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Abstract

The junctional sarcoplasmic reticulum (jSR) is a critical organelle in cardiomyocytes, regu-
lating calcium homeostasis and Excitation–Contraction Coupling (ECC). A quantitative
understanding of its protein composition is essential for investigating cardiac physiology
and related pathologies. However, isolating intact jSR vesicles, particularly those enriched
in membrane proteins, remains a challenging task. Here, we describe our optimized
protocol for reproducible enrichment of jSR vesicles from a single murine heart, without
the use of antibodies. The protocol enables the recovery of low-abundance membrane
proteins while preserving their native interactions with partners. This strategy facilitates
the straightforward identification by Mass Spectrometry of highly relevant yet challenging
jSR proteins, including the cardiac Ryanodine Receptor and calsequestrin. Our protocol
provides a robust tool for studying the structural and stoichiometric organization of the
cardiac jSR components in a widely used animal model.

Keywords: sarcoplasmic reticulum; membrane protein; proteostasis; mass spectrometry;
cardiac pathologies

1. Introduction

1.1. The Pathophysiological Relevance of the Cardiac jSR Compartment

The terminal portion of the sarcoplasmic reticulum (SR), namely the junctional SR (jSR),
is a highly specialized compartment enriched in Ca2+, crucial for the function of skeletal
and cardiac myocytes [1,2]. Different from the longitudinal SR (lSR), which extends along
the entire length of the sarcomeres, this specialized region is only found at the sarcomere
Z-lines, in physical proximity (less than 20 nm) to the sarcolemmal invaginations, known as
T-tubules [1,3,4], and mitochondria [5,6]. As the action potential is uniformly and quickly
propagated throughout the entire volume of the cell by T-tubules, it triggers the coordinated
release of Ca2+ ions from the jSR into the cytosol, and thus synchronized myofilament
contraction [7]. This process, known as Excitation–Contraction Coupling (ECC), is initiated
by the voltage-gated calcium channels (L-type Ca2+ channels, i.e., CaV1.2) in the T-tubules,
which open in response to membrane depolarization [2,7]. In the cardiac setting, the local
Ca2+ concentration increases in the narrow dyadic space between the T-tubule and the jSR,
which in turn opens the nearby RyR2 Ca2+ channels (cardiac Ryanodine Receptor) [7,8].

RyR2 is organized in clusters so that Ca2+ release events can be amplified and coordi-
nated, spatially and temporally, to generate an efficacious cytosolic Ca2+ transient. Overall,
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the complex composed of a RyR2 cluster and a related modulator protein membrane is
named the Ca2+ release unit (CRU). Along with those proteins directly modulating RyR2
activity, the proteome machinery of the jSR also supports the high-capacity storage of Ca2+

ions [9]. Of the luminal Ca2+ binding proteins, while cardiac calsequestrin (CASQ2) is
known to be a jSR-specific component, the histidine-rich Ca2+-binding protein (HRC) has
been found either in proximity to RyR2 or the sarco(endo)plasmic reticulum Ca2+-ATPase
(SERCA) pumps for Ca2+ reuptake, distributed along the lSR membrane [10].

The precise spatial organization of these proteins at the nanometer scale, and more
critically of the CRU machineries, allows the highly coordinated and rhythmic contractions
of the heart [11]. Within the CRU, the single-pass transmembrane proteins Tradin (TRDN)
and Junctin (JNT) [12,13], and the luminal CASQ2, are known to modulate RyR2 opening
and refractoriness. Non-sense or missense mutations in any of these CRU components affect
ECC. Among the multiple hereditary diseases associated with genetic mutations of the
cardiac CRU components, Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT)
is one of the most severe. The bidirectional/polymorphic ventricular tachycardia typical of
CPVT is triggered by emotional stress or physical exercise in patients with a structurally
normal heart [14–17]. Since the first identification of a CPVT causative mutation in RyR2 in
2001 [18], dozens of mutations in proteins of the CRU have been discovered and associated
with the disease. The three most prevalent forms of the pathology are distinguished
according to the mutated gene: either RYR2, CASQ2, or TRDN. The dominantly inherited
CPVT type 1, related to mutations of the RYR2 gene, accounts for up to 70% of CPVT
cases [19]. CPVT type 2 is caused by a genetic defect on CASQ2 [20], and can show
either a dominant or recessive inheritance [21]. CPVT type 5 is the rarest form. It is
recessively inherited and caused by the loss of function of TRDN [22]. All CPVT forms
feature Ca2+ overload within the jSR and increased RyR2 permeability to Ca2+. The most
accredited hypothesis is that Ca2+ leakage from a few RyR2 channels triggers spontaneous
Ca2+ release from the neighboring ones in a positive-loop cascade. This, in turn, leads to
non-electrically triggered contraction of the cardiomyocyte, degenerating to ventricular
arrhythmia (VT) [17].

1.2. A Protocol for the Enrichment of Cardiac jSR Vesicles in Their Native State

Despite the extreme clinical relevance of the jSR compartment, its molecular compo-
sition and organization are poorly described. Among the technical difficulties that the
study of this specialized domain poses, its isolation and separate characterization remain
one of the most limiting challenges. The relatively high proportion of transmembrane
proteins with respect to membrane lipids [23], the high sensitivity to subtle ionic variations
in the soluble protein machinery [21], and its architectural complexity at the boundary
between T-tubules and mitochondria [5,6] complicate the procedures for enrichment of the
jSR components and the maintenance of protein complexes in their native form.

In this study, we present an enrichment protocol to obtain jSR vesicles from a single
wild-type (WT) murine heart. This method enables the efficient recovery of intact mem-
brane proteins in their native state, hence without the need for detergents (often required
to solubilize such proteins, but can disrupt native interactions). The robustness of the
enrichment and the preservation of the molecular interactions are proven by the repro-
ducible detection of notorious low-abundance membrane proteins, such as RyR2, TRDN,
and JNT, and other proteins physically tethered to the jSR compartment, such as JPH2 and
CaV1.2. The qualitative MS technique allowed us to profile SR membrane proteins with
high sensitivity, overcoming traditional limitations in detecting these hydrophobic proteins.
This study aims to demonstrate the protocol’s suitability for proteomic investigations on
the structural organization of the jSR.
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1.3. Interspecies Differences in the Cardiac jSR Compartment

While the protocol here described for the enrichment of native jSR vesicles from WT
murine samples is rapidly transferable to any of the multiple murine models of cardiac
pathologies, it is imperative to acknowledge the nuances when analyzing other animal
models or extrapolating findings to human settings, particularly concerning membrane
lipid composition and the composition and stability of CRU components.

More specifically, it is well-established that murine RyR2 is more prone to spontaneous
Ca2+ release events than human ones, indicating a less stable closed state or higher intrinsic
leakiness. Among the other species, it is rabbit RyR2 that, particularly under diastole-like
conditions, best replicates the functional attributes of human RyR2 [24]. Notably, these
species differences persist even when isolated RyR2 is studied under identical in vitro
conditions, suggesting that they are consequences of intrinsic differences in partnering
proteins (such as FKBP12.6) [25] and membrane lipid composition [23,26,27]. Known
differences in CASQ2 abundance and its vulnerability to loss during isolation explain
the significantly lower levels of CASQ2 recovered in SR vesicles in sheep with respect
to samples obtained from murine or rat tissues [28]. Regarding the membrane lipid
milieu, the heart of small rodents has strikingly more polyunsaturated fatty acids and
polyunsaturated cardiolipin acyl chains than larger animals [26,27]. These differences in the
membrane fluidity directly affect the open/closure equilibrium of membrane proteins such
as SERCA [29] and, by extension, it is expected to influence RyR2 function and clustering.

Beyond the properties of individual proteins, the architecture and protein composition
of the CRU widely differ between mice, pigs, and humans. Compared to pigs and humans,
rodents feature a higher density of RyR2 and SERCA2 to support their rapid 600+ bpm
heart rates, as well as other accessory jSR proteins like junctophilin-2 (JPH2), TRDN, and
JNT [30].

In conclusion, while our protocol provides a valuable foundation for murine jSR
proteomics, translating these insights to human cardiac ECC necessitates a rigorous con-
sideration of species-specific molecular landscapes. Future investigations leveraging this
protocol should diligently account for these potential disparities in membrane composition,
protein stability, and quantificational challenges, employing cross-validation with human
cellular models where feasible to bridge the translational gap.

2. Results

2.1. Protocol for jSR Vesicles Preparation

2.1.1. Sample Homogenization and Isolation of the Microsomal Fraction
Collection of the Heart Tissue

The first step, critical for the quality of the prepared sample, is the collection of
the mouse heart (about 100–120 mg of tissue). Hearts are excised from C57BL/6N mice
after euthanasia performed by cervical dislocation. Comparison of the results obtained
after direct treatment of freshly isolated tissues, or instead freshly fast-frozen in liquid
nitrogen, clearly indicates a major degradation of the proteins of interest for the fresh,
unfrozen samples (Figure S1). Thus, it is recommended to use fresh tissues that have been
immediately fast-frozen in liquid nitrogen just after isolation, as this minimizes degradation
processes that may otherwise hamper the enrichment reproducibility and the physiological
integrity of the enriched portion. A scheme of the entire protocol for the preparation of jSR
vesicles is shown (Figure 1).

