for 30 min at 4 °C. 100 ug of
precleared solubilized proteins were incubated overnight at
4°C, with the specific antibodies. Afterward the complexes
were diluted (5X) in lysis buffer and incubated with protein
G-Sepharose or protein A-Sepharose beads for 4 h. Beads were
washed four times with lysis buffer to remove nonspecifically
bound proteins. The immune complexes were treated with
sample buffer and analyzed with sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE).

SDS-PAGE and Immunoblotting—The samples were sub-
jected to 10% SDS-PAGE for 1 h and 30 min at 25 mA, trans-
ferred to PVDF membranes (Millipore), and incubated over-
night at 4 °C with specific primary antibodies. After extensive
washings and incubation for 1 h at room temperature with sec-
ondary antibodies conjugated with horseradish peroxidase
(Amersham Biosciences), immunoreactivity was analyzed by
means of the chemiluminescence detection system (ECL,
Amersham Biosciences).

GST Fusion Protein Expression—GST fusion proteins expres-
sion was induced in Escherichia coli BL21 cells with 0.1-1.0 mm
isopropyl-1-thio-B-p-galactopyranoside for 3 h. Cells were har-
vested by centrifugation, and after sonication on ice, the lysates
were incubated 10 min at 4 °C with the glutathione-Sepharose
4B beads (Amersham Biosciences).

GST Pulldown Assay—Solubilized proteins from skeletal
muscle microsomes or from cell lysates were precleared 30 min
at 4 °C with glutathione-Sepharose 4B beads. 500 ug of each
lysate were incubated with 15 ug of fusion protein (50 ul of
beads, 50% slurry) for 2 h at 4 °C in a pulldown buffer (20 mm
Tris, pH 8, 200 mMm NaCl, 1% Triton X-100, 1 mm PMSF, 1 mm
Na,VO,, 1 mm EDTA, pH 8, and protease inhibitors), and then
the complexes were washed four times with 0.1% SDS pulldown
buffer. Bound proteins were eluted and subjected to SDS-PAGE
and immunoblot analysis as described previously.

Antibodies—The antibodies used in the experiments were:
anti-caveolin-3 (mouse, BD Biosciences); A1 monoclonal anti-
als-DHPR  (Thermo Scientific); anti-als-DHPR (sheep),
kindly provided by Dr. K. Campbell; anti-RyR (34C, mouse,
Thermo Scientific); anti-RyR1 (R-162, rabbit, Ref. 29); anti-JP1
(rabbit, Zymed Laboratories Inc.); anti-JP2 (rabbit, Zymed Lab-
oratories Inc.; goat, Santa Cruz Biotechnology). For immuno-
fluorescence experiments, the Cy3-conjugated secondary anti-
bodies against goat, mouse, and rabbit were purchased from
Jackson ImmunoResearch Laboratories; for immunoblot
experiments, the HRP-conjugated secondary antibodies
against mouse, rabbit, and sheep were purchased from Amer-
sham Biosciences.

Plasmids—To produce recombinant GST fusion proteins,
specific sequence covering different cytosol-specific regions of
human JP1 and JP2 were cloned in the pGEX-4T1 (GE-Health-
care) vector obtaining GST-JP1A (aa 1-231), GST-JP1B (aa
232-369), GST-JP1C (aa 369-571), GST-JP2A (aa 1-253),
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GST-JP2B (aa 216-399), and GST-JP2C (aa 379-594) plas-
mids. Gene silencing was performed by cloning sequences tar-
geting JP1 and JP2 murine mRNA in pSuper vector
(Oligoengine).

Electrophysiology and Confocal Ca®" Imaging in Voltage-
clamped C2C12 Myotubes—Ca>* current and intramembrane
charge movement measurements in C2C12 myotubes were
performed with the standard whole-cell configuration of the
patch clamp technique using an RK400 patch clamp amplifier
(Bio-Logic, Claix, France). Command voltage pulse generation
and data acquisition were done using the pClamp10 software
(Axon Instruments Inc., Downingtown, PA) driving an A/D
converter (Digidata 1322A, Axon Instruments Inc.). Voltage
clamp was performed with a pipette filled with a solution con-
taining 10 mm EGTA (see “Solutions”). Holding potential was
set to —80 mV. The voltage dependence of the peak Ca®" cur-
rent density was fitted with the following equation

