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In adult skeletal muscles, 2 junctophilin isoforms (JPH1 and JPH2)
tether the sarcoplasmic reticulum (SR) to transverse tubule
(T-tubule) membranes, generating stable membrane contact sites
known as triads. JPHs are anchored to the membrane of the SR by
a C-terminal transmembrane domain (TMD) and bind the T-tubule
membrane through their cytosolic N-terminal region, which con-
tains 8 lipid-binding (MORN) motifs. By combining expression of
GFP-JPH1 deletion mutants in skeletal muscle fibers with in vitro
biochemical experiments, we investigated the molecular determi-
nants of JPH1 recruitment at triads in adult skeletal muscle fibers.
We found that MORN motifs bind PI(4,5)P in the sarcolemma, but
do not mediate the selective localization of JPH1 at the T-tubule
compartment of triads. On the contrary, fusion proteins containing
only the TMD of JPH1 were able to localize at the junctional SR
compartment of the triad. Bimolecular fluorescence complementa-
tion experiments indicated that the TMD of JPH1 can form dimers,
suggesting that the observed localization at triads may result from
dimerization with the TMDs of resident JPH1. A second domain,
capable of mediating homo- and heterodimeric interactions be-
tween JPH1 and JPH2 was identified in the cytosolic region. FRAP
experiments revealed that removal of either one of these 2 do-
mains in JPH1 decreases the association of the resulting mutant
proteins with triads. Altogether, these results suggest that the
ability to establish homo- and heterodimeric interactions with res-
ident JPHs may support the recruitment and stability of newly
synthesized JPHs at triads in adult skeletal muscle fibers.

T-tubule | excitation—contraction coupling | membrane contact sites

he endoplasmic reticulum (ER) has a multiplicity of func-

tions, including regulation of Ca?" homeostasis and lipid
synthesis. To perform many of these functions, the ER contains a
number of tethering proteins that mediate the establishment of
specific membrane contact sites (MCSs) with other organelles
(1, 2). In muscle cells, the complex organization of the sarcoplasmic
reticulum (SR), together with the occurrence of peculiar MCSs
between the SR and the plasma membrane (PM) of muscle fi-
bers, from here on referred to as sarcolemma, represent key
elements for regulating Ca®* homeostasis and muscle contrac-
tion (3). In skeletal muscle, the SR is organized in longitudinal
tubules (I-SR) that surround, like a sleeve, each myofibril. The
close positioning of the 1-SR around the myofibrils is mediated
by an interaction between sAnkl1.5, a transmembrane protein of
the SR, and obscurin, a sarcomeric protein localized at the pe-
riphery of the myofibrils (4-7). At regular intervals, I-SR tubules
converge into the so-called terminal cisternae, which represent
the junctional SR (j-SR), since they participate in the formation
of specialized muscle-specific MCSs with the surface sarcolemma
or with the transverse tubules (T-tubules). T-tubules are infold-
ings of the sarcolemma that radially penetrate muscle cells (3).

15716-15724 | PNAS | July 30,2019 | vol. 116 | no. 31

MCSs between the j-SR and the surface sarcolemma are called
peripheral couplings, while MCSs with T-tubules are called
dyads or triads depending on whether the T-tubule makes con-
tact with 1 or 2 regions of the j-SR. In skeletal muscle, peripheral
couplings and dyads are present in the early stages of differen-
tiating myotubes, while both structures are gradually replaced by
triads positioned at the borders between the A and I bands of the
sarcomere in mature skeletal muscle fibers (3, 8, 9). The function
of these muscle-specific MCSs is to support the structural organi-
zation of components of the excitation—contraction (e-c) coupling
machinery that transduces depolarization of the sarcolemma into
activation of Ca** release from the SR (10, 11). More precisely,
the e-c coupling mechanism requires an interaction between
the L-type voltage-gated Ca®* channels on the sarcolemma
(dihydropyridine receptors, DHPRs) and the Ca®" channels on the
SR (ryanodine receptors, RyRs). The latter, once activated, al-
low the release of the large amount of Ca®* required to stimulate
the actomyosin system and to generate force (12, 13). The teth-
ering proteins responsible for the assembly of peripheral cou-
plings, dyads and triads in skeletal muscle are Junctophilin-1 and
Junctophilin-2 (JPH1 and JPH2), while only JPH2 is expressed
in cardiac muscle (14). Studies based on gene knockout (KO) in
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mice have shown that deletion of Jphl interfered with triad
formation, while deletion of Jph2 resulted in embryonic lethality
due to altered heart development (14, 15). Two additional JPH
genes (JPH3 and JPH4) are expressed in neurons, where they are
involved in the formation of MCSs between the ER and the PM,
which favor the interaction between RyRs and NMDA receptors
and K* channels (16-20). More recently, JPH3 and JPH4 have
also been shown to organize MCSs in pancreatic p-cells (21) and
in T lymphocytes (22), respectively. All 4 JPH proteins share a
common structural organization, with 8 conserved structural
Membrane Occupation and Recognition Nexus (MORN) motifs
at the N terminus. The first 6 MORN motifs are separated by the
last 2 by a region of about 120 amino acids, referred to as the
“joining region” (14, 23). MORN motifs were shown to mediate
binding to the plasma membrane through interaction with
membrane phospholipids (14, 24). The region containing the
MORN motifs is followed by a putative a-helical region, by a
“divergent linker region” with no homology between JPH sub-
types, and by a transmembrane domain (TMD) at the C termi-
nus, which anchors JPHs to the ER/SR membrane (14, 23). The
average distance of 10 to 12 nm between T-tubule and SR
membranes in a triad is compatible with JPHs acting as molec-
ular bridges filling the gap between the 2 opposite membrane
structures (3, 8, 14).

In addition to allowing the assembly of MCSs between the j-SR
and the sarcolemma, JPHs also appear to engage in interactions
with several proteins of the e-c coupling machinery, including
DHPRs on the T-tubule, and RyRs, triadin, and calsequestrin on
the SR (25-29). Interactions between JPH1, JPH2, and these
proteins may contribute to the assembly of e-c coupling compo-
nents at triads. Interestingly, decreased levels and/or mutations in
JPHs have been observed in patients with cardiac diseases (30—
35). In particular, JPH2 mislocalization and T-tubule remodeling
are frequently associated with heart failure, suggesting that JPHs
are required in the assembly, but also in the maintenance of the
dyad geometry and function in mature cardiac cells (26, 36-40).

