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Abstract: Signal transduction by the ryanodine receptor (RyR) is essential in many excitable cells
including all striated contractile cells and some types of neurons. While its transmembrane domain

is a classic tetrameric, six-transmembrane cation channel, the cytoplasmic domain is uniquely

large and complex, hosting a multiplicity of specialized domains. The overall outline and substruc-
ture readily recognizable by electron microscopy make RyR a geometrically well-behaved speci-

men. Hence, for the last two decades, the 3D structural study of the RyR has tracked closely the

technological advances in electron microscopy, cryo-electron microscopy (cryoEM), and computer-
ized 3D reconstruction. This review summarizes the progress in the structural determination of

RyR by cryoEM and, bearing in mind the leap in resolution provided by the recent implementation

of direct electron detection, analyzes the first near-atomic structures of RyR. These reveal a com-
plex orchestration of domains controlling the channel’s function, and help to understand how this

could break down as a consequence of disease-causing mutations.

Keywords: cryo electron microscopy; 3D reconstruction; ryanodine receptor; allosterism; calcium;
excitation–contraction coupling

Statement

The ryanodine receptor, a large intracellular calcium

channel, is essential for muscle contraction, neuron

signaling and other signal transduction pathways.

Cryo electron microscopy has played an unrivaled

role in its 3D structural determination and now has

given way to the first near-atomic structures. This

article summarizes this wealth of structural infor-

mation and frames the earlier structural knowledge

in the context of the new findings.

Introduction

With a gradient of Ca21 ions across the endoplasmic

reticulum membrane of several orders of magnitude,

the large conductance RyR channel is a main gate-

keeper of this intracellular Ca21 store. The three

mammalian isoforms are: RyR1, expressed in skele-

tal muscle, smooth muscle, brain, pancreas, and B

cells; RyR2, expressed in heart, smooth muscle,

brain, and T cells; and RyR3, expressed in brain and

other tissues.1–4 In skeletal muscle, RyR1 activation

is under control of the action potential via voltage-

sensitive plasma membrane Ca21 channels (Cav1.1

and auxiliary subunits, which form the dihydropyri-

dine receptor or DHPR).5–8 Ca21 release through the

RyR1 triggers contraction of the acto-myosin fibers

in the process known as excitation-contraction cou-

pling (EC coupling).9,10 The interaction between
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RyR1 and DHPR takes place at the triad junctions,

specialized regions of the muscle fiber of close appo-

sition between endoplasmic/sarcoplasmic reticulum

(ER/SR) and transverse (T) tubules (tubular invagi-

nations of the plasma membrane).11–14 In heart,

RyR2 is activated by Cav1.2 without direct interac-

tion.,15 via a calcium-induced calcium release

mechanism.16,17

RyR mutations lead to deregulation of calcium

homeostasis and can have severe consequences.

Mutations in RyR1 result in myopathy (central core

disease and multi-minicore disease) and in malig-

nant hyperthermia, a life threatening condition

induced by inhalation of volatile anesthetics and by

depolarizing muscle relaxants.18–23 Mutations in

RyR2 cause arrhythmia (polymorphic ventricular

tachycardia and arrhythmogenic right ventricular

cardiomyopathy) and heart failure.22,24–26

Besides its primary effector, DHPR, RyR action

is fine-tuned by many other factors such as the con-

centration of soluble small molecules (Ca21, Mg21,

ATP, oxidants) and diverse post-translational modifi-

cations. In addition, multiple cytoplasmic and lumi-

nal ligands can bind to the receptor and further

modulate it. The complex regulation of RyR1 has

been reviewed extensively.1,27–29 In this context

RyR’s 3D structure provides a platform encompass-

ing the various binding sites and sensors, and

importantly, a means to code the sensed information

into a specific channel behavior using a highly

sophisticated network of allosteric pathways.

RyR as a showcase protein for cryoEM

RyR, with a square shape, forms an electron dense

structure on the surface of the sarcoplasmic reticu-

lum and was first discerned by electron microscopy

(TEM) in thin sections of skeletal muscle30 and later

identified as the intracellular calcium release chan-

nel.10 Solubilized RyRs became a very good test

specimen for the new “single particle” 3D recon-

struction techniques whereby thousands of TEM

images of the protein in different views are compu-

tationally combined to form a 3D reconstruction.31

Single particle techniques reach their maximum

potential when used in combination with cryo-

electron microscopy (cryoEM),32,33 which by imaging

the specimen without any staining and under

frozen-hydrated conditions, gives access to the struc-

ture of the protein fully hydrated and in physiologi-

cal buffer.34,35 The first 3D reconstruction from

negatively stained RyR using the “random conical”

algorithm obtained in 198936 was soon improved by

cryo EM;37 RyR1 was also the showcase for the

“angular reconstitution” algorithm.38 This was fol-

lowed by 3D difference mapping to localize several

important domains: divergent regions between RyR

isoforms, sequence regions, and biological ligands

that modulate RyR’s channel properties. These first-

generation 3D reconstructions, obtained with 3,500–

10,000 particles, had resolutions of 30–35 Å; some

examples will be described later.

