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Abstract

Ryanodine receptors (RyRs) are calcium release channels expressed in the sarco-endoplasmic 

reticula of many cell types including cardiac and skeletal muscle cells. In recent years, Ca2+ leak 

through RyRs has been implicated as a major contributor for development of diseases including 

heart failure, muscle myopathies, Alzheimer’s disease and diabetes, making it an important 

therapeutic target. Recent mammalian RyR1 cryo-EM structures of multiple functional states have 

clarified long-standing questions including the architecture of the transmembrane pore and 

cytoplasmic domains, location and architecture of the channel gate, ligand binding sites and the 

gating mechanism. As we advance toward complete models of RyRs this new information enables 

determination of domain-domain interfaces and the location and structural effects of disease-

causing RyR mutations.
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RyRs are Ca2+ channels required for muscle contraction

Calcium (Ca2+) release from intracellular stores is an important step in many signaling 

pathways (see glossary) including cardiac and skeletal muscle excitation-contraction 

coupling (EC coupling, see glossary). Upon plasma membrane depolarization, Voltage 

dependent Ca2+ channels (dihydropyridine receptors, DHPR also known as CaV1.1) are 

activated, followed by activation of the sarcoplasmic reticulum (SR) ryanodine (see 
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glossary) receptors (RyRs) that release intracellular Ca2+ necessary for muscle contraction 

(Figure 1). Distinct genes encode the three different mammalian RyR isoforms and share 

~70% sequence homology [2]. The type 1 isoform (RyR1) is expressed in skeletal muscle, 

while cardiac muscle contains predominately RyR2. RyR1, RyR2, and RyR3 are all 

distributed in different parts of the brain as well as in many other cell types [3]. RyRs are 

expressed in all striated muscles from Caenorhabditis elegans to humans. Inositol 1,4,5-

triphosphate receptors (IP3Rs) are the other major type of calcium release channels; they 

have high structural and functional homology to RyRs and are also located on the ER of 

many cell types.

RyRs are the largest known ion channels. It is composed of four identical ~565 kDa 

protomers that form a single central transmembrane pore and a large cytoplasmic assembly 

that bridges the gap between the SR and the transverse (T) tubules; specialized invaginations 

of the plasma membrane that penetrate deep into the muscle fiber [4]. The size and the 

relative stability of the detergent-purified protein in aqueous solution made RyR1 an ideal 

target for one of the earliest single particle negative-stain studies [5] and later, electron cryo-

microscopy (cryo-EM) [6] reconstruction (see glossary) studies of a purified membrane 

protein. Since then Terrence Wagenknecht’s group and others published multiple cryo-EM 

structures that identified the locations of many of the channel domains using insertion 

mutations and antibodies to identify the location of specific domains [7]. In 2005 two RyR1 

structures in the closed state were published suggesting the location of membrane-spanning 

α-helices and providing the first hints to the pore architecture [8, 9]. Structural homology 

with the IP3Rs was suggested in a subnanometer resolution cryo-EM structure of the RyR1 

[10]. Samso et al. were the first to show large conformational changes in the cytoplasmic 

assembly between the RyR1 open and closed states [11]. However, all of these structures 

were obtained at relatively low resolution.

In early 2015 RyR1 joined the cryo-EM resolution-revolution [12]. In one of the major 

scientific breakthroughs of that year [13], 3D structures were obtained for the mammalian 

RyR1 [14–16] and the mammalian IP3R1 [17] in the closed state (PDB: 4UWA, 3J8E AND 

3J8H) at resolutions ranging from 3.8 to 6.1 Å. Although a clear picture of the channel pore 

region has emerged, the precise mechanism for the channel activation remained vague until 

the open and the ‘primed’ states of RyR1 [18–20] and RyR2 [21] were solved. Together, 

these ~85% complete structures immensely improved our understanding of the fundamental 

physiology of intracellular Ca2+ release in muscle EC-coupling and in many other cellular 

contexts. The new high-resolution RyR1 structures provided the location, structure and 

mechanism of the channel gate, the composition of the channel pore, the nature of the open 

and closed states of the channel, the location of ligand binding sites, and provide a plausible 

mechanism for the channel activation. These structures provide a firm foundation to advance 

our molecular understanding of the role of Ca2+ release in many Ca2+ signaling pathways 

and in the mechanism of important diseases such as muscle myopathies [22] Duchenne 

muscular dystrophy [23], malignant hyperthermia (MH) [24] and cancer [25] (associated 

with RyR1), heart failure [26], catecholaminergic polymorphic ventricular tachycardia 

