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SUMMARY

The type-1 ryanodine receptor (RyR1) is an intracel-
lular calcium (Ca2+) release channel required for skel-
etal muscle contraction. Here, we present cryo-EM
reconstructions of RyR1 in multiple functional states
revealing the structural basis of channel gating and
ligand-dependent activation. Binding sites for the
channel activators Ca2+, ATP, and caffeine were
identified at interdomain interfaces of the C-terminal
domain. Either ATP or Ca2+ alone induces conforma-
tional changes in the cytoplasmic assembly (‘‘prim-
ing’’), without pore dilation. In contrast, in the
presence of all three activating ligands, high-resolu-
tion reconstructions of open and closed states of
RyR1 were obtained from the same sample, enabling
analyses of conformational changes associated
with gating. Gating involves global conformational
changes in the cytosolic assembly accompanied by
local changes in the transmembrane domain, which
include bending of the S6 transmembrane segment
and consequent pore dilation, displacement, and
deformation of the S4-S5 linker and conformational
changes in the pseudo-voltage-sensor domain.

INTRODUCTION

Ryanodine receptors (RyRs) are homotetrameric intracellular

calcium (Ca2+) release channels of extraordinary size and

complexity located in the sarco/endoplasmic reticula (SR/ER)

of most metazoan cell types. RyR1 is the predominant isoform

in mammalian skeletal muscle, where SR Ca2+ release via

RyR1 is required for excitation-contraction (EC) coupling. Para-

crystalline RyR1 arrays on the terminal cisternae interact directly

with, and are regulated by, CaV1.1 voltage-gated Ca2+ channels

on the transverse (T)-tubule membrane (Franzini-Armstrong

et al., 1999). Every other RyR1 channel associates with a cluster
of four CaV1.1 channels (also known as dihydropyridine recep-

tors, or DHPRs), whereas the intervening RyR1 channels are

not associated with DHPRs. RyR1 channels in these arrays

exhibit coupled gating (Marx et al., 1998).

In planar lipid bilayers, the open probability (Po) of RyR1 chan-

nels has a biphasic dependence on cytosolic Ca2+ concentra-

tion, with a maximal Po in the 10- to 100-mM range and

decreased activity at both higher and lower levels of Ca2+ (Bez-

prozvanny et al., 1991). RyR2, the predominant isoform in car-

diac muscle, is activated primarily by Ca2+ entry through

CaV1.2 via Ca2+-induced Ca2+-release (CICR) (Fabiato, 1983).

The plant alkaloid ryanodine is a specific RyR channel modifier.

It locks the channel in a reduced conductance state at low con-

centration and blocks it at higher concentrations (Nagasaki and

Fleischer, 1988). Ryanodine receptors are also potently acti-

vated by ATP, which binds at a relatively low-affinity, non-hydro-

lyzing site. Given the affinity of this site and the high cytosolic

concentration of ATP in muscle (Kushmerick et al., 1992), it is

likely that RyR1 in skeletal muscle is constitutively bound to

ATP or one of its analogs.

A number of proteins bind and regulate RyR activity, including

calmodulin (Hamilton and Reid, 2000) and the immunophilins

FKBP12/FKBP12.6, also called calstabin1/calstabin2, which

are subunits of the RyR1/RyR2 channel complexes, respectively.

FKBP12 and FKBP12.6 regulate the coupled gating of adjacent

receptors (Marx et al., 1998) and also modulate the open proba-

bility of both RyR1 (Brillantes et al., 1994) and RyR2 (Kaftan et al.,

1996) in planar lipid bilayer experiments but do so without

altering gating properties with respect to Ca2+, ATP, or ryano-

dine. The high affinity and specificity of the RyR-FKBP interac-

tion has been exploited here for purification of the receptor

(Zalk et al., 2015).

Recently, three single-particle cryoelectron microscopy (cryo-

EM) studies have described the architecture of the closed state

of RyR1 (Efremov et al., 2015; Yan et al., 2015; Zalk et al., 2015).

