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Junctophilins (JPH) are a class of proteins found at junctions
between the plasma membrane and the endoplasmic or sarcoplas-
mic reticulum, allowing for communications between proteins
embedded in different membranes. JPHs have been proposed to
interact with lipids as well as several ion channels, allowing for
specialized communication between them. The JPH3 isoform is the
target for repeats that cause Huntington’s disease-like 2, whereas
JPH2 is a hot spot for mutations linked to cardiomyopathy. Here
we present crystal structures of two JPH isoforms, which resemble
a twisted skeleton with ribs formed by membrane occupation rec-
ognition nexus repeats, and a backbone built by a long α-helix.
We captured the structure of a complex between JPH2 and a
C-terminal binding site in the L-type calcium channel (CaV1.1) and
show that this interaction is required for clustering of these chan-
nels and for robust muscle excitation–contraction coupling. Over
80 sequence variants linked to cardiomyopathy are found in differ-
ent structurally important regions of JPH2, most of which affect
stabilizing interactions. A subset directly affects the interaction
with the L-type calcium channel. In parallel, sequence variants in
the L-type calcium channel, linked to cardiac arrhythmia, also
affect critical interactions.

muscle excitation–contraction coupling j calcium signaling j ion channels j
calcium release j cardiomyopathy

Junctions between the plasma membrane and the endoplas-
mic reticulum (ER) or sarcoplasmic reticulum (SR) are

found in multiple cell types and allow for specialized communi-
cation between proteins embedded in these different mem-
branes. Junctophilins (JPH) are key to enabling the formation
of such junctions, by virtue of a C-terminal transmembrane
helix, located in the ER or SR membrane, and an N-terminal
domain containing MORN (membrane occupation recognition
nexus) motifs, thought to interact with phospholipids in the
plasma membrane (1, 2). As such, JPHs play critical roles in
diverse signaling processes, often allowing functional or
mechanical cross-talk between ion channels embedded in
different membranes.

Four isoforms (JPH1–JPH4) are encoded in the human
genome, with JPH1 primarily expressed in skeletal muscle,
JPH2 in skeletal, cardiac, and smooth muscle, and JPH3/4
mostly found in the brain (3) and in sensory neurons (4). Addi-
tionally, JPHs have been found in multiple cell types, including
pancreatic β cells (5) and T cells (6). In muscle tissue, JPHs
allow for the communication between L-type voltage-gated cal-
cium channels (CaV), located in the transverse-tubule (T-
tubule) membrane, and ryanodine receptors (RyRs) in the SR
membrane. In cardiac myocytes, a depolarization of the plasma
membrane activates the CaV1.2 isoform, and the influx of Ca2+

then triggers opening of RyR2, in a process known as Ca2+-
induced Ca2+ release (7). In skeletal muscle, direct mechanical
coupling is thought to occur between the corresponding CaV1.1

and RyR1 isoforms, although any direct contacts between these
two proteins remain to be elucidated (8, 9). In both scenarios,
the coupling requires proximity between the T-tubule and SR
membranes, for which JPHs are critical. JPHs have also been
suggested to directly bind both CaVs and RyRs, as well as other
ion channels including Ca2+-activated potassium channels
(10–12) and KCNQ1 (13).

The importance of JPHs is underscored by the various disor-
ders associated with them. JPH1 has been identified as a modi-
fier of Charcot-Marie-Tooth disease (14). JPH2 is a hot spot for
mutations linked to hypertrophic cardiomyopathy (HCM)
(15–17), and repeats in JPH3 have been found to cause Hun-
tington disease-like 2 (HDL-2) (18). In addition, cardiac stress
results in activation of calpain, which cleaves JPH2 and drives
heart failure progression (19–24). Cleaved fragments of JPH2
have also been shown to migrate to the nucleus, where,
depending on the fragment type, they either attenuate (22) or
promote (21) cellular remodeling. To date, no high-resolution
structural information is available for any JPH isoform, ham-
pering insights into its basic functions and disease mechanisms.

Significance

Ion channels have evolved the ability to communicate with
one another, either through protein–protein interactions, or
indirectly via intermediate diffusible messenger molecules.
In special cases, the channels are part of different mem-
branes. In muscle tissue, the T-tubule membrane is in prox-
imity to the sarcoplasmic reticulum, allowing communication
between L-type calcium channels and ryanodine receptors.
This process is critical for excitation–contraction coupling
and requires auxiliary proteins like junctophilin (JPH). JPHs
are targets for disease-associated mutations, most notably
hypertrophic cardiomyopathy mutations in the JPH2 isoform.
Here we provide high-resolution snapshots of JPH, both
alone and in complex with a calcium channel peptide, and
show how this interaction is targeted by cardiomyopathy
mutations.
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In this study, we describe high-resolution structures of two
JPH isoforms, reveal how JPHs bind the C-terminal region of
CaV1.1 via a groove formed by the MORN repeats, how this asso-
ciation is important for normal excitation–contraction coupling,
and how disease-associated mutations may affect this process.