Here we analyzed the role of different regions of JPH1 with
respect to the recruitment and stable association with triads in
adult skeletal muscle fibers. We report that the MORN motifs
mediate binding to the sarcolemma via an interaction with
PI(4,5)P,, a phosphoinositide concentrated in this membrane
(41). However, this interaction occurs along the entire sarco-
lemma and not only at T-tubules. In contrast, we found that a
GFP fusion protein containing the TMD of JPHI1 selectively
localized at the junctional domain of the SR, likely because of its
ability to form homodimers. Immunoprecipitation and pull-down
experiments revealed that JPH1 and JPH2 contain a second site
of interaction in the cytosolic regions. Altogether, these results
suggest that recruitment of newly synthesized JPHs at triads in
adult skeletal muscle fibers may result from the establishment of
interactions with endogenous JPHs.

Results

JPH1 and JPH2 Bind to PI(4,5)P, and Organize ER-PM Contact Sites in
Hela Cells Comparable to Those Assembled by E-Syt3. Following
transfection in HeLa cells, a fusion protein containing the ER
resident protein, Sec61p, tagged with mCherry (mCherry-Sec61p),
was homogeneously distributed throughout the ER. No obvious
enrichment was observed in the cortical ER, i.e., the ER portion
juxtaposed to the PM, labeled with the GFP-tagged Pleckstrin
Homology (PH) domain of the Phospholipase C51 (PLC) (GFP-
PH-PLC?81, Fig. 1 A-C). When coexpressed with plasmids
encoding either GFP-JPH1, GFP-JPH2, or GFP-E-Syt3, a ubig-
uitously expressed protein that promotes the formation of cortical
ER in eukaryotic cells (42), a pool of the mCherry-Sec61p signal
was shifted to the cortical region of the cells, where it colocalized
with these GFP-tagged proteins as a consequence of the assembly
of MCSs induced by each of these proteins (Fig. 1 D-F, G-I, and
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mCherry-Sec61p

mCherry E-Syt3

Fig. 1. Assembly of ER-PM contact sites in Hela cells expressing recombi-
nant GFP-JPHs or GFP-E-Syt3. Live imaging of Hela cells transfected with
plasmids encoding the GFP-tagged PH domain of the PLC (GFP-PH-PLC31) (4),
Junctophilin-1 (GFP-JPH1) (D and M), Junctophilin-2 (GFP-JPH2) (G), Extended
Synaptotagmin-3 (GFP-E-Syt3) (J), or mCherry-tagged E-Syt3 (mCherry E-Syt3)
(N), and Sec61p (mCherry-Sec61p) (B, E, H, and K). C, F, I, L, and O are merged
images. Insets show higher magnification of selected regions of the PM of
transfected cells. Scale bar, 5 pm.

J-L, respectively). In addition, when GFP-JPH1 and mCherry-E-
Syt3 were coexpressed in HeLa cells, they showed an overlapping
pattern of localization, mainly at the cortical region of the cell
(Fig. 1 M-0). Altogether, these results indicate that, when
expressed in nonexcitable cells, JPH1, JPH2, and E-Syt3 support
the assembly of comparable MCSs, in agreement with previously
reported results (14, 42, 43).

The interaction of E-Syts with the PM is mediated by the
binding to PI(4,5)P, through the C2 domains present in the C-
terminal region (42). It is known that MORN motifs interact
with phospholipids in the PM (14, 24). We thus tested the effect
of PI(4,5)P, depletion on GFP-JPHI1 localization in HeLa cells.
To this aim, we overexpressed a recombinant muscarinic ace-
tylcholine receptor to achieve extensive activation of the en-
dogenous PLC (42). In untreated cells, the iRFP-PH-PLC81
protein, used as a PI(4,5)P, probe, was localized at the PM (S7
Appendix, Fig. S1 D-F). Depletion of membrane PI(4,5)P,, fol-
lowing activation of PLC with 10 uM Oxo-M, resulted in disper-
sion of the iRFP fluorescence to the interior of the cell. Addition
of 50 uM atropine to block PLC activation allowed the recovery of
iRFP-PH-PLC31 localization at the PM (Movie S1). Similarly,
following addition of Oxo-M to HeLa cells expressing GFP-JPHI,
most of the fluorescence signal redistributed from the PM to the
cytoplasmic ER domain. Addition of atropine restored locali-
zation of GFP-JPH1 at the PM (SI Appendix, Fig. S1 A-C and
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Movie S2). Altogether, these results suggest that the interaction
of GFP-JPH1 with the PM requires PI(4,5)P,. Similar results
were also observed with GFP-JPH2 (Movie S3).

JPH1 and JPH2, but Not E-Syt3, Are Selectively Enriched at Triads in
Skeletal Muscle Fibers. Unlike Hela cells, the sarcolemma of
mature skeletal muscle fibers forms specialized domains, the T-
tubules, which are tethered by JPHs to specialized domains of
the SR, the j-SR, to form the triads. The localization of GFP-
JPH1, JPH2, and E-Syt3 was analyzed in adult mouse flexor
digitorum brevis (FDB) muscle fibers following in vivo electro-
poration. As expected, GFP-JPH1 and GFP-JPH2 selectively lo-
calized at triads (Fig. 2 A-F and Fig. 2 G-I, respectively), identified
with antibodies against endogenous RyR and appearing as a
double row of fluorescent dots flanking the Z-disk, decorated
with antibodies against a-actinin. The pattern observed with GFP-
JPH1 and GFP-JPH2 is indistinguishable from that obtained by
staining fibers with antibodies against RyR and triadin or against
RyR and DHPR (SI Appendix, Fig. S2 A-F). No fluorescence signal
specific for GFP-JPH1 or GFP-JPH2 was detected at the fiber pe-
riphery on the surface sarcolemma (Fig. 2 A-F and Fig. 2 G-I, re-
spectively). On the contrary, the fluorescence signal of GFP-E-Syt3
was detected both at triads and at the surface sarcolemma (Fig. 2
J-L). Given that T-tubules are continuous with the surface sar-
colemma, and j-SR with the membrane of the I-SR, the selective
localization of newly synthesized GFP-JPHs at triads in FDB muscle
fibers must result from a specific “targeting mechanism.”