In this study, we have sought to understand Ca2+-dependent

gating and activation of RyR1 and its modulation by key ligands

by analyzing structures in multiple functional states. Earlier

structural studies of RyR1 showed that gating involves dilation
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Figure 1. Structures of RyR1 in Multiple Functional States Reveal Conformational Changes and Ligand-Binding Sites

(A and B) For six representative refined reconstructions (identity as labeled), the atomic model, shown as a Ca trace with side chains in stick representation, is

depicted along with the density map, which is contoured at 4 s and represented as a dark blue mesh. In (A), a 7-Å-thick slab is shown which is orthogonal to,

and centered upon, the channel axis at the narrowest part of the pore, at the height of residue I4937 (labeled). In (B), an orthogonal view is represented,

showing the cytoplasmic extension of S6 and the C-terminal domain, as well as the surrounding regions of the core solenoid and TaF domain. In all panels,

the transmembrane region is colored in orange, the C-terminal domain in dark red, and the core solenoid and TaF domains in sea green. The three ligand-

binding sites around the C-terminal domain are highlighted with dashed magenta circles. The position of a transmembrane helix of uncertain provenance

(legend continued on next page)
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of the transmembrane pore accompanied by rearrangement of

the cytosolic assembly with displacement of the peripheral re-

gions of the latter toward the SR membrane (Samsó et al.,

2009; Serysheva et al., 1999). In this report, we define ‘‘activa-

tion’’ as the increase in open probability induced by the addition

of a channel agonist, while ‘‘gating’’ refers to the structural

transition between the closed (non-conducting) and open (con-

ducting) states of the channel, which may occur under equilib-

rium conditions. We present structures of RyR1 in the presence

and absence of channel modulators (such that open probability

is expected to range from near-zero to near-unitary), providing

detailed insights into the molecular mechanisms of RyR1 activa-

tion and gating, and we identify the binding sites for Ca2+, ATP,

caffeine, and ryanodine. In the presence of Ca2+, ATP, and

caffeine, we obtained structures of both open and closed states

of the channel from the same sample using three-dimensional

classification, allowing detailed characterization of the local

and global structural changes associated with RyR1 gating.

RESULTS

We have determined the structure of the RyR1/Calstabin2

(RyR1/Cs2) complex by cryo-EM under the following five condi-

tions: (1) nominally Ca2+-free state (denoted ‘‘EGTA only’’); (2)

activating [Ca2+] (denoted ‘‘Ca2+ only’’); (3) activating Ca2+ plus

ATP and caffeine (denoted ‘‘Ca2+/ATP/Caffeine’’); (4) nominally

Ca2+-free plus ATP and caffeine (denoted ‘‘EGTA/ATP/

Caffeine’’); and (5) activating Ca2+ plus ryanodine (denoted ‘‘rya-

nodine’’). Conditions for each dataset are summarized in Table

S1. Conditions 3 and 5 were intended to maximize open proba-

bility during data collection. Condition 5 was intended to lock the

channel in a stable state characteristic of ryanodine-modified

purified channels (Imagawa et al., 1987). Although we know

that in single-channel experiments a mixture of micromolar

Ca2+ and millimolar ATP is sufficient to achieve near-unitary

open probability, it was unclear whether the same would hold

true for rapidly vitrified detergent-solubilized RyR1 imaged under

cryo-conditions. To maximize a highly populated open state, we

included the RyR channel activator caffeine in condition 3.

Single-channel recordings of purified RyR1/Cs2 reconstituted

in planar lipid bilayers reveal that the purified protein is functional

(Figure S1), with properties similar to those recorded from SR

microsomes. No open channels could be detected in the

EGTA-only condition. Under the Ca2+-only and EGTA/ATP/

Caffeine conditions, the open probabilities of representative

channels were 0.22 and 0.13, respectively, while under the

Ca2+/ATP/Caffeine condition, the open probability was 0.91

(for the purified RyR1) or 0.92 (for RyR1 in SR microsomes).

The addition of 10 mM ryanodine locked RyR1 in the character-

istic sub-conductance state.

After initial 2D and 3D classification to eliminate poor-quality

particles, all cryo-EM datasets were subjected to 3D classifica-
(TMx) is labeled in light blue when present. In the ryanodine map, putative ryano

green.

(C) Identical views parallel to the channel axis are shown for the Ca2+-bound close

with specific residues at the S6/JM3 (S4S5L) interface labeled. Notably, F4940

S4S5L and expansion of the pore.
tion into four classes with identical classification parameters to

assess conformational heterogeneity (see Star Methods). Tables

S1 and S3 summarize the numbers of particles and domain-spe-

cific resolutions for each dataset; Table S4 gives particulars for

each class.