Results
Crystal Structures of JPH1 and JPH2. All four JPH isoforms have
been predicted to contain eight MORN repeats at the N termi-
nus, an α-helical–rich domain (AHD), a divergent region, and a
C-terminal transmembrane segment (Fig. 1A). As the divergent
region contains low sequence complexity and is predicted to be
intrinsically disordered (SI Appendix, Fig. S1), we set out to
solve the crystal structure of the MORN and AHD region.
MORN repeats 6 and 7 are separated by a long linker known
as the “joining region.” It shows lower sequence conservation,
low sequence complexity, and contains predicted disorder (SI
Appendix, Fig. S1). Removal of most of this linker was required
to obtain crystals for both JPH1 and JPH2. We used single-
wavelength anomalous diffraction (SAD) phasing on
selenomethionine-substituted JPH1. The corresponding struc-
ture was used as a molecular replacement model to solve the
JPH2 structure.

Fig. 1 B and C show the overall structure of JPH1 (1.31 Å)
and JPH2 (2.35 Å) (SI Appendix, Tables S1 and S2), which
resemble the shape of a skeleton. The ribs are formed by a
19-stranded antiparallel β-sheet. The sheet is twisted, with an
∼90° angle between the first and last β-strand. The β-sheet
forms a twisted cradle with a concave “inside” and a convex
“outside.” The concave side forms a narrow groove poised to
bind possible interaction partners (Fig. 1D). A 60-residue-long
α-helix forms a “backbone” on the convex side of the β-sheet
(Fig. 1E). This helix directly matches the overall twist of the
sheet, thus contacting every β-hairpin at an equivalent position.
The fold is completed with a C-terminal eight-residue helix that
also contacts the convex outside. Together, these encode the
previously annotated α-helical rich region of JPHs.

The MORN repeats directly map to the β-sheet. There are
different definitions for MORN repeats, with either 14-residue
or 23-residue lengths for a single MORN repeat. Within JPHs,
there is high sequence conservation for the first 14 residues of
each repeat, with a consensus sequence YxGxWxxGxxxGxG (SI
Appendix, Fig. S1), although some of these positions can be
altered. This conserved stretch encodes a β-hairpin that has a
striking structural similarity in all eight repeats (SI Appendix,
Fig. S1 B and C). The remaining stretches beyond these 14 resi-
dues are more varied in sequence and encode parts of the
strands, along with a loop with varied conformation and length.
Of the β-strands, 16 are thus encoded by the MORN repeats,
with an additional flanking strand on the N-terminal end. On
the C-terminal end of the β-sheet, an additional β-hairpin is
present that resembles the MORN repeats, despite missing
most consensus residues. This “pseudo-MORN” is observed for
both JPH1 and JPH2.

A direct investigation of the conserved MORN repeat resi-
dues highlights their individual functions (Fig. 1F). The first Tyr
of the repeat (Y1) forms an aromatic base platform that is typi-
cally flanked on both sides by Trp residues, corresponding to
W5 from the same and the following repeat. In four of the
repeats, an Arg residue (R10 in the MORN repeat), forms
stacking and cation–π interactions with flanking aromatic resi-
dues (Fig. 1F). Among the three glycines within the motif, G8 is
part of the β-turn.

An investigation of the interface between the backbone helix
and the β-sheet shows a striking pattern of glycine residues
within the β-sheet, encoded by G3 and G14 of the consensus
MORN sequence. Within the second MORN repeat, the

nonconserved G13 is also at the interface. Together, the system-
atic absence of side chains at the same positions in each
β-hairpin results in a long continuous “glycine valley” in which
the backbone helix can easily fit. Any other residue would cause
steric hindrance, which explains the conservation of G3 and G14

within the MORN repeats. Within the backbone helix, there is
also a selection for short residues at the interface, as most resi-
dues facing the glycine valley are alanines. Various additional
interactions are made with residues on the ridge of the glycine
valley. One of the two ridges is typically encoded by residue 2
or 15 in the MORN repeat. As this position shows no conserva-
tion, the interactions with the backbone are varied with either
hydrophobic, ionic, or general hydrophilic interactions. The
other ridge, however, is mostly made by residues 4 and 13 in
the MORN repeat. Position 4 is not conserved, but position 13
is a Tyr or Phe in the last five repeats. This Tyr forms a regular
interspersed hydrophobic platform that typically packs against
hydrophobic residues in the backbone helix (Fig. 1G).

Thus, the conserved residues in the MORN repeats serve
two structural purposes: to provide stabilizing interactions that
drive the formation of the twisted β-sheet, and to allow interac-
tions with the helical backbone.

JPHs have been proposed to form dimers (25), but the crystal
structures did not show any stable dimeric interface. To confirm
its behavior in solution, we performed size-exclusion chromatog-
raphy multiangular light scattering (SEC-MALS), which shows
that JPH, either with or without the joining region, are mono-
meric in solution (SI Appendix, Fig. S2A and Table S3). However,
both the crystallization and SEC were performed under high
ionic strength, which is required to prevent aggregation and pre-
cipitation. Thus, it is still possible that dimerization occurs under
physiological conditions.

