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Abstract 

 
Structural studies of the ryanodine receptor and its binding protein, 

calstabin 
 

Amit Duvshani 
 
 The ryanodine receptor (RyR) is a heterotetrameric Ca2+ release channel located 

on the sarcoplasmic reticulum (SR) membrane of different cell types. RyR type 1 (RyR1) 

is the dominant isoform in skeletal muscle and RyR type 2 (RyR2) is abundant in the 

heart. The RyR N-terminus is a large cytoplasmic domain that binds many channel 

modulators, including the immunophilin calstabin.  

Calstabins (FKBPs) — which are cis-trans peptydil-prolyl isomerases — modify 

and bind to RyRs. Calstabin1 (FKBP12) is associated with RyR1 and calstabin2 

(FKBP12.6) binds to RyR2.  The binding site for calstabins on RyRs has been studied 

and includes a proline. The proline is preceded by a valine or an isoleucine in both RyR 

isoforms.  Calstabins bind to the immunosuppressive drugs rapamycin and FK506; this 

binding suppresses the isomerase activity of these drugs. It has been proposed that this 

inhibition is caused by the ability of the immunosuppressive compounds to mimic the 

transition state of ligand isomerization.  

RyR undergoes several types of post-translational modifications. One of these 

modifications, phosphorylation by protein kinase A (PKA) at Ser2808, causes a decrease 

in affinity of calstabin to the channel. The dissociation of calstabin from the channel 

increases channel openings and promotes sub-conductance states. This phenomenon 

causes Ca2+ ‘leak’  from  the  SR  into  the  cytoplasm  and  depletes  the  Ca2+ stores of the cell. 



The aberrant release of Ca2+ can promote different disease states. For example, SR Ca2+ 

leak in cardiac cells can promote heart failure (HF) and fatal ventricular arrhythmias. 

The Marks lab demonstrated that a calstabin2 mutant — in which Asp37 was 

mutated into valine — retained the ability to bind to PKA-phosphorylated channels. 

Single channel measurements have shown that binding of the calstabin2-D37V restored 

the calstabin2-bound channel properties.  

In the present study we aimed to structurally understand the differences in binding 

between wt-calstabin2 and D37V-calstabin2. To this end, we cloned, expressed and 

purified the D37V-calstabin2 with an MBP fusion protein. The fusion protein was 

crystallized in the presence of rapamycin and the structure was solved using molecular 

replacement techniques. The main difference between the mutant and wt calstabin2 was 

that a hydrogen bond between D37 and rapamycin was replaced with a van der Waals 

interaction.  

We also docked the mutant calstabin2-D37V into our cryo-EM structure of RyR1. 

We were able to clearly see that the amino acids D (or V) interacted with a helix 

projecting from the RyR structure, which we believe to contain the proline previously 

identified by the Marks group. Calstabin2 interacted with the receptor via three distinct 

domains; this interaction has implications for coupled gating, phosphorylation and 

disease-associated mutations.  

The binding affinity of the wt and mutant calstabins was measured using 

radiolabeled versions of wt and D37V proteins. We found that the affinity of wt 

calstabin2 to PKA-phosphorylated RyR2 decreased threefold compared to non-



phosphorylated RyR. The D37V mutant, however, was able to bind to both 

phosphorylated and non-phosphorylated RyR2 with the same affinity.  

This study also included efforts to crystallize different RyR fragments. We 

attempted to crystallize RyR1 and RyR2 domains that are involved in RyR regulation by 

small modulators or domains that are important to its activity. Despite not being able to 

crystallize these fragments, we present our results here and suggest they could serve us in 

the future for a variety of biochemical and biophysical studies. 
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I. Introduction 
 
 

   A. Excitation-Contraction Coupling 
 

 

Muscle contraction is a highly regulated process that involves a complex interplay 

between various stimuli, ion channels, regulatory proteins and post-translational 

modifications. Excitation-contraction (EC) coupling is the direct correlation between the 

electrical stimulus and its conversion into mechanical output (4-6). In skeletal and cardiac 

muscle cells, EC coupling is initiated by an action potential (AP), which depolarizes the 

plasma membrane. The AP is generated by changes in membrane potential and the 

subsequent depolarization activates fast-acting Na+ channels, causing a rapid rise in 

membrane potential (also called the upstroke).  The upstroke ends quickly as the Na+ 

channels deactivate, and is followed by a short initial repolarization, plateau stage − 

during which inward Ca2+ current and outward K+ current play a role − and a final 

repolarization and return to resting potential. The typical length of an AP in a human 

ventricle is about 150-200 ms. The resting potential in a ventricular myocyte is about -90 

mV, which is close to the potassium reversal potential and the potential rises to ~40 mV 

during the upstroke stage of the AP (Fig. 1).  
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Figure 2 - Ventricular Action Potential 

In a cardiac myocytes, depolarization starts with the opening of voltage-gated Na2+ channels, followed by 
the opening of voltage-gated Ca2+ and K+ channels. Ryanodine receptors are activated by Ca2+ that enters 
the cell during phase 2 of the action potential. Na2+ and K+ concentrations are restored by the 
sodium/potassium ATPase (NKA). Adapted from (7). 

 

   

In myocytes, the AP travels along the transverse tubules (t-tubules), which are 

invaginations of the plasma membrane that allow for proximity to the terminal cisternae 

of the sarcoplasmic reticulum (SR) (8, 9). The AP then activates voltage-gated calcium 

channels (L-type calcium channels; dihydropyridine receptors [DHPRs]), that open and 

let in a small amount of Ca2+ into the cytoplasm (10). In cardiac muscle, this rise in 

Ca2+ concentration ([Ca2+]) is sufficient to open type 2 ryanodine receptor (RyR2) 

channels on the SR membrane in a process referred to as calcium-induced calcium 

release (CICR) (11, 12). Alternatively, in skeletal muscle, type 1 ryanodine receptor 

(RyR1) channels open in response to allosteric changes in the L-type channels. This is 

achieved by direct interaction between the II-III cytoplasmic loop of the α1s  subunit  of  

the DHPR and RyR1 (13, 14).  The coordinated opening of multiple RyR channels 

increases the [Ca2+] by 10-100 fold and allows binding of the Ca2+ to troponin C, 
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modulating tropomyosin, leading to actin-myosin cross bridging and sarcomere 

shortening (15, 16). 

Relaxation of the muscle is achieved by pumping the Ca2+ back into the SR by 

the sarco-endoplasmic reticulum calcium ATPase (SERCA). SERCA activation occurs 

during elevated cytoplasmic [Ca2+] and can be further activated by its regulatory 

protein, phospholamban (17). Ca2+ can also be driven out of the cell by the sodium-

calcium exchanger (NCX), using the Na+ gradient across the plasma membrane (18, 

19), as well as the plasma membrane calcium ATPase (20, 21) (Fig. 2). 

 

Figure 3 - Intracellular Ca2+ Cycling in Cardiomyocytes 

Calcium initially enters the cell through the LTCC. This small Ca2+ influx activates RyR, allowing the 
release of larger amounts of Ca2+ from the SR into the cytoplasm. Elevated cytoplasmic Ca2+ levels induce 
muscle contraction. The Ca2+ is then cycled back into the SR by the SERCA pump or extruded from the 
cytoplasm through the NCX. Adapted from Wehrens and Marks (22). 
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 B. The Ryanodine Receptor 

             1. Ryanodine Receptor Gene Families and Expression 

 Ryanodine receptors are heterotetrameric Ca2+ release channels comprised of four 

~565 kD subunits. RyR1 was first cloned from mammalian skeletal muscle (chromosome 

19), while RyR2 was cloned from rabbit cardiac muscle (chromosome 1) (23-25). Both of 

these isoforms are also expressed in a variety of other tissues: RyR1 is expressed at lower 

levels in cerebellum, testis, smooth muscle, adrenal gland, spleen and ovary, while RyR2 

is found in the heart, lung and brain (26). A third isoform, RyR3 (chromosome 15), was 

originally identified in rabbit brain, but later was found to be expressed in various tissues 

including abdomen, slow twitch skeletal muscle and diaphragm (27-29). The homology 

between the three mammalian isoforms is ~70% (30). Non-mammalian vertebrates 

express two isoforms – RyRα and RyRβ, which are homologous to the mammalian RyR1 

and RyR3 isoforms, respectively (31, 32). Insects, like Drosophila melanogaster, and 

nematodes have a single RyR gene, which is called unc68 in Caenorhabditis elegans and 

shares ~40% homology to mammalian RyR (33, 34). 

RyR1 is one of the largest human genes with over 153,000 nucleotides of genomic 

DNA. The genomic sequence contains multiple silent DNA polymorphisms and 104 

exons (35-37). 

 

       2. RyR Organizations and Location on the Membrane 

        The tetramers comprising the RyR1 channel are located on the SR membrane of 

skeletal muscle in a checkerboard array; each tetramer is in contact with its neighbors 
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through clamp region interactions (38). With respect to DHPR activation, every other 

RyR1 tetramer apposes four DHPR channels. However, in cardiac muscle the 

organization is less regular (39). For every one DHPR, whose single opening produces a 

Ca2+  ‘sparklet’,   approximately 4-6 RyR are synchronously activated, generating a Ca2+ 

spark (40). About 25 DHPRs and 100 RyRs constitute a cluster of functional channels, a 

couplon, and approximately 10,000 couplons are activated in a ventricular myocyte for 

every heartbeat (39, 41).   

 

 3. RyR Structure 

 Although the full structure of the channel has not been yet determined at the 

atomic level, some structural elements have been at least partially elucidated using 

various methods. Early studies used cryo-electron microscopy (cryo-EM) in order to 

learn about the large RyR channel structure. Cryo-EM data showed a tetrameric 

“mushroom”-like structure, sized 29 x 29 x 13 nm, which encompasses the large N-

terminal cytoplasmic domain (~80% of the protein) (42-45). Franzini-Armstrong and 

colleagues  had  earlier  described   this  cytoplasmic  domain  as   the  ‘foot’  structure,   readily  

seen even in low-resolution EM images (38). The C-terminus of the protein contains a 

transmembrane domain (TM) and a luminal domain. The binding sites for several 

ligands, including FK506-binding protein 12 kDa (FKBP12, calstabin1), calmodulin 

(Ca2+-CaM, apoCaM) and imperatoxin A (IpTxA) have been studied using cryo-EM 

techniques (46-48). These modulators bind relatively far from the pore region, suggesting 

a long-range allosteric signaling network that regulates channel gating. Later work has 

suggested a gating mechanism based on partial resemblance to voltage-gated potassium 
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channels, whereby the clamp region (domains 5-10) moves 8 Å towards the SR surface 

(49).   

 Since 2009, several RyR X-ray crystallography studies have been published. The 

N-terminal domain (NTD), which encompasses over 550 amino acids – is the most 

studied part of RyR and its structure has been solved. The N-terminal fragment is 

composed of three distinct domains, referred to as domains A, B and C. Domains A and 

B each fold into three β-trefoils, which are each made 4 β-strands that come together in a 

barrel and cap formation (50, 51). Domain C forms a bundle of five α-helices. The 

overall structure of the NTD is of a cytoplasmic vestibule that has been docked into the 

low-resolution cryo-EM map (51). The structure consists of a loop that contains several 

disease-associated mutations, located between strands β8   and   β9. That loop has been 

termed the hot spot (HS) loop. Interfaces between the ABC domains rely on hydrophobic 

interactions.  The overall structure of domain A, which is made up of a β-trefoil and a 

short α-helix, is similar to the IP3R suppressor domain structure (52). 

 Several human diseases are associated with mutations in RyRs. RyR1 mutations 

are associated with malignant hyperthermia (MH) and central core disease (CCD). MH is 

an autosomal-dominant disorder characterized by a life-threatening reaction, usually 

triggered by volatile anesthetics or muscle relaxants (53-56). The drug dantrolene is 

effectively used to treat MH. Although studies have suggested direct interaction between 

dantrolene and RyR1, its mode of action is unknown (57, 58). CCD is a potentially lethal 

congenital myopathy for which there is no cure. The disease presents in patients as 

hypotonia and delayed motor development. CCD is defined by muscle fiber regions 
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lacking  mitochondria   that   appear   as   empty   ‘cores’   after   histological   oxidative   staining  

(59).  

 Mutations associated with RyR2 result in several disease states, most commonly 

cardiac arrhythmias. Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT) 

can cause exercise-induced ventricular tachycardia in patients with no history of heart 

disease (60, 61). Arrhythmogenic right ventricular tachycardia (ARVD) is also associated 

with  RyR2  mutations,   and   is   characterized  by   ‘fibrofatty’   tissue   replacing  normal   right  

ventricular myocardium (62).  Mutations in RyR2 have also been shown to play a role in 

sudden infant death syndrome (SIDS) (63, 64).  

 The RyR mutations linked to human disease are found primarily in three distinct 

clusters on the protein: the N-terminal region (aa 1-600), central region (~aa 2100-2500) 

and the C-terminal region (~aa 3900-5000).  Some disease mutations are more likely to 

be located in specific clusters.  For example, CCD mutations are most likely to occur in 

the C-terminal region and MH mutations are most likely to occur in the N-terminal and 

central regions of RyR1 (65). 

 The Van Petegem group has shown that a deletion mutation of an entire exon in 

the NTD of RyR2, which causes an extreme form of CPVT, is non-lethal because of 

misfolding of an insertion of a flexible loop into the β-trefoil (66). The mutant shows an 

increase in thermal stability and therefore, it is possible that the NTD affects the pore 

region in an allosteric fashion.  

 The crystal structure of the RyR phosphorylation domain, the first RyR domain 

outside of the NTD to be crystallized, has recently been published for all three isoforms. 

This domain includes a number of disease-associated mutations (67, 68). The overall 
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structure of that domain is of two identical motifs that are each made of two α-helices, a 

short 310 helix  and  a  β-strand. The residues that undergo phosphorylation, S2843 (RyR1) 

and S2808 and S2814  (RyR2), are located on a flexible loop that connects these two 

symmetrical structures. Eleven disease mutations are found within the sequence of the 

phosphorylation fragment. The authors divided those mutations into three groups: seven 

lie on the same face of the structure near the S2843 site; three more are on the opposite 

face, and the third group contains only the G2867G mutant. Most mutants did not affect 

the stability of the domain. One mutant, nonetheless, G2867G, aggregated and 

precipitated at room temperature, while exhibiting a significantly lower melting 

temperature than the wild type. This mutant did not crystallize, probably due to loss of 

critical stabilizing hydrophobic interactions with other nearby residues. 

 

 4. RyR Biophysical Characteristics 

 While RyRs conduct Ca2+ in muscle cells, they are non-specific channels that are 

permeable to a variety of divalent and monovalent cations (69-71). The conductance of 

RyR are very high, ranging from ~100 pS in asymmetric solutions containing a divalent 

cation (e.g., Ca2+, Ba2+, Sr2+) to over 500 pS for monovalent cations (e.g., K+, Na+, Cs+). 

For example, the conductance of high-conductance ion channels on the plasma membrane 

does not exceed 250 pS, while L-type Ca2+ channels have a unitary conductance of no 

more than 20 pS (72, 73). This allows RyRs to pass through a large amount of Ca2+ ions 

in a short amount of time. 

 RyRs display little selectivity between different monovalent cations, as well as 

between divalent cations, and are only mildly selective to Ca2+ over K+ (PCa/PK ~6) (70). 
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In order to study the biophysical properties and gating of RyR channels, native SR 

vesicles are incorporated into an artificial planar lipid bilayer. The artificial bilayer is 

formed  by  ‘painting’  SR  vesicles  across  a  small  aperture  that  separates  two  solutions.  An  

amplifier monitors electrical signals that show up in the bilayer as evidence for channel 

incorporation (74).  

 

 5. RyR Regulators  

 a. Cytosolic Ca2+ - Ca2+ acts on RyR in a complex manner as it has activating, 

inhibitory and conductance properties in relation to the channel. The single channel effect 

of Ca2+ on the receptor is described as a bell shaped function of cytosolic Ca2+ (70, 75-

78). RyR channels are activated by low Ca2+ concentrations (high nM – low  μM)   and  

inhibited by high Ca2+ concentrations (1-10 mM). The RyR1 channel is almost entirely 

inhibited by 1 mM Ca2+, whereas inhibition of RyR2 and RyR3 channels requires higher 

Ca2+ levels (76, 79-81). Although the exact site of cytosolic Ca2+ binding is unknown, 

several mutagenesis studies and expression of truncated RyR fragments suggest a number 

of C-terminal residues involved in Ca2+ sensing (82-84). Another inhibitory Ca2+ binding 

site was proposed to exist within amino acids (aa) 1641–2437 of RyR1, which, when 

deleted, showed reduction in the inhibitory site Ca2+ affinity (85). 

b. Luminal Ca2+ - Single channel experiments have confirmed the existence of 

luminal Ca2+ regulation of RyR (86-90). Some studies, however, favor regulation by a 

feed-through mechanism, in which Ca2+ conducts through the channel and binds to its 

cytosolic binding sites (91, 92). Distinguishing between these two modes of action has 

been challenging and remains unresolved to date. In addition, some of the luminal Ca2+ 
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might not be free but bound to Ca2+-buffering proteins such as calsequestrin or junctin 

(93-95).  

 c. Mg2+ - The cytoplasm of most cells contains ~1 mM free Mg2+. This free Mg2+ 

can compete with Ca2+ at the activation site(s), thereby decreasing RyR Ca+2-sensitivity 

(96-99). Mg2+ also competes at the high Ca2+ inhibition site that does not discriminate 

between divalent cations (96). 

 d. ATP – ATP is present in the cytoplasm at ~5 mM total concentration. Most of 

the ATP is bound to Mg2+ and  only  ~300  μM is in the form of free ATP, which is a potent 

activator of RyR (96, 99-101). RyR1 is significantly more sensitive to free ATP than 

RyR2 and RyR3 and requires less Ca2+ for activation under physiological levels of ATP 

and Mg2+ (77, 81, 96, 99, 100, 102). 

 

 6. The RyR Macromolecular Complex      

 The RyR N-terminal cytoplasmic domain functions as a scaffold for proteins that 

interact   and  modulate   the   receptor.  These   interactions   are   responsible   for   the   channel’s  

ability to respond to stimuli and affect its gating properties. Some regulatory proteins are 

anchored to RyR through leucine/isoleucine zippers (LIZs), structural motifs in which the 

amino acids leucine or isoleucine are arranged on one side of a helix, forming a zipper. 

Kinases such as protein kinase A (PKA) and protein phosphatases 1 and 2 (PP1 and 

PP2A) are examples of members of the RyR macromolecular complex that use LIZs to 

bind to RyR through the adapter proteins mAKAP, spinophilin and PR130, respectively 

(103). The proteins that make up the RyR macromolecular complex include: 
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 a. Calmodulin (CaM) – CaM is a widely expressed 17-kDa Ca2+-binding protein. 