Improved resolution compared to published structures has

allowed us to revise our previous model (Zalk et al., 2015) and

extend sequence registration significantly. The overall resolution

(using ‘‘gold-standard’’ protocol and Fourier shell correlation =

0.143) ranges from 3.8 Å for the Ca2+-only state to 4.5 Å for the

EGTA-only state. In all cases, the highest resolutions were ob-

tained in the core of the channel (C-terminal 1,400 residues).

Thus, for the Ca2+/ATP/caffeine state (classes 3 and 4), the over-

all resolution is 4.5 Åwith a resolution of 4.1 Å in the core,while for

the best reconstruction (Ca2+ only, all classes combined) the

respective values are 3.8 and 3.6 Å. We show portions of the

density maps at the narrowest part of the pore (I4937) and from

the CTD in Figures 1A and in 1B, respectively, for each condition

after refinement of all particles together for each dataset, giving

the gold-standard core resolution for each reconstruction. Two

maps are represented from the Ca2+/ATP/Caffeine dataset since

both open and closed pore conformations are highly populated.

We fitted a largely complete RyR1 atomic model (4,170 of

5,037 residues) to the best map and then adapted it to the other

states. We identified previously undescribed features, including

a polyproline segment in S2S3, localization of calmodulin-bind-

ing peptides, and two additional putative transmembrane heli-

ces. Moreover, conformational changes between the different

states led us to divide RyR1 into a cytosolic shell that comprises

N-terminal domains through the end of the bridging solenoid

from each protomer, and a channel and activation core from

the C-terminal remainders. This core includes the core solenoid

and its intimate associations with cytosolic extensions from the

tetrameric pore. Because of hinge flexing now evident between

BrA (residues 1657–2144) and BrB of the bridging solenoid,

but relative rigidity at the BrB-BrC junction, we renamed BrA

as the junctional solenoid (JSol) and BrB-BrC as the bridging

solenoid (BSol). JSol is named for its joining of the N-terminal

solenoid (NSol) with BSol and Csol (Figure S2). RyR1 domain

definitions are in Table 1 and Figure S2.

Architectural Organization
The transmembrane pore shares the overall architecture of the

six-transmembrane (6TM) cation channel family. A pseudo-

voltage-sensor domain (pVSD) spanning helices S1–S4 is linked

via a short amphipathic helix to the pore domain, composed of

helices S5 and S6. RyR1 pore domain possesses unique struc-

tural features including the S2S3 helical bundle (S2S3 domain)

inserted in the cytosolic loop between S2 and S3, a 30-Å

cytosolic extension of S6 (S6c) terminating in a zinc-finger con-

taining C-terminal domain (CTD), and an intrinsically disordered

(glycine-rich) and highly acidic luminal loop between S1 and S2.
dine densities in the transmembrane pore are asterisked and labeled in dark

d state (Ca2+ only, all classes) and the ryanodine-bound open state (all classes),

reorients during opening, coincident with straightening and displacement of
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Table 1. RyR1 Domain Definitions

Domain Symbol Identification Residue Span

Cytosolic Shell (1–3613)

NTD-A N-terminal domain A (1–208)

NTD-B N-terminal domain B (209–392)

Nsol N-terminal solenoid (393–627)

SPRY1 SP1a/ryanodine receptor

domain 1

(628–849)

RY1&2 RYR repeats 1 and 2 (850–1054)

SPRY2 SP1a/ryanodine receptor

domain 2

(1055–1241)

SPRY3 SP1a/ryanodine receptor

domain 3

(1242–1656)

JSol junctional solenoid (1657–2144)

BSol bridging solenoid (2145–3613)

(RY3&4)A RYR repeats 3 and 4 (2735–2938)

Channel and

Activation Core

(3614–5037)

SCLP shell-core linker peptide, CaM,

and JSol binding sites

(3614–3666)

CSol core solenoid (3667–4174)

(EF1&2)A EF-hand pair (4060–4134)

TaF thumb and Forefingers domain (4175–4253)

TMx auxiliary transmembrane helices (4322–4370)

pVSD pseudo voltage sensor domain (4541–4819)

(S2S3)A helical-bundle domain between

S2 and S3

(4666–4786)

Pore channel pore domain (4820–4956)

(S6c)A cytoplasmic extension of S6 (4938–4956)

CTD C-terminal domain (4957–5037)