MORN Motifs Do Not Confer Selectivity for the T-Tubule Membrane.
To investigate the domain(s) of JPH1 that mediates its selective
association to triads, a series of plasmids encoding GFP-JPH1
deletion mutants was generated and expressed in FDB muscle
fibers (SI Appendix, Fig. S3A4). At variance with the full-length
GFP-JPH1 protein that is excluded from the surface sarcolemma,
the GFP-JPHI fusion protein lacking the TMD, but containing all

GFP-JPH1

GFP-JPH2 a-actinin

a-actinin

GFP-E-Syt3

Fig. 2. Expression of recombinant GFP-JPHs or GFP-E-Syt3 in adult mouse
FDB muscle fibers. Confocal images of adult mouse FDB muscle fibers
expressing plasmids encoding GFP-JPH1 (A and D), GFP-JPH2 (G), or GFP-E-Syt3
(J). Fibers were counterstained with primary polyclonal antibodies against RyR
(B) or monoclonal antibodies against o-actinin (£, H, and K), both revealed
with Cy3-conjugated secondary antibodies. C, F, /, and L are merged images.
Arrowheads indicate the surface sarcolemma. Scale bar, 2.5 pm.
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8 MORN motifs and the cytosolic region (GFP-JPHIATMD),
was detected at the entire sarcolemma, i.e., T-tubules and
surface sarcolemma (Fig. 3 A-C). This localization pattern
differs from the one obtained following staining with antibodies
against the endogenous RyR, which is strictly confined at triads
and not found at the surface sarcolemma (SI Appendix, Fig. S2
G-I), and resembles the one observed with the PI(4,5)P, probe
GFP-PH-PLC81 and GFP-E-Syt3 that localize at the entire
sarcolemma and are not restricted at triads (SI Appendix, Fig.
S4 C and D).

To also verify whether in skeletal muscle the interaction of
JPH1 with the sarcolemma requires PI(4,5)P,, we performed
experiments of PI(4,5)P, depletion in skeletal muscle fibers
coexpressing a mRFP-tagged JPHIATMD protein and the voltage-
sensing phosphoinositide phosphatase (VSP). VSP is a nonchannel
protein which can be activated by strong membrane depolar-
ization, resulting in rapid depletion of PI(4,5)P, at the sarco-
lemma by selective removal of the phosphate at the 5-position
without concomitant increase in DAG and Ca**, as happens with
PLC activation (44, 45). VSP activation by whole cell voltage
clamp resulted in decrease of the fluorescence signal in the triadic
region, accompanied by a parallel increase of the fluorescence
signal outside the triad, consistent with partial translocation of
the mRFP-JPH1ATMD protein from the triad to the cytosol (S/
Appendix, Fig. S5). These results, in agreement with the data
obtained in HeLa cells, indicate that, also in skeletal muscle fi-
bers, binding of MORN motifs to the sarcolemma requires
PI(4,5)P,. Indeed, similarly to GFP-JPHIATMD, also GFP-E-
Syt3 and GFP-PH-PLC81 proteins, which bind P1(4,5)P, through
C2 and PH domains, respectively, are equally distributed be-
tween the surface sarcolemma and T-tubules (S Appendix, Fig.
S4). Accordingly, binding to PI(4,5)P; is likely not to represent
the determinant for the selective targeting of newly synthesized
GFP-JPHs to triads.

The TMD of JPH1 Localizes at the Junctional Compartment of the SR.
Additional GFP-JPH1 deletion mutants were prepared (SI Ap-
pendix, Fig. S34) and their localization in skeletal muscle fi-
bers analyzed. GFP-JPH1 mutants lacking the first 6 MORN
motifs (GFP-JPHIAMORN I-VI) or all 8 MORN motifs (GFP-
JPHIAMORN I-VIII) were both localized at triads in FDB
muscle fibers (Fig. 3 D-I). This indicates that partial or even
complete deletion of MORN motifs does not affect the selective
localization at triads and suggests that this is likely dependent on
signals provided by regions of the protein other than MORN.
Expression of a GFP-JPH1 mutant lacking the MORN motifs
and most of the cytoplasmic region (GFP-JPH1A1-537) still
resulted in localization of this mutant at triads, and, in particular,
at the j-SR compartment of the triad (Fig. 3 J-L). Finally, a GFP
fusion protein (GFP-TMD-JPH1) containing only the last C-
terminal 26 amino acids, which correspond to the TMD of
JPH1, was expressed in FDB muscle fibers. Surprisingly, this
mutant protein also showed a typical triadic localization (Fig. 3
M-0), indicating that the TMD of JPH1 is selectively retained at
the junctional compartment of the SR, regardless of the presence
of any other protein domains.

To further support this point, we investigated whether the
TMD of JPH1 could drive the localization of a protein of the
I-SR to the j-SR. We thus generated expression plasmids coding
for a GFP-tagged Sec61p protein, a protein of the 1-SR, and for a
GFP-Sec61p mutant where the TMD of Sec61p was replaced by
the TMD of JPH1 (GFP-Sec61f/TMD-JPH1). When expressed
in FDB muscle fibers, GFP-Sec61p yielded a fluorescence signal
localized in correspondence with the Z-disk (Fig. 4 4, a—), as
expected for a protein of the 1-SR (46, 47). In contrast, GFP-
Sec61p/TMD-JPH1 showed a selective triadic signal, further
confirming the ability of the TMD of JPH1 to localize at the j-SR
compartment of the triad (Fig. 4 4, d—f).
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Fig. 3. Expression of GFP-JPH1 deletion mutants in adult mouse FDB muscle
fibers. Confocal images of adult mouse FDB muscle fibers expressing plasmids
encoding GFP-tagged Junctophilin-1 deleted of the TMD (GFP-JPH1ATMD)
(A), the MORN I-VI (GFP-JPH1IAMORN I-VI) (D), the MORN I-VIII (GFP-
JPH1AMORN I-VIll) (G), or the amino acid region 1 to 537 (GFP-JPH1A1-537) (J),
and GFP-tagged TMD of JPH1 (GFP-TMD-JPH1) (M). Fibers were counterstained
with primary monoclonal antibodies against a-actinin and revealed with Cy3-
conjugated anti-mouse secondary antibodies (B, E, H, K, and N). C, F, I, L, and O
are merged images. Arrowheads indicate the surface sarcolemma. Scale bar, 2.5 um.