It contains two globular lobes that each contain two EF hands, which are helix-loop-helix 

motifs commonly found in Ca2+-binding proteins. CaM binds to RyR1 and RyR2 

monomers at 1:1 stoichiometry (104).  In RyR1, apo-CaM (Ca2+ free) activates the 

channel at nanomolar Ca2+ concentrations and Ca2+ bound CaM acts as an inhibitor at 

higher Ca2+ concentrations (105). In the case of RyR2, CaM inhibits the channel at all 

Ca2+ concentrations (106).  

 Both the Ca2+-free and the Ca2+-bound forms of CaM bind to the same RyR 

sequence (aa 3630-3637) (107). In addition, it has been shown that Ca2+ binding to RyR 

causes changes in the localization of CaM while it is bound to the receptor (46). The 

change in localization, therefore, could be explained by conformational changes affecting 

the receptor following binding by the two forms of CaM. Based on experiments with the 

RyR1 3614-3643 peptide, other studies have suggested two distinct but close activating 

and inhibiting sites (108).  There is one published structure of a Ca2+ / CaM bound to the 

aforementioned RyR1 peptide. That structure shows both CaM lobes wrapped around a 

α-helix so that the N-terminal lobe is in contact with the C-terminus of the helix and the 

C-terminal lobe is bound to the N-terminal half of the helix (109). Despite that, other 

RyR fragments have been shown to bind CaM (110). Therefore, it is possible that one of 

the lobes binds a different sequence in vivo.  

 b. Ca2+ / CaM Kinase II (CaMKII) – CaMKIIδ, the major CaMK isoform found in 

the heart, is a multimeric holoenzyme made of an assembly of 6-12 kinase subunits 

forming a wheel-like structure (111). Each CaMKII monomer contains an amino-terminal 

catalytic domain, a carboxy-terminal association domain responsible for oligomerization 
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and a central regulatory domain that consists of partially overlapping autoinhibitory and 

calmodulin (CaM) binding regions. These domains act together to integrate CaMKII 

activity responses to changes in the duration, magnitude and frequency of intracellular 

calcium oscillations (112).  

The first report of CaMKII directly affecting RyR demonstrated that the kinase 

phosphorylates the cardiac RyR at Ser2809 (equivalent to Ser2808 in murines) (113). In 

that report, however, the authors used a synthetic peptide corresponding to amino acids 

2805-2819 in order to produce rabbit antiserum, a region that includes Ser2815. More 

recently, Wehrens et al. identified Ser2815 as the unique CaMKII phosphorylation site on 

RyR2 (114). Moreover, CaMKII phosphorylation is required for maintaining the force-

frequency relationship in the heart, which is a phenomenon that was observed by 

Bowditch in 1871 (115). This phenomenon states that an increase in heart rate leads to an 

increase in cardiac contractility (116). Earlier studies argued that CaMKII either increases 

(113, 117) or decreases RyR open probability (Po) (118). However, These earlier studies 

used mostly lipid bilayer techniques. Experiments that were conducted under more 

physiological conditions, such as in Li et al., demonstrated that in isolated ferret cardiac 

myocytes endogenous CaMKII increased the amount of SR Ca2+ release for a given Ca2+ 

current and SR Ca2+ content (119). A series of studies from different labs support the 

hypothesis that CaMKII phosphorylation activates RyR2. In those experiments, CaMKII 

was shown to be directly associated with RyR2 (114, 120). Another study showed 

opposite results implying that constitutively active CaMKII inhibits SR Ca2+ release and 

that inhibition of CaMKII (by the peptide inhibitor AC3-I) increased SR Ca2+ release 

(121). In human heart failure (HF) models, CaMKII expression and autophosphorylation 
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are enhanced (122, 123). Ai et al. have shown a similar effect in a rabbit HF model, so 

that more CaMKII is associated to RyR2, while less phosphatases are bound to the 

receptor (124). CaMKII   inhibition   −   but   not   PKA   inhibition   − was able to completely 

reverse the diastolic Ca2+ leak measured in the rabbit model of HF.  

 c. Protein Kinase A (PKA) – The PKA holoenzyme is comprised of two catalytic 

and two regulatory subunits and is tethered to RyR via muscle A-kinase anchoring 

protein (mAKAP) (125). Leucine zippers on RyR and mAKAP facilitate the interaction 

between these two proteins (aa 3003–3039 on RyR2) (103). During  the  “fight  or  flight”  

response,   the   sympathetic  nervous  system  (SNS)   is   activated.  SNS  activation  causes  β-

adrenergic stimulation of the muscle, resulting in cAMP production and subsequent PKA 

activation (126). PKA phosphorylates a number of key EC-coupling proteins, including 

RyR, phospholamban (SERCA regulation) and troponin I (127-130). Phosphorylation of 

RyR2 leads to dissociation of the small regulatory protein calstabin2, which changes the 

channel’s   gating   properties.   This   results in SR Ca2+ leak, thereby reducing cardiac 

contractility and increasing the likelihood of arrhythmias (125, 130, 131). In HF models, 

RyR2-S2808 was found to be hyperphosphorylated by PKA, and void of calstabin2 

association (125, 132). PKA phosphorylation enhances RyR2 activity independently of 

calstabin2 depletion, as shown by calstabin2-depleted channels with increased Po, a 

phenomenon that is further augmented by PKA phosphorylation (133). 

 d. Phosphodiesterase 4D (PDE4D) – PDEs hydrolyze the phosphodiester bonds 

typically found in cyclic nucleotides and provide fine-tuning of the cAMP gradient close 

to the t-tubule. Since PKA is a cAMP-dependent kinase, it is indirectly regulated by PDE. 

Our lab has shown that in failing hearts, the levels of PDE4D3, the prevalent PDE 
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isoform in the heart, are decreased, thereby promoting leaky, hyperphosphorylated RyR2 

channels and arrhythmias (134).  

 e. Luminal Regulators – RyRs interact with (although not necessarily bind to) 

several proteins on their luminal  (SR) side. These include:  

i. Calsequestrin (CASQ). CASQ is a low-affinity Ca2+-binding protein found in the SR 

(135). 20 to 80 Ca2+ ions bind to CASQ with a Kd of ~1mM (136). In cardiac muscle 

cells, only the CASQ2 isoform is expressed, while skeletal muscle cells contain both the 

CASQ1 and CASQ2 isoforms (137, 138). Thirteen mutations in the CASQ gene have 

been reported to be associated with CPVT so far (139). 

 ii. Triadin. Four triadin isoforms have been identified to date, with great variability in 

their molecular masses (32-95 kDa). The 95 kDa and 32 kDa isoforms are the dominant 

isoforms in skeletal and cardiac muscle, respectively (140-142).  Triadin molecules might 

serve as a linker between RyR and CASQ since they possess one TM domain and bind to 

both proteins (143-145). Triadin knockout in muscle cells results in a decrease in the 

amplitude of Ca2+ transients and reduction of muscle strength, but triadin is unessential 

for EC coupling (146, 147). A missense mutation in triadin has been identified as the 

cause of an autosomal recessive form of CPVT (148). 

iii. Junctin. Junctin is a 26 kDa SR membrane-spanning protein with a long luminal 

domain (149). The luminal domain includes KEKE  motifs   −   repeats in which most of 

residues  are  Lys  or  Glu/Asp  − that are presumed to be involved in interactions between 

junctin, RyR and other luminal proteins (150). A direct binding between junctin and RyR 

has not been established yet, but its overexpression has remarkable effects on Ca2+ 



 15 

handling in mouse cardiomyocytes, including impairment in their lusitropy (151, 152). 

Furthermore, junctin is depleted in most forms of human HF (153). 

 

 

7. RyR Pharmacology 

a. Ryanodine - Ryanodine is an alkaloid naturally found in the South American 

shrub Ryania speciosa.  Ryanodine binds to RyR with high affinity in a Ca2+-dependent 

manner, making it an essential tool for studying the channel. Ryanodine has very high 

affinity to the open conformation of the receptor, so that it can be used to measure the 

gating of RyRs. At nanomolar concentrations, ryanodine locks the channel in a 

characteristic subconductance state of about half of the full-conductance, while higher 

ryanodine concentrations lead to channel inactivation (154, 155). Two ryanodine binding 

sites, one with high affinity to RyR2 (low nM) and one with low affinity (high nM to low 

μM), have been identified on the channel and they demonstrate positive cooperativity 

(156, 157). Due to its high specificity, ryanodine is often used in single channel 

experiments to identify RyR as the channel in the bilayer. 

b. Caffeine - Caffeine increases the affinity of RyR to Ca2+ and ATP in a 

cooperative fashion (158). Amino acids within the 2163-2458 segment of RyR1 have 

been suggested to be involved in caffeine binding due to a sensitization to Ca2+ activation 

when mutated (159). Caffeine is used to empty SR Ca2+ in cases when SR Ca2+ content is 

measured indirectly. 5 to 10 mM caffeine is required for maximal release of Ca2+ from 

SR stores (160). 
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c. 4-Chloro-m-Cresol (4-CmC) – 4-CmC is a preservative and disinfectant that 

acts as a potent RyR activator (161). 4-CmC has an EC50 value of 0.2-0.4 mM for the 

RyR1 and RyR2 isoforms (161, 162). Residues Gln4020 and Lys4021 have been shown 

to be required for 4-CmC binding to RyR1 by site-directed mutagenesis experiments 

(163). 

d. Ruthenium Red (RR) – RR is a dye and non-specific inhibitor of RyR at 

nanomolar concentrations (164). In experiments with skeletal RyR fusion peptides, RR 

bound to several putative Ca2+ binding sites (83). 

e. Dantrolene –Dantrolene is a hydantoin derivative which is used as a muscle 

relaxant, and is the only effective drug for treatment of MH (165). Dantrolene binds to 

RyR1, as was demonstrated by identification of a binding site with a Kd of 277 nM by a 

rapid filtration binding assay for [3H]-dantrolene (166). Dantrolene acts indirectly to 

desensitize RyR1 to activation by CaM, decreasing channel activation (167). RyR2 is less 

affected by dantrolene, both in native SR vesicles and in a HEK-293 expression system, 

while RyR3 is significantly inhibited by the drug (58). 

f. Tetracaine – Tetracine is a local anesthetic that inhibits Ca2+ release from the 

SR. It lowers both RyR1 and RyR2 channel open probability when added either to the 

luminal or cytosolic side, despite the latter having a more pronounced affect (168). At 25 

μM   free      Ca2+ tetracaine inhibited [3H]-ryanodine binding to both the isoforms with a 

similar IC50 of ~50 μM  (164). 

g. JTV-519 – JTV-519 is a 1,4-benzodiazepine derivative multi-channel blocker 

that prevents arrhythmias by inhibiting SR Ca2+ leak (169-171). Since the drug inhibits 

multiple ion channels, it is probably not useful as a therapeutic (171-173). 
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h. S107 – S107 is an RyR-specific 1,4-benzodiazepine derivative, inhibits the 

leaky channels associated with loss of calstabin2 from the RyR complex and prevents 

heart failure progression, prevents arrhythmias as well as raises the seizure threshold in a 

mouse with mutant RyR2 associated with CPVT (R2474S) (64). S107 also enhanced 

calstabin1 association to the hypernitrosylated and oxidized forms of RyR1 and improves 

muscle function in aging and in muscular dystrophy (174-176). More recently, our group 

has shown that acute treatment of RyR2-R2474S+/− mice with S107 reduced Ca2+ 

alternans and stimulation-induced Ca2+ waves (177). 

 

C. FKBPs and their Importance in RyR Regulation 

 1. The Immunophilin Protein Family 

 Immunophilins are a family of conserved proteins expressed in different cell types 

that have peptidyl-prolyl isomerase activity (PPIase) (178). The FK506 binding proteins 

are a subgroup of the immunophilin family and contain a conserved FKBP-binding 

domain. Calstabin1 and calstabin2, which interact with RyR1 and RyR2, respectively, 

take part in a variety of cellular functions (179). Other members of the FKBP gene family 

contain other structural elements, such as prolyl hydroxylase 2 domain (PHD2), CaM-

binding domain, tetratricopeptide (TPR) and at times a transmembrane (TM) domain 

(180-182). The FKBP nomenclature is based on their molecular masses. 
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2. FKBPs and Their Ligands 

      Calstabin1 binds specifically to, and stabilizes, the skeletal muscle SR calcium 

release channel, RyR1, decreasing its open probability and increasing channels with full 

conductance levels (183, 184). For this reason, we have renamed FKBP12 on the basis of 

its natural cellular function, calstabin1 (calcium channel stabilizing protein). Calstabin2, 

which binds specifically to RyR2 in vivo, is termed calstabin2 (185, 186). Calstabin1 is 

expressed at high levels in all muscle types, while calstabin2 is expressed in many 

organs, including the human brain, liver, thymus, testes and ovaries, with reduced levels 

in the heart, kidney and colon (184, 185). Calstabin1 and calstabin2 are named based on 

the migration of the proteins on SDS-PAGE, although the two are exactly the same 

length (108 aa) and are ~88% similar based on their preliminary sequences (179). The 

human calstabin1 gene (FKBP1A) is located on chromosome 20, and the gene encoding 

the calstabin2 gene (FKBP1B) is located on chromosome 2. Both genes contain 4 exons 

and several introns, some of which are 5,000-17,000 base pairs (bp) long.  

 Calstabin1 was originally discovered as the binding partner of the 

immunosuppressive agent FK506 (tacrolimus) (187). FKBP-FK506 inhibits the 

phosphatase calcineurin (CaN) from dephosphorylating NFAT (Nuclear Factor of 

activated T-cells), thereby inhibiting the translocation to the nucleus of NFAT. The 

dephosphorylated form of NFAT activates the transcription of genes essential to the 

immune response, e.g., IL-2 (188, 189).  

Calstabin1 and calstabin2 also bind the immunosuppressant rapamycin (sirolimus), a 

macrolide first discovered as a natural product of the bacterium Streptomyces 

hygroscopius in a soil sample from Easter Island (190). The rapamycin-calstabin1 
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complex is unable to bind calcineurin because of steric hindrance (191). Instead, 

rapamycin-calstabin1 exerts its cellular effect via the mTOR pathway (192-194). mTOR 

is a serine/threonine kinase that regulates metabolism, cell growth and cell cycle 

progression. Inhibition of mTOR results in inhibition of S6K1 and 4EBP1 

phosphorylation, which prevents cyclin-dependent kinase (CDK) activation, finally 

resulting in cell cycle arrest at the G1/S phase and cell death (195-197).  

  Calstabin1 also  binds  to  transforming  growth  factor  β  receptor  type  I  (TGF-βRI),  a  

single TM serine/threonine kinase involved in paracrine signaling in many tissues (198, 

199). TGF-βRI  is  activated  by  phosphorylation  on  its  regulatory  GS  domain,  carried  out  

by TGF-βRII  (200, 201).  Calstabin1 was shown to inhibit ligand independent activation 

of the TGF-βRI  and  downstream signaling after binding TGF-βRI  (202-204).  

 

 

 

Figure 4 - FK506 and Rapamycin Structures 

Schematics of the structures of A – FK506, B – rapamycin. The binding domain of rapamycin to FKBP is 
shown in blue. Taken from (205). 
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3. FKBPs and Isomerase Activity 

 Most amino acids favor strongly the trans isomer of their peptide bond due to 

energetic preferences. Proline has a unique cyclic structure where its side chain is 

connected to its secondary amine nitrogen. This structure makes proline, chemically, an 

imino acid. Because of its structure, the proline peptide bond can adopt both cis and trans 

conformations because of small differences in the free energy between these two 

configurations. Peptidyl-prolyl isomerases are enzymes that catalyze the slow 

interconversion of the amide bond in prolines (206). Since peptidyl-prolyl bonds do not 

assume one of these conformations spontaneously, cis-trans isomerization can be the 

rate-limiting step of protein folding. PPIases act as molecular chaperones that aid proteins 

to fold correctly in vivo (207, 208). 

 Several mechanisms for catalysis have been proposed for PPIases (209). In vitro 

experiments highlighted the importance of the substrate specificity of human FKBP using 

a chymotrypsin-coupled rotamase assay (210). The study demonstrated that the residue 

directly preceding the proline (P1 residue) in the FKBP substrate has a strong preference 

for hydrophobic side chains, such as leucine and isoleucine (211). This study also showed 

that a twisted amide intermediate in the isomerization reaction is a favorable model to 

explain the P1 preference (Figure 4). The immunosuppressants FK506 and rapamycin are 

leucine-(twisted amide)-proline surrogates that mimic the structure of the FKBP 

substrates.  Despite these findings, the exact biological role of the peptidyl-prolyl 

isomerase activity of FKBPs has been challenging to decipher. In many cases, the 

isomerase activity is unrelated to the physiological role of FKBPs. For example, the 

ubiquitously expressed calstabin2 binds to epidermal growth factor receptor (EFGR), 
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however, binding is not dependent on isomerase activity as the isomerase-deficient 

mutant F99Y is able to bind to EGFR (212, 213). 

 Calstabin1 mutants known to be isomerase-deficient (F36Y, W59H, F99Y) were 

able to bind to RyR1 at the same rate as the wild-type (wt) calstabin1 (214). Calcium 

loading rates with these mutants remained close to the wt immunophilin, indicating that 

isomerase activity and binding are independent of each other. 

 

 

 4. FKBP-RyR Interaction  

 FKBPs have been suggested to interact with RyRs when RyR1 was first 

sequenced from a highly purified preparation of rabbit skeletal muscle (24). One of the 

peptide sequences obtained in that study was not derived from RyR1 and was identified 

as the amino-terminus of calstabin1 (24, 184, 215). Calstabin1 co-localizes with RyR1 to 

the terminal cisternae of the SR, where RyR1 is known to be present, but not in areas of 

the SR that may contain calcium ATPases but no RyRs (184). Next, the calstabin2 

isoform was shown to be physically associated with RyR2 in cardiac myocytes (216). 

Figure 5 - Mechanism of Peptidyl-Prolyl Isomerization 

PPIases catalyze the interconversion between the cis and trans forms of the peptidyl-prolyl bond. 
The twisted amide transition state is the proposed mechanism of action for FKBP. Shown here is an 
example of a similar mechanism for the Pin1 isomerase. Taken from Mercedes-Camacho et al. (3) 
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   The stoichiometry of FKBP-RyR interaction is a 4:1 ratio, so that one calstabin1 

molecule is associated with one RyR subunit (four FKBP molecules per tetramer) (217).  

