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Calsequestrin (CASQ) is a key intra-sarcoplasmic reticulum Ca -handling protein that plays a pivotal role in the

contraction of cardiac and skeletal muscles. Its Ca -dependent polymerization dynamics shape the translation of

electric excitation signals to the Ca -induced contraction of the actin-myosin architecture. Mutations in CASQ are

linked to life-threatening pathological conditions, including tubular aggregate myopathy, malignant hyperthermia,

and Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT).
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1. An Introduction to CASQ

1.1. The Right Buffer at the Right Place

For muscle sarcomere contraction to occur, large quantities of Ca  must flow out of the sarcoplasmic reticulum

(SR) lumen into the cytosol, driven by a very steep electrochemical gradient (SR/cytosol Nernst potential for Ca

is approx. 125 mV in a non-contracting cell). The maintenance of this on-demand Ca  supply partially relies on the

highly acidic calsequestrin (CASQ) protein, and its interaction with each member of the Calcium Release Unit

(Figure 1): Junctin (JNT), Triadin (TRDN), and RyR . CASQ is relatively small (45 kDa), and yet is the most

prominently expressed protein within the lumen of the “junctional” sarcoplasmic reticulum (jSR) (up to 100 mg/mL)

. Abundant quantities of Ca  cooperatively bind to CASQ with low affinity, allowing for a rapid back-and-forth

(with each contraction–relaxation cycle) exchange of massive quantities of Ca  between CASQ and the matrix of

the jSR. In mammals, two CASQ genes are differentially expressed in skeletal fast-twitch fibers (CASQ1) and

cardiac muscle (CASQ2), whereas both isoforms are equally represented in slow-twitch fibers . Measurements

in CASQ2-KO mice indicate that CASQ2 stores about 50% of the cardiac SR Ca  content  while maintaining a

free calcium concentration of approximately 1 mM . Similar studies in CASQ1-KO fast-twitch skeletal muscles

indicate that the Ca  stored in CSQ1 contributes 75% of the released calcium , while still maintaining a free

Ca  concentration of approximately 1 mM in the resting fiber.
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Figure 1. Basic components of Ca  release machinery in striated muscles. Excitation–contraction coupling (ECC)

is the process by which an action potential at the sarcolemma leads to a massive release of intracellular Ca

which, in turn, activates cell-wide contraction. ECC occurs at subcellular structures that are periodically distributed

inside muscle cells, called “junctions” (when referred to in structural terms) or Ca  Release Units (CRUs, when

referred to in functional terms). Junctions are so termed because they are composed of specialized regions of the

sarcolemma and of the “junctional” sarcoplasmic reticulum (jSR), both coalescing within nanometer distances. ECC

occurs via different mechanisms in skeletal and cardiac muscles, so in the figure, the sarcolemmal portion of the

junctions is not decorated with tissue-specific components. At the jSR membrane, CRUs are decorated by ordered

arrays of ryanodine receptors (RyR, pink), which act as the SR Ca  release channels. In the lumen of the jSR,

CASQ (blue) buffers Ca  ions (yellow spheres), whereas Junctin (green) and Triadin (red) are transmembrane

proteins anchoring CASQ to the RyR and acting as signaling mediators between CASQ and RyR. The actual

stoichiometry for the Jnt:Trd:RyR complex is unknown.

1.2. CASQ Macro-Architecture(s)

The first electron micrographs of the jSR revealed an electron-dense filling able to assume the most diverse

conformations from wire-shaped structures immediately beneath and parallel to the junctional membrane to

intricately branched filaments and spherical bodies or puncta . Imaging in vivo and cross-linking

experiments support the notion that this material is Ca -complexed CASQ . In addition, these structures

disassemble and disperse under luminal Ca  depletion conditions , which correlates with the fact that the

recombinant protein can organize in vitro into multiple architectures of varying compactness, hierarchically ordered

in response to rising Ca  concentrations from micromolar levels up to 20 mM  (Figure 2). As higher

order polymeric structures are formed, the capacity and cooperativity of Ca -binding events show a parallel,
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stepwise increase, which has consequences for the modulation of intra-SR Ca  storage and release. But how are

CASQ multimers organized?