I(V) = Grax(V = Vie)/[1 + expl(Vos — V)/k]  (Eq. 1)
with I(V) being the peak current density at the command poten-
tial V, G,,., being the maximum conductance, V,,, being the
reversal potential, V;  being the half-activation potential, and k
being a steepness factor. Intramembrane charge movement was
measured in response to 25 ms-long depolarizing test pulses of
increasing amplitude applied for 50 ms following a 1-s-long
pulse from —80 to —20 mV, to minimize the contribution of
Na™ and T-type Ca®" channels (32). Charge movement cur-
rents were analyzed according to previously described proce-
dures (33, 34). Confocal imaging of rhod-2 Ca®* transients was
done in separate experiments using a Zeiss LSM 5 laser scan-
ning confocal microscope equipped with a X63 oil immersion
objective (N.A. 1.4). For detection of GFP fluorescence, the
excitation was provided by the 488 nm line of an argon laser,
and a 505 nm long pass filter was used on the detection channel.
For measurements of rhod-2 fluorescence, the excitation was
from the 543 nm line of a HeNe laser, and fluorescence was
collected above 560 nm. The pinhole aperture was usually set to
1 airy unit, although in a few experiments, a larger value was
used. Voltage clamp was achieved as described above except
that the pipette solution contained 0.2 mm EGTA and 100 um
rhod-2. Command voltage pulse generation was achieved using
identical equipment as used for the Ca®>" current measure-
ments. Intracellular [Ca®*]-related rhod-2 fluorescence
changes were imaged using the line-scan mode of the system,
synchronized with the voltage pulse generation. Line-scan
images (512/2,048 pixels) were taken with a time resolution of
1.15 ms/line. Image processing and analysis were performed
using Image] (National Institutes of Health) and MicroCal Ori-
gin (OriginLab, Northampton, MA). Care was taken that the
analysis excluded portions of the line that went across nuclei.
Changes in rhod-2 fluorescence were expressed as F/F, where
F, is the resting (or baseline) fluorescence level.

Solutions—For Ca’>* current measurements in cultured
myotubes, the pipette solution contained (in mm): 110 cesium
aspartate, 20 TEA-CI, 2 MgCl,, 5 Mg-ATP, 10 EGTA, and 10
HEPES, and the extracellular solution contained (in mm) 140
TEA-methanesulfonate, 10 CaCl,, 2 MgCl,, 0.001 TTX, and 10
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HEPES. For intramembrane charge movement measurements,
the pipette solution contained (in mm): 110 cesium aspartate,
20 TEA-CI, 5 MgCl,, 10 EGTA, and 10 HEPES, and the extra-
cellular solution contained (in mm) 140 TEA-methanesulfon-
ate, 10 CaCl,, 2 MgCl,, 0.5 CdCl,, 0.3 LaCls, 0.003 TTX, and 10
HEPES. For Ca*>* transient measurements, the pipette solution
contained (in mm): 110 cesium aspartate, 20 TEA-CI, 2 MgCl,,
5 Mg-ATP, 5 Na,-phosphocreatine, 0.2 EGTA, 0.1 rhod-2, and
10 HEPES, and the extracellular solution contained (in mm) 140
TEA-methanesulfonate, 2.5 CaCl,, 2 MgCl,, 0.002 TTX, and 10
HEPES. The pH of all solutions was adjusted to 7.20. For Ca*>™"
current measurements in adult fibers, the pipette solution con-
tained (in mMm): 120 potassium glutamate, 5 Na,-ATP, 5 Na,-
phosphocreatine, 5.5 MgCl,, 5 glucose, 10 EGTA, and 5 HEPES,
and the extracellular solution contained (in mm) 140 TEA-
methanesulfonate, 2.5 CaCl,, 2 MgCl,, 0.002 TTX, 1 4-amino-
pyridine, and 10 HEPES. For Ca®* transient measurements in
adult fibers, the pipette solution was of identical composition
except that it also contained (in mm) 4 CaCl, and 0.2 rhod-2.
The extracellular solution used for Ca®>" transient measure-
ments in adult fibers contained (in mm) 140 TEA-methanesul-
fonate, 2.5 CaCl,, 2 MgCl,, 0.002 TTX, and 10 HEPES. The pH
of all solutions was adjusted to 7.20.

Statistics—Least-squares fits were performed using a Mar-
quardt-Levenberg algorithm routine included in MicroCal Ori-
gin (OriginLab). Data values are presented as mean = S.E. for n
fibers tested. Statistical significance was determined using Stu-
dent’s ¢ test assuming significance for p < 0.05.

Transfection of Adult Interosseus Muscles and Preparation of
Isolated Fibers—Experiments were performed using 8-week-
old male OF1 mice (Charles River Laboratories, L’Arbresle,
France). The electroporation protocol and procedures for enzy-
matic isolation of single fibers and partial insulation of the
fibers with silicone grease were as described previously (35, 36).
All experiments and procedures were performed in accordance
with the guidelines of the local animal ethics committees of the
University Lyon 1 and University of Siena.