The implementation of more brilliant and coher-

ent field emission gun electron sources39 combined

with contrast transfer function correction40 allowed

recovering information in the higher frequency

range. These developments, combined with sample

preparation strategies to get a strong representation

of RyR views in all orientations and the processing

of more than 30,000 particles allowed to reach 10 Å

resolution, which yielded the first visualization of a-

helices in the transmembrane domain.41

Use of electron energy filtering, which reduces

the contribution from noisy inelastic scattering,42

led to a set of two 3D reconstructions of RyR1 at 8.5

Å and 6.1 Å resolution that revealed the entire

alpha helical component of RyR1.43 More recently

the direct electron detector (DED) technology, which

enables higher resolution, has been implemented.44

The higher sensitivity of DEDs requires electron

dose fractionation into successive exposures, which

additionally allows correcting computationally for

beam-induced movement, thus increasing the attain-

able resolution further.32,45 DED technology, often

combined with automated data collection (yielding

datasets of 100,000–1,000,000 particles) and faster

computing, have catalyzed the race of cryoEM

towards atomic resolution, and led to the first near-

atomic 3D structures of RyR1: one 3D map at 4.8 Å

resolution, which enabled building a model of the C-

a backbone,46 and one at 3.8-Å resolution revealing

bulky side chains, which enabled building a near-

atomic model for the more rigid 70% of the struc-

ture.47 This review summarizes the structural fea-

tures of RyR1 that are now resolved in the context

of earlier findings. Knowing the different pieces,

their architectural organization, and their motion is

a significant step towards understanding the com-

plex allosterism of this large ion channel.

The cytoplasmic domain of RyR1

The cytoplasmic domain has a flat square prism

shape of 275 3 275 3 120 Å3. The handle and clamp

domains form the sides and the corners of the

square, respectively. Each of the four identical subu-

nits contributes a triangular slice (Fig. 1) formed by

multiple domains; these are described below follow-

ing the sequence order. Their 3D locations are

shown in Figures 1 and 2, and their sequence, alter-

native names and abbreviations in Table I. All the

high-resolution features are based on the 4.8 and 3.8

Å resolution maps of RyR146,47 except for the models

derived from crystal structures.

N-terminal domain (domains 4a-2-2a)
The structure of the N-terminal domain was first

determined by X-ray crystallography48 and has 3
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subdomains: A and B formed by a beta trefoil struc-

ture each, and C with an all alpha-helical structure.

The four N-terminal domains were docked in the

cryoEM model of the full protein around the fourfold

axis, forming a cytoplasmic vestibule.48 The cryoEM

near atomic structures add more a-helices at the C-

terminal end [Figs. 1(A,B,G–I), 2].

An earlier localization of the N terminus in the

clamp domain based on GST and GFP insertions49 is

now obsolete; mislocalization was due to a combina-

tion of low resolution and use of long linkers.50 Addi-

tional attempts to define the N terminal domain of

the RyR1 involved an homology model based on an

oxido-reductase structure51 and a second model of

this domain based on IP3R partial crystallographic

structures,52 unfortunately in both cases the subse-

quent dockings of the model into the clamp region

are also obsolete; they were based on low sequence

identity (below 20%) which is known to give unreli-

able results.53

SPRY domains
These are protein–protein interaction modules con-

sisting of a b-sandwich comprised of two b-sheets.54

RyR1 has three SPRY domains per subunit, SPRY1-

3.55

SPRY1 domain (domain 9)
SPRY1 protrudes on the perimeter of the cytoplas-

mic assembly and forms part of the binding site for

Figure 1. Multi-domain structure of the cytoplasmic domain of RyR1. Cytoplasmic domain in three orthogonal views. The

domains in one subunit are color-coded. (A, B) Cytoplasmic view. (C, D) Endo/sarcoplasmic reticulum luminal view. (E, F) Side

view. In (A-F) the panels on the left show the traditional numerical designation and the panels on the right show the new names

of the domains. (G–J) Successive slices towards the fourfold axis showing the internal domains. Based on the cryoEM map

EMDB-1606.
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FKBP12 [Figs. 1(A–F), 2(A,C)]. A subsequent crys-

tallographic determination refined the core of the

structure for regions not sufficiently resolved in the

cryoEM map.56

SPRY2 domain

The SPRY2 domain was crystallized and docked into

the cryoEM density map of RyR1,57 using the

approximate location determined earlier by cryoEM

and antibody labeling;58 this position has been con-

firmed in the 3.8 Å resolution structure. The peptide

1076–1112 of RyR1, which belongs to the SPRY2

domain, was found to interact specifically with the

II–III loop of the Cav1.1 subunit of the DHPR,

whereas the equivalent peptide of RyR2 did not, sug-

gesting a role of this sequence in skeletal-type EC

coupling.59,60 This was followed by experiments in

vitro showing interactions between the SPRY2 core

domain (1085–1208) and the II-III loop,61 although

more recent studies using the full SPRY2 domain

(1070–1246) could not replicate this interaction.57

SPRY2 is situated behind SPRY1 and underneath

SPRY3 [see Figs. 1(G), 2(A,C)]. Can the DHPR II-III

loop reach the SPRY2 domain, which is not on the

outer surface of RyR1? 3D reconstruction and anti-

body labeling show that the 125-residue II–III loop

is a sizeable domain of the DHPR62 that should be

able to reach RyR1’s SPRY2 either gaining access

through a surface groove or simply interacting from

the side. In support of these two possibilities we

found that three different antibodies against SPRY2

could bind to fully folded RyR1 both from the T-

tubule-facing surface and from the side.58

SPRY3 domain (domain 5)
This domain sits on the RyR1 surface facing the T

tubule, between SPRY1 and the N terminal domain

[Figs. 1(A,B,E–G), 2(A,C)]. Although so far it has

been less studied biochemically, given its location,

participation of the SPRY3 domain in the RyR1-

DHPR interaction seems probable.