(CPVT) [27], and as recently demonstrated, Alzheimer’s disease [28], and diabetes [29] 

(associated with RyR2).
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RyR molecular architecture

Earlier cryo-EM structure studies predicted the RyR1 protomer boundaries [10] as well as 

many of the RyR1 functional domains and their locations within the overall cryo-EM 

density (reviewed in detail by Hwang et al. [7]). A few RyR1 domains could be expressed, 

folded, crystallized and then docked into the cryo-EM maps [30–33]. For the most part, 

these predictions have been confirmed by the recent high-resolution structures with few 

discrepancies between the models.

RyR1 structure can be divided into three main regions: the N-terminal ‘shell’, the core 

solenoid (also described as the central domain [15]) and the transmembrane (TM) domain. 

Discrepancies in domains and sequence assignments can be found between the three 2015 

RyR1 structures (e.g. the order of the SPRY domains in Zalk et al. [14] and the direction of 

the α-solenoid repeats in Efremov et al. [16]) but the puzzle is getting clearer with each 

added structure (Figure 2). The availability of high-resolution crystal structures of RyR1 

fragments not only greatly improved domain assignment and sequence registration in the 

full-length RyRs models but were also invaluable in correcting the cryo-EM maps allowing 

for an accurate calibration of the pixel size by real-space correlation with the crystal 

structures [20]. Significant differences in local resolution between the different domains can 

be observed in all RyRs cryo-EM maps; from ~3 Å at the channel core, where clear side 

chains were de-novo assigned, dropping to >7 Å at the RY3&4 domain and in the channel 

periphery where sequence registration and connectivity are still ambiguous.

The cytosolic shell—The cytosolic shell is the is the largest assembly, composed of the 

N-terminal domains NTD-A (amino acids 1–208), NTD-B (209–392) and N-terminal 

solenoid (Nsol, 393–627), the 3 SPRY (628–1656) domains, the two RYR (RY1&2, 850–

1054 and RY3&4, 2735–2938) domains and the large (~35% of the sequence) Junctional 

and bridging solenoids (Jsol and BrB, also known as the ‘handle’ domain, 1657–2144 and 

2145–3613 respectively). The cytoplasmic assembly also serves as the scaffold for RyR 

modulatory proteins including calstabin1 (FKBP12), calmodulin, kinases including PKA 

and CamKII (in RyR2) and their anchoring proteins, phosphatases including PP1 and PP2A 

(in RyR2) and their anchoring proteins and the phosphodiesterase PDE4D3 [34–36]. Built 

on a scaffold of 37 α-solenoid repeats this massive cytoplasmic assembly allosterically 

controls channel gating (the pore opening and closing) and these modulators can regulate 

channel activation (change open probability) by regulating conformational changes in the 

pore and surrounding the transmembrane segments [20].

The NTD β-trefoil forms the central cytosolic vestibule containing a ‘hot spot’ for disease 

causing mutations located at the interfaces between the four protomers [33] (Figure 3). 

Furthermore, the NTD forms an inter-domain interaction with another mutation hot spot 

cluster on the bridging solenoid, between NTD-B and BrB of the adjacent protomer (figure 3 

insets), highlighting its important role in allosterically modulating the pore gating by 

stabilizing these inter-domain contacts to keep the ‘upward’ conformation and stabilize the 

closed state [20, 37]. Intriguingly, this NTD-B-BrB interaction is in close proximity to DP4 

(DPc10 in RyR2) (Figure 3, pink), a short RyR1 peptide (Leu2442-Pro2477 in RyR1 and 

Gly2460-Pro2495 in RyR2) on BrB where 3 MH (in RyR1) and a CPVT (in RyR2) 
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associated mutations are located. This peptide was shown to increase RyR1 channel open 

probability and mean open time by disrupting inter-domain interactions that stabilize the 

channel closed state [38, 39]. In RyR2 it increases SR Ca2+ leak that causes arrhythmias that 

characterize CPVT [40].