Comparison between JPH1 and JPH2. The overall fold is very simi-
lar between both isoforms, but a large difference is seen in the
loop connecting MORN repeats 6 and 7. This normally enco-
des a long, disordered stretch, most of which was removed to
promote crystallization. In agreement with its flexibility, the
remaining residues adopt different conformations in both iso-
forms. In JPH1, the remaining loop folds back and occludes
part of the concave inside of the β-sheet, whereas in JPH2 it
interacts with a neighboring molecule in the crystal lattice (SI
Appendix, Fig. S3). In another JPH2 structure discussed in a
later section, the loop is entirely invisible. Thus, the different
conformations of the remaining stretch of the joining region
are also suggestive of high flexibility.

Fig. 1 D and E and SI Appendix, Fig. S2 B and C show elec-
trostatic surface potential maps for JPH2 and JPH1. In both
cases, a distinct cluster of positive charge is located near the
backbone helix, whereas the concave inside shows both negative
and positive clusters near the N-terminal MORN repeats. The
positive clusters may facilitate interactions with negatively
charged phospholipids in the plasma membrane.

Interactions with L-Type Calcium Channels. JPHs have been sug-
gested to bind directly to various ion channels, including L-type
CaVs (26–28) and RyRs (26). The interactions with the latter
likely reside in the C-terminal disordered region of JPH (27,
29), but the N-terminal region has been proposed to interact
with CaV directly, binding a site that is ∼50 residues down-
stream from the IQ domain in the channel’s cytoplasmic C ter-
minus (27) (SI Appendix, Fig. S4). Using isothermal titration
calorimetry (ITC) with the peptide from rabbit CaV1.1 (resi-
dues 1594 to 1609), we found that this site binds JPH1 and
JPH2, both lacking the joining region, with an affinity of ∼1 to
2 μM and a 1:1 stoichiometry (Fig. 2A and SI Appendix, Fig.
S4D and Table S4). Interestingly, when the joining region is
included, the affinity reduces to ∼8 μM, suggesting that it can
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introduce some steric hindrance (SI Appendix, Fig. S4C and
Table S4). We solved a crystal structure of JPH2 in complex
with the corresponding peptide at 2.0-Å resolution. The struc-
ture shows unambiguous electron density for 15 of 16 residues
of the peptide (Fig. 2 B and C).

The peptide binds at the N-terminal end of the protein on
the concave side of the β-sheet. Most interactions take place
with residues on the first three MORN repeats and the
N-terminal β-strand. The part of the peptide making contacts
with JPH2 spans 14 residues, starting with Glu1595 and ending
with Val1608.

The interaction is formed by hydrophobic, ionic, and H-bond
interactions (Fig. 2D). The most prominent hydrophobic inter-
actions are mediated by CaV1.1 residues Ile1597, Phe1598,
Leu1604, and Phe1605. The latter residue is completely buried
at the interface, forming part of a hydrophobic core that
includes both CaV1.1 and JPH2 residues. A pair of arginine res-
idues, encoded by CaV1.1 residues Arg1599 and Arg1600, is
involved in ionic and H-bond interactions with JPH2. The
CaV1.1 peptide also encodes two glycine residues (Gly1602 and
Gly1603) that form the beginning of a sharp turn in the pep-
tide. Both occupy regions of the Ramachandran plot that are
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rupted by a joining region, a pseudo-MORN repeat preceding a long α-helical–rich stretch, followed by a highly divergent region and ending in a short
transmembrane helix. (B and C) The crystal structures of JPH1 and JPH2 (PDBs code 7RW4 and 7RXE) showing the MORN repeats, shortened joining
region, and a long backbone helix. The conformation of the shortened joining region differs between the two isoforms. (D and E) The surface electro-
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not allowed for non-Gly residues, suggesting they are essential
to allow the sharp twist of the CaV1.1 peptide. On the
C-terminal side of this turn, the main chain of Gly1606 makes
H-bond interactions with the Arg1599 side chain. In general,
this binding profile matches a previous alanine scan using
pull-down experiments (27). A sequence alignment with other
L-type CaVs shows that these residues are conserved between
CaV1.1 and CaV1.2, contain mild substitutions in CaV1.3, but
are not conserved in CaV1.4 (SI Appendix, Fig. S4A). The motif

is also absent from non–L-type CaVs. Fig. 2E shows the loca-
tion of JPH in relation to CaV1.1, where it is on the same side
as the Cavβ1 subunit.