All three SPRY domains were swapped in the 7

Å43 and 4.8 Å46 resolution models, probably owing to

their structural similarity. Interestingly, in the

Figure 2. Near-atomic structure of RyR1. (A) Cytoplasmic view; the transmembrane domain is omitted for clarity. (B) Central

slice of the side view. (C) Stereo view. Subunits are color-coded as in Figure 1 and S6 is colored in red. Based on the atomic

model 3J8H.pdb.
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higher resolution 3D structure the sequence

threads back and forth between the three SPRY

domains and contributes additional short sequences

of 20–25 residues at each pass, close-knitting the

three domains together47 (see Table I). It is likely

that this interlacing limits the flexibility in this

region and has a role in RyR’s long-range allosteric

pathways.

The DR2 region of divergence between RyR1

and RyR2 (residues 1298–1431 of RyR1) within the

SPRY3 sequence has not been mapped in the near-

atomic maps but a GFP insertion visualized by cry-

oEM at low resolution places residue 1366 in domain

6 of RyR2 opposite of the region of contact with

domain 5,63 thus presumably DR2 is in a region

between domain 5 (SPRY3) and domain 6 (P2).

P1 domain (domain 10)

This domain corresponds to the “RyR repeat 1-2” or

the first tandem repeat.64 Its sequence emanates

from the SPRY cluster and forms the small L-

shaped appendage at the end of domain 9, in the

outer corner of the clamp domain [Figs. 1(A–F),

2(A,C)]. A crystal structure for this domain shows

two additional b-sheets.56

Handle domain (domain 3)
Domain 3 looks like a flat slab forming the side of

the square [Figs. 1(A–F), 2]. It is formed by 16 a-

helices and encompasses the binding sites for

FKBP12, apoCaM, and Ca21-CaM. The DR3 region

of divergence between RyR1 and RyR2 (residues

1872–1923 of RyR1) is within the sequence of the

handle domain but this specific stretch of the

sequence is missing from the near-atomic structures;

this suggests that this segment with an unusual

content of negatively charged residues is disordered

and flexible. A 34-Å resolution cryoEM study of

RyR2 places a GFP inserted after residue 1874 in a

region of domain 9 facing toward domain 3 and the

FKBP12.6 binding site.65

Helical domains 1 and 2 (crevice or domain 4

and domains 8a-8-7)

These form an extended right-handed a-solenoid

that includes the crevice and a 200 Å-long self-

Table I. Correspondence Between Domains and Their Sequence,a and Alternative Domain Denominations

Domain name Alternative names, abbreviations Domain number Sequence

N-terminal domain NTD; 4 NTS form the
cytoplasmic vestibule

2-2a-4a 1–631

SPRY1 Part of clamp domain 9 632–826, 1466–1491,
1615–1634

P1 Part of clamp domain, Ry12 10 851–1055
SPRY2 827–845, 1071–1241
SPRY3 5 1242–1465, 1492–1614
Handle 3 1651–2145
HD1 a2solenoid, includes crevice 3, 4 2146–2712
P2 Phosphorylation domain, Ry34 6 2734–2940
HD2 Part of clamp domain, a2solenoid 7-8-8a 3016–3572
Central domain Part of outer branches/columns, CD 3668–4251

CD-EF hands 11 4071–4132
CD–U motif 4133–4251

S1b 4559–4579
First luminal loop S1-S2 loop 4580–4638
S2 4639–4662
S2-S3 loop Part of outer branches/columns, VSC 4663–4786
S3 4787–4805
S4 4806–4819
S4-S5 linker 4820–4833
S5 4834–4858
Second luminal loop Luminal loop 4859–4878
Pore helix 4879–4893
Selectivity filter 4894–4900
S6 - transmembrane Inner helix 4904–4940
S6 - hinge 4934
S6 -cytoplasmic gate 4937
S6 - cytoplasmic Inner branch 4941–4956
C-terminal domain CTD; zinc-finger; 4 CTDs form

the cytoplasmic constriction
4957–5037

a Rabbit RyR1 sequence; sequence boundaries in the transmembrane helices according to a 3.8 Å cryoEM map.47

b Light gray shading corresponds to the membrane-embedded regions of the transmembrane domain; dark gray shading
corresponds to luminal regions, no shading corresponds to cytoplasmic regions.
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standing ribbon looping out, which connects the han-

dle domain to the SPRY2 domain of the neighboring

subunit [Figs. 1(A–G), 2]. Its inherent flexibility lim-

its the resolution achievable for this region and only

the Ca backbone has been assigned with the excep-

tion of a 60-residue sequence stretching from the

distal tip of the a-solenoid back to the central

domain where the sequence continues, which is

missing entirely. The architecture and flexibility of

the helical domains (HD) likely has a central role in

the long-range allosteric communication and confers

elasticity and recoil to the overall structure. The

outer loop of the a-solenoid contacts P1 in the neigh-

boring subunit. HD2, P1, and SPRY1 form the cor-

ners of the RyR1 known as clamp domains.