Electrophysiology and Confocal Ca®" Imaging in Voltage-
clamped Adult Muscle Fibers—Ca®* current measurements in
adult muscle fibers were performed with the silicone voltage
clamp technique using an RK400 patch clamp amplifier (35).
Voltage clamp was performed as described above for the Ca*>"
current measurements in adult fibers except that the pipette
was filled with a solution containing 10 mM EGTA, 4 mm CaCl,
and 0.2 mm rhod-2 (see “Solutions”). Changes in [Ca®"] were
calculated from the F/F, rhod-2 signals using the previously
described pseudo-ratio Equation 1 assuming a basal [Ca**] of
100 nm and a K, of rhod-2 for Ca®>* of 1.2 uM. An estimation of
the Ca>" release flux underlying the thus calculated global
[Ca®"] transients was performed according to a previously
described procedure (34 -36).

RESULTS

Molecular Interaction between Junctophilin 1 and 2 and the
als Subunit of the DHPR—Starting from the evidence that JP1
interacts with the RyR1 on the SR, we wanted to verify whether
JPs may also interact with proteins on the T-tubule/plasma
membrane, like the als subunit of the DHPR. Analysis by
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FIGURE 1. Immunoprecipitation of DHPR, JP1, and JP2 from solubilized
rabbit skeletal muscle and HEK293-T microsomes. A, 100 u.g of proteins
solubilized from rabbit skeletal muscle microsomes (M) were immunoprecipi-
tated (ip) with antibodies against JP1, RyR (34C), caveolin-3 (Cav3), a1s-DHPR
(DHPR), and a non-correlated control antibody (CT). After gel electrophoresis,
proteins were transferred to a nylon membrane and incubated with anti-JP1
antibody. B, 100 ng of proteins solubilized from skeletal muscle microsomes
were immunoprecipitated with antibodies against JP1, RyR, caveolin-3, and
a1s-DHPR and a non-correlated control antibody. After gel electrophoresis,
proteins were transferred to a nylon membrane and incubated with an anti-
body against a1s-DHPR. C, 100 ug of proteins solubilized from rabbit skeletal
muscle microsomes were immunoprecipitated with antibodies against JP2,
«a1s-DHPR, and a non-correlated control antibody. After gel electrophoresis,
proteins were transferred to a nylon membrane and incubated with anti-JP2
antibody. D, solubilized proteins from HEK293-T cells transfected with pEGFP-
a1s-DHPR, pEGFP-B1a-DHPR, and pCDNA-JP1 were immunoprecipitated
with antibodies against a1s-DHPR, JP1, and a non-correlated control anti-
body. Proteins were separated by gel electrophoresis, transferred to a nylon
membrane, and incubated with an antibody against DHPR. E, solubilized pro-
teins from HEK293-T cells transfected with pEGFP-a1s-DHPR, pEGFP-B1a-
DHPR, and pCDNA-JP1 were immunoprecipitated with antibodies against
a1s-DHPR, JP1, and a non-correlated control antibody. Proteins were sepa-
rated by gel electrophoresis, transferred to a nylon membrane, and incu-
bated with an anti-JP1 antibody.

Western blot and immunoprecipitation of proteins solubilized
from skeletal muscle microsomes with an anti-JP1 antibody
revealed a band at 90 kDa, as shown in Fig. 1. Identical results
were obtained with two different antibodies (data not shown),
confirming the identity of the observed 90-kDa protein as JP1
(10, 19). Interestingly, JP1 was immunoprecipitated by an anti-
body against caveolin 3 (Cav3) and by an antibody directed
against the a1s subunit of the DHPR (Fig. 1A4). No specific band
was observed when an unrelated antibody was used (Fig. 1, A
and B). These results were confirmed by paired experiments
where we observed that the als subunit of DHPR was immu-
noprecipitated with antibodies against JP1 and Cav3 (Fig. 1B).
In agreement with published results, we confirmed that JP1 was
also immunoprecipitated with the antibody 34C against RyR1
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(19, 20). Interestingly, we observed that the antibody 34C
against RyR1 also immunoprecipitated the als subunit of
DHPR (Fig. 1B). Co-immunoprecipitation of RyR1 and DHPR
has been previously reported by Marty and colleagues (37-39).
Although supported by many physiological data, this co-immu-
noprecipitation has been often difficult to be directly demon-
strated (40, 41). Altogether, these results indicate that JP1 is
part of a complex made up by RyR1, DHPR, and Cav3. Because
skeletal muscles, in addition to JP1, also express JP2, we wanted
to verify whether JP2 might also associate with the complex of
proteins immunoprecipitated with the DHPR. Western blot
analysis and immunoprecipitation of proteins solubilized from
skeletal muscle microsomes with an antibody against JP2
revealed a JP2-specific band of about 100 kDa, plus two addi-
tional bands, likely degradation product (Fig. 1C). A superim-
posable staining was also observed using a second distinct anti-
body against JP2, confirming the specificity of the observed
signal as JP2 (data not shown). In addition, JP2 was also immu-
noprecipitated with an antibody against the als subunit of
DHPR (Fig. 10).