As JPHs are essential for muscle EC-coupling, we set out to
determine the relative contribution of this interaction. We
therefore created a mutant CaV1.1 that would no longer bind
either JPH1 or JPH2 at this site. As individual point mutations
may decrease affinity but not necessarily knock out the binding,
we mutated three residues, involved in multiple interactions, to
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alanines: the Arg1599/Arg1600 pair, as well as Phe1605
(“RRFAAA” mutant). To confirm that this knocks out binding,
we tested a peptide containing the triple mutation via ITC and
could no longer detect any binding to JPH2 (SI Appendix, Fig.
S4E). We then reconstituted dysgenic (CaV1.1-null) myotubes
with either WT or RRFAAA CaV1.1 to investigate the impor-
tance of the interaction with JPHs for CaV1.1 targeting to the
T-tubule/SR junctions. While the clustering of RyR1 appeared
unperturbed in both conditions (Fig. 3 A and B), there was a
62% reduction in clustering of CaV1.1 when the interaction
with JPHs was disrupted. Importantly, previous simultaneous
knockdown of both JPH1 and JPH2 in myotubes had shown a
much larger reduction in CaV1.1 cluster number (27), suggest-
ing that there may be additional binding determinants between
CaV1.1 and JPHs outside of this complex, or that JPHs orga-
nize other triadic proteins that help recruit CaV1.1.

Knocking out the binding site also had a small, not statisti-
cally significant effect on the magnitude of the L-type Ca2+ cur-
rents (Fig. 3C). This reduction (22% at the peak) seems small
in the context of the reduced clustering (62%), as channels that
do not receive retrograde signals from RyRs would be expected
to have much smaller currents. This suggest that many channels
are still in clusters that are smaller and below the cutoff for the

cluster size. Most importantly, the Ca2+ transients, reflective of
RyR1 activity upon depolarization of the plasma membrane,
significantly decreased by ∼44% (Fig. 3D). These results show
that the interaction, as seen in the crystal structure, is required
for normal EC-coupling, but that some degree of EC-coupling
can still occur in its absence.

Palmitoylation Sites. JPHs have been shown to associate with
the plasma membrane, leading to the notion that they bind
phospholipids directly. More specifically, phosphatidylserine
(PS) and phosphatidylinositols (PIPs) have been suggested as
ligands (2, 25). Although this classically has been assigned to
the MORN repeats, the view of MORN repeats as bona fide
binders of membranes has also been questioned (30, 31). We
grew crystals of JPH1 in the presence of 500 μM 8:0 PI(4,5)P2
or 2 mM 6:0 PS, and collected diffraction data up to 2.0-Å and
1.9-Å resolution, respectively. However, no significant differ-
ence density could be identified for either ligand (SI Appendix,
Fig. S5). This suggests that, if the MORN repeats bind PIP2 or
PS lipids as previously suggested, they may do so with a very
low affinity. In addition, it is possible that the high ionic
strength used in the crystallization conditions may lower the
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affinity, especially if the binding is driven by ionic interactions
with the phospholipid head groups.

An alternative model suggests that palmitoylation is required
for stable association of JPHs with the plasma membrane (32).
Four cysteines in JPH2 were shown to be palmitoylated, of
which three reside in the structured region that was crystallized.
Cys29 is conserved in all four JPH isoforms; Cys15 and 328 are
conserved in JPH1-3. SI Appendix, Fig. S6 shows the location of
these sites. Two of these (Cys15 and 328) are completely inac-
cessible to solvent and could thus only be palmitoylated upon
local unfolding of the protein. It is therefore unlikely that these
are major palmitoylation sites in native JPHs. Cys29, located in
between MORN1 and MORN2, is accessible, but becomes fully
buried when the CaV1.1 peptide is bound (Fig. 2D). This sug-
gests that palmitoylation of this residue and binding to CaVs at
this site are mutually exclusive.

Disease-Associated Mutations. JPHs are targets for various
disease-associated mutations. In particular, JPH2 is a hotspot
for mutations linked to HCM (15, 16, 33–37). Up to 82 of these
map directly to the crystallized region (Fig. 4A and SI
Appendix, Table S6). Functional investigation has been carried
out for only a small subset of these variants, but many of them
are predicted to destabilize the folding of JPH2. For example,
16 variants affect the interface between the backbone helix and
the β-sheet, either removing stabilizing interactions or creating
steric hindrance (SI Appendix, Table S6). The backbone helix
contains alanines that face the glycine valley, and several of
these are substituted by residues that would create steric hin-
drance. In multiple cases, JPH2 glycines adopt backbone con-
formations not allowed for nonglycine residues, but are
substituted, which would likely destabilize the fold. Six
sequence variants directly affect consensus MORN residues,
abolishing the stabilizing interactions.

Interestingly, several mutations map to the vicinity of the
CaV peptide binding region (Fig. 4 B and C). JPH2 residue
Lys77 forms ionic interactions with the N-terminal Glu1595 of
the peptide (corresponding to CaV1.2 residue Glu1740). The
K77E mutation has been linked to HCM and would disrupt
this ionic interaction. JPH2 residue Glu47 is involved in ionic
interactions with Arg1599 in CaV1.1 (corresponding to Arg1745
in CaV1.2) and the HCM-linked mutation E47A would abolish
this. To investigate this mutation further, we prepared the
E47A variant of JPH2 (residues 1 to 161, 275 to 437), but we
found this mutant to readily precipitate at the concentrations
required for ITC experiments. As the E47 side chain is also
involved in packing interactions within JPH2 (SI Appendix,
Table S6), loss of these may reduce the stability. However, ITC
experiments could be performed for a fusion with maltose-
binding protein (MBP), which show that the mutation results in
an ∼15-fold decrease in affinity (Fig. 4 and SI Appendix, Table
S4). This decrease may be a combined result of a loss of a salt
bridge, together with structural perturbations of the binding
site induced by the E47A mutation. Cardiomyopathy mutations
may act through interfering with the JPH2-CaV1.2 interaction,
but also with protein stability.