P2 (domain 6)
This region corresponding to “RyR repeat 3–4”or sec-

ond tandem repeat64 was solved at atomic resolution

by crystallography.66 Initially it was docked to

domain 10 but this location is now obsolete: in view

of the sequence path in the higher resolution cry-

oEM structures, the RyR repeat 3–4 was reassigned

to domain 6.56 It contains the phosphorylation site

Ser2843. The analogous region in RyR2 contains the

phosphorylation sites 2808 and 2814. The sequence

of P2 lies within HD1 and HD2, which agrees with

an earlier localization at low resolution in RyR2 by

GFP insertion,67 and forms the density in domain 6

that bridges towards domain 5 [Figs. 1(A,B,E,F),

2(A,C)]. This is the more variable region of RyR1’s

structure among different reconstructions and can

only be seen when lowering the threshold, sugges-

ting a region of high flexibility. Indeed, the loop of

P2 containing the phosphorylation site was not

resolved even in the crystal structure, which reflects

the highly dynamic nature of this region. In addi-

tion, RyR1 from natural sources is expected to have

heterogeneity in the level of phosphorylation that

introduces further variability; however other factors

must contribute to the observed flexibility, since

dephosphorylation of RyR1 did not result in signifi-

cant improvement of the appearance of this

domain.46

Central domain (CD)

This is the only cytoplasmic domain that interacts

with the transmembrane domain. The first section

comprised of �19 a-helices (residues 3668–4070)

forms a horseshoe and is mostly internal, situated

behind the handle domains and under the NTDs

[Figs. 1(G,H), 2]; one alpha helix forms part of the

outer branches or columns that extend towards the

transmembrane domain. A second section forms two

EF hands, visible as “domain 11” protruding from

the stem of the cytoplasmic domain as it nears the

membrane41 [Figs. 1(C–H), 2]. EF hands are pre-

sumed to confer Ca21-sensing ability to RyR1 by

virtue of a large conformational change upon Ca21

binding right in the core of the protein; other Ca21

sensing domains outside the Central Domain further

contribute to the complex regulation of RyR1 by

Ca21.68,69 A third section of the central domain

forms the U-motif, a U-shaped structure closer to

the fourfold axis [Figs. 1(I), 2(B,C)].

Most of the DR1 region of divergence between

RyR1 and RyR2 (residues 4354–4631 in RyR1) is in

a �300 residue stretch that remains unmapped

between the U-motif and the first transmembrane

segment (S1). A GFP inserted after residue 4365 of

RyR2 mapped near the crevice (domain 4, HD1).70

While this could be plausible given the length of

DR1, further work at higher resolution will be need-

ed to establish the DR1 location with certainty. The

last 100 residues of DR1 form the S1 and S2 trans-

membrane a-helices.

After the sequence enters the membrane at resi-

due �4559 there are two large stretches of the

sequence that emerge back into the cytoplasm: the

VSC domain and the last 100 residues of the

sequence that include the inner branch and the

CTD; these are described below. The membrane-

embedded regions will be described in a dedicated

section.

S2–S3 loop (VSC domain)

VSC stands for “cytoplasmic subdomain in the

voltage-sensor like domain.”47 This 125-residue

sequence between the S2 and S3 transmembrane a-

helices contributes to the outer branches; it appears

to make contact with the EF hands of the neighbor-

ing subunit [see Figs. 1(F–I), 2(B,C)].

Inner branches or cytoplasmic portion of S6

These are 25-Å-long extensions of the S6 helices

running very close to the fourfold axis and forming

four long fenestrations between them41,71 [Figs. 1(J),

2(B,C)]. After the ion gate, these fenestrations likely

constitute the next passageway for the Ca21 ions

entering the cytoplasmic space.

C terminal domain (CTD)
The CTDs are bulky domains at the C-terminal tips

of the inner branches [Fig. 1(J)]. The four CTDs con-

tact each other in the closed state forming the

“cytoplasmic constriction.”71 Each CTD encompasses

a stabilizing zinc-finger motif at its core and is sur-

rounded, as if it was grasped, by a U-motif from the

same subunit [Figs. 1(I), 2(B,C)].

Binding sites of RyR1 ligands and quaternary
interactions

As mentioned earlier, the main effector of RyR is the

DHPR, which acts via direct interaction on RyR1,

and via an indirect, calcium-induced mechanism on

RyR2. RyR is further regulated by cytoplasmic
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ligands such as FKBP and CaM and by SR proteins

such as triadin and junctin. RyR1 and RyR2 share

these and other effectors but it is often the case that

the two isoforms do not respond exactly in the same

way to the same effector. In addition, several tissues

have their specific ligand isoforms. RyRs also self-

associate, forming planar 2D arrays in the SR that

fine-tune the Ca21 release. A list of biological

ligands that have been mapped to the 3D structure

of RyR1 is listed below; their positions are illustrat-

ed in Figure 3.

FKBP12 is a 12 kDa protein that belongs to the

immunophillin family; one FKBP12 binds per RyR1

subunit with nanomolar affinity.72 Removal of

FKBP12 results in RyR1 activation and although

there is general belief that it also results in subcon-

ductance levels of 1=4, 1=2, and 3=4 of RyR1’s full con-

ductance,73,74 other studies suggest that

conductance remains unaffected.75 Docking of the

FKBP12 crystal structure in a cryoEM 3D difference

map showed that FKBP12 binds at the interface

between domains 9, 5, and 3 (i.e., the interface

between the SPRY1, SPRY3 and the handle

domains, respectively)76 [binding site shown in Fig.