Figure 2. Schematic diagram of CASQ structural transitions guided by increasing amounts of calcium and/or

monovalent cations. Negative charges along the polypeptide backbone are represented as white spheres. At close-

to-neutral pH and low ionic strength, CASQ retains an unfolded conformation. Either monovalent ions such as Na

or K  (blue spheres) or divalent ions such as Ca  (yellow spheres) mask the negative charges of the abundant

exposed glutamate and aspartate residues (103 and 102 acidic residues over 362 (CASQ1) and 380 (CASQ2)

amino-acid-long polypeptides, respectively). In both cases, the ionic strength increase triggers formation of the

same tertiary structure. To this end, the concentrations of Ca  required are about three orders of magnitude lower

(about 0.1 mM) than that of other monovalent cations (100 mM). Further Ca  addition triggers dimerization

through N-terminal tail swapping. A higher Ca  concentration is required for tight dimerization to occur when
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competing Na  and K  ions are present. The further increase in Ca  ions promotes “back-to-back” tetramerization,

which concomitantly leads to an enormous increase in the calcium-binding capacity of each CASQ monomer. The

protein’s intrinsically disordered C-termini, involved in stabilizing the Ca -dependent tetramer, are represented in a

fixed conformation for clarity of representation.

2. CASQ Multimeric Organization

2.1. CASQ Secondary and Tertiary Folding Is Sustained by Cations

A high abundance of carboxylates, carried by aspartic and glutamic acids, characterizes all CASQ isoforms, with

the human skeletal and cardiac proteins featuring an isoelectric point of 4.0 and 4.2, respectively (Figure 2). Due

to repulsion between negative charges, the polypeptide retains an extended, random coil conformation at low ionic

strength (i.e., lower than that provided by 100 mM KCl) . Multiple, monovalent, or divalent cations can likewise

guide the folding of three negatively charged, nearly identical, thioredoxin domains (Figure 3A,B) ,

where numerous hydrophobic interactions hold the interior of the domains . The minimal ionic concentration

sustaining secondary and tertiary protein folding varies with the coordination number and ionic radius of the cation

, with Ca  featuring the lowest effective concentrations, plus distinctive binding cooperativity

even at modest ionic strength . Low concentrations of monovalent cations (i.e., 85–150 mM KCl) have a

cooperative effect on Ca -binding events at the early stages of protein folding . It appears, however, that

similar or higher abundances of monovalent ions inhibit compaction of the critical, dimerization-competent

monomer, which is ultimately stabilized by a minimal amount of Ca  .
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Figure 3. CASQ monomeric structure and salt-sensitive dimerization. (A) Representation of skeletal (left, PDB ID:

5KN0) and cardiac (right, PDB ID: 1SJI) CASQ surfaces. Colors mirror the coulombic potential values according to

the color legend shown. The disordered C-terminus is not present in the experimental structures. (B) Ribbon

representation of CASQ monomer. The PDB model is 1SJI for cardiac CASQ2. The polypeptide is conventionally

rainbow-colored starting from its N-terminus (blue) to its C-terminus (red). (C) The corresponding cardiac CASQ

dimer is shown (PDB ID: 1SJI). One of the two swapped N-terminal domains within the dimeric state is colored

violet for ease of identification. The N-terminal portion within the circle corresponds to the dimerization switch. (D)

Left: Zoomed view of the dimerization N-terminal switch (within the circle). The most relevant pathological

missense mutation residues falling close or within the dimerization interface are evidenced in gold and represented

as sticks. Right: The sequences of the N-termini for both skeletal and cardiac CASQ are compared. Identical or

similar residues are evidenced by an asterisk or a colon, respectively. The dimerization switch is highlighted in the

violet box. (E) Surface representation of single monomers, where the dimerization interface is, is evidenced in red.

For each structure, the concentrations of the cations of crystallization conditions are indicated below the relative

PDB ID.