To confirm the interaction between JP1 and DHPR and to
examine whether the association between JP1 and the als sub-
unit of the DHPR may require other muscle-specific proteins,
we performed a similar set of immunoprecipitation experi-
ments in HEK293-T cells transfected with plasmids encoding
pEGFP-als-DHPR, pEGFP-B1la-DHPR, and pCDNA-JP1. 100
g of proteins solubilized from transfected cells were immuno-
precipitated with antibodies directed against JP1 as well as with
antibodies directed against the a1s subunit of DHPR. Immuno-
complexes were separated by SDS-PAGE and analyzed by
Western blot. As shown in Fig. 1D, the als subunit of DHPR
was immunoprecipitated with an antibody against the als sub-
unit of DHPR and with an anti-JP1 antibody, but was absent in
samples incubated with an unrelated antibody. The interaction
between the als subunit of the DHPR and JP1 was also con-
firmed in immunoprecipitation experiments performed with
antibody directed against the a1s subunit of DHPR followed by
Western blot with antibody against JP1 (Fig. 1E). These results,
in addition to confirm the association between the two pro-
teins, demonstrate that the interaction between JP1 and DHPR
does not require other muscle-specific proteins. Similar exper-
iments aimed at verifying a direct interaction between JP2 and
alssubunit of the DHPR in HEK293-T cells did not yield repro-
ducible results, indicating either that JP2 does not directly
interact with the a1s subunit of the DHPR or that this interac-
tion is too weak to be reproduced in vitro.

Identification of a Region on JP1 and JP2 Enabling the Inter-
action with als Subunit of the DHPR—T o determine the region
of JP1 involved in binding to the als subunit of the DHPR, we
prepared recombinant GST fusion proteins in the pGEX-4T1
vector that cover different cytosol-specific regions of JP1, indi-
cated as GST-JP1A (aa 1-231), GST-JP1B (aa 232-369), and
GST-JP1C (aa 369-571). For GST pulldown experiments, 10
pg of purified GST and GST-JP1 or GST-JP2 fusion proteins,
immobilized on glutathione-Sepharose 4B affinity beads, were
incubated for 2 h at 4 °C with 500 ug of proteins from solubi-
lized microsomes from skeletal muscle. To avoid nonspecific
binding, solubilized microsomal proteins were first precleared
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FIGURE 2. Association of DHPR with JP1-B in skeletal muscle and in
HEK293-T transfected cells. A, Western blot (/B) with an anti-a1s-DHPR anti-
body of solubilized rabbit skeletal muscle microsomes (M) and of proteins
pulled down with GST-JP1-A, GST-JP1-B, GST-JP1-C, and GST alone, as nega-
tive control. DHPR, anti-a1s-DHPR antibody. B, Western blot with an anti-a1s-
DHPR antibody of lysates of HEK293-T cells transfected with pEGFP-a1s-
DHPR, pEGFP-B1a-DHPR, and pCDNA-JP1 (TL) and of proteins pulled down
with GST-JP1-A, GST-JP1-B, GST-JP1-C, and GST alone, as negative control. C,
Western blot with an anti-a1s-DHPR antibody of solubilized rabbit skeletal
muscle microsomes and proteins pulled down with GST-JP2-A, GST-JP2-B,
GST-JP2-C, and GST alone, as negative control.

with glutathione-Sepharose beads at 4 °C. As shown in Fig. 24,
Western blot analysis with an antibody against the als subunit
of DHPR revealed that GST-JP1B fusion protein and, at a much
lower degree, GST-JP1C were able to pull down the endoge-
nous «ls subunit of the DHPR, whereas GST-JP1A and GST
peptide alone did not appear to bind the als subunit of the
DHPR. Pulldown assays were repeated with cell lysates from
HEK293-T cells transfected with pEGFP-als-DHPR and
pEGFP-Bla-DHPR. As shown in Fig. 2B, GST-JP1B and, at a
lower degree, GST-JP1C, but not GST-JP1A or GST alone, were
able to bind the als subunit of the DHPR. Altogether, these
results showed that in addition to RyR1, JP1 also associates with
the als subunit of the DHPR through a sequence included
between amino acids 232 and 369. The weaker signal obtained
with the GST-JP1-C construct that comprises amino acids
369571 of JP1 may suggest that the binding site could com-
prise a wider region that includes part of JP1-C.