3(A), and bound FKBP12 shown in Fig. 1(A–F),

2(A,C)]. This was identified as one of the “hinge”

regions of RyR1 and suggests that presumably, one

of the actions of FKBP12 is to stabilize this hinge.76

FKBP12.6, the cardiac isoform, binds to RyR2 at a

similar region, as also determined by cryoEM and

3D difference mapping.77

Calmodulin (CaM) is a 17 kDa Ca21-sensing

protein with four EF hands, two at the C-terminus

with high affinity for Ca21 and two at the N-

terminus with lower affinity for Ca21, separated by

a long alpha helix. CaM’s shape and specificity

change dramatically upon exposure to Ca21: at very

low Ca21 concentration, apoCaM is hydrophilic,

whereas exposure to Ca21 makes CaM become

hydrophobic. In the case of RyR1 this results in a

dual effect of CaM: apoCaM activates the channel,

whereas Ca21-CaM inhibits it,78 thus counteracting

slightly the effect that Ca21 alone has on RyR1

(inhibition at submicromolar Ca21, maximal activa-

tion at �50 lM Ca21). Correspondingly, cryoEM of

RyR1 with CaM under high and low Ca21 conditions

revealed two different binding sites.79,80 Interesting-

ly, these show partial overlap [see Fig. 3(A)] and giv-

en that the two modules of CaM have different

affinity for Ca21, it was proposed that CaM acts a

mobile Ca21-sensing subunit of RyR1, moving with a

two-step mechanism.79 Recent FRET studies support

a different position for the N-terminal lobe of CaM

bound to RyR1 under high and low Ca21 condi-

tions.81 Protection of two proteolytic sites by CaM

led to the identification of the CaM binding site82

and subsequent crystallization of CaM with its RyR1

target peptide, residues 3614-3643. Overall, the

crystal structure reveals a standard configuration

with CaM wrapped around the target peptide,

though with larger separation between the two CaM

lobes.83 Although the target sequence is not yet

mapped in the near-atomic structures, the closest

sequence is in the handle domain at a position com-

patible both with apo- and Ca21-CaM’s mapped loca-

tions. In the case of RyR2, both apoCaM and Ca21-

CaM bind to a single position corresponding to the

Ca21-CaM (inhibitory) site in RyR1,84 which is in

Figure 3. Quaternary interactions of RyR. (A) Side view

showing the known binding sites for different RyR1 ligands:

FKPB12 (blue), apoCaM (red), Ca21-CaM (yellow), approxi-

mate region of apo- and Ca21-CaM overlap (orange), CLIC2

(green) and IpTxa (magenta). (B) Cytoplasmic view showing

an array of RyR1s and a tentative footprint of the DHPR tet-

rads (each DHPR represented with a circumference) interact-

ing with every other RyR1. (C) Side-by-side interaction of

RyR2. (D) Oblique interaction of RyR2.
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agreement with the inhibitory effect of CaM on

RyR2 both at high and low Ca21 concentrations.

CLIC2 belongs to the chloride intracellular

channel (CLIC) family and is expressed in skeletal

muscle, cardiac muscle and brain. So far, its only

known physiological function is an inhibitory action

on RyR1 and RyR2.85,86 In fact, a mutation in

CLIC2 has been associated with heart failure, seiz-

ures and intellectual disability.87 In addition to the

membrane-embedded form, CLIC2 can also exist in

a cytoplasmic, soluble form.88 The atomic structure

of the soluble form of this 28 kDa protein revealed a

gluthatione S-transferase fold.88,89 CryoEM and 3D

difference mapping show that CLIC2 binds to RyR1

between domain 5 and domain 6, in the region now

defined as P2 or phosphorylation domain85 [see Fig.

3(A)]. Consistent with its role as an effector of RyR,

cryoEM also shows that binding of CLIC2 results in

a change in conformation of RyR1.

Imperatoxin A is a �4 kDa scorpion toxin that

binds with nanomolar affinity to RyR1, inducing

subconductance states with long mean-open times.90

Given its sequence and functional homology with a

region of the II–III loop of the DHPR, it was pro-

posed that IpTxa might emulate the native DHPR/

RyR interaction.91 CryoEM and 3D difference map-

ping located IpTxa to the crevice region of the heli-

cal domain92 [Fig. 3(A)].

DHPR is the main effector of RyR1. In skeletal

muscle, excitation–contraction coupling takes places

at regions of close apposition between the terminal

cisternae of the SR that host two parallel rows of

RyR1s, and the T tubules that have distinctive

groups of four DHPRs or tetrads. Every other RyR1

interacts with one DHPR tetrad following a quite

reproducible geometry93,94 [Fig. 3(B)]. Numerous

functional studies95–97 suggest the involvement of

almost all DHPR’s cytoplasmic domains: Cav1.1’s II–

III loop (which is the most critical), the III-VI loop

and the C-terminal domain, and the beta subunit,

anchored to Cav1.1.98–101 Electron microscopy and

image processing show that the II–III loop, the C-

terminal domain, and the beta subunit are well-

folded domains that face RyR1.62,102,103 While the

DHPR/RyR interaction is at the core EC coupling,

further direct structural study of this interaction

has proven elusive so far.