Homogenization of the Heart Tissue

In total, 1.5 mL of Homogenization Buffer was added to each flash-frozen mouse heart
before homogenization with a bead-beater (see Methods Section 4.2.2) [31]. Unlike our



Int. J. Mol. Sci. 2025, 26, 8602 4 of 18

enrichment protocol, the standard homogenization procedure involved grinding frozen
tissue using a pestle and mortar in liquid nitrogen vapors, followed by resuspension
in a Homogenization Buffer and a sonication cycle for a minimum of 4–5 min. This
approach introduces several sources of variability, including heat generation, inconsistent
lysis efficiency, and potential cross-contamination when multiple samples are processed
in parallel. In our case, we opted for an alternative method using the Minilys® bead-
beater instrument, which processes each sample individually in a sealed tube and applies a
standardized motion that improves reproducibility and reduces contamination risk.
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Figure 1. A schematic visualization of the enrichment protocol.
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Sedimentation of Cellular Debris

The homogenate is subjected to a centrifugation step at 9000× g in order to remove
cellular debris and major organelles, such as nuclei and mitochondria. Beads are also
collected at the bottom of the tube. The supernatant (S) is separated from the rest of
the sample and is then filtered with a 100 µm cell strainer for the removal of the fatty
layer, composed of unbroken cells or large membrane debris. The filtered supernatant
is subjected to ultracentrifugation at 4 ◦C for 1 h at 200,000× g to allow the recovery of
cellular material (microsomal fraction) containing SR vesicles. The ultracentrifugation step
was incorporated after evaluating different centrifugation protocols. Although published
methods [31] recommend 20,000× g for the collection of SR vesicles, in our experience,
higher sedimentation velocities yielded a more consistent pellet composition and volume,
allowing reproducible loading for WB analysis of samples derived from single murine
hearts and resulting in clearer detection of jSR protein bands.

Quantification of the Protein Content of the SR-Enriched Sample

In the end, the pellet containing SR vesicles is separated from the supernatant and
resuspended in 200 µL of Resuspension Buffer. Resuspension with a thin syringe needle and
the high ionic conditions prevent membrane aggregation and help maintain the stability of
the overall sample. Protein concentration is determined using the Pierce BCA Protein Assay
Kit (Thermo scientific, Waltham, MA, USA). To provide a clear evaluation of the enrichment
process, we included additional WB analyses at different stages of the preparation (Figure 2;
raw images of WB are presented in the Supplementary Materials: Figures S2–S6).

Figure 2. Western blot analysis performed at different stages of preparation. Analyzed steps include
total heart lysate (T), membrane pellet (P) obtained after the first centrifugation, supernatant (S) of the
ultracentrifugation step, and final vesicle pellet (V) obtained after ultracentrifugation. The antibodies
used are sarcoplasmic reticulum proteins RyR2, CASQ2, TRDN; mitochondrial protein MCU; and
nuclear protein H3. Red frames indicate the specific band for each protein.

Here, we show the total heart lysate (T), the membrane pellet obtained after the first
centrifugation (P), the supernatant from the ultracentrifugation step (S), and the final vesicle
pellet (V, Figure 2). To assess the distribution of different cellular components, we used a
representative protein from each compartment: mitochondria (MCU), nucleus (Histone
H3), and sarcoplasmic reticulum (RyR2 and CASQ2). For each lane, we loaded 30 µg of
total protein to ensure a comparable representation of the different fractions. The Western
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blot analysis here shows samples derived from two independent preparations, meaning
that the samples were obtained from two distinct mouse hearts processed simultaneously
yet independently.

We recognize that RyR2 is partially lost during homogenization, which is an inherent
limitation of the separation process. This loss is primarily due to the mild homogenization
conditions we deliberately employ to preserve protein integrity and minimize overall
degradation. These conditions result in a fraction of cells remaining intact, thereby retaining
some of the RyR2 within non-disrupted cells. Harsher homogenization protocols, while
potentially increasing the overall yield, have been observed to cause extensive protein
loss (Figure S1). Our approach prioritizes the enrichment of high-quality, CRU proteins,
maintaining their native conformations and interactions, which is critical for downstream
structural studies.

Regarding the mitochondrial and nuclear proteins, their presence is reduced but not
completely eliminated in our final vesicle fraction. While the enrichment factor relative to
these contaminants is moderate, it is important to emphasize that the goal of this protocol is
not absolute purification but rather an increased representation of CRU-associated proteins
compared to total homogenates.

Unlike previous studies, typically starting from larger amounts of tissue obtained
from multiple animals [32,33], our approach is optimized for enrichment from a single
murine heart (~100 mg). The main limitation to jSR protein enrichment indeed lies in
the fact that the jSR compartments in ventricular cardiomyocytes represent the 0.22% of
the cellular volume [34] and thus CRU proteins are inherently low in abundance within
the total cardiac proteome. A key strength of our protocol is that it balances enrichment
with protein integrity, allowing for the isolation of CRU components in a physiologically
relevant state from a single murine heart.

2.2. Quality Evaluation of the Protocol

2.2.1. Reproducibility Evaluation of the Protocol

To assess the accuracy and reproducibility of the enrichment protocol, we inspected
by WB the proteins enriched across nine independent samples, each derived from a distinct
mouse heart.

Samples were treated separately and simultaneously. WB analysis of the key pro-
teins involved in ECC (following the protocol described in the Materials and Methods
Section 4.2.11) reveals the variance in the protein levels across biological replicates (Figure 3).

The consistent protein expression patterns across biological replicates demonstrate
the robustness of this enrichment method in isolating CRU proteins, yielding reproducible
results for the soluble protein Casq2, and the small transmembrane proteins Trdn and
Jnt, despite the limited starting material (i.e., a single mouse heart). Expectedly, RyR2
exhibits higher variability across biological replicates, reflecting its intrinsic biochemical
properties as an MDa-sized transmembrane protein complex with low stability. Indeed,
the challenges associated with isolating and maintaining RyR2 channels in their native
state due to their large size and poor stability have already been discussed [31,35]. Despite
these inherent challenges, our protocol successfully enriches RyR2 in all tested samples,
providing valuable insight into the molecular composition of the jSR while preserving key
protein interactions.

2.2.2. Mass Spectrometry Analysis (nLC-HRMS)

Three samples, each derived from a single mouse heart, were analyzed by a relatively
simple experimental procedure of Mass Spectrometry to conduct a qualitative protein
characterization. The samples were analyzed using a nano-LC system connected to an
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Orbitrap ExplorisTM 240 Mass Spectrometer equipped with a nano-electrospray ion source.
Samples were injected in three technical triplicates (see details in Section 4.2.13).

Figure 3. (A) Western blot analyses of vesicle fractions (V) obtained from the final pelleting step,
compared to the relative discarded supernatant (S). Key jSR and SR proteins, including RyR2, Casq2,
Jnt, and Trdn, are analyzed across each preparation. The four horizontal blot panels correspond
to different molecular weight protein targets, as indicated by the molecular weight markers on
the left (250 kDa, 50 kDa, 35 kDa, and 17 kDa). (B) Quantitative analysis of the Western blots is
presented in the form of bar plots, summarizing the statistical variance in protein levels across the
nine biological replicates. Band intensities were quantified and normalized, and data are repre-
sented as mean ± standard deviation. Dotted line represents the mean total volume intensity for
each protein.

Despite the typical low abundance of RyR2 in the total cellular proteome, our protocol
enabled its identification via MS without the need for detergent-assisted extraction. Table S1
lists the identified proteins from the endoplasmic and sarcoplasmic reticulum with a
threshold of at least two peptides per hit. The total of the peptides obtained from all three
technical replicates was considered.

2.3. Fractionation of the SR Vesicles by Density Gradient

Although identification of key jSR proteins is achievable at this level of enrichment,
further purification from lSR components can be performed through sucrose gradient
fractionation. This approach enables a more refined separation between longitudinal and
junctional SR, and allows additional enrichment of the jSR fraction by reducing the abun-
dance of contaminating proteins, such as those from the cytoplasm or plasma membrane.
Since the recovery of the gradient fraction is very low, our protocol using jSR vesicle
separation employs n = 4 murine hearts for a single jSR enrichment.

Sucrose density gradient centrifugation is a gentle method for separating particles
in an aqueous solution. The distinct densities of the membranous and protein particles
in aqueous solution determine their distribution among differently concentrated sucrose
phases when subjected to high centrifugal forces (Figure 4).

Under the effect of acceleration forces toward the tube bottom, each particle or vesicle
moves through the sucrose layers until it reaches a point where its density matches that
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of the surrounding sucrose. Once this equilibrium is achieved, components of different
densities, i.e., with distinct lipid and protein composition, will have sedimented at different
positions [36].

   

 

 

Figure 4. (A) Schematic representation of the sucrose density gradient. (B) Picture of the sucrose
density gradient with two evident bands in the bottom sucrose phases. The uppermost band
corresponds to the 30% sucrose phase, while the lower band corresponds to the interface between the
40% and 50% sucrose densities.