  When recombinant RyR1 was purified and reconstituted into planar lipid 

bilayers, it formed a calcium channel with characteristics similar to native RyR (183). 

Expressed without calstabin1, the channels exhibited partial openings (subconductance 

states) to four distinct levels that were more noticeable due to the use of cesium as a 

charge carrier. Co-expression of human calstabin1 with RyR1 in insect cells, led to stable 

channels that opened to full-conductance levels. The same results were achieved by 

adding calstabin1 to the purified expressed RyR in the bilayer. FKBP increased mean 

open   time   and   reduced   the   rise   in   the   channel’s   open   probability   after   caffeine  

administration. Overall, calstabin was shown to increase RyR stability in both the open 

and closed states and to decrease channel openings. Subconductance states were observed 

again when rapamycin was added to RyR samples that contained calstabin, either co-

expressed or exogenously added to the bilayer.   

 While the above data point at FKBP as a promoter of cooperativity between the 

four monomers in a single RyR channel, cooperativity between neighboring RyR 

channels has also been observed. When calstabin1 was co-expressed with RyR1 it 

induced  a  phenomenon  called  “coupled  gating”,   in  which  more   than  one  channel  opens  

and closes simultaneously (218). Removal of calstabin1 uncoupled the channels. Coupled 

gating provides a model to explain how channels that are not physically associated with 

DHPRs are regulated. A similar phenotype of coupled gating dependence on calstabin2 

has been demonstrated for RyR2 (219). Recently, it has been suggested that the RyR1 

population in skeletal muscle is heterogeneous, with some highly active channels called 
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“drivers”  and  the  others,  called  “followers”,  flicker between open and closed states (220). 

The same study also elucidated the role of Ca2+, Mg2+ and ATP during coupled gating. 

 The location of the binding site for FKBP on RyR has been controversial and 

three binding sites have been proposed. A binding domain for calstabin1 was identified 

first for the inositol 1,4,5-trisphosphate receptor (IP3R). The site, discovered by a series 

of yeast two-hybrid assays on overlapping IP3R fragments was identified as a leucyl-

prolyl dipeptide epitope, at residues 1400-1401 that resembles FK506 and anchors 

calcineurin to the domain (221). Based on this study, as well as the in vitro peptide 

experiments by Albers et al., our group identified a peptide in the central region of RyR2 

that interacted with calstabin2 using the yeast two-hybrid method (125). Our group has 

further shown that the peptidyl-prolyl bond on RyR1 at residues Val2461-Pro2462 is 

essential for calstabin1 binding to the receptor (211, 222). When the valine in the P1 

position in RyR1 was mutated to either glycine or glutamic acid, the affinity of calstabin1 

to the channel decreased dramatically. Mutating the same residue to histidine, however, 

retained the association between the two proteins. These data are consistent with findings 

showing a strong preference for hydrophobic residues in the P1 position (211, 222). 

Mutation of V2461 to isoleucine, the corresponding P1 residue in RyR2, resulted in a 

channel that specifically binds calstabin2. In addition, RyR1 mutants V2461G and 

V2461I were expressed in myotubes from RyR1-knockout mice and were unable to bind 

calstabin1. The voltage-gated calcium-release of the myotubes was decreased in the 

V2461I mutant and restored to normal levels with the co-expression of calstabin2 (223). 

Comparable results were obtained when the binding site for calstabin1 was identified 

on RyR3 (224). The valyl-prolyl motif V2322-P2323 was further studied using molecular 
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modeling and it was suggested that the proline in that sequence introduces a break in the 

helix that forces a twisted amide transition state on the bond. 

The location of the binding site for calstabin2 has been challenged by Masumiya et 

al., who published that an N-terminal region of the receptor is the one interacting with the 

immunophilin (225). This study expressed single and double mutants in the isoleucine-

proline dipeptide epitope of RyR2 (I2427-P2428) and showed that these mutations did 

not alter GST-calstabin2 binding to RyR2. The authors used large truncations of the 

receptor and observed their ability to bind to calstabin2. They concluded that the N-

terminal domain of aa305-1937 in RyR2 is essential for calstabin2 binding. These data 

are problematic since they used large deletions that may significantly alter channel 

structure, resulting in fragments that may not be representative the native state of the 

channel. 

Another study suggested that a C-terminal domain within RyR2 interacts with 

calstabin2 (226). By employing co-immunoprecipitation (Co-IP) of radiolabeled 

calstabin2 with RyR2 constructs expressed with a myc-tag, they concluded that a domain 

encompassing residues 4570-4620 of human RyR2 is critical for calstabin2 binding. 

However, interpretation of these results demonstrates that the calstabin2 input was much 

higher than the amount that was pulled down by Co-IP. In case of calstabin2 

overexpression, binding to the receptor might be non-specific and further quantitative 

binding analysis is needed. 

These data point to the importance of this central site of RyR for FKBP binding. 

However, it is important to point out that the above interaction is likely to involve more 

than one RyR domain, and possibly domains from different subunits. In the absence of a 
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high-resolution RyR structure, cryo-EM studies show that calstabin1 binds RyR1 

between the clamp and handle domains (47). The authors suggest that binding between 

domains 9,10 and 3 could restrict movement associated with RyR gating. FRET 

experiments between either the N-terminal central regions of RyR1 and calstabin1 show 

that the calstabin1 binding site is likely to be composed of structural elements from both 

domains (227).  Another  evidence  supporting  our  lab’s  central  binding  site  comes  from  a  

proteolytic cleavage experiment of RyR1 and RyR3, followed by identification using an 

antibody, whose epitope is in the vicinity of the region published by Gaburjakova et al. 

(224, 228). 

  

5. FKBP and RyR Macromolecular Complex Modulation 

The ryanodine receptor is known to be a substrate for phosphorylation by both PKA 

and CaMKII. However, the exact distribution of phosphorylation sites for each of these 

kinases has been a subject of debate, due to an early identification of Ser2809 as a 

CaMKII phosphorylation site in an in vitro assay (113). Our lab has identified a unique 

phosphorylation site for PKA at Ser2809 (human numbering, S2808 in mice) on RyR2. 

Hyperphosphorylation at that residue is significant because it is a hallmark of HF (125). 

Levels of calstabin2 associated with the channel are decreased in failing hearts. 

Treatment with beta-adrenergic receptor blockers or with a mechanical circulatory device 

restored the amounts of calstabin2 bound to the channel (125, 229).  HF samples 

measured in planar lipid bilayer experiments exhibit increased open probability, increase 

in subconductance states and increased sensitivity to Ca2+-dependent activation of the 

channel. Moreover, examination of the RyR2 macromolecular complex in animals that 
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develop cardiomyopathy and HF, demonstrated that the levels of RyR2 

hyperphosphorylation correlated to the severity of the disease progression (131). 

Dissociation of calstabin2 from the RyR2 complex has also been reported in human 

patients with atrial fibrillation (AF) and, more recently, in neuronal RyR2 from mice 

subject to a chronic-restraint stress protocol (230, 231). Since PKA is activated by the 

sympathetic nervous system, it is possible that HF results, at least in part, from a chronic 

defective response of RyR to stimulation by beta-adrenergic receptors. Indeed, mice that 

cannot be PKA phosphorylated (RyR2-S2808A+/+) displayed a dampened response to 

catecholamines,  elucidating  a  mechanism  by  which  the  RyR  mediates  the  “fight  or  flight”  

response (232). 

In the case of RyR1 in skeletal muscle, the PKA phosphorylation site has been 

identified as Ser2843 (human numbering, S2844 in mice) (130). A mouse line harboring 

a mutation that prevents PKA phosphorylation at that site (RyR1-S2844A) displayed a 

blunted response to beta-adrenergic stimulation showing that the increase in force and in 

twitch Ca2+ concentration are dependent on phosphorylation at that single site (233).    

The redox state of the RyR channel has been studied and oxidation of the receptor has 

been suggested to increase its activity, promote disulfide bond formation within 

individual subunits and block interactions with the small modulator CaM (234). Cysteine 

3635, located within the proposed CaM binding site, has a unique role in RyR1 redox 

regulation as CaM protects Cys3635 from oxidation and might be involved in 

establishing an intersubunit disulfide bond (107). A combination of bioinformatics and in 

vitro techniques theorized that an N-terminal part of RyR1 serves as a redox sensor (235). 

S-glutathionylation has an activating effect on RyR1 since it decreases inhibition by Mg2+ 
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and enhances Ca2+ activation (236). Out of 100 cysteine residues found on each RyR1 

subunit, only 9 were identified as endogenously modified. Two of the cysteines lie within 

the  same  group’s  suggested  redox  sensor  (237).     

Our lab has found that age-related muscle weakness, or sarcopenia is caused by RyR1 

oxidation and S-nitrosylation through reduction of the amount of calstabin1 bound to the 

channel   leading   to   a      “leaky”   receptor   with   increased   open   probability   (175). Age-

dependent increases in RyR2 oxidation and S-nitrosylation (as well as 

hyperphosphorylation) were observed in RyR2-S2808D+/+ mice that develop 

cardiomyopathy (238). RyR2 from the atria of a CPVT mouse model were oxidized and 

the channel complex depleted of calstabin2 (239). The rycal S107 restored binding of 

calstabin2 to the channel. S107 did not have an effect on FKBP-deficient mice, verifying 

that S107 acts through stabilization of the calstabin2-RyR2 interaction.      

More recently, a role for nitrosylation and oxidation in modification of the RyR 

macromolecular complex has been described. Age-dependent increased levels of S-

nitrosylation were reported in a mouse model for Duchene muscular dystrophy (DMD), a 

lethal disease associated with mutations in the dystrophin gene that results in cardiac and 

respiratory failure (174). Calstabin1 was depleted from the hypernitrosylated channels 

and the drug S107 improved muscle function and decreased muscle damage by reducing 

the levels of Ca2+ leak. S-nitrosylation is associated with increases in the levels of the 

inducible form of nitric oxide synthase (iNOS) in skeletal muscle, which is associated 

with the RyR1 complex. Since DMD patients have a pronounced cardiac phenotype, the 

involvement of RyR2 in the heart was observed. RyR2 channels from mdx mice are S-
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nitrosylated and depleted of calstabin2 (240). Again, the channel stabilizer S107 

suppressed the diastolic Ca2+ leak, thereby inhibiting cardiac arrhythmias.      

Taken together, data from our lab indicate that a combination of the three RyR 

modulatory   processes   −   phosphorylation   of   Ser2808,   oxidation   and   nitrosylation   −   can  

deplete almost all of the calstabin2 molecules from RyR2 (232, 238). 

 

6. Calstabin1/2 Structure 

The crystal structure of calstabin1 (FKBP12) has been determined at the atomic level. 

The unliganded structure of human FKBP was resolved using nuclear magnetic 

resonance (NMR) techniques (241). The overall structure is of a five-stranded antiparallel 

β-sheet  and  a  short  α-helix. The structure has a unique feature, in which two loops that 

link  the  strands  in  the  β-sheet cross each other. FKBP has a large hydrophobic cavity that 

is lined with aromatic residues. This cavity acts as both the drug-binding site for 

immunosuppressants as well as the peptidyl-prolyl isomerase active site. Backbone 

hydrogen bonds and side chain hydrophobic (van der Waals) interactions occur between 

the helix and the sheet. Interestingly, D37 was in a part of the molecule that was not well 

resolved. However, the authors published a second article in the same journal, 

demonstrating that D37 lies on a short β-sheet (residues 35-38) (242).        

FK506  binds  in  a  cavity  between  the  α-helix and the β-sheet, with about half of the 

ligand surface exposed to the solvent. The aromatic residues Y26, F46, F99, together 

with V55-I56 constitute the sides of the binding pocket. The side chain of W59, which is 

on the α-helix and interacts with the pipicolinyl ring of FK506 was also suggested to be a 

part of that binding pocket. D37 forms hydrogen bonds to the hemiketal hydroxyl of 
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carbon10 (C10) of the drug, as well as participating in intra-protein hydrogen bonds with 

R42 and Y26. The global structure of FKBP remains largely unchanged upon FK506 

binding. In contrast, FK506 interacts with FKBP in a way that might explain the rotamase 

activity inhibition as interactions between FKBP and the keto-carbonyl on FK506 that 

has been predicted to mimic the twisted amide bond on the isomerase ligands (211, 242). 

Rapamycin binds in the same pocket as FK506, and its bound conformation does not 

notably change compared to the unliganded form (191).       

The general structure of calstabin2-rapamycin resembles the calstabin1-rapamycin 

complex, including hydrogen bonding between the proteins and rapamycin (243). The 

main difference between the two FKBP isoforms when bound to the drug is that in the 

case  of  calstabin2,  there  is  a  shift  of  the  helix  in  the  direction  of  the  β-sheet. The biggest 

change in the main chain movement happens close to residues F59-E60. Deivanayagam 

et al. identified the key residues between the FKBPs involved in this difference as Phe59 

(Trp in calstabin1) and Ala63 (Val in calstabin1). These amino acids are different than 

the amino acids in calstabin2 that are responsible for the binding specificity to the RyR 

isoforms (244). These residues (Gln31, Asn32, and Phe59 in calstabin2) are thought to 

accommodate the Ile2427 on RyR2 (vs. Val2461 in RyR1), when tryptophan (calstabin1) 

is changed to the smaller phenylalanine (calstabin2).            

Taking into account data regarding RyR2 phosphorylation and the location and 

charge of the D37 residue, Huang et al. hypothesized that electrostatic repulsion governs 

the dissociation of calstabin2 from the RyR2 complex (245). The choice of the mutants 

was also based on an earlier study by the Marks lab demonstrating that a D37S mutation 

increased the calstabin2 ability to bind to PKA phosphorylated RyR2 (246). The authors 
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studied aromatic and negatively charged amino acids that are involved in RyR2 binding 

and conserved between the two FKBP isoforms. One of these mutants, D37V, retained its 

ability to bind to the PKA phosphorylated receptor. Additionally, D37S still bound to 

RyR2 but in lower amounts. Measuring the electrophysiological characteristics of the 

RyR2-S2808D channel in bilayer experiments further validated this phenomenon. Since 

this mutant mimics a constitutively phosphorylated channel, addition of wt calstabin2 did 

not result in a decreased open probability (P0) of the channel.  Addition of the D37V 

mutant however, stabilized the open and closed states of the channel, lowered the open 

probability, and eliminated subconductance states. All of these changes are hallmarks of 

RyR that is interacting with FKBP (125, 183, 245). Four additional FKBP mutations were 

made at aspartic acid residues and tested for their ability to bind PKA-phosphorylated 

RyR2. Some of these mutants were able to bind the phosphorylated receptor, albeit at 

lower levels than D37V. The strongest binding out of this group occurred with D41G, 

which points away from the binding pocket and is thought to be involved in electrostatic 

repulsion.         

As indicated by cardiac measurements 6 weeks after myocardial infarction (MI), 

Transgenic mice overexpressing either wt calstabin2 or calstabin2-D37V were both less 

susceptible to progression of HF, while wt mice developed the disease.               

Given these data, we proposed to look for the structural and biochemical basis of 

calstabin2-D37V binding to RyR2. Huang et al. have already shown that the mutant has a 

unique feature in its ability to bind to PKA-phosphorylated RyR2. In addition, the 

stabilizing effect of calstabin2 on the channel was preserved as demonstrated in planar 

lipid bilayer studies (245). Calstabin2 dissociates from RyR2 channels that are 
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hyperphosphorylated  leading  to  a  ‘leaky’  phenotype,  which  is  characterized  by  depletion  

of Ca2+ from the SR, decreased a Ca2+ transients and Ca2+ release during systole (64, 171, 

232, 247). That phenotype may lead to reduced contractility as well as reduced SR Ca2+ 

load, which may lead to HF by means of decreased cardiac output (248). Therefore, 

investigating a mutant that binds RyR2 in the phosphorylated state could contribute to 

our understanding of FKBP-RyR interaction. Since our lab has been making progress in 

the field of cryo-EM reconstruction of full-length RyR, we used the calstabin2-D37V as 

well as the wt version to better understand the specific interplay between these two 

proteins.         

In addition, we have cloned and purified several fragments of both the skeletal and 

the cardiac isoforms of RyR with the ultimate goal of using them for crystallization 

studies. These fragments were chosen based on their biological importance for RyR 

regulation and are essential to the structure-function understanding of receptor activation, 

gating and modulation by interacting binding partners. 
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II. Calstabin2-D37V  structure-function  studies 
 

A. Introduction 

 

The Ryanodine receptor (RyR) is a homotetrameric Ca2+ release channel comprised 

of four 565 kDa subunits located on the sarcoplasmic reticulum (SR) membrane.  RyR1 

is the most prevalent isoform in skeletal muscle, while RyR2 is mostly found in the heart. 

The large cytoplasmic part of each subunit acts as a scaffold that binds channel 

modulators and interacting proteins, some of which bind via leucine-isoleucine zippers 

(103, 125).  

FK506-binding protein (FKBP) is an essential RyR modulator. It is a member of the 

immunophilin family of proteins that possess cis-trans peptydil-prolyl isomerase (PPIase) 

activity (249). The FKBP isoforms calstabin2 and calstabin1 share about 85% sequence 

identity. Calstabin1 is a 12 kDa cytosolic protein found at high levels in all muscle types 

and is associated with RyR1 under physiological conditions (184). Calstabin2 is 

expressed at high levels in the thymus, testes, ovaries, brain, lung, liver and muscle, as 

well as lower levels in the heart, kidney and colon. Calstabin2 is the in vivo binding 

partner of RyR2 (185). Both FKBP and calstabin2 isoforms contain 108aa and are 

alternatively known as calstabin1 and 2, respectively (250).  

Calstabin1 was originally discovered as the binding partner of the 

immunosuppressive agent FK506 (187). The FKBP-FK506 complex inhibits the 

calcineurin phosphatase (CaN) from dephosphorylating the nuclear factor of activated T-

cells (NFAT), thereby suppressing the transcription of genes essential to the immune 
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response, e.g., interleukin 2 (IL-2) (188, 189). FKBP also binds the immunosuppressant 

rapamycin, arresting cells in the G1 phase of the cell cycle via the mammalian target of 

rapamycin (mTOR) pathway (192-194). 

In vivo, each RyR subunit binds to one calstabin molecule (184, 214). 

Phosphorylation by protein kinase A (PKA) at Ser-2808 (S2808) reduces the binding 

affinity of calstabin2 to RyR2 (125). The decrease in cardiac contractility in heart failure 

(HF) has been shown to be associated with chronic PKA hyperphosphorylation of RyR2 

that  causes  a  “leaky”  channel  phenotype,  in  which  SR  calcium  is  depleted  (125). Reduced 

affinity of calstabin2 binding to RyR2 is also associated with a human RyR2 mutant that 

causes catecholaminergic polymorphic ventricular tachycardia (CPVT), a life-threatening 

rhythm-disorder of the ventricles that may result in sudden death (246, 251, 252). When 

FKBP is bound to the channel, it stabilizes the closed state, increases full conductance 

and lowers the open probability (Po) (183). 