To test the interaction between specific regions of JP2 and
the als subunit of the DHPR, specific sequences covering dif-
ferent cytosolic specific regions of JP2 were cloned in the
PGEX-4T1 vector to obtain recombinant GST fusion proteins
indicated as GST-JP2A (aa 1-253), GST-JP2B (aa 216-399),
and GST-JP2C (aa 379-594). Western blot analysis with anti-
body against the als subunit of DHPR revealed that the GST-
JP2B fusion protein was able to pull down the endogenous als
subunit of the DHPR from solubilized microsomal proteins
prepared from skeletal muscle, whereas GST-JP2A, GST-JP2C,
and GST alone did not (Fig. 2C). Altogether, these experiments
suggested that the interaction between JP2 and the «a1s subunit
of the DHPR is mediated by a region superimposable to the one
observed with JP1. Parallel pulldown experiments, using GST-
JP2 fusion proteins and lysates from HEK293-T cells trans-
fected with pEGFP-als-DHPR and pEGFP-B1a-DHPR, did not
yield reproducible results.
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FIGURE 3. Immunofluorescence analysis of expression inhibition of JP1
and JP2in C2C12 cells. C2C12 cells were transfected with pSuperLuc-GFP as
negative control (A-C, G-I, M-0, and S-U) or with pSuperJPAi-GFP to silence
JP1 and JP2 expression (D-F, J-L, P-R, and V-X). C2C12 cells transfected with
pSuperLuc-GFP were immunostained with antibodies against JP1 (A-C), JP2
G-I), RyR (M-0), and als DHPR (S-U). C2C12 cells were transfected with
pSuperJPAi-GFP were immunostained with antibodies against JP1 (D-F), JP2
(J-L), RyR (P-R), and a1s-DHPR (V-X).

Knockdown of JP1 and JP2 Alters the Punctate Pattern of RyR
and DHPR in Cultured C2C12 Myotubes—Because the results
obtained from immunoprecipitation and pulldown experi-
ments strongly indicated that JP1 and JP2 could interact with
the als subunit of the DHPR on the T-tubule membrane as well
as with the RyR Ca®" release channel on the sarcoplasmic retic-
ulum, we wanted to verify the effect of JP1 and JP2 ablation in
C2C12 by transfecting plasmids capable of expressing an
siRNA specifically targeted against these two JP isoforms. In
preliminary experiments, we tested different vectors expressing
different siRNAs targeting either JP1 or JP2, including one
siRNA (JPAi) that had been previously reported to affect the
expression of both JP isoforms (26). Indeed, expression of
the pSuperJPAi-GFP vector, which identifies a common
sequence in JP1 and JP2, consistently resulted in a strong reduc-
tion in the intensity of both JP1 and JP2 signals in transfected
cells (Fig. 3, D and J). Because we could not obtain a high
frequency of transfection, to test the effect of different
siRNA-expressing vectors, we decided to quantify the intensity of
the fluorescence signal obtained with antibodies against either JP1
and JP2 in cells transfected with the siRNA-expressing vectors
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against neighbor cells. Analysis of the mean fluorescence signal
of JP1 and JP2 in cells expressing the pSuperJPAi-GFP siRNA
revealed a reduction of 66 = 13 and to 59 = 18% in 21 and 24
cells, respectively (p < 0,001) when compared with untrans-
fected cells (Fig. 3, D—F and J-L). In cells expressing a non-
relevant control siRNA (pSuperLuc-GFP), JP1 and JP2 signals
were not significantly altered (Fig. 3, A—C and G-I). C2C12
myotubes transfected with pSuperJPAi-GFP and pSuperLuc-
GFP were then stained with antibodies specific to the als sub-
unit of the DHPR and RyR. Staining for the als subunit of the
DHPR and RyR of myotubes transfected with the pSuperLuc-
GFP expressing the unrelated control siRNA consistently
yielded a punctated pattern (Fig. 3, M—O and S-U) similar to
that observed in untransfected C2C12 cells. In striking contrast
and in a highly reproducible manner, in C2C12 myotubes trans-
fected with the pSuperJPAi-GFP vector, the DHPR and the RyR
signals did not present the punctated pattern typical of triadic
proteins, but the fluorescence signal was rather diffuse. To bet-
ter evaluate this point, the size of puncta was analyzed by the
Image] software in control and knocked down C2C12 cells.
Puncta were sorted depending on their area, where a limit of
0.163 wm? was fixed to subdivide puncta into small (< 0.163
wm?) and large (>0.163 um?) puncta. According to this analy-
sis, the frequency of well defined large puncta in C2C12 cells
transfected with the control pSuperLuc-GFP plasmid was 19%
+ 7.9, whereas in C2C12 cells knocked down for JP1 and JP2, it
was 9.3% = 5.8 (p < 0.05). (See also Fig. 3, P-R and V-X for
representative images.)