Two Amino Acid Residues in the TMD of Muscle-Specific JPHs Are
Required for Protein Localization at the j-SR. We next verified the
localization of GFP fusion proteins containing the TMDs
of JPH2, JPH3, and JPH4 isoforms (GFP-TMD-JPH2, GFP-
TMD-JPH3, and GFP-TMD-JPH4, respectively). Expression
of these proteins in FDB muscle fibers showed that only GFP-
TMD-JPH2, like GFP-TMD-JPHI1, localized at the j-SR
compartment of the triad (Fig. 4 B, a—f), while the fluores-
cence signal of GFP-TMD-JPH3 and GFP-TMD-JPH4 did not
yield a triadic signal, but was distributed in wide transversal
lines, centered on the Z-disk, as expected for proteins of the
I-SR (Fig. 4 B, g-I). Comparison of the amino acid sequences
of JPH TMDs revealed a 77.27% identity between the TMD of
JPHI1 and that of JPH2, while the identity with the JPH3 or
JPH4 TMDs was 59.09% and 40.91%, respectively (SI Appen-
dix, Fig. S3B). In particular, the TMDs of JPH1 and JPH2 share
2 amino acids (Val®® and His®"), which are not present in the
TMDs of JPH3 and JPH4, where they are replaced by Ile’*
and Asn’*! in the sequence of JPH3 and by Ser®®* and GIn®®
in the sequence of JPH4. To test the role of Val®>® and His®’
in conferring to the TMD of JPH1 and JPH2 the ability to
selectively localize at the j-SR compartment of the triad, we
replaced these amino acids with Ile and Asn from the TMD of
JPH3 or with Ser and GIn from the TMD of JPH4. These
substitutions resulted in loss of localization at the j-SR com-
partment of the triads of GFP-TMD-JPH1(VH > IN) and
GFP-TMD-JPH1(VH > SQ) that, conversely, localized at the
I-SR (Fig. 4 C, a—f). On the contrary, the replacement of
amino acids Ile”*” and Asn”*' in the TMD of JPH3 with amino
acids Val and His, resulted in the localization of the resulting
fusion protein, GFP-TMD-JPH3(IN > VH), at the j-SR, with a
distribution comparable to that observed with GFP-TMD-
JPH1 (Fig. 4 C, g-i).
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Bimolecular Fluorescence Complementation Assay (BiFC) Reveals That
the TMD of JPH1 Can Form Dimers. The BiFC assay was used to
verify whether localization of GFP-TMD-JPH1 at triads results
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Fig. 4. Expression of GFP-TMDs of JPHs in adult mouse FDB muscle fibers.
(A) Confocal images of adult mouse FDB muscle fibers electroporated with
plasmids encoding GFP-tagged Sec61p (GFP-Sec61p) (a) or Sec61p in which
the TMD sequence was replaced by that of JPH1 (GFP-Sec61f8 /TMD-JPH1) (d).
c and f are merged images. Fibers were counterstained with primary mono-
clonal antibodies against a-actinin, revealed with Cy3-conjugated anti-mouse
secondary antibodies (b and e). Scale bar, 3 pm. (B) Confocal images of adult
mouse FDB muscle fibers electroporated with plasmids encoding GFP-tagged
TMD of JPH1 (GFP-TMD-JPH1) (a), TMD of JPH2 (GFP-TMD-JPH2) (d), TMD of
JPH3 (GFP-TMD-JPH3) (g), and TMD of JPH4 (GFP-TMD-JPH4) (j). ¢, f, i, and | are
merged images. Fibers were counterstained with primary monoclonal anti-
bodies a-actinin and Cy3-conjugated anti-mouse secondary antibodies (b, e, h,
and k). Scale bar, 3 pm. (C) Confocal images of adult mouse FDB muscle fibers
electroporated with plasmids encoding GFP-tagged TMD of JPH1 mutated in
amino acids Val®*® and His®’ to Ile and Asn, respectively [GFP-TMD-JPH1(VH >
IN)] (a), GFP-tagged TMD of JPH1 mutated in amino acids Val®*® and His®*’ to
Ser and GlIn, respectively [GFP-TMD-JPH1(VH > SQ)] (d), GFP-tagged TMD
of JPH3 mutated in amino acids lle’*® and Asn’#' to Val and His, respectively
[GFP-TMD-JPH3(IN > VH)] (g9). ¢, f, and i are merged images. Fibers were
counterstained with primary monoclonal antibodies against a-actinin, revealed
with Cy3-conjugated anti-mouse secondary antibodies (b, e, and h). Scale bar,
2.5 um.
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from homomeric interactions with resident JPH1 proteins. To
this aim, two nonfluorescent fragments from the Venus protein
(VN173: amino acids 1 to 173 and VC155: amino acids 155 to
238) were fused with the TMD of JPH1 to generate pBiFC-
VN173-TMD-JPHI1 and pBiFC-VC155-TMD-JPHI. As control,
the TMD of JPH4, which does not localize at triads, was cloned
into pBiFC vectors (pBiFC-VN173-TMD-JPH4 and pBiFC-
VC155-TMD-JPH4). Confocal laser scan microscope analysis
showed that BiFC signals were observed only when primary rat
myotubes were cotransfected with pBiFC-VN173-TMD-JPH1
and pBiFC-VC155-TMD-JPHI1 (Fig. 5 4, a). On the contrary, no
specific fluorescence signal was observed when cells were cotrans-
fected with pBiFC-VN173-TMD-JPH1 and pBiFC-VC155-TMD-
JPH4, indicating that the recombinant TMDs of JPH1 can form
homodimers, while they do not interact with the TMDs of JPH4
(Fig. 5 A4, b). In addition, no BiFC signal was observed upon
cotransfection of pBiFC-VN173-TMD-JPH4 and pBiFC-VC155-
TMD-JPH4, indicating that the TMDs of JPH4 do not dimerize
(Fig. 5 A, c). Parallel results were observed when the BiFC analysis
was performed in HeL a cells, suggesting that dimerization of TMDs
of JPH1 does not require a muscle-specific environment (Fig. 5 A4,
d—f and SI Appendix, Table S1).
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The “Joining Region” of JPHs Represents an Additional Dimerization
Site. We previously reported that GFP-JPH1 shows a reduced
mobility when localized at triads in differentiated myotubes (46).
The dynamic properties of full-length GFP-JPH1 and selected
GFP-JPH1 deletion mutants were evaluated in 12-d differentiated
myotubes by fluorescence recovery after photobleaching (FRAP)
experiments (Fig. 5B). Cells expressing low levels of GFP fluo-
rescence were selected to avoid potential problems due to over-
expression. These experiments showed that, while the mobile
fraction of the full-length GFP-JPH1 protein was 32.28 + 12.56%,
that of each of the JPH1 mutants analyzed (i.e., lacking all MORN
motifs [GFP-JPHIAMORNI-VIII], deleted of the TMD [GFP-
JPH1ATMD], and containing only the JPH1 TMD region
[GFP-TMD-JPH1]) was significantly higher (59.67% =+ 20.1,
74.28 + 8.94%, and 84.5 + 14.51, respectively). These results
suggest that the observed lower mobility of the full-length
JPH1 may result from the assembly of the MCSs and/or from
additional interactions simultaneously occurring at different
protein sites, other than the one mediated by the TMD. Indeed,
the mobile fraction of GFP-JPH1 measured in nonmuscle cells
was significantly higher than that measured in differentiated
myotubes (46). This suggests that the dynamic properties of
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Fig. 5. (A) BiFC assay in 5-d differentiated rat primary myotubes and Hela cells. BiFC assay was performed on 5-d differentiated myotubes (a—c) or Hela cells