Several RyR regions have been suggested to participate in the binding of calstabin to 

RyR. Based on a yeast two-hybrid study identifying a central RyR region that contains a 

peptidyl-prolyl bond (V2461-P2462) and in vitro mutagenesis studies, our lab has 

demonstrated the importance of the P1 residue for calstabin binding (211, 222, 253). 

Binding of the drugs rapamycin and FK-506 to FKBP was suggested to involve 

stabilization of the twisted amide transition state of the FKBP enzymatic activity, as these 

compounds mimic the leucine-(twisted amide)-proline moiety (211).  

The crystal structures of both calstabin1 and calstabin2 have been solved and are 

characterized by a large antiparallel five-stranded  β-sheet   that  wraps   around   a   short   α-

helix (241-243). The structure contains a cavity that serves both as the PPIase active site 
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and the drug-binding pocket. This cavity is lined with aromatic and negatively charged 

amino acids that facilitate these interactions.  

Asp37 (D37) is located in the bottom of the binding cavity of calstabin1 and 

calstabin2 and is crucial to the interaction of FKBP with rapamycin and FK506 (242, 

243). Huang et al. have previously mutated negatively charged amino acids that may be 

involved in electrostatic repulsion between calstabin2 and PKA phosphorylated RyR2 

and discovered that the D37V mutant retains the ability to bind to the phosphomimetic 

S2808D RyR2 channel (245). Single-channel experiments showed that the D37V mutant 

stabilizes RyR2 S2808D channel gating, similar to a wild-type (wt) RyR2 bound to wt 

calstabin2. Moreover, transgenic mice expressing the calstabin2-D37V mutant protein 

showed improvement in cardiac function after myocardial infarction (MI). Therefore, we 

have decided to investigate the role of the calstabin2-D37V in RyR binding by 

crystallizing and biochemically characterizing the mutant protein. 

 

B. Materials and Methods 

 

 1. Cloning of the D37V Mutant  

 Wt calstabin2 was cloned into a pMALX plasmid that contains a maltose binding 

protein (MBP) tag. The D37V mutant was generated using a QuikChange site-directed 

mutagenesis kit (Stratagene) with   the   primers:   forward:   5’-

GCTCCAAAATGGGAAGAAGTTTGTTTCATCCAGAGACAG-3’,   reverse:      5’-   

CTGTCTCTGGATGAAACAAACTTCTTCCCATTTTGGAGC-3’. 
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2. Protein Expression and Purification  

E. coli transformed with the calstabin2-D37V-MBP expressing plasmid were grown 

to OD600≅0.5 at 37°C, induced by addition of 0.2 mM IPTG and then grown for 16 more 

hours at 18°C at 250 rpm. The bacteria were collected by centrifugation and resuspended 

in buffer A (20 mM Tris-HCl pH 8, 200 mM NaCl, 1 mM DTT) with 1 mM EDTA, 1 

mM benzamindine, 0.15 mM phenylmethylsulphonyl fluoride (PMSF). The lysate was 

sonicated and centrifuged at 40,000 rpm (100,000g) in an Optima L-100K ultracentrifuge 

(Beckman-Coulter). The supernatant was loaded on 5 ml amylose resin high flow (NEB), 

washed with buffer A and eluted with buffer A with 10mM maltose. The eluate was 

concentrated and loaded on a 10/300 superdex 75 gel filtration column (GE Healthcare) 

using an ÅKTA UPC-900 FPLC (Amersham) in buffer A with 40mM maltose. Peak 

fractions were collected and concentrated to 40mg/ml. All purification steps post-

induction were carried out at 4°C. 

  

      3. Crystallization, Data Collection and Structure Solution  

3 mM of calstabin2-D37V-MBP  were  incubated  with  200  μM rapamycin (in DMSO) 

for 1 hour on ice. Crystals were obtained by hanging-drop vapor diffusion and appeared 

in a solution of 0.1 M HEPES pH 7, 15% ethylene glycol (v/v), 10% PEG 8,000 (v/v) at 

20°C with a 1:1 ratio of protein to precipitant. There was one molecule per asymmetric 

unit. Crystals were transferred to the same conditions with the addition of 20% glycerol, 

and flash frozen in liquid nitrogen before data collection. Data sets were collected at the 

Advanced Photon Source (APS) in Argonne, IL with the NECAT 24IDC beamline. There 

was one molecule per asymmetric unit. The crystal belonged to space group P212121 and 
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the cell dimensions were 49.14 x 61.53 x 163.8 Å. X-ray diffraction data was collected to 

a resolution of 1.8 Å. The structure was solved by molecular replacement using the wt 

calstabin2-rapamycin structure (PDB entry 1c9h) as a search model (243). We used the 

Parrot program for density modification and the Buccaneer and CCP4 programs for 

model building and refinement (254, 255). A second refinement step was performed with 

the program Phenix (256). 

 

 4. CSR Preparation  

Rabbit cardiac SR (CSR) membranes were homogenized in 10 mM Tris-maleate 

buffer (pH=6.8 with NaOH), 1 mM benzamidine (Calbiochem), 1 mM 

Ethylenediaminetetraacetic acid (EDTA), 1 mM PMSF using a Waring blender. The 

homogenate was centrifuged for 20 min. at 4,000 g and the supernatant filtered through 2 

layers of cheesecloth. The filtrate was then centrifuged at 10,000 g for 20 min. the 

supernatant was again centrifuged at 45,000 g in an ultracentrifuge and the pellet was 

resuspended in 2 ml Tris-maleate buffer (pH=7.4) containing 0.3 M sucrose and 0.9% 

NaCl. 

 

  5. PKA Phosphorylation of CSR  

 Rabbit CSR was diluted to ~1.4 mg/ml with distilled water (dH2O).  100  μl  of  10x  

kinase buffer were added (final concentrations 50 mM Tris/PIPES, 8 mM MgCl2, 10 mM 

EGTA, pH=7)   and   PKA   (Sigma   cat.   P2645;;   200   units   in   100   μl) were added to each 

reaction.      The   phosphorylation   reaction  was   initiated   by   addition   of   100   μM  Mg-ATP 

(NEB). The sham reaction is initiated by addition of dH2O instead of ATP. The reactions 
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were incubated at 30°C for 30 min and centrifuged for 30 min. at 40,000 g. the resulting 

pellets were washed and resuspended in binding buffer (10 mM imidazole, 300 mM 

sucrose, 150 mM NaCl, pH=7.2). Phosphorylated samples were stored at -80°C until use. 

  

 6. Radiolabeling of wt and D37V Calstabin2  

 50 ml of wt calstabin2-MBP and D37V-MBP expressing E. coli were grown in M9 

minimal media (in the presence of minerals, amino acids, 100   μg/ml   ampicillin) to 

OD600≅1.2 at 37°c. 0.5 mCi 35S-methionine was then added (with 20% glycerol) and the 

temperature was adjusted to 20°C. After 15 min., 1 mM IPTG was added and the bacteria 

were grown overnight. For purification of calstabin2-MBP fusion proteins, see above. 

 

   7. Calstabin2 Binding to PKA or Sham CSR  

 Binding buffer or rapamycin (control for non-specific binding) were added to 

duplicate  reactions  (250  μg protein each). The binding reaction was started by addition of 

35S-calstabin2 at various concentrations (5,10,30,75,100 nM) and the mixture was 

incubated for 1 hr. at room temperature.  

The reaction was filtered through GF/B Whatman filters (pre-equilibrated with 

0.015% polyethyleneimine overnight). Before sample filtration, filters were pre-washed 

with binding buffer, followed by sample filtration. After filtration, filters were washed 

with 3 times with 5 ml wash buffer (10 mM MOPS, 200 mM NaCl, pH 7.4). Lastly, 

filters were dried and counted using a liquid scintillation analyzer (Perkin Elmer). 

Specific counts were determined by subtracting the signal in which rapamycin was 

present. 
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    8. Docking of Calstabin2-D37V into RyR1 Cryo-EM Structure  

  The calstabin2-D37V mutant was manually placed into an RyR1 cryo-EM structure 

with FKBP12.6 bound, using the software Coot (257). The structure was then rigid-body 

defined in real space. 

 

C. Results 
  

    1. Calstabin2-D37V Structure 

 FKBP 12.6-MBP bound to rapamycin was purified to a high degree of purity 

following a two-step purification protocol (Fig. 5). The MBP-expressing plasmid was 

chosen to maximize protein expression and solubility and to increase purification 

efficiency using amylose beads. This construct was also designed to reduce surface 

entropy and aid in crystal lattice formation by mutating surface-exposed charged amino 

acids into small nonpolar residues (258). Crystals obtained were needle or plate-shaped 

and the latter diffracted to ~1.8 Å resolution (Fig. 6). The crystallization, data collection 

and refinement statistics are in Table 1.  

 The overall structure of calstabin2-D37V bound to rapamycin generally resembles the 

published structure of the calstabin2 in complex with the drug, yet movements are 

observed in the flexible loop regions (243) (Fig. 7). The secondary structures, including 

the  β-sheets that make up the drug binding site and  the  short  α-helix, are unchanged. The 

most striking difference is that the D37V mutant interacts with rapamycin differently. 

Namely, the hydrogen bond between the Asp37 carboxylate and the C10 hydroxyl, 

observed in both rapamycin and FK506 when bound to FKBP, has been replaced with a 

van der Waals interaction (Fig. 8) (242, 243).  
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 We have determined the distance between the aspartate oxygen and rapamycin to be 

2.7 Å in the wt calstabin2 compared to the distance between one of the methyl groups on 

valine and rapamycin, which is 3.1 Å in the case of the D37V mutant (Fig. 8). The latter 

distance falls within the sum of the van der Waals radii of a carbon and hydrogen pair. 

This distance is also within the range observed empirically between two hydrogen atoms, 

or between a (carbon) hydrogen and an oxygen atom, both in inter- and intra-molecular 

biological interactions (259, 260). There is little movement of calstabin2 atoms compared 

to the wt protein (average root mean square deviation [RMSD] = 0.45 Å). Some amino 

acids, especially aromatic side chains that are known to comprise the drug-binding 

pocket, have shifted in relation to rapamycin. Phe46, for example, shifted 0.7 Å in the 

direction of the drug. Phe59 shifted 0.5 Å away from rapamycin, presumably to 

accommodate the movement of the drug inside the binding pocket. Interestingly, Arg42, 

which forms a salt bridge with Asp37, has shifted 1.6 Å away from rapamycin in the 

D37V mutant (Fig. 10) (242). 

 The rapamycin molecule, however, has significantly shifted towards the binding 

pocket of calstabin2-D37V. Rapamycin gradually shifts from a 0.5-0.7 Å move in the 

vicinity of the cyclohexyl group (C35-C42) to 1.9 Å near C23, on the surface of the 

unliganded part of the drug.  

   
2. Calstabin2-D37V Binding to RyR2 

 In order to assess the effect the mutant has on binding to RyR2, we have performed a 

binding assay using radioactively labeled wt-calstabin2-MBP and calstabin2-D37V-MBP 

and compared their binding to non-treated and PKA phosphorylated channels. The results 

show that PKA phosphorylation lowered the binding affinity of WT calstabin2 to RyR2 
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threefold, from Kd = 11.1 nM for untreated RyR2 to 30.8 nM for PKA-phosphorylated 

receptor (Fig. 9). In contrast, PKA phosphorylation did not have an effect on the D37V 

mutant, as it binds to RyR2 at the same affinity for both PKA treated and untreated 

RyR2. Rapamycin was used as a negative control.  

 

3. Docking of the Calstabin2-D37V Structure into the RyR1 Cryo-EM Map 

 We used a cryo-EM map of RyR1 that has been obtained by a joint effort comprising 

the Marks, Hendrickson, Mancia and Frank labs (unpublished data). The docking shows 

that FKBP binds to the edge of the large “mushroom”-shaped cytosolic domain of the 

receptor (Fig. 11). Analysis of the binding between RyR and calstabin2 reveals that there 

are three classes of calstabin2 amino acids that contribute to these interactions: 

a) Amino acids that interact with a large projection in the RyR structure, which is most 

likely  an  α-helix. These include D (V) 37, R42, F46, Y82, and H87. Val37 is clearly seen 

pointing towards the helical projection in the EM structure (Fig. 12). This implies a direct 

interaction between the valine (or aspartic acid in the wt protein) and RyR. 

b) Amino acids that interact with a SPRY domain on RyR. This domain is named after its 

identification, based on a sequence repeat in the dual specificity kinase spore lysis A 

found in Dictyostelium discoidueum and in all three mammalian RyRs (261). This 

domain   of   ~140   residues   forms   a   β-sandwich structure made of two four-stranded 

antiparallel  β-sheets (262). This group includes the residues P9, Q31, N32, R40, D41. 

c) Amino acids that interact with a large alpha-solenoid domain (also known as HEAT 

repeats [for Huntingtin, elongation factor 3 (EF3), protein phosphatase 2A (PP2A), and 

the yeast kinase TOR1] or Armadillo) on RyR. This domain consists of multiple α-

http://en.wikipedia.org/wiki/Huntingtin
http://en.wikipedia.org/wiki/Protein_phosphatase_2
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helices that fold in a curved arrangement, forming elongated structures (263). This class 

includes residues P88, G89, V90. 

 

 

D. Discussion 

 

1. Overall Structure 

 We have determined the atomic structure of the calstabin2 D37V mutant. This mutant 

has previously been studied in relation to its ability to bind RyR based on its location in 

the bottom of the dual catalytic and drug-binding pocket and its interaction with 

rapamycin   and   TGFβRI   (245, 264). RyR2 undergoes a number of post-translational 

modifications in response to cellular signaling, one of which is phosphorylation by PKA, 

which causes dissociation of calstabin2 from the receptor (125). Huang et al. 

hypothesized that the negative charge on D37 contributed to electrostatic repulsion 

between the aspartic acid and the phosphate group on RyR. They showed that removing 

the negative charge from calstabin2 allowed the protein to bind the phosphorylated form 

of RyR2. Since calstabin2 acts as a channel stabilizer, it is a pharmacologic target for 

treatment of cardiac diseases, such as heart failure (HF). Indeed, the drug JTV-519, a 1,4-

benzothiazepine derivative, increases calstabin2 binding affinity to native and 

hyperphosphorylated RyR (170, 250).  

    Immunosuppressive agents (immunophilins), such as cysclosporin A (CsA) and 

FK506, are used in treating patients following organ transplantation (265). These 

immunosuppressants act on the immune system by binding to the immunophilins 
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cyclophilin and FKBP, respectively. Rapamycin also binds to FKBPs and suppresses the 

immune response, albeit via a different mechanism than FK506 (see introduction). All 

three drugs inhibit the isomerase activity of their binding partners, but this inhibition does 

not affect immunosuppression (266). Rapamycin and FK506 share structural similarity, 

and are almost identical in the part of the molecule that binds to FKBP (see Fig. 3). This 

part, which consists of an acyl-homoprolyl  amide,  flanked  by  an  α-keto group, has been 

suggested to mimic the leucine-(twisted amide)-proline transition state of the FKBP-

bound protein substrate (267). This structure, also referred to as a pipicolynil ring, was 

shown to interact with Trp59 of calstabin1 in the crystal structure of the calstabin1-

FK506 and calstabin1-rapamycin complexes (191, 242). Since both RyR and rapamycin 

bind FKBP in the same cavity, and RyR binds FKBP through a proline residue, with a 

strong preference for bulky hydrophobic side chains in the P1 position, we suggest that 

rapamycin binding to calstabin2 may serve as a model for RyR binding to the 

immunophilin (211). 

   

2. Calstabin2-D37V Binding to RyR2 

 The measured dissociation constants (Kd) of wt and D37V calstabin2 show that, while 

the wt calstabin2 has reduced affinity to the PKA-phosphorylated form of RyR2, the 

D37V mutant binds to both the non-phosphorylated and phosphorylated RyR2 with the 

same affinity. This significant difference in Kd following a single amino acid substitution 

is remarkable and highlights the importance of D37 in RyR2 binding. Based on our 

structure and binding affinities, we suggest that D37, which forms a hydrogen bond with 

rapamycin, forms a similar interaction with RyR. When the channel is phosphorylated, 
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D37 interacts with RyR residues, most likely in the vicinity of the peptidyl-prolyl bond 

(I2427-P2428 in RyR2). When D37 is mutated into a Valine, the hydrogen bond is 

replaced with a van der Waals interaction with RyR2. Fulton et al. observed a similar 

phenomenon when they mutated W59 in calstabin1 into either phenylalanine, which is 

the corresponding calstabin2 residue, or leucine. In both mutant proteins, hydrogen bonds 

involving the neighboring Glu60 and the backbone amide of Gln53 were eliminated 

(268). For both mutants, structure stabilization was observed by an equilibrium-unfolding 

assay. Mutagenesis studies conducted on the active site of the ribonuclease barnase 

revealed a compromise between activity and stability in active sites (269). Thus, amino 

acids that participate in catalysis are often not positioned optimally in regard to protein 

stability. D37 is important to catalysis; mutants at that site eliminate the peptidyl-prolyl 

isomerase activity in both calstabin1 and calstabin2 (214, 245, 270). The van der Waals 

interaction is more favorable after RyR2 phosphorylation and enables binding to the 

PKA-phosphorylated receptor. Because a high-resolution structure of the receptor is 

unavailable at this stage, the exact mechanism for the increased affinity in binding of 

PKA-phosphorylated RyR is unknown at this stage. 

 The striking change in binding affinities as seen in the calstabin D37V mutant 

indicates the importance of this mutation. The ability of calstabin2 to remain tightly 

bound to RyR even after PKA phosphorylation is crucial, because the channel is stable 

and does not display subconductance state openings when calstabin is associated with it 

(183). RyRs that open when they are not supposed to, for example during muscle 

relaxation, can cause Ca2+ leaks that can be detrimental to the cell. These leaks were 

shown, for example, to be involved in the formation of arrhythmias (239). The 
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observation that binding affinity is unaffected by PKA phosphorylation in the D37V 

mutant makes it biologically interesting. The  mutant’s   ability to suppress the effect of 

PKA phosphorylation by maintaining the RyR2-calstabin2 D37V interaction is important 

to the regulation of RyR activation and to the regulation of the channel by the 

sympathetic nervous system, which is upstream of PKA upregulation. 