Previously published density gradients of muscle-derived samples [35,37] already
identified vesicles from the longitudinal SR in the 30% (w/v) sucrose density fractions,
whereas vesicles from the junctional SR have been located at the interface between 40%
and 50% (w/v) sucrose phases. Vesicles from the jSR indeed feature a higher protein
content with respect to the wet weight of the organelle, whereas longitudinal SR vesicles
are characterized by a higher membrane-to-protein proportion [38].

In our case, the jSR protein components display a density-dependent distribution,
accumulating primarily at the 40–50% (w/v) sucrose interface (Figure 5). The fact that
the soluble protein CASQ2 follows the same enrichment trend as the membrane-bound
CRU RyR2 and TRDN indicates its tight association with them, and hence that the jSR
vesicles are preserved under these experimental conditions. Assessment of additional
SR proteins is employed as a further confirmation of the quality of the obtained sample.
SERCA (a Ca2+ ATPase that pumps Ca2+ from the cytosol back into the SR), CaV1.2 (an
L-type Ca2+ channel), and Junctophilin 2 (JPH2), a membrane-bound protein that anchors
the plasma membrane to the SR membrane, are also inspected by WB. SERCA is broadly
detected across fractions, as expected for this highly abundant SR protein, consistent with
its known role in Ca2+ reuptake along the length of the sarcomere. In contrast, the CaV1.2
(a Ca2+-channel of the T-tubule, known to lie in close proximity with the jSR Ca2+-channel
RyR2 [8]) and JPH2, which tether jSR and T-tubule membranes, are identified along with
RyR2 within the denser sucrose fractions. This provides an additional confirmation of the
retained stability of physiological protein–protein interactions of the dyadic structure.

Non-SR elements, such as the sarcomeric contractile fibrils and mitochondria, are also
fractionated by the sucrose density gradient. Mitochondrial contaminants, instead, are
much larger and denser than SR vesicles due to their double-membrane structure and the
presence of mitochondrial proteins and sediment within the 50% (w/v) sucrose fraction.
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Figure 5. Western blot analysis of fractions 2, 3, 4, and 5 from the sucrose density gradient. The
analysis highlights the distribution of proteins across the gradient, with the highest enrichment of
the target proteins observed in fraction 5, consistent with the expected localization of SR-derived
vesicles containing junctional SR components. These results confirm the efficacy of the isolation
protocol in separating SR subdomains and concentrating the proteins of interest in fraction 5. The
JPH2 membrane was loaded differently from the others, specifically with the supernatant (S) from the
vesicle preparation and fraction N◦1, which does not contain any proteins. The total protein content
of the fractions is n◦2 = 119 µg; n◦3 = 182 µg; n◦4 = 219 µg; and n◦5 = 350 µg.

2.3.1. Cryo-EM Analysis

Cryo-electron microscopy (Cryo-EM) was employed to evaluate vesicles’ morphology,
detect possible contaminants (such as collagen or actin fibers) (see methodological details
in Section 4.2.15). Qualitative Cryo-EM imaging shows features that are consistent with
RyR2 channels, with their expected shape and massive dimension (27–28 nm) in multiple
vesicles [11] (Figure 6).

Figure 6. Cryo-electron microscopy images of jSR vesicles. The well-preserved membrane integrity
indicates successful isolation and preparation, highlighting the suitability of the protocol for structural
studies of jSR-associated proteins. RyR2 channels are circled in red; the scale bar for all pictures is 50 µm.
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2.3.2. Relative Quantification of jSR Vesicles

Fraction 5 of the sucrose density gradient, enriched in jSR components, was subjected
to MS analysis as previously described (see Section 2.2.2). To evaluate the degree of
enrichment, we compared this fraction to three SR-enriched samples, each derived from an
individual mouse heart (not subjected to sucrose gradient fractionation). MS data reveal
a general reduction in contaminant proteins, such as cytoplasmic and plasma membrane-
associated proteins (Figure 7). These results suggest that the sucrose density gradient can
serve to further enrich the sample for the jSR subcellular compartment.

Figure 7. Heat map of protein intensity across three SR-enriched samples (each from n = 1 mouse
heart) and the sucrose gradient fraction (from n = 4 mouse hearts). Proteins were grouped according
to their annotated subcellular localization. Each row represents a protein, and the color intensity
reflects MS-based quantification (label-free intensities), according to the color legend bar. The fourth
column (“gradient”) corresponds to fraction 5 of the sucrose density gradient.

To provide a more detailed view of the enrichment of SR components, we inspected a
subset of selected proteins of interest from the jSR and lSR (Figure 8).

Figure 8. Heat map showing the relative abundance of selected junctional SR proteins across SR-
enriched samples and the sucrose gradient fraction. The heat map includes key proteins localized to
the jSR and lSR. Values represent intensities from MS analysis normalized over the minimum value.
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According to the data presented in Figure 8, proteins specifically localized to the jSR
are clearly enriched in the corresponding sucrose gradient fraction. In contrast, the relative
abundance of other SR proteins, such as HRC and Sarcalumenin, is reduced in this fraction.

3. Discussion

We here present a protocol for the enrichment of jSR vesicles from a single murine
heart, achieving a purity and reproducibility that allow quantification of low-abundance
jSR proteins with Mass Spectrometry. Our approach addresses key limitations of tradi-
tional methods, such as variability in homogenization and insufficient resolution of vesicle
subtypes, resulting in a robust technique for preparing jSR-enriched fractions suitable for
downstream proteomic analyses.

Compared to previous protocols, our method introduces critical improvements that
enhance preservation of membrane stability. Indeed, as this enrichment protocol employs
a single murine heart, it significantly reduces the amount of biological material usually
required [39,40].

These vesicles also preserve the structural integrity of jSR proteins, which is a funda-
mental step for the study of membrane protein complexes. The observed distribution of
key SR proteins, such as RyR2, CASQ2, SERCA, TRDN, and JNT, aligns with their known
localization in junctional and longitudinal SR subdomains, validating the efficiency of the
protocol in maintaining protein co-assembly and native membrane associations.

We expect this protocol will set the basis for future studies to address the characteriza-
tion of the SR or jSR proteome across different animal models, either for a comparison of
the physiological scenario across different species, or to identify alterations associated with
specific genetic or physiological conditions.

Integrating this protocol with more advanced MS and imaging techniques may help
uncover novel protein interactions and regulatory pathways within the jSR. Such investiga-
tions could ultimately lead to the identification of novel therapeutic targets among these
jSR resident proteins.

4. Materials and Methods

4.1. Materials

• Minilys® beads-beater (Bertin technologies, Montigny-le-Bretonneux, France)
• 2.8 mm zirconium oxide beads (Bertin technologies)
• 2 mL reinforced tubes (Bertin technologies)
• HERMLE Z 216 MK mini centrifuge
• 100 µm cell strainer
• OPTIMA MAX-XP Beckman Coulter; TLA-120.2 rotor
• Hamilton syringe 500 µL
• Pierce BCA Protein Assay Kit (Thermo scientific)
• OPTIMA XPN 90; SW 41 Ti rotor
• Ultra-clear centrifuge tubes (14 × 89 mm) (Beckman Coulter, Brea, CA, USA)
• Polycarbonate centrifuge tubes (11 × 34 mm) (Beckman Coulter)
• Primo multiwell plate 96 well, flat bottom (Euroclone, Milan, Italy)
• NanoQuant spectrophotometer (infinite F200 pro, Tecan, Männedorf, Switzerland)
• Laemmli sample buffer 4× (BIORAD, Hercules, CA, USA)
• Mini-PROTEAN TGX Stain-Free Gels (BIORAD)
• Trans-Blot Turbo Transfer Pack (Mini format 0.2 µm PVDF) (BIORAD)
• Trans-blot turbo (BIORAD)
• 10× TBS (BIORAD)
• Tween 20 (BIORAD)
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• Precision Plus Protein Standards (Dual Color) (BIORAD)
• Homogenization Buffer:

• 0.5 mM EDTA
• 20 mM Na4O7P2

• 20 mM NaH2PO4

• 1 mM MgCl2
• 10% (w/v) sucrose
• EDTA-free protease inhibitors (Sigma Aldrich, Saint Louis, MO, USA)

• Sucrose-Phase buffers:

• 0.5 mM EDTA
• 20 mM Na4O7P2

• 20 mM NaH2PO4

• 1 mM MgCl2
• 20–25–30–40–50% (w/v) sucrose

• Resuspension Buffer:

• 0.5 mM EDTA
• 20 mM Na4O7P2

• 20 mM NaH2PO4

• 1 mM MgCl2
• 10% (w/v) sucrose
• 400 mM KCl
• EDTA-free protease inhibitors (Sigma Aldrich)

• Dilution Buffer:

• 0.5 mM EDTA
• 20 mM Na4O7P2

• 20 mM NaH2PO4

• 1 mM MgCl2
• 400 mM KCl
• EDTA-free protease inhibitors (Sigma Aldrich)

4.2. Methods

4.2.1. Animal Studies

All animal studies were conducted in compliance with the EU Directive 2010/63/EU
and according to the Committee for animal well-being of the University of Pavia.

The animal study protocol was approved by the Italian Ministry of Health; protocol
code 223/2023-PR; date of approval 17 March 2023.