(d-f) expressing either pBiFC-VN173-JPH1TMD and pBiFC-VC155-JPH1TMD (a and d) or pBiFC-VN173-JPH1TMD and pBiFC-VC155-JPH4TMD (b and e) or pBiFC-
VN173-JPHATMD and pBiFC-VC155-JPHATMD (c and f). Scale bar, 15 pm. (B) FRAP analysis on 12-d differentiated rat primary myotubes expressing GFP-
JPH1 and GFP-JPH1 deletion mutants. FRAP analysis was performed on 12-d differentiated myotubes expressing either GFP-JPH1 or GFP-JPH1 deletion
mutants. Data are expressed as percentage of mobile fraction + SEM; n values are as follows: GFP-JPH1 (n = 20); GFP-JPH1AMORN I-VIII (n = 12), GFP-
JPH1ATMD (n = 7), and GFP-TMD-JPH1 (n = 10). Asterisks indicate statistical significance compared with the mobile fraction of GFP-JPH1, as evaluated by the
Kruskal-Wallis multiple comparisons test (**P < 0.05; ***P < 0.01). (C) Immunoprecipitation experiments on HEK293T cells coexpressing myc-JPH1 and GFP-
JPH1 or myc-JPH1 and GFP-JPH2, or myc-JPH2 and GFP-JPH2. Total lysates from HEK293T cells were immunoprecipitated with anti-myc conjugated agarose
beads. Immunocomplexes were separated by SDS/PAGE, transferred to nitrocellulose membranes, and detected by mouse monoclonal anti-myc or anti-GFP
antibodies. The vertical black line at Bottom indicates that an unrelated lane was eliminated from the figure. (D) GST pull-down experiments on the mi-
crosomal fraction of mouse skeletal muscles and of HEK293T cells. A total of 500 pg of the microsomal fraction from mouse skeletal muscles or HEK293T cells
expressing either GFP-JPH1 or GFP-JPH2 was used in GST pull-down experiments using GST-joining JPH1 or GST-joining JPH2 fusion proteins. Proteins were

separated by SDS/PAGE, transferred to nitrocellulose membranes, and detected by specific antibodies. A total of 30 pg of solubilized microsomes was loaded
as control.
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GFP-JPHI1 at triads result from a combination of MCSs as-
sembly and interactions with muscle-specific proteins.

Several laboratories have reported evidence indicating that
JPH1 can establish interactions with other e-c coupling proteins,
including RyR1, triadin, calsequestrin 1, and DHPR (25, 27-29).
We thus wanted to verify whether JPH1 can also form homo-
dimers or even heterodimers with JPH2. To this aim, HEK293T
cells were cotransfected with plasmids encoding GFP-JPH1 and
myc-JPH1, GFP-JPH2 and myc-JPH1, or GFP-JPH2 and myc-
JPH2. As shown in Fig. 5C, coimmunoprecipitation experiments
revealed that JPH1 and JPH2 can both form homodimers, but
also heterodimers. Previous experiments had shown that a GST
fusion protein containing the joining region was able to pull
down the DHPR a4 subunit (27). We then tested whether this
region may also mediate homo- and heteromeric interactions
between JPH1 and JPH2. In vitro pull-down experiments were
performed with GST fusion proteins containing the joining region
of JPH1 or JPH2 (GST-joining-JPH1 or GST+joining-JPH2) and
solubilized microsomal proteins from mouse skeletal muscle tissue
lysates. As shown in Fig. 5D, both GST-joining-JPH1 and GST-
joining-JPH2 proteins were able to pull down JPH1 and JPH2
from muscle lysates, indicating that the joining region of the two
proteins may mediate homo- and heterodimer formation. Pull-
down experiments were also performed with GFP-JPH1 and
GFP-JPH2 expressed in HEK293T cells. These experiments in-
dicated that the GST-joining-JPH1 protein was able to pull down
GFP-JPH1 and, to a lesser extent, GFP-JPH2. Similar results were
observed in pull-down experiments with the GST-joining-JPH2
protein (Fig. 5D). Altogether these results indicate that homo- and
heteromeric interactions between JPH1 and JPH2 result from di-
rect protein-protein interactions.

Discussion

We report here results from experiments aimed at investigating
the molecular determinants responsible for triad recruitment
and association of JPH1 in adult skeletal muscle fibers.