Interestingly, sequence variants have also been found in the
CaV1.1 or CaV1.2 region that interacts with JPH (SI Appendix,
Tables S7 and S8). Although none of these have been investi-
gated functionally yet, several are predicted to affect the inter-
face. In CaV1.2, three sequence variants have been found in
patients with long QT syndrome, including the I1743T mutation
which would affect substantial hydrophobic interactions with
three aromatic residues (Y52, W54, and W64) in JPH2. Inter-
estingly, the same ionic pair, targeted by the E47A mutation in
JPH2, is also affected by sequence variants in the CaV channels:
the CaV1.1 R1599W mutation was reported in a patient with
susceptibility to malignant hyperthermia and hypokalemic

periodic paralysis. Other sequence variants at the same site
(R1599P, R1599Q) and the equivalent residue in CaV1.2
(R1745M) have been reported in the gnomAD database. All of
these would abolish the ionic interactions with E47. Thus, the
interaction between JPH2 and CaV1.2 is targeted by sequence
variants on either side of the interface.

Discussion
We set out to provide structural insights into JPHs, proteins
responsible for junctional membrane complex formation. This
allows coupling between membrane proteins in the plasma mem-
brane and the ER or SR. Junctional membrane complexes are
present in nearly every excitable cell. The role of JPHs has been
most extensively studied in the context of skeletal and cardiac
myocytes, where they enable the communication between L-type
CaVs and RyRs, a prerequisite for muscle excitation–contraction
coupling.

Early on, JPHs were found to contain repeats coined
MORN, because they were thought to directly bind membranes
(1). MORN repeats have since been found in a plethora of pro-
teins, but an unambiguous binding of such repeats to biological
membranes remains to be reported. In contrast, several reports
have questioned the role of the MORN repeats in membrane
targeting. The plant type I/II phosphatidylinositol phosphate
kinase contains eight MORN repeats, but its membrane target-
ing was found to rely on a separate catalytic domain instead
(30). A thorough investigation of the Trypanosoma MORN1
protein found that it does not bind lipid vesicles (31). Although
binding to lipids could be detected, this seemed to be mediated
by binding to the hydrophobic lipid tails, inaccessible in lipid
vesicles. Using cocrystallization between JPH1 and up 500 μM
of PIP2 of 2 mM PS, we could not observe any density for a
bound ligand. This suggests that any binding of PIP2 to this
N-terminal region, if at all, is inherently very weak. Another
report suggested instead that palmitoylation of JPHs is
required for efficient membrane targeting (32), but two of the
proposed palmitoylation sites are buried, and the remaining is
at the interface with the CaV1.1 peptide. Thus, the exact role
and mechanism of plasma membrane binding of JPHs remains
enigmatic.

In contrast with this, the binding of JPHs to L-type CaVs
appears more unambiguous. Previous reports had suggested
that the C-terminal region of CaV1.1 and CaV1.2 is required for
their targeting at junctional membranes (38, 39). Pull-down
experiments showed that JPH1 and JPH2 could bind to a proxi-
mal C-terminal region, ∼50 residues downstream from the IQ
domain in CaV1.1 (27). Our ITC experiments and crystal struc-
ture show that this interaction proceeds with a Kd of ∼1 to 2
μM and involves association of this site with the first three
MORN repeats of JPH2. Critical residues in this motif are con-
served among CaV1.1 and CaV1.2, though mild substitutions
are present in CaV1.3. The motif is absent in CaV1.4 and
non–L-type CaVs. The interface residues are strongly conserved
in all four JPH isoforms, implying that all of them may associ-
ate in a similar fashion. Including the joining region reduces
the affinity to ∼8 μM, suggesting that it introduces some mild
steric hindrance. Although a low micromolar affinity may seem
modest, this needs to be seen in the context of muscle dyads
and triads, where the local concentration of these components
may be much higher by virtue of many additional interactions
with various components. Interestingly, the joining region in
JPH2 has also been proposed to bind CaV1.2 directly (28), but
our data suggest that this binding site would reside elsewhere
in the channel.