 The phosphorylation domain has been crystallized and is located on a highly flexible 

loop that is flanked by two identical helical domain repeats (68). Taking into account that 

calstabin2 likely binds RyR2 in a multi-domain fashion, it is possible to argue that 

allosteric changes in the phosphorylation domain can affect binding of calstabin to the 

receptor. 

 

 D37 is highly conserved in the entire animal kingdom, from bacteria to Homo sapiens, 

for both calstabin1 and calstabin2 homologs (271). Moreover, D37 is even highly 

conserved in PPIase domains of other FKBP molecules, including FKBP51 and FKBP52 

that are involved in androgen receptor signaling by fine-tuning of the Hsp90 chaperone 

system (272). Other human FKBPs, including FKBP13 and FKBP25, also have aspartic 

acid residue in the same position (273). When comparing the PPIase binding pockets of 

human FKBPs of various sizes, from 12 to 135 kDa, 19 out of 23 have Asp in the 

position equivalent to Asp37 of calstabin1. Human FKBP38 has glutamic acid at the 

same position, which also has a negative charge and might serve the same biological 

function (274). Thus, this amino acid likely plays an important role in multiple cellular 

functions, presumably via the FKBP’s  activity as a PPIase. 
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 Comparison of the different calstabin2 amino acids that interact with either RyR or 

rapamycin shows that, despite many differences, all five amino acids that bind to the 

helical projection of RyR also bind to rapamycin (Table 2). This strengthens our 

hypothesis that calstabin2 binds to rapamycin and to RyR2 in a similar manner. This also 

suggests that the RyR2 helix that binds to calstabin2 is likely to contain the peptidyl-

prolyl bond that rapamycin mimics.  

 

3. Structure Docking into Cryo-EM Map 

 Docking of the calstabin2 structure into the cryo-EM electron density map has allowed 

us to positively identify for the first time which calstabin2 amino acids are in contact with 

the receptor (Table 2, Fig. 11) (Marks lab – unpublished data). These include residues 

that have known function, such as Q31 and N32, which determine, together with F59, the 

specificity of RyR isoform binding between calstabin1 and calstabin2 (244). These amino 

acids interact with one of the RyR SPRY domains and encompass one of the few regions 

that are significantly different between calstabin1 and calstabin2; in particular their 

calstabin1 equivalent residues are negatively charged (E31, D32). This may suggest that 

the reciprocal binding regions on the SPRY domains are different between RyR1 and 

RyR2. Our docking experiment also shows that FKBP binds to three distinct domains, 

and is in line with published low-resolution structures proposing that FKBP binds to RyR 

domains 3,5 and 9 (47). This multi-domain binding model also explains, at least in part, 

why efforts to co-IP FKBP using RyR fragments have failed. In addition, using RyR 

fragments to attempt to localize the FKBP binding site on the receptor have yielded very 
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different results, and it is likely that more than one of these sequences interacts with 

FKBP (222, 225, 226). 

 Other interacting amino acids are part of the aromatic residues that comprise the 

catalytic domain, such as F46 and Y82. In addition, H87 belongs to the same class of 

amino acids that bind to the helical projection protruding from the RyR structure. This is 

interesting since H87 is pointing into the binding cavity and is likely to be involved in 

ligand binding (275). However, several studies have concluded that site-directed H87 

substitution mutations do not affect the PPIase mechanism (276, 277). H87 is located on 

a flexible loop (“80s  loop”) and may act as a cap and play a role in keeping the ligand 

bound during catalysis.  

 Residues interacting with the alpha-solenoid domain (P88, G89, V90) are in a stretch 

of amino acids immediately following H87 that have been described to be important in 

CaN binding. G89P and I90K (in calstabin1 I90 replaces V90) were poor inhibitors of 

CaN when in complex with FK506 (277). The I90K mutation disrupts the calstabin1-

TGFβRI   in   a   similar   fashion   (203). Given   that   H87   is   directly   “upstream”   of   the  

aforementioned three amino acids, it is likely to lie between two RyR domains – the helix 

and the alpha-solenoid domain, and might be involved in structural changes that affect 

multiple parts of the receptor. Therefore, H87 may act as a stabilizer of the interface 

between the two domains. The exact nature of this interaction is unclear, as the resolution 

from the cryo-EM data of the full-length RyR is not high enough to enable us to confirm 

this hypothesis as of yet (Marks lab – unpublished data).  

 Some calstabin2 amino acids reported to bind rapamycin and FK506 do not appear to 

bind RyR based on the docking model. One example is F59 (W in calstabin1), which lies 
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in the binding pocket and has been shown to be one of three amino acids that determine 

the FKBP specificity to their respective RyRs (244, 278). This is in agreement with EM 

data demonstrating that the side chains of F/W59 are buried within the FKBP structure 

and outside of the binding site (47). Residue 59 has a bulky aromatic side chain in both 

isoforms, and is likely to contribute to the overall structure. In particular, residue 59 is 

likely to contribute to   the   separation   between   the   α-helix   and   the   β-sheets, which is a 

main contributor to the differences between the two FKBPs (243).  

 Our cryo-EM data, while not complete, suggest that FKBP and the phosphorylation 

domain are not adjacent to each other, which is in agreement with other structure studies 

proposing allosteric mechanisms involving the phosphorylation domain (68). We have 

observed that one of the RyR SPRY domains is flanked by the FKBP binding site and the 

phosphorylation domain. Since D37, as well as other amino acids that comprise the 

binding pocket, interacts with the helical projection into calstabin2, we propose that 

P2428  − which was identified as a component of the calstabin2-binding site on RyR2 − is 

on or around the end of that helix. Indeed, when we analyzed the sequence preceding 

P2428 using the secondary structure prediction tools psipred and Jpred, it was predicted 

to  form  an  α-helix that culminates with P2428 (279, 280). D37 plays an additional role in 

inter-protein contacts as it interacts with Arg42 via a salt bridge and with Tyr26 via a 

hydrogen bond (281). Hence, D37 may interact with RyR2 as a hydrogen bond acceptor 

for a residue with a free hydroxyl group, such as serine. Analysis of the sequence around 

the conserved Ile-Pro motif in RyR2 shows that a serine residue is located three amino 

acids before this sequence and may interact with D37. 
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4. Implications for RyR Phosphorylation  

 Our lab has originated the hypothesis that post-translational modifications of RyR, 

namely PKA-phosphorylation, oxidation and nitrosylation, contribute to a pathological 

“leaky”   channel behavior. This phenotype leads to calcium depletion from the SR, 

defective EC coupling and various disease states (60, 63, 231, 239). However, several 

groups have claimed that these results are not true (reviewed in (282)). In particular, these 

labs contested the observation that PKA-phosphorylation at Ser2808 changes the 

response of cardiomyocytes to beta-adrenergic stimulation. Thereby, these groups 

claimed that PKA-phosphorylation at Ser2808 does not play a role in cardiac disease 

states, such as HF and arrhythmias (283, 284). At times, these groups published data that 

was partial, and avoided discussion of the blunting of beta-adrenergic stimulation in 

mouse cardiomyocytes at higher pacing frequencies (>3 Hz), when cell shortening in 

S2808A and wt mice were compared. Since mouse hearts beat at ~600 bpm (10 Hz), it is 

the higher rates that would be more physiologically relevant as to the involvement of 

PKA phosphorylation in the response of cardiomyocytes to beta-adrenergic stimulation. 

The Marks lab has shown that the S2808A mutation has a blunted response to beta-

adrenergic stimulation, both in terms of heart rate (HR) and contractility (232). This was 

achieved by pacing to higher HR by in vivo catheterization methods, instead of ex vivo 

methods employed by others. Another point of contention is the role that calstabin plays 

in RyR regulation and whether it is dissociated from the channel complex following PKA 

phosphorylation. Studies from other laboratories have used, at times, very high molar 

amounts of FKBP, which mask the effect of PKA phosphorylation (285). Another 

problem in those studies is that they fail to take into account the redox state of the 
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receptor. RyRs have multiple exposed free cysteines and oxidation of the channel can 

deplete FKBP from the channel complex (286, 287). 

 The groups opposing the hypothesis regarding the role of PKA phosphorylation at 

S2808 on RyR2 have tried to make their point using structural data as well. Meng et al. 

used both a GFP insertion and the binding site of a monoclonal antibody to determine the 

RyR2 phosphorylation region (288). They have docked the previously published FKBP 

binding site into their cryo-EM structure and concluded that interactions between the 

phosphorylation domain and FKBP are unlikely due to the distance between the two 

(105-120 Å). Nonetheless, our data indicate that the phosphorylation domain is in close 

proximity to the neighboring calstabin2 molecule, which may explain how PKA 

phosphorylation at S2808 can physically cause calstabin2 dissociation (Marks lab – 

unpublished data). 

 Finally, the data in the current study show that PKA phosphorylation of the channel 

lowered the binding affinity of WT calstabin2 to RyR2 3-fold, consistent with previous 

results from the Marks laboratory. 

  

5. Implications for RyR Disease Mutations 

 Mutations in RyR2 are known to cause CPVT and ARVD. These mutations are found 

mainly in one of three mutation “hotspot”   domains,   including   a central domain (~aa 

2100-2500) that harbors multiple disease mutation sites (65, 68). The location of this 

central disease domain has been studied using a green fluorescent protein (GFP) insertion 

into an RyR2 construct; the protein structure was then determined by single-particle cryo-

EM reconstruction. Difference map analysis between the wt and the insertion mutant 
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localized the central mutation domain to the bridge connecting domains 5 and 6 in the 

clamp region of RyR2 (289). According to our EM data, the central mutation domain and 

the PKA-phosphorylation domain (Ser2808) are very close to each other in the clamp 

region.  

 RyR2 disease-associated mutations that cause CPVT and ARVD reduce the affinity of 

calstabin2 to RyR2 and increase the channel open probability under conditions that 

simulate exercise, such as catecholaminergic stimulation (246). This phenotype 

resembles that of PKA-hyperphosphorylated RyR2 in HF patients (125, 132). CPVT-

associated mutant channels studied demonstrated increased Ca2+ sensitivity at moderate 

to high [Ca2+]. Therefore, it is possible that both structural differences in CPVT mutants 

and S2808 phosphorylation events result in a similar allosteric mechanism that affects the 

calstabin2-binding site in a similar way.  

6. Implications on Coupled Gating 

 Coupled gating is a mechanism by which the opening of one RyR channel promotes 

the opening of a neighboring channel. This synchrony has been described for both RyR1 

and RyR2 (218, 219). In the cases of both receptors, coupled gating is dependent upon 

calstabin binding. Yin et al. showed that two-dimensional (2D) RyR1 crystals that were 

solubilized in CHAPS, and allowed to attach onto a lipid membrane surface, formed a 

checkerboard-like lattice (290). This array of channels resembles images obtained by in 

situ techniques; this array exhibits a rotation on the long axis between the neighboring 

channels, so that their feet structures are in contact with one another but at a slight angle 

that allows formation of a complex of DHPRs and RyRs at the triadic junction (291). 

Because the calstabin-binding domain is in the clamp region, it is certainly proximal to 
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the contact sites between neighboring RyR channels and, therefore, able to affect coupled 

gating. A mathematical model of EC-coupling gain, assuming that each RyR2 subunit 

contributes a quarter of the full conductance and that FKBP forces cooperativity on the 

system, produced very similar distributions of subconductance states as seen in planar 

lipid bilayer experiments (292). 

 

7. Implications on Drug Design 

   Our lab has investigated the role of the novel rycal S107 and found that it can stabilize 

the closed state of the channel and prevent Ca2+ leak from RyR2 in mice harboring a 

CPVT mutation R2474S (239). In both HF and CPVT, the drugs had no effect when 

administered to animals that were calstabin2 deficient, demonstrating that these 

compounds exert their cellular functions via calstabin2. In light of these findings, a 

mutation that is able to bind RyR even when the receptor is subject to cellular stresses 

could be a therapeutic target or serve as a model for designing drugs in the future. 

      Overall, we present here a model for binding of the calstabin2-D37V mutant to RyR2. 

The main difference we have observed between the wt calstabin2 and the mutant in terms 

of binding to rapamycin, is that the hydrogen bond between the aspartic acid carboxylate 

and the hydroxyl group on the drug was replaced with a van der Waals interaction 

between valine 37 in the mutant and the same functional group on rapamycin. Our 

biochemical data support our previous observations as to the ability of the D37 mutant to 

bind to PKA phosphorylated RyR2. While both the wt calstabin2 and the D37V mutant 

are able to bind RyR2 with high affinity, only the mutant maintains this ability when the 

channel is PKA-phosphorylated. 
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E. Future Experiments 

  Although the above experiments offer new insights into interactions between 

calstabins and RyR, further studies are suggested in order to better understand that 

interplay between the two proteins and its cellular consequences. These studies include 

the following proposed experiments:  

    1. In order to better understand the in vivo effects of the calstabin2-D37V mutant, we 

suggest using the overexpressing cal2D37V+ (calstabin2-D37V+) that has been used by 

Huang et al., to show that mice that overexpressed with the wt or D37V calstabin mutants 

had improved cardiac function post-myocardial infarction (MI) compared to non-

transgenic mice (245). Despite the fact that these two groups exhibited improved cardiac 

function post-MI, no significant difference was observed between the two overexpressing 

groups. But a trend towards significance was observed in some parameters, such as 

cardiac contractility and end-diastolic volume. The Cal2wt+ and Cal2D37V+ mouse lines 

could be crossed with the RyR2-S2808D mice. These mice express an RyR2 that mimics 

a state of constitutive PKA-phosphorylation due to the aspartic acid that resembles a 

phosphate group. RyR2S2808D+/+ mice develop age-dependent cardiomyopathy, have 

lower Ca2+ store content and display high levels of oxidation and nitrosylation (238). It is 

predicted that cardiac function of the cross mice RyR2S2808D+/+ x Cal2wt and 

RyR2S2808D+/+ x Cal2D37V+ mice would be improved post-MI and a difference 

between The Cal2wt+ and Cal2D37V+ might be easier to decipher, based on clear 
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differences seen in planar lipid bilayer analysis of channels expressing RyR2-S2808D 

mutant channels in human embryonic cells (245). 

Our lab also studied the effects of phosphodiesterases (PDEs) on the RyR2 complex 

and on disease progression (134). PDE4D3 is targeted to the RyR through the scaffolding 

protein mAKAP and therefore helps regulate PKA levels by controlling levels of cAMP 

(103, 293). PDE inhibitors have been used in treating several diseases and were tested for 

treatment of HF with mixed results, as PDEs can increase cardiac contractility, but at 

times put patients at greater risk for arrhythmias and sudden death (294). Mice lacking 

PDE4D developed cardiomyopathy, arrhythmias and were more prone to develop HF 

after MI and this phenotype was reversed in mice that cannot be PKA-phosphorylated 

(S2808A) (134). Therefore, it would be of interest to look at the outcomes of a cross 

between PDE4D-/- and Cal2wt and Cal2D37V mouse lines. 

    2. The increased binding to PKA-phosphorylated exhibited by the calstabin2-D37V 

mutant could be interpreted as stemming from different biochemical changes. For 

example, we can argue that the increased affinity to RyR2 is a cause of the van der Waals 

interaction in the mutant instead of the hydrogen bond formation in the wt. Another 

option would be that the increased affinity to RyR2 is a result of the loss of the negative 

charge (Asp37) in favor of the hydrophobic valine. Site-directed mutagenesis at the same 

position could help understand the nature of the increased affinity. For example, we could 

mutate D37 into arginine. If the original lack of binding was due to electrostatic 

repulsion, we would expect this mutant to increase binding. Another mutation to consider 

would be a residue whose side chain can participate in a hydrogen bond but does not have 

a charge − such as serine − to understand the nature of the interaction. 
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     3. Another approach would be to evaluate the contribution of D37 to the binding to 

RyR as part of the whole calstabin2 protein. To this end, we suggest using other amino 

acids that might contribute to binding specificity and make double mutants to assess the 

different contributions to the calstabin2-RyR2 interaction. For example, Huang et al. 

observed low-level binding of the mutant calsatabin2-D41G to RyR2 (245). We suggest 

cloning and expressing the double mutant D37V D41G to observe whether its ability to 

bind to PKA-phosphorylated RyR2 is greater than the single mutant. Other charged 

residues that were found to interact with the receptor in this study could also be of 

interest. 
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Figure 6 - Calstabin2-D37V-MBP Purification 

A – Purification of bacterial lysate on an amylose column. Cells were lysed and supernatant following 
ultracentrifugation was loaded on amylose resin and eluted with 20 mM maltose. In. – input, FT1 – flow 
through 1 (loading), FT2 – flow through 2 (wash), 1-6 – elution fractions. The SDS-PAGE shown was 
Coomassie-stained. B – FPLC profile of calstabin2 MBP on a superdex 75 gel filtration column.  The 
protein eluted in a mono-dispersed peak. C – Gel filtration samples on Coomassie-stained SDS-PAGE. In – 
input, B10-B3 – elution fractions (corresponding to fractions in B). 
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Figure 7 - Calstabin2-MBP Crystals 

Examples of protein crystals obtained by the hanging-drop vapor diffusion method. A and C – visible light   
of two drops that produced crystals. B and D – UV images of these two drops, respectively. 
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Figure 8 - Structure of Calstabin2 D37V-MBP 

Calstabin2 D37V was crystallized as an MBP fusion protein with a rigid linker. Shown are MBP (blue), 
maltose (orange), calstabin2 (grey) and rapamycin (red). Val37 is highlighted in cyan. Side chains of 
amino acids that are involved in drug binding are shown. 
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Table 1 - Results of Crystallographic Data Processing and Structure Refinement Statistics of 
Calstabin2-D37V-MBP 

 
Data Collection 

Unit-cell parameters 
   a (Å)  

 
 
49.14 

   b (Å) 61.53 
   c (Å) 163.8 
   α=β=γ  (°) 90 
Space group P212121 
Resolution (Å) 81.9-1.8 
Completeness (%) 98 
Multiplicity 7 
Mosaicity (°) 0.341 
I/σ  (I) 17.99 
Number of unique reflections 25,048 
  

Structure Refinement  
Rfree (%) 28.7 
Rcryst 25.1 
Mean B (A2)  34.4 
Δbond (A2) 0.018 
Δangle (°) 1.9 
Number of non-hydrogen atoms used in refinement 3,655 
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A 

B 

Figure 9 - Superposition of WT and D37V Calstabin2 Bound to Rapamycin 

The two models were superimposed using the software UCSF Chimera. (A) WT calstabin2 (PDB entry 
1c9h) and the rapamycin molecule it binds are shown in light blue. Calstabin2 D37V and its rapamycin 
are depicted in orange and yellow, respectively. (B) Close up on the mutation site. Values for distances 
between the FKBP residues and rapamycin atoms participating in hydrogen bond (D37 – upper value) 
or van der Waals interactions (V37 – lower value) with rapamycin are illustrated with dotted lines. 
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Figure 10 - Binding of wt 35S-MBP-calstabin2 and D37V 35S-MBP-calstabin2 to Cardiac 
Sarcoplasmic Reticulum 

Rabbit CSR vesicles were incubated at 37°C with the radiolabeled ligands (see methods). After incubation, 
the reaction was filtered and the filters were washed and counted. Each data point is derived from two 
experiments, each done in duplicate. Bmax and Kd values are given in the accompanying table (below). 
Ranges given next to values represent the standard error. 

