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Abstract

Junctophilin-2 (JP2) is a key structural protein of junctional membrane complexes (JMCs) that stabilize contacts between the sarcoplasmic
reticulum and transverse tubules required for excitation-contraction (EC) coupling in cardiomyocytes. Under pathophysiological conditions,
theintracellular cysteine protease Calpain activated by disturbed intracellular Ca?* homeostasis cleaves JP2 and, hence, disturbs EC coupling. In
return, the primary N-terminal JP2 cleavage fragment (NT)) translocates into the nucleus, where it accumulates in dense local spots associated
with gene-rich euchromatin and proposedly acts as a cardioprotective transcriptional regulator in heart failure. Secondary cleavage events
by Calpain or other proteases may further alter the function of JP2. After recently revealing the complete spectrum of JP2 cleavage fragments
generated by Calpain proteolysis, we provide here an update about the position of the Calpain cleavage sites relative to the structural
environment of JP2 in JMCs and how heart disease-associated gene variants of JP2 could affect the proteolytic regulation by Calpain.
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Introduction

Calpains are Ca®*-activated cysteine proteinases cleaving
specific substrates in Ca*" signaling pathways involved in
a wide variety of biological functions. Among 15 known
Calpain isoforms, Calpain-1 and Calpain-2 are most
common and ubiquitously expressed in mammalian cells
[1,2]. Calpain activation has been reported to be involved

in various neurodegenerative [3], neuromuscular [4], and
cardiac disorders [5,6]. The development and testing of
Calpain inhibitors as therapeutic agents is the subject of
intense ongoing research [3,5,7]. One emerging target of
Calpain cleavage under pathophysiological conditions is
Junctophilin-2 (JP2) [8,9]. Recently, we systematically analyzed
the JP2 cleavage products as a function of Calpain-1 versus
Calpain-2 proteolytic activities [10]. Together with newly
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available structural data for JP2 [11], our work provides new
insights into the proteolytic regulation of JP2 by Calpain
relevant for biomedical research as described below.

Calpain-Specific Cleavage Sites of JP2 and Its
Structural Environment

Full-length JP2 is an important structural protein stabilizing
junctional membrane complexes (JMC) between the
sarcoplasmic reticulum (SR) and Transverse (T-) tubules, i.e.,
plasma membrane (PM) invaginations in cardiomyocytes
[12,13]. JMCs couple the action potential propagation along
the PM and T-tubules with the release of the secondary
messenger Ca** from the SR lumen that serves as Ca?* stores.
In striated muscles, membrane depolarization-induced Ca?*
release mediates a cascade of signaling events that leads to
cell contraction, i.e., a process known as excitation-contraction

(EC) coupling [13]. Under disease conditions, a disturbed
intracellular Ca** homeostasis can lead to persistent, pathologic
activation of Calpain cleaving JP2 and, hence, disrupting
JMGs. In return, loss of JMCs and maladaptive ultrastructural
remodeling of T-tubules causes abnormal EC (un)coupling
that contributes to impaired cardiac performance, rhythm
disorders, or muscle weakness [9,14].