Crystal structures of SPRY1 and SPRY2 [30, 31] were docked within a cluster of three 

SPRY domains. Discrepancy in the order of the three SPRY domains locations in the cluster 

is now settled with agreement that SPRY1 forms part of the calstabin1 binding site; SPRY2, 

previously proposed to form the DHPR binding site [41], is buried underneath SPRY3; and 

SPRY3 forms contact sites with the bridging solenoid of the adjacent protomer (figure 2 

inset).

The enormous bridging solenoid is curled counterclockwise (as viewed from the cytosol) 

under the SPRY domains of the adjacent protomer. The bridging solenoid is a dynamic part 

of the channel and exhibits distinct conformations in all functional states. Identification of 

disease causing mutations reveals that they are clustered at inter-domain interfaces 

highlighting the importance of these sequences in channel function (figure 3).

The two RYR repeats [32, 42] were docked to the ‘clamp’ region (RY1&2) and to the top of 

the cytosolic assembly between helices 19 and 20 of the bridging solenoid (Ry3&4, the PKA 

phosphorylation domain). Given its location and that phosphorylation of this site increases 

open probability, addition of a phosphate group could promote the downward conformation 

of the cytosolic shell to exert its effect, possibly by modifying interdomain interactions or by 

modifying protein-protein interactions with plasma membrane proteins like the DHPR.

The core solenoid—The core solenoid is the rigid complex connecting the cytosolic shell 

with the channel pore. The core solenoid of one protomer forms contact sites with NTD-B of 

the same protomer and NTD-A of the adjacent one. An EF-hand pair (residues 4072–4135) 

interacts with the S2-S3 helical bundle of the adjacent protomer upon channel priming and 

the ‘thumb and forefinger’ (TaF) domain (also known as the ‘U motif’) engulfs the CTD. 

The core solenoid, jointly with the CTD, harbors the binding site for Ca2+, caffeine and 

nucleotides and mediates the transmission of information between the cytoplasmic assembly 

and the pore region upon channel activators binding (figure 4).

The transmembrane domain—The RyRs membrane spanning architecture resembles 

that of the 6 transmembrane (6TM, see glossary) cation-channels superfamily with the 

characteristic domain-swap organization: The pore-forming segments S5 and S6 are 

connected to the S1–S4 segments via a juxtamembrane S4–S5 linker forming a pinwheel-

like structure. The ion path is formed by S6, and similar to the selectivity filter in sodium 

and potassium channels, a short pore helix and an extended segment form the narrow path at 

the luminal side of the channel pore. However, consistent with the fact that RyR1 is not 

highly selective (the conductance for K and Na is ~5 times that for Ca2+ and the channel is 

only 11:1 selective for cations over anions), the RyR1 P-loop does not seem to form the 

potassium channels signature structure that removes the ion hydration shell when it enters 

the channel path [14].

Zalk and Marks Page 4

Trends Biochem Sci. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Eight negatively charged residues on each protomer at the selectivity filter and many more 

on the luminal loops of the transmembrane domain form a negatively charged ‘bowl’ that 

penetrates ~1/3 of the way through the membrane [14]. These negative charges most 

probably serve to concentrate Ca2+ close to the pore mouth contributing to the high 

conductance of RyR1 for Ca2+ (~100 pS). Seven acidic residues forming negatively charged 

‘rings’ on the cytosolic side of the aperture on S6 (S6c) were shown to serve a similar 

function [43]. The pore is composed of carboxylic groups from Asp4899 and Glu4900 and 

carbonyl groups from Ala4893, Gly4894 and Gly4895 (in RyR1) resembling features of 

other Ca2+ conducting channels such as TRPV1 [44], CavAB [45] and the IP3R1 [17].

The ‘bundle-crossing’ surrounded by the amphipathic S4–S5 linkers forms the pore aperture 

with a single gate at Ile4937 in RyR1 and Ile4868 in RyR2 that comprises the narrowest part 

of the conduction pathway. Helices S1–S4 form a pseudo voltage sensor domain (pVSD) of 

similar size and architecture to the voltage sensors in other 6TM channels but lacking all but 

one of the positive charges that define these voltage sensors.