Rather than choosing individual point mutations, which may
leave residual affinity, we introduced a triple-mutation in the
CaV1.1 region that binds JPHs, removing side chains involved
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in extensive interactions. This is unlikely to affect the nearby
IQ domain, as there are ∼50 residues in between. Using this tri-
ple mutant, we found that the interface is required for normal
EC-coupling, as indicated by the reduced Ca2+-transients upon
depolarization of the plasma membrane. However, still ∼56%
remains, showing that the observed interface is not critical for

EC-coupling. It is possible that an additional binding site for
CaV1.1, formed by the joining region in JPH (28), compensates
for this loss. In comparison, knocking out the interaction
between STAC3 and the CaV1.1 II-III loop with a triple mutant
in CaV1.1 or a single point mutation in STAC3 caused a much
stronger reduction in EC-coupling (40–43). Fig. 5 shows a
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Fig. 4. Sequence variants in JPH2. (A) JPH2 sequence variants (labeled) are mapped to the crystallized JPH2 MORN-helical domain in complex with the
CaV1.1 peptide. Affected residues are shown as black sticks. (B and C) Mutants in proximity to the peptide binding site, with residue E47 from JPH2 form-
ing an ionic interaction with R1599 of the CaV1.1 peptide. (D) A representative ITC of 300 μM CaV1.1 peptide titrated into 35 μM MBP-tagged JPH2 (1 to
161, 275 to 437) (Kd = 1.8 μM). (E) A representative ITC of 750 μM CaV1.1 peptide titrated into 60 μM into the same MBP-tagged JPH2 construct carrying
the E47A mutation (Kd = 26 μM).
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schematic overview of the five proteins deemed critical for
EC-coupling (44). The strategic location of CaVβ1, STAC3, and
JPH at the interface between Cav1.1 and RyR1 suggest that all
three may cooperate in anchoring these two ion channels in
skeletal muscle triads.

Our JPH1 and JPH2 crystal structures also provide insights
to pathogenic alternative splice variants of the homologous
JPH3. Poly-CAG/CTG expansions in a variably spliced exon of
the JPH3 gene cause HDL-2 (18, 45), with the disease pheno-
type either due to the mutant JPH3 transcripts causing cell tox-
icity (45) or lack of functional full length JPH3 in HDL-2
brains (18). These alternative splice variants only encode the
first five MORN repeats of JPH3, followed by an alternative
C-terminal sequence. Thus, lacking three MORNS and the
α-helical region, such products are likely misfolded.

JPH2 forms a hot spot for sequence variants, most of which
have been found in patients with HCM. Since JPH2 is also
expressed in skeletal muscle, functional studies have also shown
effects of several mutations in skeletal muscle (46, 47).
Although only a limited number of them have been character-
ized functionally, our structures suggest that many may destabi-
lize the folding of JPH2. A subset is found at the interface with
the CaV target site and may act by reducing the affinity of this
interaction.

In future experiments, it will be important to dissect how
JPHs associate with RyRs and other ion channels.

Materials and Methods
Expression Constructs. Clones for full-length human JPH1 and JPH2 were pur-
chased from GenScript, corresponding to National Center for Biotechnology
Information entry numbers NM_020647.4 and NM_020433.5. These were used
as templates for PCR to produce clones used for ITC and X-ray crystallography.
They were cloned into a modified pET28 vector (Novagen), containing a His6-
tag, maltose-binding protein, and a cleavage site for the tobacco etch virus
(TEV) protease (48). For the JPH1 (1 to 442) construct, we also prepared a ver-
sion with a C-terminal strep tag, as this facilitated purification. SI Appendix,
Table S4 outlines the exact constructs used. Constructs with the joining region
removed were produced by overlapping extension PCR. Briefly, the cDNA
sequences of JPH2 (residues 1 to 161) and JPH2 (residues 275 to 437) were
amplified by PCR with overlapping primers in separate PCR reactions using
full-length JPH2 as the template. The two separate PCR products were used as
templates for a separate PCR using only the terminal primers, yielding the
JPH2 construct (1 to 161, 275 to 437), used for crystallization. A similar strategy
was used to produce JPH1 constructs with the joining region removed (1 to
161, 265 to 442) and (1 to 175, 265 to 442). The former allowed the formation
of crystals, whereas the latter was used for ITC experiments due to its
improved solubility. The E47A mutation in JPH2 (1 to 161, 275 to 442) was
produced via the quikchange protocol (Agilent).

Protein Expression and Purification. Proteins were expressed for 60 h in
Escherichia coli Rosetta (DE3) pLacI (Novagen) grown in autoinduction
medium (49) at 18 °C. Cells were lysed via sonication in 500 mM NaCl and
20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes) at pH 7.4
(buffer A) supplemented with 1 mM PMSF, 25 μg/mL DNaseI, 25 μg/mL lyso-
zyme, 10% (vol/vol) glycerol, and 40 mM CaCl2. Lysates were applied to
HisTrap FF Crude columns (Cytiva), washed with 10 column volumes (CVs) of
buffer A plus 20 mM imidazole, and eluted with buffer B (containing 500 mM
NaCl, 250 mM imidazole and 20 mM Hepes pH 7.4). The elution was further
purified by an amylose column (New England Biolabs), washed with 2 CVs of
buffer A, and eluted with buffer A plus 10 mMmaltose. Following cleavage of
the fusion proteins by His-tagged TEV protease for 3 h at 4 °C, the proteins
were applied to a Talon column (Clontech) in buffer A and eluted with buffer
B. The collected flow-through fractions were diluted with 50 mM Hepes pH
7.0 to a final NaCl concentration of 250mM, then applied to Resource S cation
exchange column (Cytiva) and eluted with a gradient of 300 mM to 700 mM
NaCl in 50 mM Hepes pH 7.0. The eluted protein was concentrated by using
10-kDa molelcular weight cutoff Amicon concentrators before loading onto a
Superdex75 16/600 column (Cytiva) in buffer A supplemented with 2 mM
Tris(2-carboxyethyl)phosphine (TCEP).