4.2.2. Tissue Preparation

• Flash-freeze the tissue (mouse heart) by placing it in a reinforced tube already contain-
ing 6 zirconium oxide beads and then rapidly place it into liquid nitrogen.

• Extract the tube after at least 5 min and place it on ice.
• Homogenize for 4 cycles of 30 s (with 30 s of pause in between on ice) at 5000 rpm

using a Minilys® beads-beater in 1.5 mL of Homogenization Buffer. Tubes shall be
filled to their maximum volume to minimize the formation of air bubbles, which could
compromise tissue integrity during homogenization.

4.2.3. Centrifugation

• Centrifuge homogenate (including the beads) in a pre-cooled mini-centrifuge at 4 ◦C
at 9000× g (HERMLE Z 216 MK mini centrifuge) for 20 min.
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• Pipette the supernatant through a 100 µm cell strainer positioned on top of a 50 mL
Falcon, positioned on ice.

4.2.4. Ultracentrifugation

• Move the filtered supernatant to a 1.5 mL polycarbonate centrifuge tube and ul-
tracentrifuge it at 4 ◦C for 1 h at 200,000× g (Beckman Coulter OPTIMA MAX-XP,
TLA-120.2 rotor).

4.2.5. Pellet Resuspension

• Remove about 1 mL of supernatant with a 200 µL micropipette, without touching the
pellet. Always keep the sample on ice.

• Resuspend the remaining pellet carefully in 200 µL of Resuspension Buffer using a
500 µL Hamilton syringe.

4.2.6. Protein Quantification

• To determine the protein concentration of each sample using Pierce BCA Protein Assay
Kit (Thermo Scientific), mix 5 µL of sample with 5 µL of SDS 10% (w/v) in a dedicated
0.5 mL tube.

• Prepare a serial 1:1 dilution of albumin (BSA) standards, starting from a maximum
concentration of 2 mg/mL.

• Prepare BCA working reagents (WR) according to manufacturer instructions: Use
the following formula to determine the total volume of WR required for the assay:
(# standards + # unknowns) × (# replicates) × (volume of WR per sample) = total
volume WR required.

• Prepare WR by mixing 50 parts of BCA reagent A with 1 part of BCA reagent B (50:1,
Reagent A:B).

• Put 190 µL of WR and 10 µL of BSA standards and sample into a 96 multiwell plate,
flat-bottom.

• Cover the plate and incubate at 37 ◦C for 20 min.
• Set the spectrophotometer (NanoQuant) to 595 nm absorbance.
• Prepare a standard curve by plotting the 595 nm measurement for each BSA standard

vs. its concentration in µg/mL. Use the standard curve to determine the protein
concentration of each unknown sample.

4.2.7. Sucrose Density Gradient

• Starting from the 50% (w/v) sucrose buffer, layer with a P200 micropipette 1 mL of
each Sucrose-Phase Buffer in decreasing sucrose percentage order (i.e., the order is
50%, 40%, 30%, 25%, and 20% (w/v) sucrose). Each sucrose-containing buffer has to be
layered with care, avoiding mixing with other phases, in an ultra-clear centrifuge tube.
The interfaces between the phases should be visible under a source of light.

• The sample (previously resuspended in 10% sucrose buffer, as specified for Resuspen-
sion Buffer) is layered on top of the sucrose gradient.

• Ultracentrifuge at 4 ◦C for 1 h at 100,000× g in a swinging-bucket rotor (OPTIMA XPN
90; SW 41 Ti rotor).

4.2.8. Fractionation

• Fractionate the sucrose density gradient by carefully removing successive layers
from the top of the tube with a micropipette. The volume of each fraction is 1 mL
for a total of N = 6 fractions. Position each fraction within a 1.5 mL polycarbonate
centrifuge tube.
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4.2.9. Sucrose Removal

• Ultracentrifuge all fractions at 4 ◦C for 1.5 h at 200,000× g using an OPTIMA MAX-
XP ultracentrifuge (TLA-120.2 rotor) in a polycarbonate centrifuge tube. This step
is critical because residual sucrose could interfere with downstream processes or
analyses, such as Mass Spectrometry.

4.2.10. jSR Vesicles Resuspension

• Remove the supernatant of all fractions with a micropipette, without touching the pellet.
• Resuspend the resulting pellet in 200 µL of Dilution Buffer with a 500 µL Hamilton

syringe on ice. Samples can be flash-frozen in liquid nitrogen and then stored at
−80 ◦C, before further analysis.

• The total protein content from each fraction is measured using the Pierce BCA Protein
Assay Kit (Thermo Scientific). The first and last fractions of the gradient (the lightest
contains 10% of sucrose; the heaviest contains 50% of sucrose) should be devoid of
proteins, and thus can be discarded after protein quantification.

4.2.11. SDS-PAGE and Western Blot

• Take 30 µg of the total protein sample. Mix with Laemmli Sample Buffer with 1 part of
buffer and 3 parts of sample, then incubate at 90 ◦C for 5 min.

• Run the acrylamide precast gel until the dye front reaches the reference line.
• Place the PVDF Mini membrane and bottom stack on the cassette base for the transfer.
• Place gel on top of the membrane.
• Place the second wetted transfer stack on top of the gel.
• Close and lock the cassette lid and insert it into the instrument (Trans-blot Turbo, BIO-

RAD, Hercules, CA, USA) and begin transfer with the following program: 25 limit (V);
1.3 const (A); 7 time (min).

• Carefully transfer the membrane to a suitable container to proceed with the
following steps.

• Leave the membrane for 1 h with 5% milk in Tris-buffered saline with 1% of Tween 20
(TBS-T) (w/v).

• Wash the membrane at least 3 times, 5 min each, with a suitable amount of
TBS-T buffer.

• Incubate the membrane with the desired primary antibody. We suggest, especially for
the CRU primary antibody, overnight incubation for a good resolution.

• Wash the membrane with TBS-T for 2 h, changing the buffer at least 3 times.
• Incubate the membrane with the secondary antibody for 1 h.
• Wash the membrane with TBS-T for 1 h, changing the buffer at least 3 times.

4.2.12. MS Sample Processing and Digestion

The sample (30 µg of proteins, quantified with Pierce BCA Protein Assay Kit Thermo
Scientific), according to the procedure provided in Section 4.2.6, was processed with 45.5 µL
of 50 mM ammonium bicarbonate. After confirming that the pH was basic, with pH test
strips, digestion was carried out by adding the following:

• A total of 3 µL of 100 mM dithiothreitol (DTT) (final concentration: 5 mM), incubated
at 55 ◦C for 30 min.

• A total of 6 µL of 150 mM iodoacetamide (IAA) (final concentration: 5 mM), incubated
in the dark for 20 min.
NB. Excessive IAA may affect the subsequent step of trypsin digestion, and hence any
variation in the amount of IAA used may keep this effect into account.

• A total of 5 µL of 0.2 µg/µL trypsin, incubated at 37 ◦C overnight.
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• A total of 1 µL of 100% trifluoroacetic acid (TFA).

After digestion, the sample was purified using a ZipTip (5 µg capacity) as follows:

• A total of 35 µL of the peptide mixture;
• ZipTip purification according to the manufacturer’s protocol;
• SpeedVac centrifugation at 30 ◦C;
• Elution in 20 µL of 0.1% formic acid.

4.2.13. MS Measurement

The samples have been analyzed at UNITECH OMICs (University of Milano, Milan,
Italy) using a Dionex Ultimate 3000 nano-LC system (Sunnyvale, CA, USA) connected to
an Orbitrap ExplorisTM 240 Mass Spectrometer (Thermo Scientific, Bremen, Germany)
equipped with a nano-electrospray ion source. Peptide mixtures were pre-concentrated
onto an Acclaim PepMap 100—0.3 × 5 mm C18 (Thermo Scientific) and separated on an
EASY-Spray column ES902, 25 cm × 75 µm ID packed with Thermo Scientific Acclaim
PepMap RSLC C18, 3 µm, 100 Å using mobile phase A (0.1% formic acid in water) and
mobile phase B (0.1% formic acid in acetonitrile 20/80, v/v) at a flow rate of 0.300 µL/min.
The temperature was set to 35 ◦C, and samples were injected in three technical triplicates.
The injection volume was 5 µL.

One blank was run between each technical replicate to prevent sample carryover. MS
spectra were collected over an m/z range of 375–1500 Da at 120,000 resolution, operating in
the data-dependent mode, with a cycle time of 3 sec between master’s scans. HCD was
performed with a collision energy set to 35 eV. Polarity: positive.

4.2.14. MS Data Processing and Evaluation

Three technical replicates of the same sample were processed with the software Pro-
teome Discoverer 2.5 with the database Mus musculus (sp_tr_incl_isoforms
TaxID = 10090_and_subtaxonomies) (v2024-10-02).

Filters applied to the analysis were as follows:
Dynamic Modifications:

• Max. Equal Modifications Per Peptide: 3.
• Max. Dynamic Modifications Per Peptide: 4.
• Dynamic Modification: Oxidation/+15.995 Da (M).

Static Modifications:

• Static Modification: Carbamidomethyl/+57.021 Da (C).