RyRs self-associate through lateral interactions

(inter-RyR interactions). In skeletal muscle, they

form checkerboard arrays through side-by-side inter-

actions with an offset30,104,105 [Fig. 3(B)]. The inter-

action was thought to be through domain 6,104 but

considering the higher resolution structures, the

interacting position may involve more predominant-

ly the helical domains and P1. In heart, RyR2s

assemble into clusters of variable number,106,107

whereby the mode of interaction and the number of

RyR2s per cluster is predicted to influence SR Ca21

release and kinetics.108–110 We found two modes of

interaction that differ from the RyR1 interactions:

side-by-side without offset [Fig. 3(C)], and oblique,

whereby two RyR2s interact along their sides with

an offset, their sides form an angle of �128, and the

P1 and SPRY1 domains, and perhaps FKBP12.6, are

intertwined111 [Fig. 3(D)]. Both the helical domains

and the SPRY domains mediating these RyR homol-

ogous interactions are known protein-protein inter-

action modules.112,113

The transmembrane domain

When RyR was cloned, the hydropathy profile com-

bined with alpha helical prediction assigned up to

10 transmembrane domains per subunit;64 the most

commonly accepted prediction114 is indicated in Fig-

ure 4(A). This assignment was remarkably accurate

and also predicted an alpha helix that does not cross

the membrane, the pore helix. The homology

between the selectivity filter of the K1 and RyR

channels also lead to predict the selectivity filter of

RyR.116 A cryoEM 3D reconstruction of RyR1 in the

closed state (10.3 Å resolution for the entire protein

and 9.0 Å for the transmembrane domain) yielded

the first view of four inner helices forming a helical

bundle, in an architecture akin to the K1 channel

family, and four inner branches41 [see Fig. 1(J)].

This was followed by the first visualization of the

S1–S4, S5, pore helix and S4–S5 linker, and the

proposition that the architecture of RyR1 corre-

sponds to that of the super family of 6-TM voltage-

gated cation channels71 [Figs. 6(B), 7]. This informa-

tion together with the use of secondary structure

prediction programs led to an improved sequence

assignment [Fig. 4(B)] and a model of the entire

transmembrane domain.115 The cryoEM structures

at 4.8 Å and 3.8 Å resolution confirm the 6-TM

architecture; although there is a frame shift of 5 res-

idues spanning the stretch between S3 and S5

between these two sequence assignments [Fig.

4(C,D)]. The model corresponding to the 3.8 Å map,

which should provide higher accuracy, is shown in

Figure 5. The cytoplasmic ion gate, i.e. narrowest

point of the S6 helical bundle, corresponds to Ile

4937. Despite the shared architecture with that of

the voltage-gated ion channels, being intracellular

RyR1 is not gated by voltage, and in fact S4 has no

positively charged residues in the 3.8 Å resolution

model [Fig. 4(D)].

Until the near-atomic structure of RyR1 was

known, there was a controversy between the first

report of closed RyR1 at 10.3-Å resolution and a sec-

ond report at 9.6-Å resolution. Despite being pre-

pared in same closed state conditions, in the second

report the inner helices had an open conformation

and the inner branches were absent. This controver-

sy was fueled by the different criteria used to deter-

mine the resolution (the first study used the 0.143
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cutoff of the FSC resolution curve and the second

study used the more conservative 0.5 cutoff).

Because �9 Å resolution are needed to resolve alpha

helices,117 ascertaining the “real” resolution was cru-

cial to determine which of the two maps was correct.

With more careful analysis, the resolution of the

open-like structure was later amended to 12 Å by

the authors;118 one likely explanation is that in

some cases data over-refinement and noise bias can

shift the FSC resolution curve yielding better appar-

ent resolution values,119,120 and may result in incor-

rect structural interpretation even when using the

Figure 4. Transmembrane domain sequence assignment. Predictions of the boundaries of the transmembrane segments of

RyR1 based on (A) hydropathy plots,114 (B) refined secondary structure prediction,115 (C) modeling based on a 4.8 Å cryoEM

map,46 and (D) modeling based on a 3.8 Å resolution cryoEM map.47
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0.5 cutoff. When there is no over-refinement the

0.143 cutoff criterion is appropriate as judged by the

observation of features that require the stated reso-

lution; this criterion has been used recently to report

the resolution of near-atomic maps of RyR1.46,47

Likewise the clear identification of the inner helices

and inner branches (which together constitute S6) in

the Samso et al. map41 indicates that the reported

resolution of 10.3 Å and corresponding interpreta-

tion was correct.

A major deviation from canonical 6-TM channels

is that the S6 helices are very long, �63 Å, and

extend into the cytoplasmic domain forming the

inner branches. This is a feature found more rarely

in K1 channels, such as it is the case for KcsA.121 In

the closed state the transition of S6 from inner helix

to inner branch is accompanied by a bend in its mid-

section to accommodate the change in angle from

�458 tilt to being more perpendicular to the mem-

brane on the cytoplasmic side.