Cs2 calstabin-2/FKBP12.6
AParentheses indicate subdomains of the preceding entries.
The S2S3 domain is unique to the RyR family, as it is absent even

from the closely related inositol 1,4,5-trisphosphate receptor

(IP3R) channels (Fan et al., 2015). The majority of the cytosolic

assembly forms an extensively interwoven scaffold of a-solenoid

repeats, interspersed with compact domains of other folds,

including two N-terminal b-trefoil domains (NTD-A and NTD-B)

(Tung et al., 2010), three SPRY domains (SPRY1–SPRY3) (Lau

and Van Petegem, 2014), two pairs of RYR repeats (RY1and 2

and RY3 and 4) (Sharma et al., 2012; Yuchi et al., 2015) and a

pair of EF-hands (EF1and 2) (Xiong et al., 2006) inserted in

CSol (Zalk et al., 2015).

Interprotomer Interfaces in the Cytosolic Shell
The inter-protomer contacts in the homotetrameric cytoplasmic

shell can be divided into three main interaction sites. We denote

interactions as X:X0 or X:X0 0, where X0 and X0 0 refer to domain X

in the clockwise and anti-clockwise adjacent protomer as

viewed from the cytosol, respectively. The three major sets of

contacts coupling adjacent protomers are thus NTD-A:NTD-B0,
NTD-A:BSol0, and SPRY2:BSol0. All have previously been impli-

cated in RyR channel gating.
148 Cell 167, 145–157, September 22, 2016
Contact between the NTDs and a region in the bridging sole-

noid including the DP4 peptide (2242–2477) is suggested as

important in gating, and disruption by addition of synthetic

DP4 sensitizes channels to activation by Ca2+ and caffeine (Ya-

mamoto et al., 2000). In ourmodel, this region forms an extensive

interface with NTD-A, making contacts with the 121–132 and

174–178 loops, and the 75–84 a helix. Interestingly, the latter

also contacts the CSol.

Auxiliary Transmembrane Helices
We previously noted an unassigned helical density in the TM re-

gion of RyR1 (Zalk et al., 2015). Now, with an improved map for

the nominally Ca2+-free state, we can identify this density as auxil-

iary transmembrane helices (TMx) for a single transmembrane

helix, a short luminal extension lackingdefinable secondary struc-

ture, and an associated density that could be from a partially

unfolded second helix. This segment, located between the

pVSD and pore domains of adjacent protomers, is not contiguous

withotherdensities in theTMregion.Suchdensitywasnotpresent

in other RyR1 reconstructions (Efremov et al., 2015; Yan et al.,

2015), suggesting that TMx presence or stability depends on dif-

ferences in protein purification procedures. Indeed, although it is

clearly present in our Ca2+/ATP/caffeine, Ca2+-free, and ryano-

dine-bound datasets, it is absent in the 30 mM Ca2+ and EGTA/

ATP/caffeine datasets (Figure 1A). TMx could be an unidentified

RyR1-binding protein; however, we could not detect any addi-

tional proteins in our RyR1 preparations. TMx is more likely part

of RyR1, presumably corresponding to the predicted TM hairpin

in the region 4322–4370 (Du et al., 2002). Assuming that TMx is

intrinsic to RyR1, we propose a revised TM-domain topology

that has two TMx helices separated from the pVSD and pore do-

mains by a long disordered cytoplasmic segment.

An RyR1-Specific Polyproline Motif in the S2S3 Domain
Improved resolution in the RyR1 core allows complete sequence

assignment of the S2S3 domain in pVSD, a domain unique to

RyRs consisting of a bundle of five a helices, the last of which

is an amphipathic juxtamembrane helix (JM2). JM2 connects

to S2S3 through a short, proline-rich linear motif, 4756-

RKPDPPPGLL-4765 that is divergent among RyR isoforms, but

conserved in RyR1 from different species. Having a conserved,

proline-rich linear motif proximal to the core-gating machinery

suggests a regulatory role, possibly as an SH3-domain binding

site.