Three unique features in the RyR1 transmembrane region distinguish it from other 6TM 

channels: 1) a long negatively charged and disordered luminal S1–S2 loop. 2) The S2–S3 

helical bundle (also named VSC), a conserved (71% identity between human RyR1 and 

human RyR2) and unique motif to RyRs, it is not present in any other known 6TM cation 

channel, including the closely related IP3R1 channels. The location on the pVSD suggests a 

role in ‘sensing’ conformational changes in the cytosolic EF-hand domain located in close 

proximity (figure 5) that may modulate channel gating. An intriguing conserved proline-rich 

domain is located within the S2–S3 domain of RyR1 (but not in RyR2) suggesting a RyR1-

specific protein-binding site for an as yet unidentified SH3 domain containing protein. 3) 

S6c - the long cytosolic extension of S6, ending at the CTD zinc-fingers, directly controls 

the channel gating as it connects the pore aperture with the CTD, where Ca2+, ATP and 

caffeine are bound. This long cytosolic extension of S6 is also found in RyR2 and IP3R1 

where S6c extends all the way through the NTD vestibule and terminates at the IP3 binding 

domain [17].

A 7th helix—An intriguing transmembrane density located close to the pVSD and S5 of the 

adjacent protomer was identified in the Zalk et al. structure [14]. This density was confirmed 

to be a protein helix identified in some but not all of the structures described by des Georges 

et al. [20], suggesting it is a RyR1 helix that is a part of an unstable TM hairpin. 

Interestingly, a similar transmembrane density was identified in the IP3R1 cryo-EM map 

(EMDB_6369), modeled as a loop between TM1 and TM2 (PDB_3JAV). A plausible 

explanation for this helix is a predicted hairpin N-terminal to S1 [46], between Glu4253 and 

Phe4540. Based on its position, this hairpin may serve a modulatory role similar to the 2TM 

beta-subunit of the large-conductance, voltage- and Ca2+-gated potassium (BK) channels 

[47], but further studies are necessary to resolve the role of this TM segment.

The RyR1 C-terminal domain is located at the cytosolic end of S6c engulfed by the core 

solenoid TaF domain. A zinc ion, coordinated by cysteines 4958 and 4961 and histidines 

4978 and 4983 [15], rigidifies the hinge between S6c and the CTD. The essential role of the 

CTD in controlling the RyR1 channel gate became obvious when the binding sites for three 
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RyR1 major activators (Ca2+, caffeine and ATP [48–50]) were all found surrounding the 

CTD (Figure 4). Multiple RyR1 cryo-EM structures in the presence of different 

combinations of these RyR activators yielded difference maps that enabled identification of 

the binding sites for Ca2+, ATP and caffeine [20]. The CTD, engulfed by the core solenoid, 

transmits the conformational changes from the cytosolic assembly to the pore aperture when 

channel activators are bound (figure 4).

The detailed descriptions of the Ca2+ release channels architecture have immensely 

improved our understanding of Ca2+ release channels. That said, these structures reveals 

very little on the channels gating mechanism. Ideas on the biology of the channels and how 

activators such as Ca2+ and ATP affect the channel gating and how plasma membrane 

depolarization can allosterically affect the channel pore could only be achieved by 

comparing multiple conformations of the channels.

RyR1 Gating: the moving parts

Simultaneous binding of Ca2+ along with ATP (an essential ligand for channel activation 

[50]) and caffeine, or with ryanodine, yielded detailed RyR1 structures in the open states 

[20]. Two other RyR1 structures in the Ca2+ activated state stabilized with Ca2+ and 

ruthenium red [18] or Ca2+ and PCB95 [19], and a structure of RyR2 with Ca2+ and PCB95 

[21], described global conformational changes involved in the channel gating. RyR1 

structures in des Georges et al. [20] described a Ca2+ bound (closed) state (3.8 Å), 

Ca2+/ATP/Caffeine-bound open states (4.4 Å), Ca2+-free states (4.5 Å) and a ryanodine-

bound state, providing detailed description of the RyR1 gating mechanism. Of note is the 

Wei et al. cryo-EM map (EMD-8074) that indeed shows Ca2+ density in the same site as the 

des Georges et al. maps but describe a constricted aperture state [52].