Specific binding values wt 
calstabin2 

wt 
calstabin2 + 
PKA 

calstabin2 
D37V 

calstabin2 
D37V + 
PKA 

Bmax (pmol/mg) 3.5 ± 0.12 3.48 ± 0.16 3.43 ± 0.1 3.5 ± 0.1 
Kd (nM) 11 ± 1.52 30.1 ± 4.07 8.58 ± 1.1 8.2 ± 1.2 
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A 

F46 

Y26 

D/V 37 

F36 

Y82 

B 

.Figure 11 - Conformational Changes in and around the Catalytic/drug Binding Domain 

A- Superposition of wt calstabin2 (light blue) and calstabin2 D37V (orange) and their bound 
rapamycin molecules (light blue and yellow, respectively). B- Asp37 forms a salt bridge with Arg42 
in the wt calstabin2 molecule. In the D37V mutant, Arg42 moves away from Val37. Arg42 was 
disordered in our structure, therefore it is not shown beyond its Cβ. 
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Table 2 - List of Calstabin Amino Acid Interactions.  

Residues that participate in binding to either RyR or the drugs FK506 and rapamycin are listed  

Calstabin2 Calstabin1 RyR Binding Rapamycin/FK506 
Binding 

Inter-protein 
contacts 

Comments 

Pro9 Pro9 SPRY    
Tyr26 Tyr26  C9 oxygen Asp37, Trp59, 

Phe99 
 

Gln31 Glu31 SPRY   Selectivity 
Asn32 Asp32 SPRY   Selectivity 
Phe36 Phe36  C9 oxygen Phe99 Binding pocket 
Asp37 Asp37 Helix C10 hydroxyl H-bond Tyr26, Arg42  
Arg40 Arg40 SPRY    
Asp41 Asp41 SPRY    
Arg42 Arg42 Helix C15 methoxy Asp37  
Phe46 Phe46 Helix Pipicolinyl ring Tyr26, Phe48, 

Trp59 
 

Gln53 Gln53  C24 hydroxyl   
Glu54 Glu54     
Ile56 Ile56  Amine to C1 lactone 

carbonyl 
Trp59, Tyr82, 
Phe99 

Binding pocket 

Phe59 Trp59  Pipicolinyl ring Tyr26, Phe46, 
Phe48, Ile56, 
Phe99 

Selectivity 

Tyr82 Tyr82 Helix C8 amide oxygen Ala95  
His87 His87 Helix C10-C14 Tyr82, 

Val/Ile90 
Catalytic 

Pro88 Pro88 α-solenoid    
Gly89 Gly89 α-solenoid    
Val90 Ile90 α-solenoid    
Phe99 Phe99  C9 keto oxygen  Binding pocket 
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Figure 12 - Docking of Calstabin2-D37V into the RyR1 Cryo-EM Electron Density Map 

The D37V mutant was docked into the full-length RyR1 receptor structure (Marks lab – unpublished data). 
A – Side  view  showing  the  “mushroom”  shape  of  RyR.  B  – View from the cytoplasmic side of RyR 
showing the four subunits and the central vestibule. Calstabin2-D37V is shown in rainbow colors. 
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Figure 13 -  Close-up on Calstabin2-D37V Binding to RyR1.  

A – calstabin2-D37V (shown in rainbow colors) docked into the RyR1 electron density map. B – Different 
view of the same interaction. Valine 37 is shown purple and is interacting with a helical projection in the 
RyR1 structure. 
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III. RyR  Fragment  Crystallization 
 
 

A. Rationale and Choice of Mutants 

X-ray crystallography is an essential tool in macromolecular structure determination 

and, consequently, structure-function studies. Proteins are responsible for most of the 

regulatory, structural and enzymatic functions in living organisms; hence the study of 

their three-dimensional structures is vital to our understanding of biological processes. 

Membrane proteins are an important class of proteins, which include ion channels, 

membrane enzymes and transport proteins. Membrane proteins, however, present 

extreme difficulties in terms of determining their three-dimensional structure. This is due 

to low expression levels, hydrophobicity and relative flexibility. In addition, many 

membrane proteins contain segments that are hydrophilic and segments that cross the 

membrane and are hydrophobic. As of January 2014, only ~350 unique protein structures 

had been solved by X-ray crystallography, which represent less than 0.1% of all protein 

structures solved in a similar way (295). The ryanodine receptor presents a major obstacle 

in uncovering its structure, due to its immense size (over 2MDa in tetrameric form) and 

different domains − large soluble cytosolic region, several TM domains and a small 

luminal region − as well as multiple interacting proteins and ions that modify the 

channel’s  biochemical  and  biophysical  characteristics. 

The atomic resolution structure of important structural and regulatory regions of RyR 

is still mostly uncharacterized. The structure of the N-terminus of RyR1 (residues 1-559) 

has been determined by X-ray crystallography to atomic resolution and is comprised of 

two  β-trefoil  domains  and  a  third  domain  that  forms  a  bundle  of  five  α- helices (50, 51). 
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More than 50 disease-associated mutations known to cause the diseases malignant 

hyperthermia (MH) or central core disease (CCD) in this region have been characterized. 

It has been suggested that many of the mutations affect intra- or inter-domain 

interactions, because the three domains interact with one another via mainly hydrophobic 

interfaces. The crystallographic data has been docked into the previously published cryo-

EM map and was mapped close to the central rim, so that four subunits form a 

cytoplasmic vestibule. Recently, the crystal structure of the RyR2 N-terminus was also 

published (296). The RyR2 N-terminal region resembles that of RyR1, but contains an 

additional anion-binding site that is essential for fragment solubility and stability. 

The Van Petegem group has also crystallized part of the central domain of the three 

RyR isoforms (22). This part of the central domain, as well as the N-terminal domain and 

the TM domain, contain the majority of the disease-associated mutations in RyRs. The 

phosphorylation domain contains a phosphorylation site for cAMP-dependent kinase 

(PKA) at Ser2808 and a phosphorylation site for CaMKII at Ser2814 (114, 125, 132). 

The   domain   is   composed   of   two   exact   repeats   of   α-helices separated by a flexible 

phosphorylation loop containing the above-mentioned phosphorylation sites. But, the 

exact structure of the loop containing the putative phosphorylated amino acids remains 

unresolved and its function remains unclear. 

 Based on these studies, we proposed that it would be feasible to recombinantly 

express and crystallize RyR fragments. We concentrated on a number of fragments that 

have been shown to have biological importance in protein-protein interaction and RyR 

regulation (Fig. 13). Obtaining high-resolution structures for one or more of these 

domains will likely be of great importance to understanding the role of RyR in health and 
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disease. The fragments chosen were part of the large RyR cytoplasmic domain, and 

therefore, are more likely to be soluble in bacteria. The fragments included:   

1. The binding site of FKBP12 (calstabin1). Calstabin1 is an immunophilin that binds 

with high affinity to the RyR channel, decreases its open probability and stabilizes its 

open and closed states (183, 184). The Marks lab has also demonstrated that when RyR is 

PKA-hyperphosphorylated, oxidized or nitrosylated, calstabin dissociates from the 

channel complex. This dissociation leads to   a   “leaky”  RyR   phenotype (132, 174, 175, 

297); manifestation of this pathological Ca2+ leak is seen in heart failure patients (130). A 

binding site encompassing a conserved peptidyl-prolyl bond, in which the amino acid 

preceding the proline (Valine in RyR1; Isoleucine in RyR2) is important to substrate 

recognition and catalysis recognition has been shown to be crucial to the binding of 

calstabin to the channel (222). 

2. The RyR calmodulin (CaM) binding site. Calmodulin is an EF-hand calcium-

binding protein that contains two calcium-binding lobes. The C-lobe buffers the local 

Ca2+ signal, while the N-lobe senses the global Ca2+ changes (298). CaM modulates RyR 

in both its Ca2+-free (apo-CaM) and Ca2+-bound forms. CaM inhibits both RyR1 and 

RyR2 at high (μM-mM) Ca2+ levels. When Ca2+ levels are low (≤0.2 μM), CaM activates 

RyR1 but inhibits RyR2 (105, 299-301), despite controversy over inhibition at low [Ca2+] 

(302).  The binding site of CaM on RyR1 includes amino acids 3614-3642 (303). It has 

been suggested that RyR1 might have two overlapping but distinct CaM-binding sites, 

depending on Ca2+ binding to CaM (304). Although a partial structure of an RyR1 

fragment bound to CaM has been published (109), other studies have suggested complex 

binding events that include the movement of one or both CaM lobes upon Ca2+ binding 
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(105, 299, 301). We, therefore, considered the CaM-binding site as a target for co-

crystallography and binding kinetics studies. Very recently, three distinct CaM-binding 

domains have been identified in all three RyR isoforms (305). These domains can all be 

future crystallography targets. 

3. The RyR C-terminus. Based on structure predictions, the C-terminus is cytosolic 

beyond the transmembrane domain and encompasses about 100 amino acids. It is 

important to the function of the channel as deletion of the last 15 amino acids from the 

end of the cDNA produced a non-functional protein (119). Moreover, the C-terminus of 

 
. 

Figure 14 - RyR Fragments 

A schematic depicting the putative RyR2 structure (adapted from Yano et al. (1)). High-
resolution structure exists for only ~11% of the RyR so far (2) (black boxes). The blue dotted 
lines denote the domains that this proposal will address, including the first leucine/ isoleucine 
zipper (LIZ1), calstabin (FKBP) binding site, calmodulin binding site, and C-terminal domain 
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RyR1 is important for channel homo-tetramerization, which is governed by a series of 

charged amino acids in several coiled  coils  and  an  α-helix located in the C-terminus and 

in one of the TM loops (306).  

  4. RyR leucine/isoleucine zippers (LIZs). LIZs are structural motifs traditionally 

found in protein-DNA interactions. LIZs have been identified in both RyR1 and RyR2 

and have been shown to direct the PP1 phosphatase and PKA to the RyR macromolecular 

complex via binding to the scaffolding proteins spinophilin and mAKAP, respectively. In 

addition, RyR2 contains a third LIZ that binds PP2A via PR130 (103). Given the 

importance of phosphorylation events to the regulation of the channel, it would be highly 

beneficial to learn about the dynamics and characteristics of these domains. In addition to 

fragments containing the LIZ alone, we have also cloned N-terminal fragments that start 

at the first residue and extend to contain the first RyR LIZ (Table 1). These fragments 

would be easier to phase using molecular replacement methods, since a major part of 

these crystal structures already exists. We have used bioinformatics tools to predict an 

ideal location to end the sequence. An example of such analysis is shown in Fig. 15.  

 

B. Materials and Methods 

1. Cloning and Expression  

 All fragment sequences were optimized using an online algorithm that predicted the 

relative solvent accessibilities of amino acid residues (63). Multiple fragments of varying 

lengths were generated to increase the chances of a positive hit. 

RyR fragments were cloned into several vectors. The majority of fragments were 
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cloned into the pDB.His.MBP plasmid, between the EcoRI and SalI restriction sites. 

This plasmid is similar to the cloning vector used successfully by the Van Petegem 

group (51, 66). The pDB.His.MBP contains an MBP domain, which has been shown to 

increase solubility and can also be purified on an amylose column, as well as a 6-histidine 

(6-his) tag, and the site for tobacco etch virus (TEV) protease cleavage. Another vector 

used in this study was the pMALX plasmid. This vector contains an uncleavable MBP 

tag and belongs to a family of expression plasmids designed especially for increased 

protein expression and solubility (258).  

Additional cloning vectors were used for cloning RyR fragments. These vectors 

include several 6-histidine tag-containing plasmids and a plasmid containing a GST- 

fusion protein, pGEX-4T-1. For a complete list of vectors used, see Fig. 14 and 

discussion. 

The fragments were expressed in E. coli Rosetta (DE3) pLacI cells (Novagen), 

and induced by addition of 0.2 mM IPTG at OD600≅0.5 and then incubated at 18°C for 

another 20 hours in a shaker. 

2. Fragment Purification  

 Cleavable MBP-containing fragments were collected after induction and lysed by 

sonication   in   lysis   buffer   (250   mM   NaCl,   20   mM   HEPES,   pH   7.4,   14   mM   β- 

mercaptoethanol)   with   150   μM PMSF and 1 mM benzamidine. The lysate was spun 

down at 40,000 g in an ultracentrifuge for 10 minutes; the supernatant was then applied to 

an amylose resin column (NEB). The column was washed with lysis buffer and the 
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protein eluted with lysis buffer containing 20 mM maltose. The protein was then 

incubated with TEV protease overnight at 4°C and loaded on a Ni2+-Sepharose column 

(GE Healthcare) to exclude the 6-His-MBP product. The flow-through containing the 

fragment was collected, concentrated on Amicon centrifugal filters (Millipore) and 

loaded on a HiLoad 16/60 Superdex 200 gel filtration column (or Superdex 75 for smaller 

size fragments; GE Healthcare). Positive fractions were verified by SDS-PAGE. 

 Fragments expressed in the uncleavable MBP plasmid (pMALX) were purified by 

centrifugation of bacterial pellet and resuspension in buffer A (20mM Tris-HCl pH 8, 200 

mM NaCl, 1 mM DTT) with 1 mM EDTA, 1mM benzamindine, 0.15 mM 

phenylmethylsulphonyl fluoride (PMSF). The lysate was sonicated and centrifuged at 

40,000 rpm (100,000 g) in an Optima L-100K ultracentrifuge (Beckman-Coulter). The 

supernatant was loaded on 5 ml amylose resin high flow (NEB), washed with buffer A 

and eluted with buffer A with 10 mM maltose. The eluate was concentrated and loaded 

on a 10/300 superdex 75 or superdex 200 gel filtration column (GE Healthcare) using an 

ÅKTA UPC-900 FPLC (Amersham) in buffer A with 40 mM maltose. Peak fractions 

were collected, verified by SDS-PAGE and concentrated to 40 mg/ml. All purification 

steps post-induction were carried out at 4°C. 

 Fragments expressed in a GST-containing plasmid were collected and lysed as 

described above. The supernatant was resuspended in buffer A and applied to a 

glutathione-sepharose column (GE healthcare). The column was washed with buffer A 

and eluted with 20 mM glutathione.  

 Fragments expressed in 6-his-containing plasmids were collected and lysed as 
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described above. The supernatant was resuspended in buffer A and applied to Ni2+ or 

Talon columns (see discussion). The column was washed with buffer A with 40 mM 

imidazole and elution was performed with buffer A containing 200 mM imidazole. 

3. Crystallization Screening  

 Purified proteins were concentrated and screened for crystallization conditions by 

commercial kits such as Crystal Screen (Hampton Research) by the sitting drop method. 

The 96-well plates were set up using the Mosquito Liquid Handler (TTP Labtech) and 

stored at 4°C and 20°C in the Rock Imager automated imaging system (Formulatrix). 

Plates were inspected for the appearance of crystals at several time intervals following 

setup. 

 

C. Results 

RyR fragments were cloned in expression vectors and expressed in E. coli. 

Expression was verified by running samples of the bacteria before and after addition of 

IPTG (Fig. 16). Fragments were further examined for solubility by running samples of 

the supernatant and pellet following an ultracentrifugation step and fragments that were 

retained in the supernatant were used for further study (Fig. 16).  

The fragments were purified as described in Materials and Methods. Purification 

of fragments cloned into plasmids containing either an N-terminal or C-terminal 6-

histidine tags did not yield soluble fragments (Fig. 17). Solubility problems were also 

observed in fragments cloned into plasmids containing GST tags.  
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Purification of MBP-containing plasmids in pDB.His.MBP vector was successful. 

However, proteolytic cleavage with TEV usually resulted in precipitated protein. Some 

success was achieved with LIZ fragments that remained soluble after cleavage. But, 

when the protein was applied to a gel filtration HPLC column, it eluted in the void 

volume of the column. These results indicate there was an aggregation problem. 

For fragments containing an uncleavable MBP tag (using the pMALX plasmids) or 

fragments cloned into the cleavable pDB.His.MBP plasmid that were not treated with 

TEV, we obtained several RyR fragments that were soluble with the MBP tag. Again, 

the fragments were prone to aggregation following purification by gel filtration 

chromatography.  

In summary, fragments spanning various RyR1 and RyR2 domains were cloned 

and expressed (Table 3). Most of these fragments were insoluble or aggregated as was 

observed when subjected to gel filtration chromatography. A few of the soluble 

fragments were screened for crystallization conditions when cloned as fusion proteins 

but they remained, at least partially, aggregating. These crystallization screens did not 

yield crystals. Although one LIZ1 fragment was screened on commercial crystallization 

plates did provide UV-positive protein aggregates or microcrystals. But, we were unable 

to improve on these conditions to produce crystals. 
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D. Discussion 

We have cloned a library containing about 150 unique RyR sequences 

encompassing both the skeletal muscle and the cardiac forms of RyR. The fragments 

were cloned into bacterial expression plasmids with various affinity tags, which were 

designed to aid in the purification and solubility of the fragments. 112 of these 

fragments were sequence-verified and efforts were made to screen them in order to 

identify soluble, well-folded domains. Our work included varying and optimizing the 

cloning, choice of vectors, expression and induction conditions, purification conditions 

and techniques. The complete library of cloned fragments is given at the end of this 

manuscript (Table 4). Our work included: 

Table 3 - Summary of RyR Fragment Crystallization Work 

We have cloned and expressed 112 unique RyR1 and RyR2 fragments. So far, we have attempted to 
crystallize 4 of these, despite aggregation problems.  
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 1) Choice of cloning plasmids. We have used plasmids containing various tags. The 

rigid MBP linker, on the pMALX plasmids, was chosen based on its ability to aid in the 

purification of proteins that are hard to crystallize (258). These plasmids provided a dual 

approach: they contain an MBP moiety known to increase protein solubility and provide 

a tag for affinity chromatography, in addition to harboring mutations of charged amino 

acids designed to reduce the overall surface entropy. Protein crystallization is an entropy-

driven event, i.e., a reciprocal process including an ordered crystal lattice formation and 

the release of water molecules from the sites of crystal contacts (307, 308). These vectors 

were constructed in order to try to overcome the unfavorable movements of large 

hydrophilic side chains on protein surfaces. Motions by these side chains may raise the 

entropy, suppressing the formation of lattice contacts (309, 310). In accord with these 

observations, these plasmids have been mutated so that large acidic or basic amino acids 

exposed to the solvent were mutated into small hydrophobic residues. Overall, a set of 

five interchangeable cassettes bearing various combinations of these mutations was 

generated. The pMALX vectors contain a very short fixed-arm downstream of the MBP 

tag providing rigidity that would allow minimizing conformational flexibility, which can 

lead to protein heterogeneity. Heterogeneous protein populations usually have a negative 

effect on crystal formation (311). Taken together, the combination of a fusion protein 

with the surface mutation is thought to help in protein purification, solubility and 

crystallization.  