Dynamic Modifications (protein terminus):

• N-Terminal Modification: Acetyl/+42.011 Da (N-Terminus).
• N-Terminal Modification: Met-loss/−131.040 Da (M).
• N-Terminal Modification: Met-loss + Acetyl/−89.030 Da (M).

Filters applied to the results are as follows:

• Protein level: peptide ≥ 2.
• Peptide level: Xcorr ≥ 2.2; Rank = 1; Confidence = high.
• PSMs level: Xcorr ≥ 2.2.

4.2.15. Cryo-EM Imaging

A 3 µL drop of concentrated sample (fraction 5 of the sucrose gradient after buffer
exchange) was deposited onto a QuantiFoil copper R2/2 grid and plunge-frozen in liquid
ethane. The sample was imaged with a FEI, Talos Artica 200 kV equipped with a FEG and
a Falcon 3 camera (FEI).
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The following abbreviations are used in this manuscript:

CASQ2 Calsequestrin 2
CICR Calcium-Induced Calcium-Release
CPVT Catecholaminergic Polymorphic Ventricular Tachycardia
CRU Ca2+ Release Unit
ECC Excitation–Contraction Coupling
HRC Histidine-Rich Calcium-Binding Protein
JNT Junctin
JPH2 Junctophilin 2
jSR Junctional Sarcoplasmic Reticulum
lSR Longitudinal Sarcoplasmic Reticulum
MS Mass Spectrometry
RyR2 Ryanodine Receptor type 2
SDS Sodium Dodecyl Sulfate
SERCA Sarco(endo)plasmic Reticulum Ca2—ATPase
S Supernatant
SR Sarcoplasmic Reticulum
TBS Tris-Buffered saline
TRDN Triadin
VT Ventricular Arrhythmia
WB Western Blot
WT Wild-Type
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APPENDIX: A 0-D theoretical formulation describing the formation of dimeric and polymeric CASQ2 
assemblies, based purely on electrostatics.

SCOPE: 

The following approach, while guided by physical intuition, is phenomenological. It is aimed at qualitatively 
accounting for the most important experimentally observed effects of different ionic environments (containing 
K+, Na+ and/or Ca2+) on the equilibrium self-association properties of wild-type human Calsequestrin 2 
(CASQ2) without post-transcriptional modifications. 

No mathematical fitting of parameters has been attempted. All values used in this model have either been 
calculated or set by hand. 

PREMISES: 

The current theoretical scheme is built under the following premises:

(1) Depending on the ionic environment, CASQ2 molecules partition between 2 states: optimally folded 
molecules (capable of dimerization and Ca2+-dependent polymerization, see next premise) and non-
functionally folded ones (capable of forming electrostatic dimers, non-competent for Ca2+-dependent 
polymerization). Electrostatically-driven oligomers, described in this manuscript, are neglected from 
this theoretical scheme for convenience.

(2) CASQ2 polymerization can only occur among optimally folded molecules
(3) CASQ2 dimerization can occur only between molecules in the same state, i.e. mixed dimers are not 

allowed.
(4) CASQ2 polymerization occurs by sequential addition of dimers.

REACTION SCHEME: 

CASQ2 is modeled as following the set of reactions below. These reactions are treated separately for 
convenience, as they try to reflect different aspects of the CASQ2 behavior: dimerization vs. polymerization

Dnf ⇌ 2Mnf ⇌ 2Mo ⇌ Do [1]

Where D refers to a dimer, M to a monomer, the subscript nf refers to non-functionally folded CASQ2 
monomers/dimers and the subscript o refers to optimally folded monomers/dimers. Reaction [1] has 3 
equilibrium constants, named K1 (reaction Dnf ⇌ 2Mnf), K2 (2Mnf ⇌ 2Mo) and K3 (2Mo ⇌ Do).

Sequential addition of Do dimers leads to oligomers and polymers. At this point, we impose a maximum number 
of Do molecules per polymer, N, due to the otherwise difficult tractability of the equations.

NDo ⇌ (N-2) Do + To ⇌ (N-3) Do + Ho … ⇌ Po (N-1) + Do ⇌ Po (N) [2]

Note that in the current formulation we have not allowed for polymers to form by addition of oligomers (e.g. 
an octamer may be obtained by combination of a dimer and a hexamer, as modelled, or by combination of two 
tetramers). We did not allow this second form of combination, due to the complexity in tracking individual 
reactions when N becomes high, and the lack of certainty regarding the equilibrium constants. 

The equilibrium constants for reaction [2] are assumed to take the form:

Kn dimers = Ktetramerization · α(n-2) [3]

Where n refers to the number of Do dimers involved in the reaction. For example, when n = 2 (i.e. tetramer 
formation), Kn=2 reduces to Ktetramerization. For the formation of a hexamer (n = 3), Kn=3 = Ktetramerization · α, and so 
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on until the maximum polymer forms, Kn=N = Ktetramerization · α(N-2). Note that α denotes the cooperativity of the 
process (i.e. positive when α > 1).

The total concentration of CASQ2 is given in terms of [Mo], the equilibrium constants, α and N. Once [Mo] is 
known, the fractions of all other species are calculated. We will return to the numeric value of the equilibrium 
constants K1, K2, K3, Ktetramerization and α at a later stage. At this point in time, we first need to discuss what are 
the driving processes of CASQ2’s optimal folding in the current theory.

PROCESSES: 

Process 1: The neutralization of CASQ2 net charge depends on ionic environment

This process builds on the intuition that proteins cannot be optimally folded unless their charge is neutralized 
by counter-ions. We used the canonical human CASQ2 sequence (Uniprot ID O14958-1) to determine the 
CASQ2 net charge at pH 7.3 (the pH used in the experiments of the current manuscript). Charges for each 
individual amino-acid were calculated based on the pKa values of the amino acids [REFS 1-2], and are shown 
here in summarized form:

Amino-acid charges:{'A', 'R', 'N', 'D', 'C', 'E', 'Q', 'G', 'H', 'I', 'L', 'K', 'M', 'F', 'P', 'S', 'T', 'W', 'Y', 'V'},    [0, 1, 0, 
-1, 0, -1, 0, 0, 0.17, 0, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0].

Note that histidine (H) was given a charge of 0.17 due to partial protonation at pH 7.3. The calculated net charge 
of CASQ2 was (-57.98).

Ions were considered to neutralize CASQ2 charges depending on their charge density relative to K+. The 
following formula accounted for the amount of cationic charge available to neutralize CASQ2 in any given 
ionic environment containing K+, Na+ and/or Ca2+:

cationic_charge = [K+] · (K_r/K_r) + [Na+] · (K_r/Na_r) + 2 · [Ca2+] · (K_r/Ca_r) [4]

where K_r is the ionic radius of K+ (133 pm), Na_r is the ionic radius of Na+ (95 pm) and Ca_r is the ionic 
radius of Ca2+ (65 pm). CASQ2 neutralization was expressed as a percentual value of its net charge:

   Non-neutralized charges (%) = 100·(CASQ2_charge + cationic_charge/3.35) / abs(CASQ2_charge) [5]

In other words, a non-neutralized CASQ2 (as if there were no ions around it) would render a (-100%) value in 
[6], whereas a fully neutralized one would render a 0% value. Note the denominator that divides 
cationic_charge: it was set at 3.35 to match the [K+] leading to zero ζ-potential at the experimental concentration 
of 194.2 mM (see Figure 2D within the manuscript and Footnote  within this appendix). 

Footnote : Experiments indicate that, when CASQ2 dwells within an environment containing KCl alone, ζ-potential equals 0 when [K+] = 194.2 mM. We 
can use equations [4] and [5] (setting non-neutralized charges = 0) to estimate the value of X, the denominator of cationic_charge in equation [5]. 

cationic_charge = [K+] · (K_r/K_r) = 194.2 [4-special]

0 = 100 · (CASQ2_charge + cationic_charge/X) / abs(CASQ2_charge) [5-special]

Replacing equation [4-special] into equation [5-special] and rearranging, we get 

X = cationic_charge / (- CASQ2_charge) = 194.2 / (-(-57.98)) = 3.34943

Also note that, by applying an analogous reasoning, we can roughly estimate the maximum number of Ca2+ moles that can be bound to a fully neutralized mole 
of CASQ2 molecules. We show the end-stage of the calculation

Ca2+Max-bound = (-CASQ2_charge) · (3.35/2) · (Ca_r / K_r) = 57.98 · 1.675 · (65 / 133) = 47.45 

The number agrees with the experimentally estimated maximum Ca2+-binding capacity of CASQ2 of 40-50 ions per molecule [3]. 
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Process 2: the fraction of optimally folded CASQ2 is proportional to charge neutralization 

The process above, charge neutralization, was assumed to drive the optimal folding of CASQ2. To model this, 
we used the following ascending sigmoidal equation:

Promoted_folding = ((1 + (EC50Folding / ionic_strength)1.5)) (-1) [6]

Where EC50Folding was defined to be the amount of cationic_charge (formula [4]) needed for 50% of the CASQ2 
charges to be neutralized. Applying formula [5] with Non-neutralized charges = (-50%), we obtain:

EC50Folding = 3.35 · ( (-0.5) · abs(CASQ2_charge) − CASQ2_charge ) = 97.0991 mM

On what concerns ionic strength, it was calculated as dependent on charge density (i.e. not all ions count the 
same for ionic strength purposes, even if they have the same charge). Once again, K+ was set as reference

ionic strength = 0.5 · ∑ (K_r / Ion_r) · [Ion] · Ion_charge2 [7]

Process 3: Excessive ionic strength promotes non-functional foldings of CASQ2

Beyond a certain amount (mM) of ionic strength, proteins leave their optimal functional configuration due to 
excessive charge-screening from hydration shells, hampering electrostatic (and Ca2+-dependent) interactions. 
We modeled this process as a descending sigmoidal curve with an EC50Loss defined to be the amount of 
cationic_charge (formula [4]) needed to revert 50% of the CASQ2 charges. Applying formula [5] with Non-
neutralized charges = (+50%), we obtain:

EC50Loss = 3.35 · ( 0.5 · abs(CASQ2_charge) − CASQ2_charge ) = 443.3034 mM

And the descending sigmoidal curve representing this process is 

Loss = ((1 + (ionic_strength/EC50Loss )1.5)) (-1) [8]

Process 4: Ca2+/K+ competition right-shifts EC50Loss

The current manuscript presents strong evidence of K+/Ca2+ discrimination in the polymerization reaction of 
CASQ2 (see reaction [2]), plus a competitive reaction between K+ and Ca2+ in favor of the latter which leads to 
the dissipation of non-functionally folded structures. In order to account for these effects, the model calculates 
the Ca2+-dependent ionic strength relative to the total ionic strength provided by cations (each calculated by 
formula [7]) 

bivalent_related_folding = (Ca_is) / (ionic_strength − Cl_is) [9]

and EC50Screen/Loss is right-shifted depending on the Ca2+ levels present in solution, thus spanning the stability 
of the protein in the presence of Ca2+:

EC50Loss = EC50Loss-no bivalents · (1 + bivalent_related_folding) [10]

Note that, depending on the levels of environmental Ca2+, a right-shift occurs in Screen/Loss that leads to higher 
FOF as compared to environments where monovalent cations are present.

RESULTANT OF MODEL PROCESSES 1-4: CASQ2 fraction that is optimally folded

The fraction of CASQ2 that is optimally folded/functional (FOF) critically depends on ionic conditions, and is 
calculated by the equation:

FOF = Promoted_folding · Loss [11]
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Since the process of charge neutralization defines the EC50s for Promoted_folding and Loss, this process is 
fully present in equation [11] even if not mentioned explicitly. 

EQUILIBRIUM CONSTANTS OF THE CHEMICAL REACTION [1]:

K1 (Di ⇌ 2Mi) was defined to ensure that weak ionic strengths promote the formation of Dnf whereas high ionic 
strengths (by rising the value of K1) lead to formation of Mnf monomers.

K1 = 1 / (1 + 0.25 · ionic_strength) [12]

In order to assign a numeric value to K2 (2Mnf ⇌ 2Mo), we made the conjecture that the folding-unfolding 
reaction of monomers is much faster than the formation of dimers, and that we start reaction [1] with all CASQ2 
molecules being monomers. From the definition of K2 = Mo / Mnf and these special conditions, we get that:  

K2 = FOF / (1 − FOF)         [13]

K3 (2Mo ⇌ Do) was given a fixed numerical value. This was done because the experiments within the current 
manuscript demonstrate that CASQ2 dimers do occur independently of the presence of Ca2+, and because no 
obvious dependency on KCl levels could be extracted from the data for this type of dimerization. 

K3 = 0.25 [14]

Ktetramerization was parametrized as being directly proportional to bivalent_related_folding (i.e. the Ca2+ 
contribution to cationic ionic strength; see [9]) and inversely proportional to the 4th power of Loss (see [8]). 
This definition is purely phenomenological, reflecting the facts that (a) CASQ2 does not form multimers in the 
absence of divalent cations (Supplementary Figure 6 in the manuscript) and that (b) polymers are destabilized 
by ionic strengths above those needed for ζ-potential close to neutrality (descending curve in Figure 6A).

 Ktetramerization = bivalent_related_folding ∙ Loss 4 [15]

Finally, α was given a fixed numerical value. 

α = 1.1 [16]

Note that, despite the numerical value of α is small, the value of the equilibrium constants for polymerization 
reactions follow an exponential dependency on the number of dimers involved (see [3]). Therefore, such 
equilibrium constants can reach large values when the number of dimers is large. For example, when n = 20 
dimers/polymer, the equilibrium constant becomes five times and a half the tetramerization constant 

Kn=20 = Ktetramerization · α18 = Ktetramerization · 5.56

SIMULATION METHODOLOGY

All simulations were performed in MATLAB R2021b (Mathworks Inc., Natick, MA, United States) on a 
Windows 11 Pro HD desktop computer. The function fsolve was called to solve for [Mo], with options 'TolFun' 
=1e-12 and 'TolX' = 1e-12. The initial guess used by fsolve was [Mo]initial_guess = [CASQ2Total] ∙ FOF. 
Calsequestrin 2 total concentration is input in the model in μM units, while ionic concentrations are input in 
mM units. The value of the equilibrium constants varies with each environment tested, according to the 
equations and formulas discussed above.

Each specific environment can be tested within a few seconds, so that complete sets of simulations can be 
performed in less than a minute.
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Use of artificial intelligence: Meta AI (Meta, USA) was used to device the MATLAB code that calculates the 
molecular weight and the net charge (pH 7.3) of the CASQ2 monomer. 

MODEL OUTCOMES

Model Outcome 1: Ionic environments needed for zero ζ-Potential

When the model replicates the ionic environments used in the experiments, the application of equations [4] and 
[5] (setting “Non-neutralized charges = 0 %”) renders that the ionic concentrations needed to neutralize CASQ2 
approximate the observed ionic conditions experimentally needed to obtain a ζ-potential ≈ 0 (Table 1).

Composition of ionic environment MS. Fig. Observed: 
[Salt] for ζ-potential ≈ 0

Predicted by model: 
[Salt] needed to 

neutralize CASQ2

Variable (1 to 600 mM) KCl 2D 194.2 mM KCl
Same as observed, since 
this value was used to 

obtain X in eq. [5]
Variable (1 to 600 mM) NaCl 159.7 mM NaCl 139 mM NaCl
50 mM KCl, variable (1 to 40 mM) CaCl2 5C 35.2 mM CaCl2 35.3 mM CaCl2

150 mM KCl, variable (1 to 40 mM) CaCl2 10 mM CaCl2 10.8 mM CaCl2

Table 1: Observed vs. calculated salt concentrations at which z-potential ≈ 0 in different ionic 
environments.

From the table it is clear that the theory is in excellent agreement with the experiment on what pertains the 
CASQ2 behavior in environments containing K+ and Ca2+. In environments containing solely NaCl, the theory 
some refinements may be necessary to fully account for the CASQ2 behavior.

Model Outcome 2: Apparent molecular weight of CASQ2 monomers as a function of [KCl] 

The molecular weight (MW) of individual amino-acids was obtained from [1,2] and added, using the canonical 
human CASQ2 sequence (Uniprot ID O14958-1). Using this approach, it was obtained that the MW of CASQ2 
monomers is 46.407 KDa. The weights used for each amino-acid were, in summarized form:

Amino-acid weights = {'A', 'R', 'N', 'D', 'C', 'E', 'Q', 'G', 'H', 'I', 'L', 'K', 'M', 'F', 'P', 'S', 'T', 'W', 'Y', 'V'}, [71.03711, 
156.10111, 114.04293, 115.02694, 103.00919, 129.04259, 128.05858, 57.02146, 137.05891, 113.08406, 
113.08406, 128.09496, 131.04049, 147.06841, 97.05276, 87.03203, 101.04768, 186.07931, 163.06333, 
99.06841]

To explain the experimentally observed changes in the CASQ2’s apparent molecular weight, it was assumed 
that optimal folding of the CASQ2 monomer leads to a reduction of its apparent molecular weight, following a 
simple linear relationship. 

app_MW = MW − apparent_compaction_due_to_proper_folding * FOF [16]

where app_MW is the apparent molecular weight of the CASQ2 monomer, MW is the molecular weight of the 
unfolded CASQ2 monomer as calculated from its constituent amino-acids (see above), and 
apparent_compaction_due_to_proper_folding = 13 KDa. 

Figure A.1, panel A, displays the processes used by the model to calculate FOF (equations [5] to [11]), whereas 
panel B compares the output of the model to Figure 2A within the manuscript. The qualitative agreement with 
the experimental data is remarkable.
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Figure A.1: Apparent 
molecular weight of 
CASQ2 monomers in 
variable [KCl].

Model Outcome 3: Apparent molecular weight of CASQ2 monomers as a function of [CaCl2] at different 
ionic strengths 

Figure S2 within the manuscript shows that, when CASQ2 dwells in an environment with 50 mM KCl, the 
addition of 1 to 10 mM CaCl2 leads to an increase in ionic strength which itself leads to molecular compaction 
of the CASQ2 monomer. This effect is not observed in 200 mM KCl, where molecular compaction is already 
maximal. 