Experiments performed in HeLa cells showed that GFP-JPH1
localizes at the cortical ER, where it mediates the formation of
MCSs along the entire plasma membrane. This localization was
similar to that observed with GFP-E-Syt3, a nonmuscle specific
ER-PM tethering protein. However, when expressed in skeletal
muscle fibers, GFP-JPH1 localized selectively at triads and was
excluded from the surface sarcolemma and the longitudinal SR.
In contrast, MCSs mediated by GFP-E-Syt3 did not show any
specific selectivity for triads but were equally distributed along
the entire sarcolemma. These results indicate that muscle-specific
mechanisms restrict the localization of recombinant GFP-JPHI1,
but not that of GFP-E-Syt3, at triads.

Aiming to identify the domain(s) responsible for JPHs selec-
tive recruitment and localization at triads in adult skeletal
muscle fibers, we generated a series of plasmids encoding GFP-
JPH1 deletion mutants and expressed them in FDB muscle fi-
bers. Interestingly, we found that a JPHI1 mutant lacking the
TMD (GFP-JPHI1ATMD) localized at the entire sarcolemma,
i.e., T-tubules and surface sarcolemma. This localization may be
explained by the observed ability of MORN motifs to bind
PI(4,5)P,. Indeed, experiments with the PI(4,5)P, probe GFP-
PH-PLCS showed that this phospholipid appears to be equally
distributed between T-tubules and the surface sarcolemma.
Therefore, in the absence of the TMD, which anchors the protein
to the j-SR compartment of triads, localization of the GFP-
JPHIATMD mutant mirrors the distribution of PI(4,5)P,. Ac-
cordingly, these experiments indicate that MORN-mediated inter-
actions with PI(4,5)P, is only 1 of the components of a coincidence
detection mechanism that restricts JPHI to triads.

On the other hand, we found that a GFP fusion protein con-
taining the TMD of JPH1 localized only at the j-SR, yielding the
typical double rows of fluorescent dots flanking the Z-disk. In-
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terestingly, this property was observed only for the TMDs of the
muscle-specific JPH1 and JPH2 isoforms. Two amino acids,
Val®® and His®”, present in the TMDs of JPH1 and JPH2, but
not in those of JPH3 and JPH4, appear to be critical for the
localization at the j-SR. In fact, their substitution abolished the
selective localization of the TMD of JPH1 at the j-SR, while
introduction of these 2 amino acids in the TMD of JPH3 resulted
in the localization of the resulting protein at the j-SR domain.

Results from BiFC assays indicated that the TMDs of JPH1 can
form homodimers. This suggests that dimerization may promote
the recruitment of the GFP-JPH1-TMD protein at the j-SR
compartment of the triad, via interaction with resident JPH1,
causing the exclusion of the full-length JPH1 from the surface
sarcolemma. Although we have no evidence that the Val®*® and
His®7 residues contribute specific structural determinant for
JPH1 TMD dimerization, given that the corresponding residues in
JPH4 TMD represent nonconservative changes, we hypothesize
that lack of dimerization between JPH1 and JPH4 TMDs may
result from differences in the physical and chemical properties of
the amino acids at these positions that would limit the interaction
between the surfaces of the 2 a-helices formed by these TMDs.

FRAP experiments indicated that the GFP-JPHIAMORN I-VIII
and GFP-JPHI-TMD mutants, even if able to localize at triads,
displayed an increased mobility compared with that observed with
full-length JPH1. This increase in protein mobility could be
explained by the absence, in these 2 mutants, of the “joining region”
that we found to contribute to the assembly of JPH1 and JPH2
homo- and heterodimers. On the other hand, an increase in mobility
was also detected with the GFP-JPHIATMD mutant even if it
contains the “joining region.” This suggests that removal of either the
dimerization domain in the TMD or that in the “joining region” of
JPH1 correlates with a decreased association of the resulting mutants
with resident JPHs at triads. Interestingly, the ability of JPHs to in-
teract with each other can also explain our previous results, in-
dicating that JPHs have an intrinsic propensity to form clusters with a
reduced mobility, even when expressed in nonmuscle cells (46).

In summary, the data reported here indicate that JPH1 and
JPH2 can form homo- and heterodimers via interactions estab-
lished at the level of the TMD and of the cytosolic region. In
mature skeletal muscle fibers, the establishing of such interactions
with resident JPHs may support the recruitment and retention of
newly synthesized JPHs at triads, as observed following expression
of full-length and deletion mutants of JPH1 in adult FDB fibers,
where triads containing resident JPHs are actually present.

Furthermore, we hypothesize that a similar mechanism of
recruitment of JPHs may start operating already in the early
stages of embryo development (3, 9, 10, 14, 46). Indeed, the
assembly of JPHs in clusters randomly distributed in early em-
bryonal muscle fibers appears to predetermine the membrane
domains where peripheral couplings and dyads will form and
where proteins of the e-c coupling will be recruited (25-29, 43,
47-52). With the further development of muscle fibers, periph-
eral couplings and dyads will then evolve to form the triads in
adult muscle fibers (3, 9, 10, 13). Accordingly, taking into account
the results presented here and the data reported in the literature,
we propose a unifying model where JPHs may represent the nu-
cleating system that, by establishing protein-protein interactions,
sustains the assembly and the maintenance of junctional mem-
brane domains and the recruitment of e-c coupling proteins, in-
cluding JPHs, at these sites in both developing and adult skeletal
muscle fibers (3, 9-15, 25-29, 46-50). This model may also ac-
commodate recent results that show the requirement of JPH2 in
the assembly of MCSs and clustering of key proteins of the e-c
coupling process in nonmuscle cells (43).

Materials and Methods

Generation of Expression Vectors. Human Junctophilin-1 JPH1) (NM_020647)
was cloned into the pEGFP-C2 vector (Clontech) using the EcoRl sites. Rabbit
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Junctophilin-2 (JPH2) (NM_001081998.1) was cloned into the pEGFP-C2
vector (Clontech) using the EcoRl sites. Myc-JPH1 and myc-JPH2 were gen-
erated by PCR. Mus musculus Junctophilin-3 (JPH3) and -4 (JPH4) expression
vectors were a gift from Hiroshi Takeshima, Kyoto University, Kyoto, Japan.
Plasmids expressing GFP-Extended Synaptotagmin-3, mCherry-Extended
Synaptotagmin-3, the PI(4,5)P2 probes iRFP-PH-PLC 61, GFP-PH-PLC &1 and
the M1 muscarinic acetylcholine receptor (M1R) expression vector have been
previously described (42). Sec61f, JPH1, JPH2, JPH3, or JPH4 mutants were
generated by PCR using specific primers to amplify the regions of interest.
The amplified sequences were cloned in pEGFP-C1, -C2, or -C3 vectors
(Clontech), according to the translation reading frame and sequenced using
an ABI Prism 7900 apparatus (Applied Biosystem). For experiments using the
VSP, the eGFP sequence was replaced by sequences coding for a mRFP-
fluorescent protein to obtain plasmid mRFP-JPH1ATMD.