 We also utilized a plasmid carrying a cleavable form of MBP. MBP provides another 

advantage in crystallography studies as its structure can be used to solve the phase 

problem using molecular replacement methods (312, 313). 
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 Interestingly, the choice of cloning plasmids was proven to be critical in the case of 

cloning an N-terminal RyR1 fragment. A putative pore-forming domain, which spans 

amino acids 4829-5037, was cloned into both pET24d − a plasmid carrying an N-terminal 

6-histidine tag − as well as into pET28a − a similar plasmid containing a C-terminal 6-

histidine moiety. When cloned into the pET24d plasmid, the protein was insoluble right 

after resuspension. The fragment, however, was soluble when cloned into the pET28a 

plasmid. This stresses the importance of the location of the affinity tag relatively to the 

protein insert. This location might affect its folding, especially when charged amino acids 

like histidines are added to the sequence, as they might interact with residues in the 

fragment sequence, affecting protein folding and stability.  

 As an alternative, we also attempted cloning the fragments into plasmids containing 

a small ubiquitin-like modifier (SUMO) tag. SUMO proteins are structurally similar to 

ubiquitin and they covalently bind in a reversible way to proteins. SUMOylation is a 

form of post-translational modification with many cellular roles, including cell cycle 

regulation, apoptosis, stress response and protein stability (314). SUMO fusion has been 

reported to enhance protein expression, solubility and aid in purification in proteins 

expressed in bacteria (315-317). Another advantage of the SUMO system is that its 

proteases, which are members of the cysteine protease superfamily that cleave SUMO, 

are highly specific and efficient. Unlike conventional proteases, such as thrombin or 

TEV, SUMO proteases do not recognize a primary amino acid sequence. Instead, SUMO 

proteases recognize the tertiary structure of the SUMO tag, thereby allowing for greater 

cleavage specificity. Furthermore, cleavage with SUMO proteases does not yield non-

native N-termini, while many proteins rely on a specific N-terminus for retention of their 
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biological activity (318). Examples of SUMO proteases include Ulp1 and Ulp2 in 

budding yeast. 

 2) Bacterial growth and induction. We have tried varying different parameters of the 

bacterial induction process. After initially expressing proteins at 37°C, we have 

encountered aggregation problems and tried solving them by lowering the expression 

temperature to 18-20°C and adjusting the IPTG concentration to 0.2mM with overnight 

induction. These conditions are consistent with the ones used by Tung, C.C. et al., where 

the RyR1 N-terminal fragment was expressed, purified and crystalized (51). In cases 

where aggregates still formed, the expression temperatures were optimized and several 

were attempted for expression. However, temperatures in the widely-used range 18-37°C 

did not solve the aggregation problem.  As an extreme measure, we even lowered the 

temperature post-induction to 6-10°C. These temperatures are very low for E. coli but 

have been shown to increase solubility by restricting the formation of inclusion bodies in 

the bacteria (319). We have lowered the temperature to 8°C after the addition of IPTG 

and continued growing the bacteria for another 10 days. The solubility of the fragments, 

however, was not increased due to these extreme growth conditions. 

 3) Choice of competent bacteria. We have transformed DNA encoding RyR into E. 

coli Rosetta (DE3) pLacI cells (Novagen) that are designed to enhance the E. coli codon 

bias and enhance recombinant protein expression (320). E. coli  tend to misincorporate 

certain amino acids during translation, due to a different set of tRNA available in these 

cells, compared to eukaryotes (321, 322). For example, lysine residues are 

misincorporated frequently for arginine in fusion proteins expressed in E. coli, which can 

affect expression levels and protein heterogeneity (323).  
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 4) Protein refolding. One of the methods used to increase protein solubility is 

refolding, as many recombinant proteins are insoluble when expressed in E. coli (324, 

325). We used two denaturation agents, urea and guanidine hydrochloride (GuHCl). 

These agents are commonly used to tackle protein solubility problems, especially when 

inclusion bodies form in bacteria (326-329). The protocol included resuspending bacterial 

pellets containing an insoluble fragment in buffers that included high concentrations of 

urea or GuHCl. The resuspension was then dialyzed against solutions containing buffers 

with decreasing concentrations of the agent in an effort to refold the protein correctly. 

Despite these efforts − that included addition of compounds known to enhance refolding 

− such as L-arginine − we were unable to renature the fragments and they aggregated 

again when the concentration of the denaturing agent decreased beyond a certain level 

(usually ~1M). We have even attempted to repeat a protein refolding and purification 

protocol of an RyR1 EF-hand that serves as a putative Ca2+-binding site, as reported by 

Xiong et al., to no avail (330). 

 5) Protein purification. During the RyR fragment work, we employed several protein 

purification techniques and optimization methods. Most fragments were expressed as 

fusion proteins with an affinity tag that was later used for purification by affinity 

chromatography. This was usually followed by an ion exchange chromatography step, 

together with optional additional purification methods when necessary. 

 Fragments that were expressed with 6-His and MBP tags − as in the case of 

pDB.His.MBP vector − were usually purified on amylose columns, treated with TEV 

protease and then further purified on amylose columns. We encountered problems with 

insufficient cleavage by the protease that gave rise to three populations of proteins: full-
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length uncleaved, MBP and the cleaved product. We made efforts to recover the cleaved 

fragments and separate them from the other two by several methods. First, the efficiency 

of binding to the Ni2+ column was compared to that of a Talon (Clontech) column, an 

alternative utilizing cobalt (Co2+) as a metal affinity resin. Talon columns have been 

reported to bind recombinant His-tagged proteins at higher affinities in some instances 

(331). Even though both nickel and cobalt have six metal coordination sites each, nickel 

has higher affinity for polyhistidine tags, especially in instances when the tags are not 

fully exposed or when the protein is at lower concentrations. Nevertheless,  cobalt’s  lower  

affinity to the 6-His tags usually leads to more specific binding, because nickel tends to 

bind contaminants at higher rates (332). Cobalt resins are also more accommodating to a 

wide range of pH and salts present in the buffer. We did not observe significant 

differences between the two metals in regard to fragment binding.  

 Second, we have optimized the ion exchange purification step by trying to separate 

the three above-mentioned protein populations on either a strong anion exchanger 

(Resource Q) or a weak anion exchanger (DEAE sepharose). Purification optimization of 

a C-terminal domain of RyR2 by binding to these two columns shows that the fragment 

bound to both resins and eluted with a salt gradient, separating the MBP from the 

uncleaved and cleaved protein based on their charge. Unfortunately, when applied to a 

gel filtration column, the cleaved and uncleaved populations both eluted in the same 

fraction, suggesting they are aggregating. 

 6) TEV cleavage. Many of the fragments were cloned into plasmids that contain 

proteolytic cleavage sites. Mostly, we have worked with fusion proteins expressed with 

an MBP fusion protein and a TEV recognition site. In an attempt to optimize the 
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cleavage, we varied several conditions to improve the process, including incubation 

times, buffers and temperatures. Cleavage was usually partial, indicating that the 

fragment was not folding correctly. These indicators of protein misfolding were later 

corroborated by results from purification on size-exclusion chromatography columns. 

 7) Detergents. Detergents can help increase protein solubility, especially in the case 

of membrane proteins, because they allow the dispersion, via micelles, of water-insoluble 

hydrophobic molecules into aqueous solutions. Due to problems with the solubility of our 

fragments, we screened a number of commonly used detergents. Our work with 

detergents focused on fragments near or within the putative TM domain, such as the 

RyR1 pore-forming region. The detergents screened were n-Dodecyl   β-D-

Maltopyranoside (LDAO), CHAPS, Triton X-100 and n-Dodecyl-N,N-dimethylamine-N-

oxide (LDAO). Kang et al. were able to solubilize and purify the pore-forming region by 

using LDAO (333). Despite multiple attempts, however, we were unable to reproduce 

those findings. Addition of the four detergents to the resuspension buffer did not prevent 

the fragment from presenting in the pellet as insoluble material after centrifugation. A 

few other fragments were also screened for the addition of detergents according to the 

critical micelle concentrations (CMCs). The detergents were added either to the bacterial 

pellet in the beginning of the protein purification protocol or at the to gel filtration buffer. 

We did not observe an increase in solubility or a decrease in aggregation when detergents 

were added to the experiment. 

 8. Alternative expression systems. We tried employing other expression systems in 

order to obtain soluble non-aggregating RyR fragments. One alternative we pursued was 

expression of our fragments in yeast. Yeast cells, including the common species 
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Saccharomyces cerevisiae, are widely used in molecular biology. Another species, Pichia 

pastoris, has been widely used for protein expression in laboratories due to its high 

efficiency in expressing intracellular proteins (334). Pichia cells can utilize a carbon 

source, methanol, in the absence of glucose. Yeast cells offer many advantages to protein 

production in microbes because they are easy to genetically manipulate, grow on 

inexpensive media and multiply relatively fast. Additionally, yeast are eukaryotes and 

therefore offer a cellular environment that is able to perform post-translational 

modifications of proteins. These modifications are vital in the case of RyR, which can 

undergo phosphorylation, oxidation and nitrosylation that are physiologically relevant 

(125, 174, 175, 238). Yeast also have eukaryotic organelles, including endoplasmic 

reticulum (ER) and a secretion system that can secrete proteins into the media (335, 336). 

Due to these advantages, we tried expressing RyR fragments in S. cerevisiae and Pichia 

pastoris. Our efforts, however, were not successful and we were not able to detect protein 

in the yeast cells after expression. The low yield is probably due to the large size of RyR 

and to the fact that it is a membrane protein. 

 9. Alternative fragments. Because we were not able to produce non-aggregating 

fragments, we expanded the work to include a few more RyR regions that are less 

characterized than the above fragments, but are still crucial to either the cellular function 

of the receptor or to its interaction with endogenous or exogenous binding partners. These 

additional fragments included: 

a. II-III loop binding sequence (LBS). The loop between the second and third TM 

domains of the α1s DHPR directly interacts with RyR1 (337). Several peptides derived 

from the II-III loop were found to activate RyR1 and two DHPR sequences that play an 
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important role in EC coupling were identified. These peptides included several distinct 

sequences within the loop, such as As (Thr671-Leu690) and Cs (Glu724-Pro760) that 

interact with RyR (338-342). The Cs peptide conferred reduction in Mg2+ inhibition when 

added to isolated RyR1, and therefore partially mimicked the EC coupling process of 

change in affinity to Mg2+ (341, 343). This peptide is not part of the voltage sensor of the 

DHPR, thus DHPR might relay changes in Mg2+ inhibition via allosteric changes in 

conformation.  

 The exact location of the RyR1 sequence that interacts with the II-III loop is 

unknown. A few sequences, however, were proposed to be involved in the binding, 

including two regions encompassing amino acids 1021-1631 and 3351-3507 that bound 

in vitro to a domain within the II-III loop (344). 

b. ATP binding site/RyR central domain. ATP is a positive regulator of RyR (see 

introduction). Blayney et al. have investigated the effects of certain CPVT mutants in the 

RyR2 central domain (amino acids 2236-2491) on channel biochemistry (345). They 

observed that ATP and caffeine both bound to the fragment. Based on binding and ATP-

binding consensus sequences (e.g., different Walker motifs) they suggested that this 

fragment contained the ATP binding domain. Hence, we tried to express and purify the 

RyR central domain (RCD). 

c. Drug binding domain (DBR). The drug S107 alleviates the leaky phenotype associated 

with FKBP dissociation from RyR channels in many disease states, including Duchenne 

muscular dystrophy and muscle weakness in aging (RyR1), as well as atrial fibrillation 

(AF) and HF (RyR2) (175, 176, 238, 239). Due to its clinical relevance, we tried to 

crystallize RyR sequences that were identified as putative binding domains for the drug 
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(Marks lab, unpublished data). 

 Despite our efforts to crystallize an RyR fragment, we did not exhaust all possible 

troubleshooting techniques. One such method is co-expression of the fragment together 

with its natural biding protein. Indeed, Lau et al. have very recently co-expressed 

different CaM-binding domains together with CaM (305). Although the MBP fusion 

proteins were not cleaved, the authors were able to perform binding experiments using 

CaM-binding sites attached to MBP tags. The fact that the CaM-expressing fragments 

were not cleaved with TEV protease may indicate that the CaM-binding site fragments 

were still insoluble when the MBP fusion protein was cleaved off. 

 Crystallization of fragments of a full-length protein is a hard task because in most 

cases the fragments are taken out of biological context and do not have the correct 

cellular environment to fold correctly. Moreover, some fragments, such as the FKBP-

binding domain, require contributions from multiple RyR domains in order to form a 

functional binding site (as discussed in chapter II). Other domains may need different 

conditions and/or sequences in order to fold correctly. Given the size of RyR, screening 

all these would be an extremely difficult and time-consuming task. 

 In order to make sure the lack of soluble, non-aggregating proteins in out study is not 

due to technical problems on out part, we purified the RyR1 1-559 fragment. The plasmid 

expressing the fragment was obtained from the Van Petegem lab and we followed their 

protocol. We were able to express, and purify the protein, including a gel filtration stage, 

in which the fragment did not elute in the void volume (Fig. 18).  

 Despite not being able to crystallize RyR fragments, we have cloned and screened a 
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large number of fragments containing important regions of the channel. Our work 

suggests that these fragments might be useful in the future in biochemical analysis of the 

channel, such as pull-down assays, antibody production or crosslinking experiments. 
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Figure 15 - Summary of RyR Fragment Cloning Strategy 

We used different cloning vectors in order to clone and express RyR fragments. These vectors included 
plasmids with C-terminal (pET28a) or N-terminal (pET24d) 6-histidine affinity tags, cleavable GST tag 
(pGEX) and a 6-histidine-SUMO vector (pSMT3). Due to solubility problems, we mostly worked with 
MBP-containing plasmids, including a TEV-cleavable MBP tag plasmid (pDB.His.MBP) and a rigid MBP 
tag (pMALX). 

 

 

 

 

 

 

 



 86 

 

Figure 16 - Secondary Structure Prediction Using the SABLE Algorithm 

We used computational biology methods in order to predict optimal ends for RyR fragment expression. The 
SABLE algorithm predicts solvent accessibility and secondary structures of proteins. Shown here is the 
RyR1 sequence that follows amino acids 1-559 that have been crystallized by Tung et al. . We used the 
algorithm to decide on an optimal C-terminal end of a fragment beginning at the N-terminus of RyR1 or 
RyR2. 
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Figure 17 - Cloning and Expression of RyR Fragments 

A – Example of PCR products of RyR1 fragments on 1% agarose gel. B – Screening of MBP-containing 
fragments for expression. Samples were taken before and after induction with IPTG. Samples were boiled 
in Laemmli sample buffer, boiled and loaded on 15% SDS-PAGE. Fragments that showed expression 
following IPTG induction were screened further. C – Screening for solubility of MBP-containing 
fragments. Following induction, cells were resuspended and sonicated. Cells were then centrifuged at 
100,000 g for 10 min. in an ultracentrifuge and samples from the supernatant (s) and pellet (p) were run on 
a 15% SDS-PAGE. Fragments that were in supernatant fraction after centrifugation were purified. 
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Figure 18 - Purification of an RyR1 Fragment 

The RyR1 pore forming domain (fragment 79) was cloned into a pET28a vector and induced at 20°C for 16 
hours. A – The fragment was purified on a Ni2+ column after solubilization with 1% LDAO. The column 
was washed with buffer containing 60mM imidazole and eluted with 200 mM imidazole. In – input, ft1 – 
flow through 1 (loading), ft2 – flow through 2 (wash), 1-5 – elution fractions. B – The protein was 
concentrated and loaded on a superdex 75 HPLC gel filtration column. C – Samples from the HPLC run 
show the void volume peak contains the protein. In – input, con. – concentration, 1-6 – HPLC fractions. 
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Figure 19 - Purification of the RyR1 N-terminal Fragment 

We have purified the RyR1 fragment, which consists of amino acids 1-559 and has been published by Tung 
et al. as a proof of principle. A – Bacterial cells expressing the 1-559 fragment were induced at 18°C 
overnight, collected and resuspended in lysis buffer and sonicated. Following ultracentrifugation, the 
supernatant was applied to a Ni2+ column, washed with 20 mM imidazole and eluted with 150 mM 
imidazole. The protein was then dialyzed and applied to an amylose column. Elution was carried out by a 
addition of 10 mM maltose to the buffer. B – The protein was then cleaved with TEV protease while 
dialyzed against a low salt buffer. The sample was applied again to a Ni2+ column and the flow through was 
loaded on a Q-sepharose column and eluted with a gradient of 0-0.6 M KCl. C - The protein was 
concentrated loaded on a superdex 200 HPLC gel filtration column. D – Elution profile of the superdex 200 
run. In – input, ft1 – flow through 1 (loading), ft2 – flow through 2 (wash), el. – elution, D – dialysis, Tev – 
TEV cleavage, Ni – flow through off second Ni2+ column, conc. – protein concentration. 
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Table 4 - List of RyR Fragments Generated in this Study 

We have cloned 148 unique fragments derived from RyR1 and RyR2 sequences. Region abbreviations: LZ 
- leucine/isoleucine zipper, FKBP - FKBP binding domain, CaM - calmodulin binding domain, VPd – Van 
Petegem domain (RyR1 aa1-559), CTD – C-terminal domain, DBR - drug binding region, PFR – pore 
forming region, LBS – II-III loop binding sequence, RCD – RyR2 central domain. Primer numbering 
denotes amino acid sequence. 

PCR 
Rxn # 

Template Region Forward Primer Reverse Primer PCR-Tm 
(approx.) 