2.2. The Ca -Specific Dimerization Switch Is Salt-Sensitive

The first and obligatory step of CASQ supra-molecular assembly is the Ca -driven “front-to-front” dimerization

through N-terminal domain swapping (Figure 3C,D) . Upon Ca  binding, a few alternatively charged
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residues of the N-terminus flip and establish a hydrogen bonding network. In turn, this secures the extended

conformation of the N-terminal tail over the surface of the opposite monomer (Figure 3C,D). Multiple intercalated

Ca  ions bridge in between the abundant carboxylate groups exposed from each monomer’s surface, as revealed

by equilibrium dialysis . The comparison between different crystal structures of the CASQ dimers reveals that

the inter-monomer space could also be filled by other cations than Ca . Nonetheless, only divalent ions engage

the two monomers in a tight architecture, allowing more hydrophobic residues to line the inter-monomer interface

(Figure 3E) .

2.3. Poorly Understood Ca -Dependent Mechanisms Drive CASQ Polymerization

The bottleneck of CASQ polymerization is proper tetramer assembly . The ordered “back-to-back”

tetramerization necessitates the intrinsically disordered C-terminal tail . Truncation mutants lacking the C-

terminus indeed behave as constitutive dimers in the solution and fail to multimerize upon Ca  addition . It has

been hypothesized that the strong negatively charged tail repels the formation of improperly positioned dimers, yet

the exact mechanism driving physiological polymerization has not been elucidated. Interestingly, the main

difference between skeletal and cardiac isoforms lies precisely in the C-terminal segment (Figure 4). The longer

and more negatively charged C-terminus of CASQ2 drives multimerization at higher Ca  concentrations (~2 mM)

than CASQ1 (~0.7 mM) , and the swapping of this segment between isoforms causes the reciprocal

exchange of their Ca -dependent polymerization kinetics . As the coulombic properties of the C-terminal tail

drive the specific conformational responsiveness to Ca , the other negative charges of the polypeptide shape the

surface electric potential of the growing CASQ polymer, with CASQ1 polymers providing a more charged surface

than CASQ2, onto which more Ca  ions can be adsorbed . Since the dimer-to-tetramer transition, CASQ Ca

binding capacity and cooperativity increase; newly bound Ca  ions somehow stabilize further Ca -coordinating

sites. The outcome is a multimeric species endowed with an enormous Ca -binding capacity; up to 60 Ca  ions

are bound per molecule for human cardiac CASQ2, and up to 80 for the skeletal CASQ1 .
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Figure 4. Multiple sites globally design the quaternary assembly of CASQ. (A) The C-terminal Intrinsically

Disordered Region is highlighted in the blue box for skeletal and cardiac CASQ isoforms. (B) Inset from the

glycosylated skeletal CASQ dimer structure (PDB ID: 3TRQ), showing the relative positions and orientations of the

glycosyl moieties on Asn-316, with respect to the C-terminus of the glycosyl-carrying monomer and the N-terminus

of the dimeric partner. The presence of a two-mannosyl chain is sufficient to fully stabilize the N-terminus, whereas

the C-terminus retains a disordered conformation. The site of the known pathological missense mutation I385T in

CASQ1 is close to the glycosylation site. (C) CASQ polymeric structure is represented for a portion corresponding

to five dimers (PDB ID 6OWW). Left: The structure of native glycosylated skeletal CASQ1 (PDB ID: 3TRQ) is fitted

within the 6OWW polymeric structure to visualize the position of the glycosyl moieties (magenta) with respect to the

linear polymer surface (transparent). Centre: For each dimer, one monomer is colored light blue, and the second

monomer is colored pink. A 90° rotation from one dimer to the adjacent one is evident along the polymer axis. The

inter-monomer surfaces are colored red, whereas the inter-dimer interfaces are colored blue. The empty tunnel

running within the structure is colored yellow. Entry/exit spaces in continuity with the internal tunnel are visible.

Right: The internal tunnel is shown in yellow, and only one monomer for each dimer (corresponding to light blue

monomers in the central polymer structure) is represented as a semi-transparent surface. (D) Surface missense

pathological mutations are evidenced in gold on the surface of a CASQ2 monomer (PDB ID: 6OWW). The inter-

monomer surfaces are colored red, whereas the inter-dimer interfaces are colored blue. CASQ1 mutations (D44N,
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M87Q, G103D, D244G, and I385T) are in bold for ease of identification among the numerous CASQ2 missense

mutations.
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