Furthermore, the fluorescence signal obtained following
staining with the antibody against the als subunit of the DHPR
in myotubes transfected with the pSuperJPAi-GFP vector was
consistently dimmer than that observed in control cells. When
calculated, the mean immunofluorescence signal of the als
subunit of the DHPR in cells expressing the pSuperJPAi-GFP
siRNA was reduced 37 * 15% in 18 cells, p < 0,001. The reduc-
tion in the intensity of the fluorescent signal observed in myo-
tubes transfected with pSuperJPAi-GFP vector was specific for
the DHPR as it was not observed when cells were stained with
antibody against RyR (10 = 20% in 22 cells). No consequence on
the pattern or the levels of expression of RyR and DHPR signals
was observed in cells transfected with pSuper-GFP vectors tar-
geting selectively either JP1 or JP2 (data not shown), suggesting
the contribution of both JPs to the organization of these junc-
tional proteins. No effect was observed in the intensity of the
DHPR and RyR fluorescence signals in cells transfected with the
control pSuperLuc-GFP.

Knockdown of JPs in Cultured Myotubes Depresses the Func-
tional Activity of the DHPR without Affecting Ca®" Release—
Fig. 4A shows illustrative records of the voltage-activated Ca*"
current from a control (left) and from a pSuperJPAi-GFP-pos-
itive (right) myotube. The current was measured in response to
pulses from —80 mV to values ranging between —10 and +30
mV with a 10-mV increment. Fig. 4B shows the mean voltage
dependence of the peak current and of the corresponding con-
ductance from five control and six pSuperJPAi-GFP-positive
myotubes. There was a dramatic reduction of the L-type Ca>"
current density, corresponding to an ~50% reduction of the
peak conductance. Fitting the voltage dependence of the peak
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FIGURE 4. DHPR-mediated Ca?* entry, charge movement, and Ca®*
release in control and JP knockdown C2C12 myotubes. A, Ca>* current
traces obtained in a control myotube (cont, left) and in a pSuperJPAi-GFP-
positive myotube (pJPA, right) in response to the depolarizing pulse protocol
illustrated below. B, mean voltage dependence of the peak Ca®" current den-
sity (left) and corresponding mean maximum conductance (right) in control
(n = 5), pSuperJPAi-GFP-positive (n = 6), and pSuperLuc-GFP-positive (n = 5)
myotubes. Superimposed lines were calculated from the average values of the
parameters obtained from fitting the appropriate function to the individual
series of data (see "Experimental Procedures”). C, left, charge movement cur-
rents measured in a control and in a pSuperJPAi-GFP-positive myotube at the
indicated values of membrane potential. Right, mean voltage dependence of
charge density in control (n = 13), pSuperJPAi-GFP-positive (n = 9), and
pSuperLuc-GFP-positive myotubes (n = 10). Superimposed lines were calcu-
lated from the average values of the parameters obtained from fitting a Boltz-
mann function to the individual series of data. D, line-scan images of the
rhod-2 fluorescence taken from a control myotube (left) and from a pSuper-
JPAI-GFP-positive myotube (right). Vertical size corresponds to 100 um. Myo-
tubes were stimulated by a 200-ms-long voltage clamp depolarization from
—80 mV to the indicated level. The average time course of change in rhod-2
fluorescence is shown underneath each line-scan image. E, left, average
rhod-2 fluorescence transient elicited by a depolarizing pulse to +40 mV in
nine control and seven pSuperJPAi-GFP-positive myotubes. Right, corre-
sponding mean (= S.E.) peak amplitude of the rhod-2 transient in the two sets
of myotubes.

current in each cell gave mean values for G, ., V e\ Vo5 and k
of 198 + 245/F,70.9 = 1.5mV, 5.0 = 0.9 mV, and 4.8 = 0.2 mV
in control myotubes and of 102 + 22 s/F,56.4 * 3.4mV, 17.2 =
2.8 mV, and 8.5 = 3.1 mV in pSuperJPAi-GFP-positive myo-
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tubes, respectively. The peak conductance value was signifi-
cantly depressed in the pSuperJPAi-GFP-positive cells (p =
0.016), the reversal potential was reduced (p = 0.006), and the
voltage for half-activation was right-shifted (p = 0.004). The
reduction of the reversal potential was likely to result from
the very low amplitude of the Ca®" current that unmasked
residual outward K™ conductances. A series of measurements
was also made in myotubes transfected with the pSuperLuc-
GFP plasmid, used as a negative control; mean values for the
peak current density from five pSuperLuc-GFP-positive cells
are shown in Fig. 4B. Corresponding values for G, .., V. Vo 55
and k were 187 = 13s/F,70 £3.2mV, 6.8 £ 1.1 mV,and 5.1 =
0.5 mV, not statistically different from the control values. The
presence of the JP proteins thus appears to be an important
determinant of the proper Ca®>* channel function of the DHPR.