Tilting of the CTD and the TaF domains toward the plane of the SR membrane results in 

bowing of S6c and dilation of the pore aperture. Rigidifying the interface between the CTD 

and regions of the core solenoid by Ca2+ (a.a. Glu3893, Glu3967, Thr5001), ATP (Lys4211, 

Ly4214 and Arg4215 interacts with Pi groups and Leu4985 and Phe4959 with the 

adenosine) and caffeine (a.a.Trp4716) allows for the tight control of the cytosolic assembly 

over this complex gate latch (figure 4).

Morphing between the Ca2+-free state and the Ca2+/ATP/Caffeine open state (CAC), as well 

as between the CAC 3D classes (open vs. closed) reveals that the transition from a closed to 

open pore involves conformational changes in multiple regions (figure 4 and 5); 1) The 

cytosolic shell undergoes the largest conformational change in both the ligand-bound and in 

the ligand-free states of the channel [19, 20]. Upon gating the large solenoid repeat domain 

‘splits’ into two rigid bodies and bends at a flexible joint between the junctional solenoid 

(a.a. 1657-2144) and the bridging solenoid (a.a. 2145-3613). 2) Bending of S6c and the 

rotation of Ile4937, located at the pore aperture, results in an increase of the aperture 

diameter from ~2 Å to ~10 Å, enough to let a hydrated Ca2+ ion (~8.5 Å) through the pore. 

The bowing of S6 is also accompanied by displacements of the S4–S5 linker. A small 

aperture dilation (~2 Å) was observed in the presence of 10 mM Ca2+ [16] where the 
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channel is presumably in its Ca2+-inhibited state [48] consistent with a non-conducting or 

closed state.

Interactions that are broken and formed in the transition between closed and open states in 

the pore include the S6c salt bridge between E4942, R4944 and E4948 on the adjacent S6c. 

In the open state the E4942-R4944 interaction breaks and R4944 now form salt bridge with 

D4938 while E4942 interacts with E4948, both may stabilize the open conformation.

In the presence of RyR1 activators the degree of exo-rotation of the cytoplasmic shell 

correlates with the degree of the S6 bowing and dilation of the pore aperture. In addition, a 

RyR1 cryo-EM data set collected in the presence of ryanodine (locked at a unitary open 

state) exhibited a homogeneous particles population where all 3D classes are in the open 

state and in the downward shell conformation. These two observations suggest a 

bidirectional mechanical coupling between the shell motion and the dilation of the pore. In 

the absence of Ca2+ or ATP this exo-rotation of the RyR1 cytoplasmic shell is uncoupled 

from the pore dilation [20].

Additions of Ca2+ alone or ATP without Ca2+ involve conformational changes within the 

activation module that do not cause dilation of the pore aperture. These conformations, 

described as a “primed state”, are distinct from the ligand-free states; most noticeable is the 

EF-hand pair interaction with the adjacent protomer S2S3 helical bundle while these 

domains are separated in the ligand-free state (figure 5). Of importance is the observation 

that the RyR1 EF-hand pair appears to be in its apo conformation in all states, including the 

Ca2+ bound states, and is unlikely to play a Ca2+ sensing role in these conditions in RyR1 

[53] nor, as been recently described, in RyR2 [54].

Other than the described conformational changes, and quite unexpectedly, few changes are 

observed in the structure of pVSD during channel gating (figure 5). Naturally, the 

characteristic charges on S4 that are sensing the changes in membrane potential in voltage-

gated channels are missing in RyRs and in IP3Rs.

The RyR1 and IP3R1 share conserved architecture in the NTD, the core solenoid the 

transmembrane domain and the CTD [16, 17]. Structural similarities in the NTD and in the 

interfaces between sub-domains of the NTD suggested similar functional role for inter-

domain interfaces in the channel activation [51, 55]. R.M.S.D. (Root Mean Square 

Deviation, the average distance between atoms in superimposed proteins) calculated for 77 

atom pairs in the transmembrane domains and the CTDs is 1.135 Å suggesting very high 

structural and functional similarity in the pore-forming domains of the two proteins.