On the luminal side, the first luminal loop

(between S1 and S2) and the second luminal loop

(between S5 and the pore helix) protrude into the

lumen; both have multiple negative charges. The

luminal loops organize the quaternary interactions

with triadin and junctin, which in turn anchor calse-

questrin in the SR lumen.122–125

Transmission of allosteric changes from the

cytoplasmic domains to the ion gate and

channel opening

The coordination of more than 40 domains makes

RyR the quintessential allosteric machine. The input

from the DHPR is probably sensed at the SPRY com-

plex, the helical domains, P2, and perhaps the N-

terminal domains. Inputs from CaM, FKBP and

neighboring RyRs are received at SPRY1, SPRY3,

handle and helical domains. In a very simplistic

account, these signals are transmitted to the central

domain and then to the transmembrane domain

through two pathways: the U-motif, which by grasp-

ing the CTDs can control directly the inner branches

(S6 helices) and the ion gate; and the outer

branches/columns that are also in direct contact

with the transmembrane domain. Ca21 concentra-

tion sensing at the EF hands, in the stem of the

cytoplasmic domain, would be closer in hierarchy

towards the transmembrane domain.

The first detailed structure available of RyR1 in

an open conformation, with 10.2-Å resolution, was

prepared with 50 lM Ca21 and 10 lM PCB and

using 0.5% CHAPS as the detergent; this yields a Po

close to 0.96, and was functionally validated using

BLM single channel recording.71 The transitions

from the closed to the open state of RyR1 revealed a

generalized conformational change. Most domains

move away from the fourfold axis: the cytoplasmic

vestibule formed by the NTDs relaxes, the 10 Å

diameter cytoplasmic constriction formed by the four

CTDs becomes unfastened, the inner branches sepa-

rate, the four S4–S5 linkers move outwards, and the

inner helices separate [Figs. 6(A,B), 7(A–F)]. The

pore helices were visible and pointing towards the

fourfold axis in the open state but they were not

resolved in the closed state. By displaying the 3D

reconstructions at lower threshold, the ion gate can

be seen blocking the pore in the closed state, where-

as the narrower point in the open state is the selec-

tivity filter [Fig. 7(G,H)].

A more intricate description of the conforma-

tional change of S6 and the ion gate upon opening is

as follows. The ion gate is where the two helical

bundles (i.e., the inner branches and the inner heli-

ces) meet, and relaxation of the two helical bundles

Figure 5. Structure of the transmembrane domain of RyR1. (A) Transmembrane domain seen from the cytoplasm; a-helices

are color-coded as indicated in Figure 4. (B) Side view of the transmembrane domain for one subunit; cytoplasmic side is

above and SR luminal side is below. The atomic model corresponds to 3J8H.pdb.
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Figure 6. The closed, open and inactivated conformations of RyR1. (A) RyR1 closed at 3.8 Å resolution (cryoEM map EMDB-

2807); map filtered to 7 Å for easier comparison. The extra mass surrounding the transmembrane domain corresponds to the

detergent micelle. (B) RyR1 in open conformation at 10-Å resolution (cryoEM map EMDB-1607). Green arrows indicate the

swivel movement of the rhomboid structure in going form the closed to the open conformation, green dot shows the approxi-

mate center of rotation. (C) RyR1 inactivated at 8.5-Å resolution (cryoEM map EMDB-2752). The side view is cut along the four-

fold axis, the panels below show a magnified image of the regions surrounding the ion gate (ig). The C-terminal domain is

highlighted in blue and S6, formed by the inner helices (ih) and inner branches (ib), is highlighted in red in all four subunits. The

CTD and the region of the U-motif contacting the inner branches are also highlighted.

Figure 7. A change in trajectory of S6 opens the channel passage. (A–F) Cross-sections of S6 in the closed (green, cryoEM

map EMDB-1606) and open (magenta, cryoEM map EMDB-1607) conformations, in going from the cytoplasm to the SR lumen,

perpendicular to the fourfold axis. (A–B) Inner branches (C, D) Ion gate; the flexibility of the inner helices in the open state

results in loss of continuity in section (D). (E, F) Inner helices. (G, H) Cross-section of RyR1 in the closed and open conforma-

tions displayed at a lower threshold to reveal the different profiles of the channel passage.
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opens the ion gate. On one hand, the inner branches

move 6-Å apart (considering the centers of two heli-

ces facing diagonally) [Fig. 7(A–B)]. On the other

hand, the inner helices “straighten up” by tilting 58

toward the vertical, and bend outwards when

approaching the ion gate [Fig. 7(E,F)]. Just before

the ion gate, the density of the inner helices in the

open state disappears [Figs. 6(B), 7(D)] implying a

flexible region of S6, proposed to be Gly 4934, which

accommodates the conformational change. The ion

gate, clearly visible in both conformations [Fig.

7(C)], increases its diameter in 4 Å in going from the

closed to the open state.71 Noticeably, the cross-

section of the open ion gate shows four openings

radiating from the center [Fig. 7(C)]. This appears

to result from the juxtaposition of S6 next to the

S4–S5 linker, which forms an almost square frame

surrounding the inner helices. The pore profile for

the open conformation is shown in Figure 7(H).

The large movements of the cytoplasmic domain

are more obvious from the side view. A group of

domains forming the “rhomboid” structure appears

to move as a rigid block. The rhomboid structure is

formed by: (a) the NTD, SPRY complex, and P1

domains from one subunit, and (b) the HD2 and P2

domains from the neighboring subunit [Fig. 1(A)].