To stabilize JMCs, JP2 interacts with the PM directly or
indirectly through binding to voltage-dependent L-type Ca**
channels (LTCC) and SR membrane at its N- and C-terminus,
respectively (Figure 1) [11]. l.e.,, JP2 possesses eight highly
conserved N-terminal Membrane Occupation and Recognition
Nexus (MORN) motifs that were traditionally thought to
mediate binding to certain phospholipid head groups at
the inner leaflet surface of PM/T-tubules and a C-terminal
transmembrane domain (TM) tail-anchors JP2 into the SR
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Figure 1. Position of the primary and secondary Calpain cleavage sites in the JP2 structure model. The crystal structure of a JP2 N-terminal
fragment is shown in cartoon (PDB: 7RXE) comprising MORN motifs 1-6 (green), MORN motifs 7-8 (light green), and a-helix (blue). The
unresolved structures of the flexible joining region (connecting MORN motifs 1-6 and 7-8) and the C-terminal divergent region are illustrated
as grey dotted lines, the tail-anchor TM domain as blue cylinder. The joining region and the divergent region represent hot spots for Calpain
cleavage. Initially, Calpain preferentially cleaves murine JP2 at R565 in the divergent region (red scissors). Subsequently, three secondary
Calpain cleavage events (black scissors) occur, i.e., two in the joining region (at S164 and at a.a. ~250) and one in the divergent region (near
TM). Interactions between JP2 and RyR (yellow cryo-EM density map) seem to be protective against Calpain cleavage of JP2. The MORN
motifs of JP2 interact with the PM / T-tubules directly or indirectly through binding to L-type Ca** channel. For the sake of clarity, RyR and JP2
are depicted at different scales.
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membrane [12,15,16]. Interestingly, the recently reported
crystal structure of an N-terminal JP2 fragment shows the
MORN motifs formed as [-hairpins that are included in a
19-stranded antiparallel {3-sheet [11]. The B-sheet has a
twisted shape similar to a cradle being concave at the inner
and convex at the outer surface. The convex surface is bound
to along a-helix (aH) forming a stabilizing backbone along the
B-sheet cradle (Figure 1). The N-terminal concave surface acts
as a binding site for a C-terminal peptide of rabbit Ca 1.1 (a.a.
1594-1609) [11]. Ca,1.1 (skeletal isoform) and Ca,1.2 (cardiac
isoform) are pore-forming a1 subunits of LTCC that function as
voltage sensors in T-tubules [17,18]. JP2-LTCC interactions may
thus contribute to indirect T-tubule binding of JMCs through
LTCCs and efficient nanodomain EC coupling.

The joining region, which is a long flexible linker between
MORN1-6 and MORN7-8, and the divergent region connecting
aH and TM are unresolved in the JP2 crystal structure [11] and
AlphaFold2 predictions (UniProt protein ID: Q9BR39) [19,20],
presumably because of higher intrinsic disorder [10,11]. In our
recent publication, we showed that the joining region and
divergentregion of JP2 represent hot spotsfor Calpain cleavage
sites using in vitro calpain cleavage assays of purified proteins
[10]. Calpain preferentially cleaves mouse JP2 in the divergent
region at residue R565. Subsequently, three secondary
Calpain cleavage events occur, i.e., two in the joining region
at residues S164 and ~250 and one in the divergent region
near the TM domain (Figure 1). Increased protein instability
by, inter alia, Calpain digestion has been associated with the
presence of PEST motifs, which are local protein sequence
regions rich in proline (P), glutamate (E), aspartate, and serine
(S) or threonine (T) residues [21-23]. Indeed, the primary and
secondary Calpain cleavage sites of mouse JP2 are in close
proximity to predicted PEST sequence signatures, two in the
joining region and three in the divergent region. Interestingly,
the PEST motif with the highest score (a.a. 565-589, score:
26.85) overlaps with the primary Calpain cleavage site of JP2
at R565 [10]. PEST sequences are frequently characterized by
higher protein backbone flexibility [24], which may enable a
better steric accessibility and broad conformation spectrum
for diverse interactions of the joining region and divergent
region.

Since aH forms a backbone stabilizing the MORN maoitifs,
the nanometric (~15 nm) dyadic cleft between PM and SR is
supposedly bridged by the divergent region instead of aH as
previously proposed in most JP2 topology models. This would
place the divergent region in an exposed central position and
make it easily accessible to Calpain digestion if not protected
by protein interactions. Interestingly, both the joining region
[25] and divergent region [26] have been reported to interact
with the Ryanodine Receptor (RyR), a huge (>2.2 MDa)
tetrameric SR Ca** release channel in JMCs [27-29]. These JP2-
RyR interactions may protect JP2 against Calpain cleavage by
covering the Calpain cleavage sites (Figure 1). We showed

that knockout of RyR2 (cardiac isoform) in 2-month-old
human iPSC-derived cardiomyocytes destabilizes full-length
JP2 resulting in an increase of the Calpain-specific primary
cleavage fragments, while RyR2 appeared to be more resistant
to Calpain cleavage than JP2 in cardiomyocyte lysates treated
with Calpain-1 or -2 [10]. Hence, RyR2 seems to shield JP2
against Calpain-dependent cleavage presumably through
protein-protein interactions.