Binding Sites for Activating Ligands: Ca2+, ATP, and
Caffeine
It was apparent from inspection of density maps in the core of

RyR1 that additional features, correlated with the presence

and absence of Ca2+, ATP, and caffeine, were located at CTD in-

terdomain interfaces (Figure 1B). By comparing RyR1 structures

in different states, we find that the binding sites for activating li-

gands are located at interfaces between the CTD and, depend-

ing on the ligand, specific interacting domains (CSol, TaF, S2S3,

and/or S6c) from the same protomer. Locally aligned difference

density maps calculated between the reconstructions obtained

for the Ca2+-free closed state and that in the presence of Ca2+,

ATP, and caffeine reveal three extra densities, clustered around
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Figure 2. Ca2+, ATP, and Caffeine Bind to the

C-Terminal Domain of RyR1

(A) The architecture of RyR1/Cs2 is depicted in

ribbon representation, with the shell (residues

1–3666) colored light blue, the core solenoid (resi-

dues 3667–4253) dark green, the transmembrane

region and S6c (residues 4540–4956) orange, and

the CTD (residues 4957–5037) dark red. In the

boxed area, a locally aligned difference density map

calculated between the EGTA-only reconstruction

(all classes combined) and the reconstruction ob-

tained in the presence of Ca2+, ATP, and caffeine

(classes 3 and 4) is depicted in green/red mesh,

contoured at 5s. Putative binding sites for Ca2+,

ATP, and caffeine are labeled.

(B) Enlarged view of the inset in (A), with ligands and

interacting residues on RyR1 depicted in stick rep-

resentation.

(C) Locally aligned difference maps, all contoured at

5s, between the following respective pairs of

structures: (Ca2+ only) - (EGTA only) (left) and (ATP/

Caffeine/EGTA) - (EGTA only) (right).

(D–F) The binding sites of Ca2+, ATP, and caffeine,

respectively, with likely interacting residues labeled

and depicted in stick representation, and putative

RyR-ligand interactions indicated as thin black

sticks. The RyR1 backbone is shown in licorice/

worm representation. One plausible orientation of

caffeine is depicted, as it cannot be determinedwith

certainty from the density alone.
the CTD (Figures 2A and 2B). Comparison of difference maps

calculated from reconstructions that have Ca2+, but lack ATP/

caffeine, and those that have ATP/caffeine, but lack Ca2+, allow

us to uniquely assign a peak corresponding to Ca2+; density fit

considerations allow us to infer which of the two remaining peaks

is ATP and which is caffeine (Figure 2C; Star Methods). Ca2+

binds at the interface of the CTD and CSol (Data S1, 1), ATP

binds at the mutual junction of S6c, the CTD and TaF domains

(Data S1, 2), and caffeine binds between the CTD and the

S2S3 domain (Data S1, 3; Figures 2D–2F).

The putative Ca2+-binding site is between the carboxylate side

chains of E3893 and E3967 of the core solenoid, and the back-

bone carbonyl of T5001 from the CTD (Figures 2D and S3A;

Data S1, 1). In addition, Q3970 and H3895 contribute to the sec-

ond coordination sphere of Ca2+ (Figure S3A; Data S1, 1). These

five seemingCa2+–interacting residues are conserved in both the
RyR and IP3R families (Figure S3B),

consistent with a possible role for this

site in Ca2+-dependent activation of RyR

and IP3R channels, both of which display

a similar biphasic response to Ca2+ (Bez-

prozvanny et al., 1991). Mutation of residue

E4032 severely impairs Ca2+ activation in

both RyR1 and RyR2 (Fessenden et al.,

2001; Li and Chen, 2001). E4032 appears

to stabilize the CTD-CSol interface by

directly H-bonding to the amide nitrogens

at the end of one of the CTD helices, but

it does not directly contribute to the Ca2+-
binding site (Figures 2D and S3; Data S1, 1), and E4032 is not

conserved in IP3R channels (Figure S3B).

The ATP-binding site of RyR1 is located at the interface

formed by the S6c-CTD junction and the C-terminal half of

the TaF motif, with the entrance of the pocket facing away

from the channel axis, not directly accessible from the perme-

ation pathway. The adenine base is buried in a hydrophobic

cleft lined by M4954, F4959, T4979, and L4985, while the ribose

ring and triphosphate tail interact with S6c and the ‘‘forefingers’’

of the TaF domain (Figure 2E; Data S1, 2). Three positively

charged residues (K4211, K4214, and R4215) from the first

TaF finger are positioned to interact with the triphosphate tail

of the nucleotide, while E4955 appears likely to interact with

the ribose ring. The adenine-binding site is located directly adja-

cent to the recently identified Zn-binding site in the CTD (Yan

et al., 2015).
Cell 167, 145–157, September 22, 2016 149



The caffeine-binding site is situated between the S2S3 domain

and the CTD. The orientation is ambiguous, given the resolution

of the data, but it appears to be stacking parallel to the aromatic

side chain of W4716 from S2S3, with I4996 forming hydrophobic

interactions with the other face of the molecule, and possible

hydrogen bonds between one of the two carbonyls and the

carboxylate moiety of E4239 of the TaF domain (Figure 2F;

Data S1, 3).