Crystallization and Data Collection. The JPH1 construct (1 to 161, 265 to 442)
was crystallized using sitting-drop or hanging-drop vapor diffusion at room

temperature by mixing equal volumes of protein (3 mg/mL) and well solution,
containing 0.5 M sodium acetate and 100 mM 2-(N-morpholino)ethanesul-
fonic acid (MES) at pH 6.0. Crystals were soaked in a mixture of mother liquor
and 25% (vol/vol) glycerol and flash-frozen in liquid N2. The JPH2 MORN-
helical domain was crystallized by hanging-drop vapor diffusion at room tem-
perature and by mixing equal volumes of protein (3 mg/mL) and well solution,
which contained 5% (wt/vol) PEG 4000, 0.3 M sodium citrate, and 5% (vol/vol)
isopropanol. Crystals were transferred to a cryosolution containing the
mother liquor and 25% (vol/vol) glycerol and flash-frozen in liquid N2. The
JPH2 construct (residues 1 to 161, 275 to 437) in complex with the synthetic
minimal Oryctolagus cuniculus CaV1.1 peptide (obtained from LifeTein) was
crystallized in a 1:50 ratio of JPH2:peptide by sitting-drop or hanging-drop
vapor diffusion at room temperature by mixing an equal amount of protein
and well solution, which contained 0.2 M K2SO4 and 12% (wt/vol) PEG 3350.
The JPH2-peptide complex crystals were transferred to a drop containing
mother liquor and 30% (vol/vol) glycerol before being flash-frozen in liquid
N2. Diffraction data were collected at the Stanford Synchrotron Radiation
Lightsource (SSRL) beamline BL12-2 at wavelength 0.97946 Å and 80K and the
Advanced Photon Source (APS) beamline 23-ID-D at wavelength 0.97937 Å
and 80K. Datasets were processed by using HKL2000 (50) and xia2 (51) with
SCALA (52).

Structural Determination and Refinement. JPH1 construct (1 to 161, 265 to
442) was expressed in minimal media and supplemented with seleno-
methionine and other amino acids, as described previously (53). SAD phasing
was carried out via SHELXC/D/E (54); ARP/wARP (55) was used to build an ini-
tial model of the structure of JPH1 using high-resolution native datasets at
1.31 Å. The structure of JPH2 (residues 1 to 161, 275 to 437) was solved by
molecular replacement via Phaser (56), using the JPH1 structure as the search
model and refined at 2.35 Å. The structure of JPH2 in complex with the CaV1.1
peptide was solved by molecular replacement using the structure of JPH1
alone as the search model and refined at 2.03 Å. All models were completed
with iterative cycles of manual model building in Coot (57) and refinement
with Refmac5 in ccp4 (58) and Phenix (59). All structure files have been depos-
ited in the Protein Data Bank (PDB) with accession codes 7RW4 (60) (JPH1),
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I-II loop

II-III loop
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Extracellular
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?
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Fig. 5. Essential components in skeletal muscle excitation-contraction cou-
pling. Voltage-dependent conformational changes in the α1s subunit of
CaV1.1 are transmitted mechanically to RyR1, located in the SR membrane.
The CaVβ1 subunit, STAC3, and junctophilin are essential in this process, and
all three are anchored to disordered regions of α1S (note: the CaVβ1 subunit
is visible in cryoelectron microscopy structures of CaV1.1, but has poor local
resolution, indicating its mobility). Possibly, all three may become immobi-
lized upon interactions with RyR1 that remain to be identified.
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7RXE (61) (JPH2), and 7RXQ (62) (JPH2 complex). For 7RW4, 98.11% and
1.89% of residues are in favored and allowed Ramachandran plot areas
respectively. For 7RXE, 95.75% of residues are in favored areas and 4.28% are
in allowed areas. For 7RXQ, 97.52% of residues are in favored and 2.48% are
in allowed areas. No residues from the three structures are Ramachandran
plot outliers.

Isothermal Titration Calorimetry. All proteins were concentrated and dialyzed
against 500 mM NaCl, 20 mM Hepes pH 7.4, and 2 mM TCEP at 4 °C. The syn-
thetic CaV1.1 peptide was dissolved in the dialysis buffer. Protein concentra-
tions were determined with the Edelhoch method (63). Titrations consisted of
20 injections of 2 μL with concentrations noted in the figure legends. Experi-
ments were performed at 25 °C and using a stirring speed of 750 rpm on an
ITC200 instrument (GE Healthcare). All data were processed by using Origin
(v7.0), and isotherms were generated by following a point-by-point subtrac-
tion of a reference titration of ligand into buffer.