While we do not have an IP3R structure in its open state two main differences between 

RyRs and IP3Rs structures should be pointed and are most likely closely related to two 

different tactics for a similar gating mechanism. One is the lack of the large bridging 

solenoid in IP3R, and the second is the IP3R-unique long extension of the CTD all the way 

through the cytosolic vestibule to the NTD where the IP3 binding domain is located [17]. We 

anticipate that IP3 binding will serve similar role to the RyR1 shell movement in bending 

the IP3R1 LNK domain (homologous to the RyR1 CTD) following the bowing of S6 to open 

the pore aperture.
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To conclude, the apparent coupling mechanism between the movement of the cytosolic shell 

and the opening of the pore aperture is now the basis for the allosteric mechanism by which 

the DHPR on the plasma membrane can activate the release of Ca2+ from the SR stores. The 

detailed description can now explain the activating role of Ca2+ ions, ATP and caffeine as 

well as provide an explanation for the effect of disease causing mutations in the interfaces 

between the moving domains.

Concluding remarks and outstanding questions

While the recent RyRs structures have answered some of the long-standing questions in the 

field, many remained unanswered questions (see also outstanding questions box). We expect 

the fast evolving cryo-EM technologies to keep playing a major role in supplying the data to 

complete the following gaps in our knowledge:

Completion of the model

Gaps and ambiguity still exist in large parts of all RyR1 and RyR2 models. These gaps are 

located mostly where low local resolution in the maps impedes reliable model building and 

prediction of location and orientation of key residues including disease-causing mutations. 

Given the known rigidity of these domains and the recent advances in cryo-EM software 

development we expect these gaps will be bridged and the model will be completed in the 

very near future.

The role of Ca2+

All open states whose structure has been solved required activating concentrations of Ca2+. 

In planar lipid bilayers RyR1 exhibits a bell-shaped [Ca2+] response curve with low open 

probability (Po) at ~100nM Ca2+, maximal Po at ~100 μM Ca2+ and low Po at the mM Ca2+ 

range [48]. This behavior suggests the presence of at least two cytosolic Ca2+-binding sites: 

a high affinity (μM) activation site and a low affinity (mM) inhibitory site. While Ca2+ is 

required for the channel activation of the solubilized protein, Ca2+ entry is not required for 

RyR1 activation in the skeletal muscle [56, 57].

DHPR

In skeletal muscle, EC-coupling depends on the physical interaction between DHPR and 

RyR1 to translate plasma membrane depolarization into Ca2+ release from the SR stores 

located more than 200 Å away [58, 59] (scheme in figure 1). While we know that 

eliminating the ability of the DHPR to conduct Ca2+ has little or no effect on EC-coupling 

[56], one can now think of the DHPR as the ‘puppeteer’ controlling the RyR1 cytoplasmic 

shell and the channel gate, pulling upwards to close the channel [60] and ‘letting go’ to open 

it. However, the DHPR components that are necessary for the protein-protein interaction 

with RyR1 are still not clear. Multiple domains have been associated with the DHPR-RyR1 

complex including the α1s II-III loop [61, 62], the β1a-subunit [63], STAC3 [64–66] and 

junctophilins [67]. A step forward in our understanding of this interaction came from the 

recent cryo-EM structure of DHPR by Wu at al. [68]. Unfortunately, the role played by the 

II-III loop (residues 670–797) is still vague as it is unresolved in the current model, most 

likely due to its inherent unstructured nature [69]. Place et al. [70] have recently described 
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RyR1 cleavage by calpain3 upon intense exercise. Calpain cleaves RyR1 N-terminally to 

residues in SPRY3 (1383–1400) causing EC-uncoupling. A RyR1-DHPR complex structure 

is the most anticipated missing link in our understanding of EC-coupling.