Genetic JP2 Variants

LTCC binding and interactions with other JMC components
supposedly support JP2-RyR2 interactions enriched in higher
local concentrations in JMCs, while JP2 variants may alter
calpain cleavage and disrupt protective RyR2 or LTCC binding.
JP2 genetic variations have been mainly associated with
hypertrophic cardiomyopathy [25,30-35], however, 82 variants
localize directly to the recently crystalized MORN-aH domains
[11] and more than 140 variants to the full-length JP2 protein
(Figure 2). As little functional characterization exists for JP2
variants particularly the large number of putative missense
mutations, the structural prediction of pathogenic or misfolded
products provides avenues for new mechanistic rationales. l.e.
first, 6 JP2 variants (G21E, W64*, G117C,Y129D, G136S, G142%)
directly alter highly conserved consensus MORN residues,
predicted to abolish their stabilizing interactions [11]. Second,
replacement of JP2 glycine residues that contribute to aH
binding may destabilize the correct B-sheet folding of the
MORN repeats [11]. Third, the backbone helix aH contains
alanine residues organized in a highly conserved heptad
repeat pattern aligning with the 3-sheet’s glycine valley such
that substitution by 16 variants, likely missense mutations, can
create steric hindrance or destabilize binding of the backbone
helix aH [11].

Moreover, a number of JP2 variants may affect substrate
recognition by Calpain or prevent cleavage. Of special
interest are JP2 variants that are located in the joining region
or divergent region close to Calpain-specific cleavage sites
(Figure 2). A direct JP2 variant of the primary Calpain cleavage
site conserved in human JP2 at R572is R572C[13]. Importantly,
R572C is a Arg-to-Cys missense mutation of the scissile bond
in the primary cleavage site (569-YAVR{TTPP-576). According
to Calpain cleavage predictions, arginine is a preferred
residue on the N-terminal side of the scissile bond (P1) while
the mutation to cysteine renders the P1 position disfavored
for Calpain cleavage [23,36]. Hence, the R572C variant is
predicted to be a less suitable Calpain substrate than WT JP2.
Accordingly, the computational tools GPS-CCD (v1.0) [37] and
LabCaS [38] determined substantially lower cleavage score
values for R572C (GPS-CCD score: 0.75; LabCaS score: 0.0026)
than for WT JP2 (GPS-CCD score: 1.02; LabCaS score: 0.0044)
(Figure 3A).The R572C variant has been linked to hypertrophic
cardiomyopathy but is otherwise undescribed and effects of
R572C on Calpain cleavage have not yet been reported. The
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Figure 2. Distribution of heart disease-associated JP2 variants versus Calpain cleavage site positions mapped on human JP2 protein
domains (UniProt protein ID: Q9BR39) including N-terminal MORN motifs 1-8 (cyan), joining region (grey), a-helix (magenta), divergent
region (grey), and C-terminal TM (red). The primary and secondary Calpain cleavage sites are indicated by red and black scissors,
respectively. Hypertrophic cardiomyopathy-linked variants are marked in red, dilated cardiomyopathy-linked variants in blue, and variants
with unknown disease association in black. Genetic variants near Calpain cleavage sites are shown above scissors symbols. The genetic
variant R572C (bold) directly overlaps with the primary Calpain cleavage site at R572, while T161K, S165F, S165N172delinsH, S168R, E169K
(bold) directly overlap with the secondary Calpain cleavage site at S164. For details about the genetic variants identification please refer
to Lehnart and Wehrens, 2022 [13].
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suitable Calpain cleavage sites than WT JP2.
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Figure 3. Genetic variants of (A) the primary Calpain cleavage site of human JP2 at R572 and (B) the secondary Calpain cleavage site at S164.
Genetic variants are highlighted in red. Prediction scores for the Calpain cleavage sites were calculated using the computational tools GPS-
CCD and Lab(aS. Substantial decrease in both prediction scores is observed for (A) the genetic variant R572C in primary cleavage at R572
and for (B) S165F and S165N172delinsH (delins) in secondary cleavage at S164, i.e., these genetic variants are predicted to represent less

GPS-CCD LabhCaS
P3' P4' P5' Score Score
P P E-577 1.02 0.0044
P P E-577 0.75 0.0026
R S E-169 1.04 0.0074
R S E-169 1.00 0.0049
R S E-169 0.64 0.0015
R R E-169 0.80 0.0042
R S K-169 1.04 0.0084
T V A-169 0.54 0.0025

same is true for several other hypertrophic cardiomyopathy-
linked JP2 variants in the divergent region near R572, e.g.,
R522Q, P535T, R542L, A553V, E593G, P596L, S597W, T608K,
E613G, E623Q, 1627V, K630Q [13]. JP2 variants that introduce
a stop codon at Q549 or at Q564 preventing synthesis of
full-length JP2 (incl. C-terminal TM) have also been linked to
hypertrophic or dilated cardiomyopathy, respectively [13].