For GST pull-down experiments, a region covering the amino acid se-
quence between MORN VI and MORN VIl of M. musculus JPH1 (NP_065629.1,
amino acids 154 to 278) or JPH2 (NP_001192005.1, amino acids 154-282) was
amplified by RT-PCR starting from total RNA from skeletal muscle tissue
using sequence-specific primers. cONAs were cloned into the pGEX4T1 vec-
tor (GE Healthcare).

For BiFC, sequences containing the transmembrane domain of JPH1
(NM_020647 amino acids 636 to 661) or the transmembrane domain of JPH4
(NP_796023.2, amino acids 153 to 279) were cloned into pBiFC-VC155 or
pBiFC-VN173 vectors. pBiFC-VC155 and pBiFC-VN173 were a gift from
Chang-Deng Hu, Department of Medical Chemistry and Molecular Pharma-
cology, Purdue University, West Lafayette, IN (Addgene plasmids 22010
and 22011).

Cell Cultures and DNA Transfection. Myoblasts were obtained from hind limb
muscles of 2-d-old rats (Sprague-Dawley; Harlan). The cell suspension was
plated on 0.025% laminin-coated LabTek chambers (Nalge Nunc Interna-
tional) or 0.025% laminin-coated glass coverslips. Cells were grown at 37 °C
and 5% CO,. After 2 d, cells were transfected with the Lipofectamine-Plus
method (Invitrogen) following the manufacturer’s instructions. Myoblasts
were induced to differentiate with «-MEM containing 2 mM L-glutamine
(Lonza), 100 pg/mL streptomycin (Lonza), 100 U/mL penicillin (Lonza), 1 mM
sodium pyruvate (Lonza), 1 mM dexamethasone (Sigma-Aldrich), 0.05 mM
hydrocortisone, supplemented with 10% heat-inactivated FBS (Sigma
Aldrich), and 5% heat-inactivated horse serum (Sigma-Aldrich) (49). HeLa
cells and HEK293T were cultured in DMEM supplemented with 10% heat-
inactivated FBS (Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich), 100 ug/mL
streptomycin (Sigma-Aldrich), 100 U/mL penicillin (Lonza), and 1 mM so-
dium pyruvate (Lonza). Cells were grown at 37 °C and 5% CO,. Cells were
transfected with the Lipofectamine-Plus method (Invitrogen) or with the
electroporation system using the Amaxa Nucleofector method (Lonza) and
plated on uncoated MatTeks. Imaging was performed 16 to 18 h after the
transfection.

Animal Care. Animals were housed in a standard environment maintained at a
constant temperature and humidity, and with free access to food and water,
following the European legislation on the use and care of laboratory animals
(EEC Council Directive 86/609). The animal research was done under the ap-
proval of the local ethical committee and the “Ministero della Salute.” Animals
used for the experiments were either male or female 3-mo-old CD1 mice.

FDB Mouse Skeletal Muscle Fiber Electroporation. Mice were anesthetized
with 1.25% 2,2,2-tribromoethanol (Avertin solution; Roche Applied Science)
and the FDB muscle was injected with 10 pg of DNA. Two electrodes were
placed at each side of the muscle and electric pulses were delivered. Twenty
120-V electric pulses with fixed duration of 20 ms and intervals of 1 s were
delivered using an electric pulse generator (Electro Square Poraton ECM830;
BTX-Genetronics). Mice were killed 8 d after electroporation (53).

Immunofluorescence Labeling of Differentiated Myotubes and FDB Muscle
Fibers. Primary rat myotubes were fixed for 7 min with 3% paraformaldehyde
(PFA), 2% sucrose diluted in phosphate buffer saline (PBS) (137 mM Nadl,
2.7 mM KCl, 4.3 mM Na,HPO,, 1.4 mM KH,PO,) and permeabilized for 3 min in
Hepes Triton buffer (20 mM Hepes pH 7.4, 300 mM sucrose, 50 mM Nacl,
3 mM MgCl,, 0.5% Triton X-100). Cells were blocked for 2 h at room tempera-
ture in PBS containing 2% bovine serum albumine (BSA, Sigma-Aldrich) and 5%
goat serum (Sigma-Aldrich). Nuclei were labeled with 0.1 pg/mL 4',6-diamidino-2-
phenylindole (DAPI) (Sigma-Aldrich) for 10 min at room temperature (54).
Mechanically isolated fibers from electroporated FDB mice were fixed in
1% PFA/0.5% Triton X-100 solution for 1 h at room temperature. The bundles
of fibers were further permeabilized with Hepes Triton buffer for 3 min and
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blocked in 5% goat serum and 2% BSA in PBS for 1 h. To identify the Z-disks, a
monoclonal antibody against o-actinin (clone EA-53, Sigma-Aldrich) was
used. Triads were labeled with rabbit polyclonal antibodies recognizing RyR
(49), mouse monoclonal antibodies against RyR (clone 34C, Thermo Scien-
tific), rabbit polyclonal antibodies against the skeletal muscle isoform of
triadin (TRISK95), kindly provided by I. Marty, Université Grenoble Alpes,
Grenoble, France, mouse monoclonal antibodies against the dihydropyridine
receptor alpha-1 subunit (Thermo Scientific). Cy3 conjugated anti-mouse or
anti-rabbit secondary antibodies (Jackson Laboratories) or Alexa Fluor
488 anti-mouse or anti-rabbit secondary antibodies (Thermo Scientific) were
used for immunofluorescence detection. In all immunostaining experiments,
primary antibodies were prepared in 2% BSA and incubated overnight at
4 °C. Slides were mounted with Mowiol (Mowiol 4-88, Sigma-Aldrich, 20%
diluted in PBS) and analyzed with a LSM-510 META confocal microscope
(ZEISS, Jena, Germany) as previously described (55). Fibers expressing low
levels of GFP fluorescence were selected to avoid potential problems due
to overexpression.