Fig. 4C shows intramembrane charge movement current
traces (left) from a control and from a pSuperJPAi-GFP-posi-
tive myotube and the mean distribution of charge versus mem-
brane voltage (right) in the three groups of myotubes. Knock-
down of JPs was associated with a reduction of intramembrane
charge movement; fitting a two-state Boltzmann distribution in
each cell gave mean values for Q,,,, 0f9.3 =3 (n = 13),4.7 £ 0.7
(n=9),and 9.0 = 0.7 nanocoulombs/uF (n = 10) in control and
pSuperJPAi-GFP-positive myotubes, respectively. Mean values
for the voltage of equal charge distribution and for the steep-
ness factor did not differ between the three groups. These
results indicate an ~50% reduction of both the voltage-sensing
and the Ca®?" channel functions of the DHPR, most likely to
result from a loss of DHPR protein in the plasma membrane, in
accordance with the immunostaining data.

Because the DHPR controls the opening and closing of the
ryanodine receptor during e-c coupling, a functional alteration
of this process under the conditions of JP knockdown was antic-
ipated. Whole-cell voltage clamp-activated Ca®" transients
were measured in control and pSuperJPAi-GFP-positive myo-
tubes using the Ca®>™" indicator rhod-2 (supplemental Fig. S1).

Fig. 4D shows line-scan images of the rhod-2 fluorescence
taken from a control myotube (left) and from a pSuperJPAi-
GFP-positive myotube (right) while applying a 0.2-s-long depo-
larizing pulse to the cell. The corresponding F/F, signal is
shown underneath each image. The line-scan images from the
pSuperJPAi-GFP-positive myotube clearly show that knock-
down of JPs did not preclude SR Ca®" release in response to the
depolarizing pulses. Fig. 4E shows the average time course of
the rhod-2 fluorescence transient elicited by a depolarizing
pulse to +40 mV in nine control and seven pSuperJPAi-GFP-
positive myotubes (left) and the corresponding mean peak
amplitude (= S.E.) of the transient. There was no indication of
any substantial alteration of SR Ca>™" release due to the loss of
]Ps.

Of specific relevance was also the possibility to question the
consequences of JP underexpression in a fully differentiated
muscle preparation where the triadic architecture and molecu-
lar interactions of the e-c coupling partners are optimally orga-
nized. For this, we used in vivo transfection of the same cDNA
construct in adult mouse muscle fibers (31). Results showed
that there was a slight reduction of the L-type Ca®" current
density, corresponding to an ~25% reduction of the peak con-
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ductance (supplemental Fig. S2, A and B). Interestingly the acti-
vation and inactivation kinetics of the Ca®>" current were also
slower in the pSuperJPAi-GFP-positive fibers than in the con-
trol ones. For instance, the mean value for the time to peak of
the Ca®>* current at +20 mV was 143 = 13 ms (n = 9) and 94 +
5 ms (n = 13) in control and pSuperJPAi-GFP-positive fibers,
respectively; the time constant of Ca®" current decay was
222 + 53 ms (n = 13) at +20 mV in control fibers, whereas in
nine pSuperJPAi-GFP-positive fibers, the decay was much too
slow to be reliably fitted by a single exponential. This is clearly
indicating that functional properties of the DHPR Ca>" chan-
nels are altered in adult fibers in situation of JP deficiency. How-
ever, as in the cultured myotubes, we found no corresponding
effect on voltage-activated Ca>™" release supplemental Fig. S2, C
and D).

DISCUSSION

JP1 and JP2 have a key role in anchoring the SR to the T-tu-
bule/sarcolemma membrane in striated muscles, thus contrib-
uting to the formation and stabilization of specialized junc-
tional membrane complexes where proteins that participate in
the mechanism of e-c coupling are localized. Additional evi-
dence suggests that JPs might also participate in the regulation
of Ca®>* homeostasis. This appears to occur either via direct
protein-protein interaction between JPs and SR and sarco-
lemma proteins such as RyR and TRPC3 channels (18, 20, 21,
26) or indirectly as proposed for STIM1-Orail-dependent
mechanisms of Ca®>" entry at the plasma membrane (23). Our
present results further establish this overlapping function in
Ca®" signaling by uncovering interactions between JP1 and JP2
with the DHPR, making JPs now also involved in the regulation
of voltage-gated Ca®" entry in skeletal muscle cells. The asso-
ciation between the JP1 and JP2 and DHPR was observed in
co-immunoprecipitation and pulldown experiments with solu-
bilized proteins from skeletal muscle microsomes. The same
experiments indicated that RyR1 and Cav3 are also part of the
protein complex that was immunoprecipitated together with
JP1 and DHPR. The interaction with the DHPR was mapped to
a sequence between aa 232-369 of JP1 and the corresponding
region in JP2. The interaction between DHPR and JP1, but not
with JP2, was further confirmed in HEK293-T cells expressing
heterologous proteins, indicating that DHPR and JP1 may
interact directly. Altogether, our results suggest that JP1 and
JP2 are part of a complex made up by at least two other proteins
crucial for e-c coupling, DHPR and RyR.