Concerted Cytosolic Shell Movements in All States of
Activation
RyR1 exhibits substantial conformational variability in the EGTA-

only dataset (Figure 3A; Data S2, 1), characterized primarily by

the presence of multiple states of the cytosolic shell up (away

from) or down (toward) with respect to the plane of the SR

membrane, in addition to a small degree of variability in the

displacement of the Csol and TaF domains away from the chan-

nel vertical axis. The population of particles can be classified into

an arbitrary number of classes with distinct conformations, sug-

gesting a continuum of conformational states due to oscillation

of the shell in solution. These movements can be modeled by ro-

tations of multidomain units (comprising NTDABC, SPRY123-

RY1&2, JSol, Cs2, and BSol0-RY3&40), each being rigid to a

first approximation, about axes parallel to the membrane (Fig-

ure S4). In the absence of activating ligands the observedmotion

is confined exclusively to the cytosolic region (Figures 1A, 1C,

3A, and 3C). Similar cytosolic shell conformations persist upon

additions of activating ligands (Figure 3B), but the variation in

shell conformation are then over different and more limited

ranges (Figure S4; Data S2, 2–5).

Activation Module Changes that Prime the Channel for
Opening
In contrast to the Ca2+-free state, where the core is largely fixed

despite shell movements, the addition of either Ca2+ or ATP/

caffeine results in characteristic changes in the core (Figures

3C–3F;Data S1, 4 and 5, and Data S2, 6–10). Associated with

binding of these activating ligands, cytoplasmic portions of the

core adopt a new conformation while leaving the transmem-

brane portion of the channel closed, not significantly changed

from the Ca2+-free state (Figures 1A and 1C). We call this cyto-

plasmic portion of the core the activation module, which com-

prises cytoplasmic core domains (CSol-EF1 and 2, TaF, and

CTD) and sub-domains that extend into the cytoplasm from

the 6TM channel pore itself (S2S3 and S6c). Changes in the acti-

vation module include a plastic deformation of the core solenoid,

presumably due to contacts with the CTD mediated by Ca2+ or

ATP (Figures 2B–2E). The CSol deformations lead to re-orienta-

tion of the TaF/CTD unit relative to CSol (Figures 3C and 3D; Data

S2, 7) and also a change in the disposition of the EF1 and 2 pair

(Figures 3C and 3E; Data S2, 10), which is displaced in the oppo-

site direction from the TaF/CTD unit. Movement of the EF1 and 2

pair is particularly noticeable in the tetramer where it then directly

contacts S2S3 of a neighboring protomer, whereas these fea-

tures are separated in the absence of Ca2+ or ATP/caffeine (Fig-

ure 3F; Data S2, 10–15).

Our observation that the channels remain closed under the

conditions of Ca2+ alone or ATP/caffeine alone is qualitatively
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consistent with the single-channel properties (Figure S1A). The

pore remains constricted at I4937 to an aperture insufficient to

allow passage of a hydrated monovalent or divalent cation. We

consider the common conformational state obtained with

30 mM Ca2+ or ATP/caffeine alone to be ‘‘primed’’ for activation

but held from opening by a barrier that can be overcome by

the partner ligand.

Channel Opening upon Synergistic Activation of RyR1 by
Ca2+ and ATP/Caffeine
Binding of Ca2+, ATP, and caffeine results in four distinct confor-

mations (Data S2, 3); two of these have a constricted pore with

an aperture similar to that observed in the closed states (classes

3 and 4; Figures 1A, 4C [left], and 4D), and two have a dilated

pore consistent with passage of hydrated ions (open state) (clas-

ses 1 and 2; Figures 1A, 4C [right], and 4D; Data S1, 6 and 7),

each comprising approximately 50% of the particles compatible

with the high (but not unitary) open probability of RyR1/Cs2 in the

presence of Ca2+, ATP, and caffeine (Figure S1A).

The dilated-pore and constricted-pore classes each indepen-

dently segregate into classes in which the cytosolic assembly is

either up or down with respect to the plane of the SRmembrane,

as also occurs in other states (Figures S4A–S4C; Data S2, 3),

without accompanying changes in the channel core. Moreover,

the two constricted-pore classes are similar to the up and

down states from the Ca2+-alone and ATP/caffeine conditions,

respectively.