Fluorescence Recovery after Photobleaching (FRAP). FRAP experiments were
performed on 12-d differentiated rat myotubes, using a confocal laser
scanning microscope (ZEISS LSM 510 META). Cells were imaged in buffered
medium, containing 140 mM NaCl, 5 mM KCl, 10 mM glucose, 1 mM MgCl,,
0.1 mM CaCl,, 20 mM Hepes, and 0.4 mM EGTA at 37 °C. A 63x 1.4 NA Plan-
Apochromat oil immersion objective was used and cells were imaged with a
pinhole aperture of 4.96 Airy units, corresponding to a confocal section
thickness of 3.5 um. GFP fluorescence before bleaching and its recovery after
bleaching was measured with the 488-nm line of Argon laser with low laser
power (0.5%). After the acquisition of 10 prebleached images, a 50% pho-
tobleaching was performed using the Argon laser lines 458, 477, and
488 nm. The photobleached area consisted of a circle of 1.08 pm in diameter.
Recovery was measured by time lapse imaging at 50- to 300-ms intervals
over a period of 1 to 10 min, until fluorescence level reached a plateau.
Throughout the experiment fluorescence intensities were acquired for the
bleached region (l¢ap), for the whole cell (lyhole) and for the back-
ground (lpase). Data analyses were performed using the IgorPro software
(WaveMetrix, Inc.) (46).

Live Imaging in PI(4,5)P, Depletion Experiments. For live imaging in PI(4,5)P,
depletion in Hela cells and FDB muscle fibers, see SI Appendix, SI Materials
and Methods.

Microsome Preparation, Solubilization, and GST Pull Down. Microsomes were
prepared from skeletal muscle of CD1 mice or from HEK293T cells. Tissue
samples were homogenized in ice-cold buffer A (0.32 M sucrose, 5 mM Hepes
pH 7.4, and 0.1 mM phenylmethylsulfonyl fluoride, PMSF) using a potter for
cells or a homogenizer for tissues (56). Homogenates were centrifuged at
7,000 x g for 5 min at 4 °C. The supernatant was centrifuged at 100,000 x g
for 1 h at 4 °C. The microsomes were resuspended in buffer A and stored at
—80 °C. Protein concentration of the microsomal fraction was quantified
using the Bradford protein assay kit (Bio-Rad Laboratories, Hercules, CA).
Microsomes prepared from mouse skeletal tissue or from HEK293T cells were
solubilized according to the method previously described (49, 56) with some
minor modifications. Briefly, microsomes were solubilized at a protein con-
centration of 1 mg/mL in buffer containing 2% Triton X-100, 1 M NacCl, 1 mM
DTT, 20 mM Tris-Cl pH 7.4, and protease inhibitor mixture for 1 h at 4 °C.
Microsomes prepared from HEK293T cells were solubilized at a protein
concentration of 1 mg/mL for 3 h at 4 °C in buffer containing 10 mM Tris-HCI
pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10% glycerol, 1 mM
NasVO4 1 mM PMSF, and protein inhibitor mixture. Solubilized proteins
were obtained by centrifugation (Beckman Ti90 rotor) at 48,300 rpm for
45 min at 4 °C. GST pull down was performed as described (57) with some
minor modifications. A total of 500 ug of solubilized microsomal proteins
were incubated with 25 pg of GST fusion proteins in a buffer containing
10 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10%
glycerol, 1 mM Na3VO,4, 1 mM PMSF, and protein inhibitor mixture for 2 h at
4 °C. After incubation, the GST fusion protein complexes were washed
3 times with 20 mM Tris-Cl pH 7.4, 150 mM Nadcl, and 0.2% Triton X-100.
Bound proteins were eluted by boiling in SDS/PAGE sample buffer and
subjected to SDS/PAGE (58). Filters were incubated with primary antibodies
(for GST pull-down experiments: rabbit anti-JPH1, Thermo Scientific; rabbit
anti-JPH2, Thermo Scientific), diluted in blocking buffer overnight at 4 °C
with agitation. Filters were washed 3 times with washing buffer (0.5%
nonfat dry milk, 50 mM Tris-HCl pH 7.4, 150 mM NacCl, 0.2% Tween-20)
for 10 min each, incubated with horseradish peroxidase-conjugated sec-
ondary antibody, and detected using the ECL system (ECL Western Blot
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Detection Reagents, GE Healthcare) and the Molecular Imager ChemiDoc
XRS system (Bio-Rad).

Production and Purification of GST Fusion Proteins. GST fusion proteins were
induced in BL21 cells with 1 mM isopropy! -b-thiogalactopyranoside (IPTG)
for 3 h at 30 °C. Cells were harvested and centrifuged at 4,000 rpm for
10 min at 4 °C. The pellet was resuspended in cold buffer containing PBS, 1%
Triton X-100, 20 mM EDTA, and lysed by sonication on ice. The soluble
fraction was obtained by centrifugation at 13,200 rpm for 15 min at 4 °C.
The fusion proteins were immobilized by incubating 1 mL of the soluble
fraction with 100 uL of beads of glutathione-Sepharose 4B (GE Healthcare,
Buckinghamshire, United Kingdom) for 10 min and washed 3 times with
1 mL of a buffer containing PBS and 1% Triton X-100. Beads were finally
resuspended with an equal volume of PBS (49).

Immunoprecipitation and Western Blot Analysis. Inmunoprecipitations were
performed using the Myc-Trap_A kit (Chromotek) following manufacturer’s
instructions. Briefly, HEK293T cells were cotransfected with plasmids
encoding GFP-JPH1 and myc-JPH1, GFP-JPH2 and myc-JPH1, or GFP-JPH2 and
myc-JPH2. Cells were lysed in 10 mM Tris-HCI, pH 7.5, 150 mM Nadl,
0.5 mM EDTA, and 0.5% Nonidet P-40 for 30 min on ice. Cell lysates were
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