The significance of these interactions is further extended by
results obtained in immunofluorescence experiments in C2C12
cells following knockdown of JPs, where the staining for DHPR
and RyR was not present with the typical punctated pattern
usually observed for junctional proteins. Indeed, following JP
knockdown, the immunofluorescence signals for DHPR and
RyR appeared more diffused and less organized in clusters than
in control cells. Reduced clustering of RyR and DHPR in C2C12
after knockdown of JPs might result from the reduction in junc-
tional membrane complexes due to reduced levels of JPs (7, 18).
However, it might also indicate that retention of RyR and
DHPR within the junctional membrane complexes may be
dependent, at least in part, on interactions with JPs. It is worth

43724 JOURNAL OF BIOLOGICAL CHEMISTRY

noticing that no alteration in the immunofluorescence patterns
of RyR and DHPR was ever observed when pSuper-GFP vectors
expressing siRNAs selective for either JP1 or JP2 were used
separately (data not shown), suggesting that to modify the clus-
tering of RyR and DHPR from larger puncta into a more dif-
fused pattern in differentiated C2C12 cells, a reduced expres-
sion of both JP1 and JP2 is required. In addition, we noted that
in JP knockdown cells, the DHPR signal, but not that of RyR,
was reduced. The effects of JP depletion on DHPR were further
confirmed by results from experiments performed under volt-
age clamp conditions, where knockdown of JPs was associated
with a reduction of L-type Ca®>" current and of intramembrane
charge movement. The Ca®>* current was also found reduced in
adult muscle fibers, although to a smaller extent than in the
cultured myotubes, likely due to the less effective depression of
JPs in the myofibers in vivo. Altogether, these results are con-
sistent with a drop of DHPR protein density in the sarcolemma,
indicating that either the decreased availability of junctional
membrane complex and/or the reduced interactions with JPs
lowered the expression of DHPRs, but not of RyRs, in JP knock-
down muscle cells. This could reflect a specific requirement of
the DHPR for JP expression when compared with RyR. Actu-
ally, one unexpected finding of our study was the lack of con-
comitant major alteration of voltage-activated Ca*>* release;
indeed, this tends to not only exclude a decisive role of JPs in the
acute control of RyR1 channels but also suggests that a 35-50%
(from our immunostaining and charge movement data) reduc-
tion in DHPR molecules still leaves the system with a sufficient
amount of voltage sensors to secure the function of e-c cou-
pling. This obviously is puzzling, and there is to our knowledge
no previously reported experimental situation where such
straight dissociation between DHPR density and SR Ca*"
release was observed. Rather, a number of studies reported par-
allel changes in DHPRs and Ca®" release, as for instance in
aging muscle (42). Still, in the simplest framework, activation of
SR Ca>" release is pictured to operate through voltage-depen-
dent recruitment of a homogeneous population of DHPR
tetrads, each contributing to activate an identical fraction of the
RyR1 channels. Present results would suggest that there might
be redundancy in the system so that a substantial fraction of
DHPRs can be lost without necessarily compromising the Ca®*
release capability of the cell. Although this may appear as a
subversive hypothesis, it would actually offer an additional
safety mechanism for the control of muscle contraction. An
alternative would be to consider that functional consequences
of JP knockdown included an increased effectiveness of voltage
sensor charge movements to activate RyR channels or that
under these experimental conditions, a Ca®>*-induced Ca>"
release-like mechanism might help to ensure full activation of
SR Ca®* release. The absence of an alteration of voltage-acti-
vated SR Ca”" release observed here does not preclude the pos-
sibility that, under either intense or prolonged periods of activ-
ity, proper maintenance of intracellular Ca®>" regulation and
e-c coupling may be affected by the reduced DHPR function.
Along this line, data from Hirata et al. (26) showed that JP-de-
ficient muscle fibers stimulated repetitively in the absence of
extracellular Ca>* failed to develop Ca®" transients more rap-
idly than control muscle fibers. Although the authors favored a
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role of defective store-operated calcium entry mechanism, the
possible contribution of reduced DHPR activity may be specu-
lated to also contribute to this type of effect.

In conclusion, based on the above reported findings, we pro-
pose that JP1 and JP2, in addition to their role in the formation
of structural junctional membrane complexes between the SR
and T-tubule/sarcolemma, can also provide a scaffold-like
function that might help in establishing functional interactions
between junctional proteins, including DHPR and RyRs, and
thus further help in the establishment of the mechanism of e-c
coupling.
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