In order to understand whether the current theoretical formulation can also simulate this behavior, we performed 
simulations as in Model outcome 1 above, adjusting the concentrations of KCl and CaCl2 to match the different 
experimental environments. Results are summarized by Figure A.2: Panel A.2-left replicates Figure S2 from 
the manuscript, whereas panels A.2-center and A.2-right compare, respectively, the theoretical predictions in 
50 mM vs. 200 mM KCl. It can be seen that, as occurs in the experiments, a monomer compaction progressively 
develops with increasing levels of Ca2+ in 50 mM KCl, whereas at 200 KCl the compaction of the CASQ2 
monomer is already completed.

Figure A.2: Apparent molecular weight of CASQ2 monomers in variable [CaCl2] at low vs. optimal ionic 
strengths.
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Model Output 4: [Dimer]-to-[Monomer] (D/M) ratio as a function of [KCl]

Figure 3A within the manuscript shows that a non-negligible proportion of CASQ2 dimers are observed at any 
[KCl] in the absence of bivalents at [CASQ2Total] = 2.5 µM. Furthermore, no polymers were detected using 
turbidometry (Figure S6). The D/M ratio is highest when the ionic strength is lowest, suggesting that the excess 
of dimers at low ionic strengths originates via non-specific electrostatic interactions due to incomplete charge 
shielding of the CASQ2 molecule.

To understand whether the current theory could simulate this behavior, N = 20 was set in the model and 
[CASQ2Total] = 2.5 µM. The processes and FOF calculated by the model are shown in Figure A.1A above. 
Figure A.3A shows the concentration of the different chemical species, whereas Figure A.3B compares the 
predicted D/M ratio vs. Figure 3A within the manuscript. The qualitative agreement between theory and 
experiment is close, and adds value to the hypotheses presented in the manuscript: (a) at low ionic strengths 
and in the absence of bivalents, most dimers are non-functionally folded; (b) at high ionic strengths and in the 
absence of bivalents, the dimers observed are mostly folded in an optimal (i.e. polymerization-ready) fashion. 
No polymers are observed.

  

Figure A.3: Behavior of the [Dimer]-to-[Monomer] in variable [KCl] and no added Ca2+.

Model Output 5: [Dimer]-to-[Monomer] ratio as a function of [CaCl2] in environments with 50 mM [KCl] 

Figure 5A within the manuscript shows that, at [KCl] = 50 mM, the addition of CaCl2 (1-60 mM) leads to non-
monotonic behaviors of the D/M ratio. We tested this behavior by setting in the model [KCl] = 50 mM, N = 20 
and [CASQ2Total] = 2.5 µM. 

Figure A.4A shows the processes within the model, Figure A.4B shows the chemical species and Figure A.4C 
compares the experimental observation in the manuscript (Figure 4A) to the theoretical predictions. While the 
curve calculated by the model clearly fails in replicating the quantitative CASQ2 behavior, it replicates with 
excellent accuracy its qualitative behavior (expressed by the Ca2+ levels at which the different experimental 
effects are observed): (a) 1-5 mM Ca2+ rapidly leads to lesser fraction of non-functionally folded molecules in 
favor of optimally folded ones, decreasing the overall number of Dnf dimers and the D/M ratio; (b) between 5 
and 10 mM, the increase in optimally folded molecules is not yet high enough, and so the D/M ratio remains at 
a valley; (c) above 10 mM, the monomers and dimers that now predominate are optimally folded, and the D/M 
ratio rises above its value in 1 mM Ca2+. 

At 50 and 60 mM Ca2+, the qualitative theoretical behavior deviates from the experiment, since in the theory 
the D/M ratio flattens. This fact, and the quantitative disagreement highlighted above, indicate that further 
refinements of the theory are needed when describing the CASQ2 behavior in the presence of bivalents. That 
said, it should also be noted that, at high Ca²⁺ concentrations (50–60 mM), Mass Photometry measurements 
become intrinsically less reliable due to the concurrent formation of higher-order oligomers. This phenomenon, 
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which also occurs at elevated K⁺ concentrations, increases background noise and reduces the precision of 
assignment of counts to the dimeric species. Therefore, the apparent flattening of the experimental D/M ratio at 
high Ca²⁺ levels may also reflect, at least in part, methodological limitations rather than a genuine deviation 
from the theoretical prediction.

Figure A.4: Behavior of the [Dimer]-to-[Monomer] in 50 mM [KCl]. 

Model Output 6: [Dimer]-to-[Monomer] ratio as a function of [CaCl2] in 50 vs. 150 mM [KCl] 

Figure 4B within the manuscript shows that, when KCl concentration equals 150 mM, the Ca2+-dependent 
decrease in D/M ratio (seen in 50 mM KCl at low millimolar Ca2+) flattens due to attenuation of the K+ vs. 
Ca2+competition in favor of potassium. To see whether the theory could qualitatively replicate this behavior, we 
performed new simulations by setting in the model [KCl] = 150 mM, N = 20 and [CASQ2Total] = 2.5 µM

Figure A.5 compares the theoretical D/M ratios at 50 mM (left) and 150 mM KCl (center) vs the experiments 
shown in Figure 4B of the manuscript (right). The model qualitatively replicates the behavioral shift shown by 
the experiments (note arrowheads inserted within the theoretical predictions).

Figure A.5: Behavior of the 
[Dimer]-to-[Monomer] 
ratio in 50 mM vs. 150 mM 
[KCl] 
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Model Output 7: CASQ2 polymerization is a Ca2+-dependent switch in which K+ shows mixed effects 

The experiments shown within the current manuscript are aimed at studying the K+ vs. Ca2+ relationship in 
shaping CASQ2 polymerization. 3 effects are clearly seen:

- In the absence of Ca2+ ions, K+ ions alone are not capable of leading to CASQ2 polymerization, 
regardless of their amounts (Figure S6)

- CASQ2 polymerization starts at lower Ca2+ concentrations when K+ levels are higher (a sensitizing 
effect on the part of K+) (Figure 6A)

- At high K+ levels, Ca2+-dependent CASQ2 polymerization displays a lower cooperativity (a negative 
effect on the part of K+) (Figure 6A)

The lack of polymerization in the absence of Ca2+ can be already been seen in the simulations from Figure A.2 
([CASQ2Total] = 2.5 µM).

To simulate the two latter CASQ2 behaviors, we set [CASQ2Total] = 45 µM (as in the experiments) and N = 20. 
Two KCl-containing environments were simulated (either 10 mM or 50 mM, as in the experiment), to which 
Ca2+ ions were added within the concentration range 1-200 mM. Figure A.5, left, replicates the experiments 
shown in Figure 6A of the manuscript. Theoretical results are shown to the right. The green traces in the right 
(theoretical) panels, which indicate the compounded sum of tetramers, hexamers, octamers, etc (up to 40 
monomers) represent well the experimental behavior: there are both an ascending and a descending phase. The 
model replicates both the lower threshold [Ca2+] and the smallest steepness of the polymerization curve in 50 
mM vs. 10 mM KCl. Of additional importance is the formation of Mnf monomers and Do dimers concomitantly 
to the dissipation of polymers during the descending phase of the curve, implying that polymer folding has 
become impeded by the high ionic strength. The model, however, right-shifts the descending phase of both 
polymerization curves relative to those of the experiment, and it right-shifts the ascending curve of the 10 mM 
KCl environment, indicating once again that theory refinement is needed.

Figure A.6: Ca2+-dependent CASQ2 polymerization (green line) in environments with low [KCl]. 
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Model Output 8: Ca2+-dependent CASQ2 polymerization occurs suddenly

Figure 7A within the manuscript highlights the Ca2+-dependent switch-like behavior of CASQ2 polymerization, 
by testing the size of CASQ2 particles at either 50 or 150 mM environmental KCl. It is observed that 
polymerization occurs suddenly, indicating a switch-like event of extreme cooperativity, which threshold [Ca2+] 
depends on [K+]. The experiments were not conducted beyond 40 mM Ca2+, so a descending phase cannot be 
visualized.

We tested whether the theory can simulate this behavior (Figure A.6) by setting [CASQ2Total] = 45 µM and N = 
20. The left panel in Figure A.6 is the experiment. The central and right panels are the predicted CASQ2 
behaviors at, respectively, 50 and 150 mM KCl. Within these theoretical behavior panels, the graphs separately 
display the individual fractions of Mo, Do and each species Po, up to a [Ca2+] = 15 mM, for any given 
environmental [Ca2+]. It can be seen that, in both environments, a polymerization reaction occurs suddenly, with 
few polymer species in-between the size of the dimer (2 Mo/polymer) and the maximum size allowed (40 
Mo/polymer). Furthermore, for the 50 mM KCl environment the formation of very large polymers is about 75% 
ended at 5 mM Ca2+, closely resembling the experiment. For the 150 mM KCl environment, formation of very 
large polymers starts around 3-4 mM Ca2+, and by a level of 10 mM such polymerization is nearly completed. 
Again, no polymers of intermediate sizes are observed. 

It can be concluded that the theoretical 0-D CASQ2 behavior, as simulated herein, reproduces the experimental 
observation by which a Ca2+-dependent switch triggers the formation of very large polymers in a cooperative 
fashion.