Inthejoining region of JP2, several genetic variants associated
with hypertrophic or dilated cardiomyopathy are clustered
near the secondary Calpain cleavage site of JP2 at S164 (e.g.,
V153A,R156C, P158L, L159Q, T161A, S165F, ST65N172delinsH,
S168R, E169K, G173R) and at ~250 (e.g., R231Q, E234K,
T237A, S241R, A261V, S265R) [10,11,13]. The Calpain cleavage
site of mouse JP2 at S164 is conserved in human at S164
(161-TSLSYSLRS-168) [10]. In the S165F variant, the C-terminal
side of the scissile bond (P1’) is mutated from serine to
phenylalanine substituting a favored for a disfavored residue
in P1'[23,36]. Indeed, GPS-CCD [37] and LabCaS [38] calculate
substantially lower cleavage scores for S165F compared to WT
JP2 (Figure 3B). The same applies to the S165N172delinsH
variant, in which a.a. 165-172 are replaced by one histidine
residue (Figure 3B). Both variants are linked to hypertrophic
cardiomyopathy [30,39]. S165F mutation of JP2 has been
reported to abolish phosphorylation by protein kinase C (PKC)
and reduce EC coupling in skeletal myotubes [40]. If the S164F
variant or the putative PKC phosphorylation of JP2 at S165
affects secondary Calpain cleavage events at $164 or ~250 is
yet unknown. The Calpain cleavage of JP2 at S164 is directly
overlapping with three more genetic variants, i.e, T1I61A (in
P4), S168R (in P4’), and E169K (in P5'), indicating high genetic

variation around S164. E169K has been implicated in atrial
fibrillation pathogenesis due to reduced binding of JP2 to
RyR2 [25]. Thus, the region around the Calpain cleavage site
S164 seems to be directly involved in JP2-RyR2 interactions.

Hence, geneticvariations may affectthe proteolyticregulation
of JP2 by Calpain due to altered cleavage site preferences or
steric accessibilities. In return, altered JP2 stability or altered
cleavage fragments could moderate a different response to
Calpain activation in heart failure.

Nuclear Translocation of NT,

Calpain proteolytic regulation alters the function of JP2.
After the loss of TM due to Calpain cleavage of JP2 at R565,
the N-terminal fragment (NT,) translocates into the nucleus,
where it is proposed to function as a cardio-protective
transcriptional regulator in heart failure [10,41]. We observed
increased intranuclear NT, in isolated mouse cardiomyocytes
treated with Ca?*/lonomyocin and in hiPSC-CMs after
RyR2-KO [10]. Hence, the lipid-protein and protein-protein
interactions of NT, in the JMC environment are not strong
enough to keep NT, associated with T-tubules (incl. LTCC)
or SR (incl. RyR2) once the C-terminal TM domain is cleaved
off. As supposedly responsible for the nuclear translocation,
two highly conserved nuclear localization signals (NLS) have
been discovered in the sequence of mouse JP2, namely a
bipartite NLS (a.a. 345-359) located directly in front of aH
[41] and a monopartite NLS (a.a. 484-492) in the divergent
region [42]. Thus, NT, (JP27%%%) retains both NLS after primary
Calpain cleavage. Interestingly, Lahiri et al. reported nuclear
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translocation of an alternative C-terminal JP2 fragment after
Calpain-2 specific cleavage of mouse JP2 at residue G482 [42].
Accordingly, the C-terminal JP2 cleavage product (CTP) would
contain the monopartite NLS (a.a. 484-492). Since blocking
of CTP nuclear translocation protected cardiomyocytes from
developing isoproterenol-induced hypertrophy in vitro, Lahiri
et al. proposed a maladaptive role of CTP in heart failure
development contrary to the cardio-protective of NT, [42].