Upon opening, the four rhomboids swivel, as if they

were “prying open” the RyR.71 Thus, while the inner

tip of the rhomboid (the NTD) moves away from the

transmembrane domain and away from the fourfold

axis, the outer tip of the rhomboid moves towards

them. The rotation of this rhomboid structure with

respect to the fourfold axis is 58 and the net move-

ment is 5 Å away from the fourfold axis (measured

at P2) and 8 Å toward the SR (measured at P1),71

see curved arrows in Figure 6(B). Several central

core disease/malignant hyperthermia mutations map

to the interfaces between the NTDs from each subu-

nit, which hold the rhomboid structures together in

the closed state, suggesting that mutations may low-

er the stability of the cytoplasmic vestibule, and

offering an explanation for the “leaky” phenotype of

these RyR1 mutants.126 The handle domains under-

go little movement, defining two hinges. These form

the binding site of effectors: FKBP12 binds to the

“left” hinge, and CaM and IpTxa bind to the “right”

hinge, suggesting that controlling the hinge regions

may be an efficient way to modulate the function of

the channel.

During revision of this article, a report of RyR1

in exactly the same open-state conditions using a

DED yielded a 3D reconstruction at 5.7-Å resolution

in the open conformation, and several related con-

formers.127 The 3D reconstruction of the open state,

defined as the conformer that has an open pore,

reproduces the conformational changes aforemen-

tioned, with very good superimposition of all the

domains at the common limiting resolution of 10.2

Å. In the cytoplasmic domain, the “breathing”

motion of the helical domains and the NTDs refer-

enced in the article corresponds to the movement of

the rhomboid structures described above. The entire

trajectory of S6 is visible in the new reconstruction

as a continuous helix and, when compared to the

closed state, reveals an unchanged conformation for

the luminal half of S6, followed by a 158 bend after

which there is a dilation of S6 resulting in an

increase of pore diameter by 5 Å, as well as a sepa-

ration of the CTD domains (these two structures

together with the VSC are termed “O-ring in the

new study). By comparison to the closed 3.8-Å reso-

lution structure of RyR1, the position of the bend is

also proposed to be Gly 4934. Complex conformation-

al changes in the central domain are proposed to

couple the movements in the cytoplasmic and trans-

membrane domains. There is no mention to the EF

hands in this article.

Also during revision of this article, another

report appeared of a 3D reconstruction of RyR1

obtained using a DED and yielding 4.9-Å resolution

(4.2 Å for the core region). This was in a “blocked-

open” state obtained by incubation of the channels

in a solution containing 100 lM Ca21 followed by

the addition of 10 lM ruthenium red;128 Amphipol

A8-35 was used instead of detergent. The cytoplas-

mic domain of RyR1 also adopts the open-like confor-

mation found in the previous open reconstructions,

and structural rearrangements in the central

domain appear to be initiated by a conformational

change in the EF hands (defined as residues 4071–

4132). The study also suggests Gly 4934 as the S6

hinge. In contrast with the previous two studies, the

major conformational change of S6 takes place at

the luminal half, while the movement of the remain-

der of S6 is of lesser magnitude, and the S4–S5 link-

er remains in a closed-like conformation. In this 3D

reconstruction, the selectivity filter becomes very

wide, becoming 16.7 Å at the narrowest point. To

account for ion selectivity, an electrical field provid-

ed by the negative residues at the luminal end of

the selectivity filter (Asp 4899 and Glu 4900) is sug-

gested. Nonetheless, given that ruthenium red

appears to be lodged into the pore, it is possible that

it could artificially widen the selectivity filter, thus

conclusions regarding this region should be inter-

preted carefully in this case. Another novel structur-

al feature of this model is a second short pore helix

downstream of the selectivity filter.

A 3D structure of RyR1 at 8.5-Å resolution

obtained in 10 mM Ca21 was presented as an open

state.43 However considering the bell-shaped curve

of RyR1’s Po with respect to Ca21 concentration,

whereby RyR1 is maximally activated at �50 lM

Ca21 and fully inhibited beyond 1 mM Ca21,129,130

the structure must represent a fully inhibited, inac-

tivated state. The structure shows a conformational
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change that is “half way” of that found from the

closed to the open state, with an increase in ion gate

diameter of 2 Å and a rocking movement of the

clamp domains 5 Å toward the SR membrane [Fig.

6(C)]. The significance of this conformation is

unclear since the Ca21 concentration is above the

physiological range experienced by RyR1.

Future prospects

CryoEM combined with single-particle image recon-

struction has been the main driving force pushing

the structural discovery of RyR. The first near-

atomic model for 70% of the protein arising from

this big effort will enable advancing functional stud-

ies such as more precise insertion of FRET probes

for dynamic studies, design of cleverer mutations to

test function, and having a frameset for data inter-

pretation. On the other hand cryoEM will continue

to provide more high resolution data, which will be

integrated with the information from X-ray struc-

tures, and provide larger coverage of the structure

of RyR under different physiological settings. Com-

paring these multiple 3D reconstructions will start

shedding light on RyR’s complex allosterism. In

addition, next-generation cryo electron tomography

should provide a picture of RyR in the context of the

membrane and its relationship with the DHPR. In

summary, it is anticipated that cryoEM will continue

to bring great excitement to the RyR field during

the next few years.
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