Coupled gating

In the SR membrane RyRs channels form checkerboard-like arrays of 10–100s of channels 

[71], with each channel forming contact sites with four other channels, one in each corner. In 

the terminal cisternae only every other RyR1 is apposed to a plasma membrane VDCC that 

activates it [4]. This means 50% of the RyR1 channels are not directly activated by DHPR 

[4]. Those channels are most likely activated either by the Ca2+ released from the DHPR-

activated channels (Ca2+ induced Ca2+ release) or directly via coupled gating, where the 

gating of two or more channels are coordinated and dependent upon the presence of 

calstabin1 [72, 73]. There is still uncertainty regarding the contact sites between RyRs in the 

array. Freeze-fracture experiments [4] and 2D crystallization in lipid membranes [74] 

suggest that RyR1 forms ‘R-arrays’ with the contact sites interface is formed by RY1&2 and 

the solenoid from the adjacent protomer. Recent work using purified RyR2 suggested that 

interactions between RyRs in solution occurs at the RY1&2 and calstabin2-SPRY1 interface 

[75]. High-resolution cryo-electron tomography and sub-tomogram averaging [76] of RyR 

arrays might resolve this missing link.

RyR-associated proteins and drugs

Ca2+ leak through RyRs due to chronic post-translational modifications including 

phosphorylation, oxidation and nitrosylation has been implicated as contributing to diseases 

including heart failure [26], muscle fatigue, Duchenne muscular dystrophy [23], 

Alzheimer’s disease [28, 77, 78], cancer [25] and diabetes [29]. Our capability to detect 

RyR1-bound small molecules set the ground for the design and better understanding of the 

mechanism of novel therapeutics that target leaky RyRs including the Ca2+-stabilizing 

benzothiazepine derivatives known as Rycals.
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Glossary

Cryo-EM single particle reconstruction
The process of calculating a 3D density map from 2D electron microscope projections of 

particles in vitrified ice. In order to obtain the 3D information different slices of the Fourier 

space, calculated from real space 2D projections at different orientations, have to be 

gathered to sample the entire information. 3D image classification can then be used to 

identify distinct conformations within the particles in a data set

Excitation-contraction coupling
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the signaling pathway whereby muscle membrane depolarization activates RyRs to release 

the massive intracellular Ca2+ that is required to trigger the muscle contractile apparatus. In 

skeletal muscle DHPR mechanically activate RyR1 via protein-protein interactions. In 

cardiac muscle, the small flow of Ca2+ through DHPR (CaV1.2) activates the RyR2 in a 

process termed ‘Ca2+ induced Ca2+ release’. Other components involved in the process are 

depicted in figure 1 and thoroughly reviewed elsewhere [1]

Ryanodine
a plant alkaloid that binds to the open state of RyRs with high affinity (nM) and specificity. 

At low concentrations, ryanodine locks the channel in a long lasting open state with a 

characteristic ~half the conduction for Ca2+. At high (mM) concentrations ryanodine will 

block the channel

Ca2+ signaling
Ca2+ ions serve as second messengers in signaling pathways in almost all eukaryotic cells. 

Ca2+ signaling is typically triggered by its influx (from outside the cell) or its release (from 

intracellular stores) followed by a short-term spike in its cytosolic concentration

Six transmembrane cation channel superfamily
A family of transmembrane Ion channels with a typical pinwheel-like structure (domain 

swap) where the ion path is formed by four sets (tetramer) of segments (S) 5 and 6. A pore 

loop between S5 and S6 usually form the selectivity filter and located at the ion entrance to 

the pore while the S5 and S6 form the narrow part of the gate at the exit of the ion path. S1–

S4 form the voltage sensor in voltage gated channels where the positively charged amino 

acid residues on S4 move through the membrane in response to membrane depolarization to 

activate the channel gate
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Trends

• Ca2+ ions are pivotal to signaling pathways involving extra cellular and 

intracellular Ca2+ stores and protein transporters including ion channels and 

ATP dependent Ca2+ pumps.

• Recent advances in cryo-electron microscopy detectors, software and 

specimen preparation have revolutionized structural biology allowing the 

solution of near-atomic resolution structures of large protein complexes 

including the Ca2+ release channels ryanodine receptors (RyRs) and IP3 

receptors.

• Structures of RyR1 at multiple functional states helped identify ligand-

binding sites and unravel the channel’s gating mechanism.
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Outstanding Questions

• What is the role of Ca2+ in activation and inhibition of the channel? What is 

the inhibitory mechanism of Magnesium?