SEC-MALS. Oligomeric states of various JPH1 and JPH2 were analyzed using
SEC-MALS. A 100-μL sample of 1.5 mg/mL purified JPH were applied to a
Superdex200 10/300 GL column (GE Healthcare) using a 1260 Infinity LC HPLC
(Agilent Technologies). The mobile phase was 20 mM Hepes, 500 mM NaCl, 5
mM TCEP, pH 7.5 with a flow rate of 0.5 mL/min. Light-scattering data were
collected using a miniDAWN TREOS MALS device (Wyatt Technologies) and
the molecular masses were determined by applying a sphere model using the
ASTRA6 program (Wyatt Technologies).

Dysgenic Myotube Culture and Transfection. Cloning procedures for GFP-
CaV1.1 were previously described (64). The triple RRFAAA mutation was intro-
duced by PCR with overlapping extensions. Briefly, the cDNA of CaV1.1
(nucleotides 4483 to 5622) was amplified with overlapping mutagenesis pri-
mers in separate PCR reactions using GFP-CaV1.1 as template. The two PCR
products were then used as templates for a final PCR with flanking primers to
connect the nucleotide sequences. The obtained fragment was digested with
BglII/AvrII and finally inserted in the corresponding sites of GFP-CaV1.1, yield-
ing GFP-CaV1.1-RRFAAA. Myotubes of the dysgenic (mdg/mdg) cell line were
cultured as previously described (65). At onset of myoblast fusion, 4 d after
plating, cells plated on 35-mm dishes were transfected with 0.5 μg of CaV1.1
cDNA using FugeneHD (Promega).

Immunocytochemistry. Paraformaldehyde-fixed cultures were double immu-
nolabeled with the polyclonal rabbit anti-GFP antibody (serum, 1:10,000,
A6455 Thermofisher Scientific) and the monoclonal mouse anti-RyR (34C,
1:500, MA3-925 Thermofisher Scientific) and with Alexa-488 and Alexa-594,
respectively, as previously described (66). The 14-bit images were recorded
with a cooled CCD camera (SPOT) and Metaview image processing software.
Image composites were arranged in Adobe Photoshop CS6 and linear adjust-
ments were performed to correct black level and contrast.

Clustering Quantification. Clusters of CaV1.1 and RyR1 were quantified from
acquired images by ImageJ software (NIH), as previously described (27).
Briefly, the acquired images were converted to binary images using the
intermodes threshold and particles larger than 0.198 μm2 were counted as
clusters. The number of clusters of 30 myotubes from three separate experi-
mentswere counted. Graphs and statistical analysis (Student's t-test) were per-
formed using the Graphpad software.

Electrophysiology and Fluorescent Calcium Measurements. Calcium currents
were measured at room temperature using whole-cell patch-clamp technique
in voltage-clamp mode. The patch pipettes (borosilicate glass, Sutter Instru-
ments) had resistance of 2 to 4 MΩ when filled with: 145 mM Cs-aspartate, 2
mM MgCl2, 10 mM Hepes, 0.1 mM Cs-EGTA, 2 mMMg-ATP, and 0.2 mM Fluo-
4, with pentapotassium salt to record calcium transients (pH 7.4 with CsOH).
The extracellular bath solution contained: 10 mM CaCl2, 145 mM tetraethy-
lammoniumchloride, 10 mM Hepes (pH 7.4 with CsOH). All recordings were
performed with an HEKA amplifier (Harvard Bioscience). Voltage was stepped
from the holding potential (�80 mV) to varying step potentials (from �60 mV
to+80mV) in steps of 10 mV for 500 ms. The current-voltage dependencewas
fitted according to: I = Gmax(V � Vrev)/(1 + exp(�(V � V1/2)/k)), where Gmax is
the maximum conductance of CaV1.1, Vrev is the extrapolated reversal poten-
tial of the calcium current, V1/2 is the potential for half-maximal conductance,
and k is the slope. The voltage dependence of Ca2+ transients were fitted
according to: ΔF/F = (ΔF/F)max/(1 + exp(�(VF � V)/kF)) where (ΔF/F)max is the
maximum fluorescence change,VF is the potential causing half of themaximal
fluorescence change, and kF is the slope. SigmaPlot (v12.0; SPSS) was used for
statistical analysis and curve fitting and Graphpad Prism (v9.1.2) was used to
make the figures. All data are presented as mean ± SEM. Statistical compari-
sons of I � V and ΔF/F � V values at different voltages were obtained using a
two-way repeated measures ANOVA. Statistical comparison of the fit parame-
ters were obtained by using a Student's t-test.

Data Availability. The atomic coordinates have been deposited in the Protein
Data Bank, www.wwpdb.org (PDB ID codes 7RW4, 7RXQ, and 7RXE).
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