However, we could not confirm Calpain-2 cleavage of JP2 at
G482 or nuclear translocation of a C-terminal JP2 fragment. l.e.
first, deletion mutation A479-486 did not alter the cleavage
pattern of purified JP2 by Calpain-1 or -2 compared to WT,
whereas A563-568 completely abolished the primary Calpain
cleavage event for both isoforms [10]. Second, our confocal
and STED (Stimulated Emission Depletion) imaging of Ca?*/
lonomycin-treated cardiomyocytes and hiPSC-CM RyR2-KO
did not detect intranuclear signals after immunostaining
against a C-terminal JP2 epitope (JP2 antibody H-3, sc-377086,
Santa Cruz) butimmunodetected NT, (JP2 antibody 70R-6923,
Fitzgerald). Similarly, Wang et al. could only detect primary
Calpain cleavage of JP2 at R565 but not at G482 using in vitro
calpain cleavageassays of recombinantHEK293 overexpression
lysates [43]. Contrary to our findings, they reported higher
proteolytic efficiencies for Calpain-1 compared to Calpain-2
in cleaving JP2 and other cardiac substrates (incl. Troponin T,
Troponinl,and B2-spectrin) overexpressed in HEK293 cells [43].
Different recombinant overexpression levels of Calpain-1 vs
Calpain-2in the crude cell lysates may explain the discrepancy
in the apparent proteolytic efficiencies. In untreated 2-month-
old hiPSC-CM, we observed a closer association between JP2
and Calpain-2 compared to Calpain-1 [10]. Future studies
are needed to explore in detail the (patho-)physiological
activation conditions and Calpain isoforms responsible for JP2
cleavage at which cleavage site(s).

Strikingly, our work demonstrates that intranuclear NT,
organizes in small dense accumulation spots, spatially
associated with transcriptionally active euchromatic regions,
where NT, is proposed to bind through an alanine-rich
region DNA binding motif to TATA box motifs to repress
heart disease-reactive MEF2-dependent gene expression
[10,41]. Transcriptionally permissive euchromatin is often
segregated from transcriptionally repressed heterochromatin,
giving rise to the A and B compartments, respectively [44,45].
Euchromatin is further organized into transcriptionally
active pockets interspersed by inactive domains [46,47]. As a
potential mechanism for the exclusion of inactive chromatin
from the active compartment high levels of RNA and RNA-
binding proteins in the active nuclear compartment has been
proposed [48]. Moreover, within the active compartment
and favoring the selective retention of active chromatin,
transcribed genes often associate with assemblies of RNA
polymerasell, transcriptionfactors,and RNA transcripts [49-51].

Recently, small-scale microphases have been demonstrated
that form the typical pattern of euchromatin organization,
where RNA remains tethered to transcribed euchromatin
through RNA polymerases [52]. Hence, while it remains to be
fully established at the euchromatin level, it seems plausible
that NT, accumulates in separate small transcriptionally active
pockets to repress reactive MEF2-dependent genes.

Conclusion

JP2 is an important structural protein of JMCs required for
efficient EC coupling [13]. The Calpain proteolytic regulation
alters the function of JP2 in cardiomyocytes. After the
loss of the C-terminal TM domain, the primary N-terminal
cleavage fragment NT, translocates into the nucleus, where
it accumulates in dense local spots associated with gene-
rich euchromatin and proposedly acts as a cardioprotective
transcriptional regulator in heart failure [10,41]. JP2
interactions with RyR2 and its structural environment in
intact JMCs seem to be protective against Calpain cleavage
[10]. Genetic variants of JP2 can weaken these protective
interactions making JP2 easier accessible to Calpain or directly
alter the cleavage site preferences in JP2. Alteration in JP2
stability or in JP2 proteolytic fragmentation could moderate a
different response to Calpain activation in heart failure. After
recently revealing the complete spectrum of JP2 cleavage
fragments generated by Calpain proteolysis [10], we assigned
here for the first time genetic JP2 variants directly to Calpain
cleavage sites. In particular, R572C and S165F are predicted
to impair the Calpain-specific primary cleavage site of JP2 at
R572 and the secondary cleavage site at S164, respectively.
On the other hand, E169K proposedly weakens protective
JP2-RyR2 interactions [25] without directly interfering with
Calpain cleavage prediction scores (Figure 3). Future studies
are wanted to elucidate if these hypertrophic cardiomyopathy-
linked variants have an impact on the proteolytic regulation of
JP2 by Calpain.
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