Figure A.7: CASQ2 polymerization occurs suddenly

CONSISTENCY OF THE 0-D CASQ2 MODEL vs. PREVIOUSLY PUBLISHED DATA 

The 0-D theoretical formulation presented herein focuses solely in the equilibrium folding behavior of CASQ2. 
This leaves unanswered the key question of what happens to Ca2+ binding by CASQ2, and in particular the 
question of whether the current theoretical formulation is (or not) consistent with previously published Ca2+ 
binding experiments. Note that the current manuscript (and this appendix) present evidence suggesting that 
CASQ2 is able to dimerize even in the absence of Ca2+. This is, however, apparently contradictory to 
experiments such as those from Park et al. (2004) [4], which were interpreted to indicate that there is a strict 
Mo → Do → Po sequence, and that dimerization is very strongly dependent on [Ca2+]. Therefore, the question 
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arises: Is the current theory capable of reconciling the experiments from both publications and provide a unified 
interpretation?

In order to address the question, it was first assumed that Ca2+ binding to CASQ2 can only occur in optimally 
folded molecules (i.e. Mo, Do and Po of any size). Maximum Ca2+-binding capacity of CASQ2 was set to 47.45, 
obtained as explained in Footnote 1. It was assumed that Ca2+-binding capacity was independent of polymer 
size, since the theory has no way of calculating bound Ca2+ other than based on the charge neutralization 
principle (see Footnote 1). Therefore, the role of Ca2+ as a bridging element between monomers has been 
omitted in this calculation. All the above implies that:

binding_sites_monomer = 47.45 

binding_sites_dimer = 2 ∙ n_binding_sites_monomer

binding_sites_polymern  = n dimers ∙ binding_sites_dimer

where n is the number of dimers in the polymer of size n. Dissociations constants were set, for the monomer, 
KD-mono = 0.25 mM, and for species with 2 or more monomers, KD-higher = 5 mM. Hill coefficients were assumed 
to be Hmono = 1 and Hhigh = 4, respectively, for monomers or species with more than one monomer. Occupancy 
was defined as the moles of Ca2+ bound per total CASQ2 present, as in Park et al. In the simulations, 
[CASQ2Total] was 45 µM (about 2 mg/ml, mid-range of Park et al. experiments) and N, the maximum number 
of dimers allowed within individual polymers, was 20. The environment was set to [KCl] = 300 mM, as in Park 
et al. We did not modify the pH of our simulation (7.3), which is slightly different from that of Park et al. (7.5).

Figure A.8: Ca2+-binding properties of 0-D simulated CASQ2 as a function of free [Ca2+]

Figure A.8 shows the theoretical prediction. The top and bottom panels were built similarly to Figures 5A 
(binding curve) and 5B (Scatchard-like plot) from Park et al. (2004) [4]. An insert further contains the proportion 
of Dnf, Mnf, Mo, Do, and all combined Po molecules (note that the proportion of Do dimers, as predicted by the 
current 0-D electrostatic theory, is very large even in the absence of Ca2+). Within the top panel of Figure A.8, 
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the dashed blue line represents Ca2+ that is bound to CASQ2 Mo monomers, whereas the solid blue line is Ca2+ 
bound to Do dimers. The green line is the combined Ca2+ that is bound to all other polymers (i.e. tetramers, 
hexamers, octamers, and so on). Finally, the red curve labelled with “Total” is the sum of the above 3 curves, 
and the one that needs to be compared to Figure 5 in Park et al. (2004). 

There is a good qualitative agreement: It is evident in the binding curve that sequential binding phases occur 
(first to monomers, then to dimers, then to polymers). Furthermore, the theoretical Scatchard-like plot shows a 
similar behavior vs. the one observed experimentally, with varying slopes as a function of occupancy. However, 
what explains the different phases according to the current theory are key differences in KD, Hill coefficient and 
monomer/dimer/polymer abundances, rather than a strict coupling between binding and polymerization. 

Areas of disagreement include the maximum Ca2+ bound ions per CASQ2 molecule, with was shown 
experimentally to be 36 by Park et al., vs. 47.45 ions calculated by the 0-D theory. This is in part because the 
0-D theory only assumes electrostatics, without structural distinctions of what constitutes (or not) a Ca2+-
binding site in three-dimensional space. 

All the above said, we conclude that our theoretical frame can qualitatively replicate both the experiments from 
the current manuscript and those from Park et al. (2004). Therefore, we see no contradiction among the two sets 
of experimental data. 

THE NEAR-PHYSIOLOGICAL ENVIRONMENT

As a last simulation, we applied the current theory to understand what would be the expected aggregation status 
of CASQ2 within environments as close as possible to the physiological cardiac environment. We set as near-
physiological conditions 140 mM KCl, 5 mM NaCl and variable free Ca2+, ranging from 0 to 1.25 mM. 
[CASQ2Total] was set to 1000 µM, the concentration believed to occur within the junctional sarcoplasmic 
reticulum of striated muscle [5]. N was set to 20, as in prior simulations.

Figure A.9 summarizes the theoretical expectation. The left panel indicates that at free Ca2+ levels of 1 mM (i.e. 
similar to levels found in the junctional sarcoplasmic reticulum during diastole) approximately 5% of the total 
CASQ2 would be in the form of Do dimers, whereas most CASQ2 (about 95%) would be expected to form 
oligomers and high-order polymers. A very small fraction (less than 1%) would be monomeric, of either optimal 
or non-functional configurations. Figure A.9, right panel, dissects which optimally folded forms would 
predominate: the vast majority of CASQ2 protein (about 90%) would form the highest polymers allowed by 
the simulation, whereas the remaining fraction would form tetramers, hexamers and octamers, with few 
polymers of intermediate order. Together, the theoretical predictions agree well with the observation (by 
electron microscopy) of large CASQ2 polymers in the junctional sarcoplasmic reticulum from wild-type cells 
[6]. In diseases such as Catecholaminergic Polymorphic Ventricular Tachycardia type 1, where the sarcoplasmic 
reticulum Ca2+ content is similar or slightly reduced (due to Ca2+ leak) vs. healthy cells, the theory still predicts 
that CASQ2 will be highly polymerized. This is in agreement with the visualization of polymers in electron 
micrographs from affected animals [7].

It would be tempting to speculate about the predictions at free Ca2+ levels consistent with the nadir of 
sarcoplasmic reticulum depletions during a heartbeat. However, due to the equilibrium nature of the current 
theory, and because the time lapse where the sarcoplasmic reticulum remains depleted during a heartbeat is 
narrow, we prefer to refrain from such speculation. 



13

Figure A.9: Predicted CASQ2 aggregation status in simulated near-physiological junctional sarcoplasmic 
reticulum ionic environment

An additional question faced by the theory is, if the ionic environment within the entire sarcoplasmic reticulum 
is similar, why does CASQ2 not polymerize in the vicinity of the transcription sites [8]. We believe it is because, 
at transcription sites, the CASQ2 concentration is not high-enough to promote strong polymerization. We are 
aware of the fact that CASQ2 concentration may not be the only determinant of its polymerization state at 
transcription. However, this model is not currently suited for incorporating the effect of post-translational 
modifications. To illustrate this point, we have repeated the simulation shown by Figure A.9 but using an 
arbitrarily low [CASQ2Total] value equal to 10 µM. Figure A.10, analogous in structure to Figure A.9, shows the 
results. Figure A.10, left, confirms the expectation by showing that at 1 mM free Ca2+ the fraction of Po 
molecules is very small. Figure A.10, right, further shows that the totality of Po molecules are tetramers. While 
the levels of CASQ2 chosen for this simulation were arbitrarily set to illustrate a point, it is worth noting that 
the simulation outcome replicates the accumulation of tetrameric DsRed-CASQ2 at the CASQ2 transcription 
sites as shown by the Cala group [8].



14

Figure A.10: Predicted CASQ2 aggregation status in simulated near-physiological transcription site 
environment

LIMITATIONS

The 0-D nature of this theory allows for interested users to perform a very fast and efficient exploration of the 
CASQ2 behavior in a plethora of ionic environments, in such a way that it can be used predictively, at least in 
qualitative terms. However, this same 0-dimensionality creates difficulties when predicting the precise number 
of Ca2+ binding sites, as it does not consider the 3-D structure of the protein: Bound Ca2+ can only be calculated 
based on electrostatics (see Footnote 1), and, while the calculation agrees well with some experimental estimates 
[3], it does not agree with others [4]. One further limitation is that the theory does not contemplate the effects 
of post-transcriptional modifications, nor of Mg2+-rich environments, on CASQ2 aggregation dynamics, since 
the experimental data that were used to create the theory were not generated in those conditions. 

CONCLUDING REMARKS

Despite being phenomenological and 0-dimensional, the theoretical formulation presented in this appendix 
retains a glimpse of physical intuition, is quite simple, and approximates very important qualitative in vitro 
behaviors of CASQ2, including monomer compaction, dimerization and polymerization behavior in different 
ionic environments, and Ca2+ binding studies. Thus, this theoretical framework has the potential, if properly 
refined and extended, to aid in the scientific understanding about CASQ2 and Ca2+-dependent cardiac 
arrhythmias.
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