Insert 
Length 

(bp) 

Insert 
Size 

(kDa) 

1 RyR1 LZ1 LZ1-for0-1531 LZ1-rev0-1860 53 330 12 

2 RyR1 LZ1 LZ1-for0-1531 LZ1-rev1-1887 53 357 13 

3 RyR1 LZ1 LZ1-for1-1504 LZ1-rev2-1926 53 423 16 

4 RyR1 LZ1 LZ1-for2-1477 LZ1-rev3-1953 53 477 18 

5 RyR1 LZ1 LZ1-for4-1420 LZ1-rev3-1953 53 534 20 

6 RyR1 LZ1 LZ1-for5-1393 LZ1-rev4-1980 53 588 22 

7 RyR1 LZ1 LZ1-for5-1393 LZ1-rev5-2010 53 618 23 

8 RyR1 LZ1 LZ1-for6-1363 LZ1-rev5-2010 53 648 24 

9 RyR1 FKBP FKBP-for0-6907 FKBP-rev0-7851 53 945 35 

10 RyR1 FKBP FKBP-for0-6907 FKBP-rev5-7995 53 1089 40 

11 RyR1 FKBP FKBP-for1-6880 FKBP-rev3-7938 53 1059 39 

12 RyR1 FKBP FKBP-for2-6853 FKBP-rev2-7911 53 1059 39 

13 RyR1 FKBP FKBP-for3-6826 FKBP-rev6-8034 53 1209 45 

14 RyR1 FKBP FKBP-for4-6799 FKBP-rev1-7884 53 1086 40 

15 RyR1 FKBP FKBP-for5-6742 FKBP-rev1-7884 53 1143 42 

16 RyR1 FKBP FKBP-for6-6688 FKBP-rev4-7965 53 1278 47 

17 RyR1 CaM CaM-for0-10411 CaM-rev0-11361 53 951 35 

18 RyR1 CaM CaM-for0-10411 CaM-rev3-11442 53 1032 38 

21 RyR1 CaM CaM-for4-10306 CaM-rev0-11361 53 1056 39 

22 RyR1 CaM CaM-for6-10219 CaM-rev1-11388 53 1170 43 

23 RyR1 CaM CaM-for3-10330 CaM-rev3-11442 53 1113 41 

24 RyR1 CaM CaM-for1-10384 CaM-rev1-11388 53 1005 37 

25 RyR1 CaM CaM-for5-10246 CaM-rev0-11361 56.3 1116 41 

26 RyR1 CaM CaM-for5-10246 CaM-rev2-11415 55 1170 43 

27 RyR1 CaM CaM-for1-10384 CaM-rev1-11388 57.7 1005 37 

28 RyR1 FKBP FKBP-for2-6853 FKBP-rev0-7851 56.3 999 37 

29 RyR1 FKBP FKBP-for3-6826 FKBP-rev3-7938 56.3 1113 41 

30 RyR1 FKBP FKBP-for5-6742 FKBP-rev2-7911 56.3 1170 43 

31 RyR1 CTD CTD-for1-14809 CTD-rev1-15114 57.7 306 11 

32 RyR1 LZ1 LZ1-for0-1531 LZ1-rev2-1926 55 396 15 

33 RyR1 LZ1 LZ1-for0-1531 LZ1-rev3-1953 54.5 423 16 

34 RyR1 VPd3+LZ1 VPd3-for0-1183 LZ1-rev0-1860 55.8 678 25 

35 RyR1 VPd3+LZ1 VPd3-for0-1183 LZ1-rev1-1887 55.5 705 26 
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PCR 
Rxn # 

Template Region Forward Primer Reverse Primer PCR-Tm 
(approx.) 

Insert 
Length 

(bp) 

Insert 
Size 

(kDa) 

36 RyR1 VPd3+LZ1 VPd3-for0-1183 LZ1-rev2-1926 54.5 744 28 

37 RyR1 VPd3+LZ1 VPd3-for0-1183 LZ1-rev3-1953 54.2 771 29 

38 RyR1 VPd3+LZ1 VPd3-for0-1183 LZ1-rev4-1980 55.5 798 30 

39 RyR1 VPd3+LZ1 VPd3-for0-1183 LZ1-rev5-2010 55 828 31 

40 RyR1 VPd3+LZ1 VPd3-for0-1183 LZ1-rev6-2037 55.7 855 32 

41 RyR1 VPd3+LZ1 VPd3-for1-1171 LZ1-rev0-1860 58.3 690 26 

42 RyR1 VPd3+LZ1 VPd3-for1-1171 LZ1-rev1-1887 58 717 27 

43 RyR1 VPd3+LZ1 VPd3-for1-1171 LZ1-rev2-1926 57 756 28 

44 RyR1 VPd3+LZ1 VPd3-for1-1171 LZ1-rev3-1953 56.7 783 29 

45 RyR1 VPd3+LZ1 VPd3-for1-1171 LZ1-rev4-1980 60 810 30 

46 RyR1 VPd3+LZ1 VPd3-for1-1171 LZ1-rev5-2010 57.5 840 31 

47 RyR1 VPd3+LZ1 VPd3-for1-1171 LZ1-rev6-2037 58 867 32 

48 RyR1 CaM CaM-for0-10411 CaM-rev4-11469 55.2 1059 39 

49 RyR1 CaM CaM-for1-10384 CaM-rev5-11556 55.3 1173 43 

50 RyR1 CaM CaM-for2-10357 CaM-rev6-11583 53.8 1227 45 

51 RyR1 CaM CaM-for0-10411 CaM-rev5-11556 55.7 1146 42 

52 RyR1 CaM CaM-for0-10411 CaM-rev6-11583 54.3 1173 43 

53 FKBP1 FKBP FKBP-for4-6799 FKBP-rev2-7911 58.2 1113 41 

54 RyR1 CTD CTD-for2-14779 CTD-rev1-15114 57.4 336 12 

55 RyR2 LZ1 R2-LZ1-for0-1567 R2-LZ1-rev0-1905 55 339 13 

56 RyR2 LZ1 R2-LZ1-for0-1567 R2-LZ1-rev1-2205 55 639 24 

57 RyR2 LZ1 R2-LZ1-for0-1567 R2-LZ1-rev2-2256 55 690 26 

58 RyR2 LZ1 R2-LZ1-for0-1567 R2-LZ1-rev3-2286 55 720 27 

59 RyR2 LZ1 R2-LZ1-for1-1522 R2-LZ1-rev0-1905 55.6 384 14 

60 RyR2 VPd3+LZ1 R2-VPd3-for0-
1216 

R2-LZ1-rev0-1905 54 690 26 

61 RyR2 VPd3+LZ1 R2-VPd3-for0-
1216 

R2-LZ1-rev1-2205 55 990 37 

62 RyR2 VPd3+LZ1 R2-VPd3-for0-
1216 

R2-LZ1-rev2-2256 54 1041 39 

63 RyR2 VPd3+LZ1 R2-VPd3-for0-
1216 

R2-LZ1-rev3-2286 55 1071 40 

64 RyR2 VPd3+LZ1 R2-VPd3-for1-
1222 

R2-LZ1-rev0-1905 55 684 25 

65 RyR2 VPd3+LZ1 R2-VPd3-for1-
1222 

R2-LZ1-rev1-2205 56 984 36 

66 RyR2 VPd3+LZ1 R2-VPd3-for1-
1222 

R2-LZ1-rev2-2256 55.8 1035 38 

67 RyR2 VPd3+LZ1 R2-VPd3-for1-
1222 

R2-LZ1-rev3-2286 56 1065 39 

68 RyR2 CaM R2-CaM-for0-
10312 

R2-CaM-rev0-11256 56 945 35 

69 RyR2 CaM R2-CaM-for0-
10312 

R2-CaM-rev1-11352 55.5 1041 39 

70 RyR2 CaM R2-CaM-for0-
10312 

R2-CaM-rev2-11403 55.5 1092 40 

71 RyR2 CaM R2-CaM-for1-
10237 

R2-CaM-rev0-11256 56.3 1020 38 
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PCR 
Rxn # 

Template Region Forward Primer Reverse Primer PCR-Tm 
(approx.) 

Insert 
Length 

(bp) 

Insert 
Size 

(kDa) 

72 RyR2 CaM R2-CaM-for1-
10237 

R2-CaM-rev1-11352 55.5 1116 41 

73 RyR2 CaM R2-CaM-for1-
10237 

R2-CaM-rev2-11403 55.5 1167 43 

74 RyR2 CaM R2-CaM-for2-
10171 

R2-CaM-rev0-11256 57 1086 40 

75 RyR2 CaM R2-CaM-for2-
10171 

R2-CaM-rev1-11352 56.5 1182 44 

76 RyR2 CaM R2-CaM-for2-
10171 

R2-CaM-rev2-11403 56.5 1232 46 

77 RyR2 CTD R2-CTD-for0-
14602 

R2-CTD-rev1-14904 50 303 11 

78 RyR2 CTD R2-CTD-for1-
14572 

R2-CTD-rev1-14904 50 333 12 

79 RyR1 PFR PFR-for0-14485 CTD-rev1-15114  55 630 23 

80 RyR1 PFR PFR-for1-14485 CTD-rev1-15114  55 630 23 

81 RyR1 CTD NotI-CTD-for3-
4942 

CTD-rev1-15114 54.5 288 11 

82 RyR1 CTD NotI-CTD-for4-
4945 

CTD-rev1-15114 56.2 279 10 

83 RyR2 CTD NotI-R2-CTD-
for2-4871 

R2-CTD-rev1-14904 49.7 291 11 

84 RyR2 CTD NotI-R2-CTD-
for3-4873 

R2-CTD-rev1-14904 49.7 285 11 

85 RyR2 CTD NotI-R2-CTD-
for4-4876 

R2-CTD-rev1-14904 49.5 276 10 

86 RyR2 CTD NotI-R2-CTD-
for5-4878 

R2-CTD-rev1-14904 48.1 270 10 

87 RyR2 CTD NotI-R2-CTD-
for6-4883 

R2-CTD-rev1-14904 48.4 255 9 

88 RyR2 CTD NotI-R2-CTD-
for7-4885 

R2-CTD-rev1-14904 49.7 249 9 

89D RyR2 DBR NotI-R2-DBR-
for0-1809 

SalI-R2-DBR-rev6-
1858 

55 150 6 

90D RyR2 DBR NotI-R2-DBR-
for0-1809 

SalI-R2-DBR-rev0-
2077 

55.6 807 30 

91D RyR2 DBR NotI-R2-DBR-
for7-2040 

SalI-R2-DBR-rev3-
2190 

54.8 453 17 

92D RyR2 DBR NotI-R2-DBR-
for0-1809 

SalI-R2-DBR-rev3-
2190 

55.6 1146 42 

93D RyR2 DBR NotI-R2-DBR-
for1-1803 

SalI-R2-DBR-rev2-
2185 

54 1149 43 

94D RyR2 DBR NotI-R2-DBR-
for2-1801 

SalI-R2-DBR-rev3-
2190 

52.8 1170 43 

95D RyR2 DBR NotI-R2-DBR-
for3-1772 

SalI-R2-DBR-rev4-
2238 

52.4 1401 52 

96D RyR2 DBR NotI-R2-DBR-
for4-1741 

SalI-R2-DBR-rev2-
2185 

54.7 1335 49 

97D RyR2 DBR NotI-R2-DBR-
for5-1729 

SalI-R2-DBR-rev2-
2185 

54.7 1371 51 

98D RyR2 DBR NotI-R2-DBR-
for6-1634 

SalI-R2-DBR-rev3-
2190 

54.4 1671 62 

99M RyR2 CaM NotI-R2-CaM-
for0-3499 

SalI-R2-CaM-rev0-
3706 

54.5 624 23 

100M RyR2 CaM NotI-R2-CaM-
for2-3452 

SalI-R2-CaM-rev2-
3735 

55.6 852 32 

101M RyR2 CaM NotI-R2-CaM-
for3-3441 

SalI-R2-CaM-rev3-
3786 

52.9 1038 38 

102M RyR2 CaM NotI-R2-CaM-
for4-3433 

SalI-R2-CaM-rev4-
3813 

54.4 1143 42 

103M RyR2 CaM NotI-R2-CaM-
for5-3413 

SalI-R2-CaM-rev5-
3823 

53.9 1233 46 
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PCR 
Rxn # 

Template Region Forward Primer Reverse Primer PCR-Tm 
(approx.) 

Insert 
Length 

(bp) 

Insert 
Size 

(kDa) 

104M RyR2 CaM NotI-R2-CaM-
for6-3348 

SalI-R2-CaM-rev6-
3834 

55.1 1461 54 

105M RyR2 CaM NotI-R2-CaM-
for7-3341 

SalI-R2-CaM-rev7-
3862 

53.2 1566 58 

106M RyR2 CaM NotI-R2-CaM-
for8-3185 

SalI-R2-CaM-rev0-
3706 

52.9 1566 58 

107M RyR2 CaM NotI-R2-CaM-
for0-3499 

SalI-R2-CaM-rev1-
3723 

54.5 675 25 

108M RyR2 CaM NotI-R2-CaM-
for1-3471 

SalI-R2-CaM-rev2-
3735 

51.8 795 29 

109M RyR2 CaM NotI-R2-CaM-
for2-3452 

SalI-R2-CaM-rev3-
3786 

52.9 1005 37 

110M RyR2 CaM NotI-R2-CaM-
for3-3441 

SalI-R2-CaM-rev4-
3813 

53.6 1119 41 

111M RyR2 CaM NotI-R2-CaM-
for4-3433 

SalI-R2-CaM-rev5-
3823 

54.4 1173 43 

112M RyR2 CaM NotI-R2-CaM-
for1-3471 

SalI-R2-CaM-rev5-
3823 

51.8 1059 39 

113L RyR1 LBS BamHI-LBS_F3-
for0-1021 

SalI-LBS_F3-rev0-
1631 

64.5 1833 68 

114L RyR1 LBS EcoRI-LBS_F3-
for0-1021 

SalI-LBS_F3-rev0-
1631 

64.5 1833 68 

115L RyR1 LBS BamHI-LBS_F7-
for0-3201 

SalI-LBS_F7-rev0-
3661 

57.4 1383 51 

116L RyR1 LBS EcoRI-LBS_F7-
for0-3201 

SalI-LBS_F7-rev0-
3661 

57.4 1383 51 

117L RyR1 LBS BamHI-
LBS_F7.2-for0-

3351 

SalI-LBS_F7.2-rev0-
3507 

53.7 471 17 

118L RyR1 LBS EcoRI-LBS_F7.2-
for0-3351 

SalI-LBS_F7.2-rev0-
3507 

53.7 471 17 

119L RyR1 LBS BamHI-LBS_F7-
for0-3201 

SalI-LBS_F7.2-rev0-
3507 

53.7 921 34 

120L RyR1 LBS EcoRI-LBS_F7-
for0-3201 

SalI-LBS_F7.2-rev0-
3507 

53.7 921 34 

121L RyR1 LBS BamHI-
LBS_F7.2-for0-

3351 

SalI-LBS_F7-rev0-
3661 

54.4 933 35 

122L RyR1 LBS EcoRI-LBS_F7.2-
for0-3351 

SalI-LBS_F7-rev0-
3661 

54.4 933 35 

123A RyR2 RCD NotI-R2-RCD-
for0-2236 

SalI-R2-RCD-rev0-
2491 

53.6 768 28 

124A RyR2 RCD EcoRI-R2-RCD-
for0-2236 

SalI-R2-RCD-rev0-
2491 

53.6 768 28 

125V RyR1 VPd2 EcoRI-VPd2-for0-
206 

SalI-LZ1-rev7-890 51.6 2055 76 

126V RyR1 VPd2 EcoRI-VPd2-for0-
206 

SalI-LZ1-rev8-935 51.6 2190 81 

127V RyR1 VPd2 EcoRI-VPd2-for0-
206 

SalI-LZ1-rev9-953 51.6 2244 83 

128V RyR1 VPd2 EcoRI-VPd2-for1-
200 

SalI-LZ1-rev7-890 55.6 2073 77 

129V RyR1 VPd2 EcoRI-VPd2-for1-
200 

SalI-LZ1-rev8-935 55 2208 82 

130V RyR1 VPd2 EcoRI-VPd2-for1-
200 

SalI-LZ1-rev9-953 52.2 2262 84 

131M RyR1 CaM EcoRI-CaM-for7-
3546 

SalI-CaM-rev9-4031 55.7 1458 54 

132M RyR1 CaM EcoRI-CaM-for8-
3531 

SalI-CaM-rev8-3877 54.3 1035 38 

133M RyR1 CaM EcoRI-CaM-for9-
3391 

SalI-CaM-rev7-3755 57.1 1095 41 

134M RyR1 CaM EcoRI-CaM-for7-
3546 

SalI-CaM-rev8-3877 54.3 996 37 
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Rxn # 

Template Region Forward Primer Reverse Primer PCR-Tm 
(approx.) 

Insert 
Length 

(bp) 

Insert 
Size 

(kDa) 

135Z RyR1 LZ2 EcoRI-LZ2-for0-
2939 

SalI-LZ2-rev1-3232 56.2 882 33 

136Z RyR1 LZ2 EcoRI-LZ2-for1-
2824 

SalI-LZ2-rev0-3223 54.7 1200 44 

137Z RyR1 LZ2 EcoRI-PhD-for1-
2734 

SalI-LZ2-rev0-3223 56 1470 54 

138M RyR2 CaM EcoRI-R2-CaM-
for3-3451 

SalI-R2-CaM-rev3-
3816 

57.4 1098 41 

139M RyR2 CaM EcoRI-R2-CaM-
for4-3408 

SalI-R2-CaM-rev4-
3834 

56.9 1281 47 

140M RyR2 CaM EcoRI-R2-CaM-
for5-3340 

SalI-R2-CaM-rev3-
3816 

57.5 1431 53 

141M RyR2 CaM EcoRI-R2-CaM-
for3-3451 

SalI-R2-CaM-rev4-
3834 

56.9 1152 43 

142M RyR2 CaM EcoRI-R2-CaM-
for4-3408 

SalI-R2-CaM-rev3-
3816 

57.2 1227 45 

143M RyR2 CaM EcoRI-R2-CaM-
for5-3340 

SalI-R2-CaM-rev4-
3834 

56.9 1485 55 

144Z RyR2 LZ3 EcoRI-R2-LZ3-
for0-2791 

SalI-R2-LZ3-rev0-
3189 

54.4 1197 44 

145Z RyR2 LZ3 EcoRI-R2-LZ3-
for1-2817 

SalI-R2-LZ3-rev1-
3194 

57.3 1134 42 

146Z RyR2 LZ3 EcoRI-R2-LZ3-
for2-2801 

SalI-R2-LZ3-rev0-
3189 

54.4 1167 43 

147Z RyR2 LZ3 EcoRI-R2-LZ3-
for0-2791 

SalI-R2-LZ3-rev1-
3194 

57.3 1212 45 

148Z RyR2 LZ3 EcoRI-R2-LZ3-
for1-2817 

SalI-R2-LZ3-rev0-
3189 

54.4 1119 41 
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