• How does DHPR activate the channel?

• What is the molecular mechanism of coupled gating?

• What is the location and mechanism of disease-causing mutations?

• What is the regulatory mechanism of the RyR-associated proteins?

• How do post-translational modifications such as phosphorylation, oxidation 

and nitrosylation regulate the channel function?

• What are the binding sites and mechanisms of drugs targeted to RyRs?
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Figure 1. Ca2+ handling components in skeletal muscle Excitation-contraction coupling
Upon plasma membrane depolarization DHPR (dihydropyridine receptor) mechanically 

activates RyR1 to release SR Ca2+, which triggers muscle contraction. The Ca2+ ATPase 

SERCA1a pumps Ca2+ back into the SR and PMCA (plasma membrane Ca2+ ATPase) 

pump out the Ca2+ from cytoplasm causing muscle relaxation. The RyR1 complex includes: 

calstabin1, which stabilizes the closed state of the channel, kinases and phosphatases that 

modulate the channel through phosphorylation (yellow stars marks the phosphorylation site), 

and calmodulin. RyR1 can be activated by stress pathways via β-adrenergic receptors (β-

AR) resulting in increased Ca2+ release and enhanced muscle performance. SR Ca2+ release 

may also modulate mitochondrial function, particularly during states of chronic stress (e.g. 
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muscular dystrophy), resulting in generation of reactive oxygen species that can oxidize 

RyR1 and deplete calstabin1 from the channel, rendering the channels leaky. Leaky RyR1 

channels were shown to be a contributing factor to diseases including muscle myopathies, 

Duchenne muscular dystrophy and cancer.
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Figure 2. RyR1 domain assignment
A RyR1 tetramer viewed from the cytosol (left) and from the plane of the membrane. One 

protomer of the tetramer is shown in colors. B - The RyR1 protomer can be divided into 5 

main domains: The NTD is depicted in blue, the three SPRY domains and RYR1&2 in cyan, 

the Bridging solenoid including Ry3&4 in green, the core solenoid in red and the pore 

domain in orange. The modulatory subunit calstabin is shown in yellow. A newly identified 

transmembrane helix TmX is shown in black. The orientation of the 3 SPRY domains in the 

inset and the location of RY1&2 and RY3&4 are indicated. C – Indicates the sequence 

boundaries of the 5 main domains.
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Figure 3. Clusters of mutation hot spots
Disease-causing RyR1 mutations (http://www.uniprot.org/uniprot/P21817) on the NTD (red 

spheres), bridging solenoid (blue spheres), core solenoid (purple spheres) and on the 

transmembrane domain (orange spheres), viewed from the side (left) and from the cytosol 

(right). Insets show the domain-domain interface between the NTD and the bridging 

solenoid at the ‘zipping’ point where DP4 (magenta) is located. On the right inset the 

interaction between NTD-A (cyan) and NTD-B of the adjacent protomer (green) also shows 

mutations clusters on both sides of this domain-domain interface.
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Figure 4. RyR1 gate latch
The CTD forms intimate interactions with the core solenoid TaF domain. Upon Ca2+ and 

ATP binding, the conformational changes in the cytoplasmic shell are coupled to the bowing 

of the pore S6 helix and the dilation of the pore aperture (Ile4937). Dashed arrows represent 

the apparent direction of movements from closed to open states. Ca2+, ATP and Caffeine, all 

RyR1 activators, bind at different sites of the CTD-core solenoid inter-domain interfaces. 

Here one protomer is shown in orange (closed state) and blue (open state).
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Figure 5. RyR1 moving parts
Upon Ca2+ and ATP binding dilated channel pore aperture can be observed coupled to exo-

rotation of the cytoplasmic shell and clockwise translation of the NTD cytoplasmic 

vestibule. Dashed arrows represent the apparent direction of movements from closed to open 

states. Similar conformational changes were observed in in the presence of PCB95 or 

ruthenium red. Curiously, an ~8 Å translation of the EF-hand pair towards the S2–S3 helical 

bundle is observed also in the RyR1 ‘primed’ state. Insets show enlarged views of the 

structures at the indicated dashed rectangles.
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