The conformational change between open and closed classes

involves concerted movement of the channel core and the cyto-

solic shell in which a rigid unit comprising shell residues 1657–

3613 (JSol and BSol-RY3&4) plus the primed activation module

(core residues 3614–4253, 4666–4786, and 4938–5037) tilts out-

ward from the vertical axis of the channel, resulting in dilation of

the pore (Figure 4A). The rigid units responsible for pore dilation

can be superposed very closely, with a root-mean-square devi-

ation (RMSD) of 0.93 Å over 2,300 aligned Ca positions (Fig-

ure 4E). Concomitantly, the remainder of the cytosolic shell

(residues 1–1656) rotates about an axis parallel to the vertical

axis of the channel to accommodate the tilting of the rest of

the protomer. This movement disrupts interprotomer contacts

between NTD-A and NTD-B (Data S1, 8) at a previously identified

‘‘hotspot’’ for malignant hyperthermia (MH) mutations (Kimlicka

et al., 2013). Dilation of the pore also disrupts the inter-protomer

contact that forms between EF1 and 2 andS2S30 upon binding of

Ca2+ or addition of ATP/caffeine (Data S2, 25).

Dilation of the pore does not occur via bending of S6 at a single

‘‘hinge’’ alone, but rather by bowing and distortion of the S6 helix

from a point midway through the membrane (Figure 4B), near the

position of G4934 hinge, previously identified to influence gating

of both RyR1 and RyR2 (Euden et al., 2013; Mei et al., 2015).

Three other notable changes occur in the transmembrane region

coincident with pore dilation. First, the ‘‘cinch’’ formed by the

four S4S5L helices of the tetramer loosens, with S4S5L straight-

ening and its contacts with S6 altering. Most notably, F4940 from

S6c switches from interacting with L4935 on S6 of the adjacent

protomer to interacting with T4825, I4826, and S4829 from

S4S5L on the same protomer (Figure 1C). Second, the displace-

ment of S4S5L away from the channel vertical axis in turn pushes
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Figure 3. Ligand-Induced Conformational Changes in the RyR1 Closed State

(A and B) Conformational variability of maps derived from three-dimensional classes in, respectively, the EGTA-only dataset (blue/light blue density, contoured at

3s), and the Ca2+-only dataset (orange/red density, contoured at 3s). In both cases, only the two extremes are represented, as labeled; a comparison of all

classes is provided for both datasets by, respectively, Data S2, 1 and Data S2, 2.

(C) Conformational changes of the RyR1 core in the presence of Ca2+ alone or ATP/caffeine alone. The EGTA-only (all classes combined) structure (residues

3667–5037 of two opposing protomers; in the top view, the two alternating protomers are depicted in gray/charcoal to show the change in interprotomer in-

teractions) is depicted in thin blue ribbons, while the Ca2+-only (all classes combined) structure is depicted in orange ribbons. In the inset, an overlay of all four

EGTA-only classes (thin blue ribbons; EGTA-only classes 1–4) and all eight ‘‘primed’’ structures (thin orange ribbons; EGTA/ATP/caffeine classes 1–4 and Ca2+-

only classes 1–4) in the EF1 and 2 region are shown to illustrate the consistent conformational change observed between the apo- and primed states of the

activation core.

(D) The activation core undergoes flexible changes during priming. Here, residues 3639–4253 of the EGTA-only (charcoal) and Ca2+-only (dark red) structures are

shown aligned on the core solenoid. The TaF and EF1 and 2 domains are displaced in opposite directions, changing their disposition with respect to the body of

the core solenoid.

(E) Change in orientation of the CTD with ligand binding. Here, a Ca trace of the atomic model for the EGTA-only reconstruction (all classes combined) and the

Ca2+-only reconstruction (all classes combined) are shown in charcoal and dark red, respectively. The bound Ca2+ ion is represented as a green sphere, and the

side chains of coordinating residues are shown in stick representation. The view is the same as represented in Figure 1B.

(F) The EF1 and 2/S2S30 interface, viewed orthogonal to the channel axis, for the EGTA-only (left) and Ca2+-only (right) reconstructions, with density maps shown

as transparent surfaces, contoured at 3s. A loop in the EF1 and 2 domain is colored cyan, and a loop in the S2S3 domain is colored magenta, to improve visibility

of the conformational change.
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Figure 4. Ryanodine Receptor Gating in the

Presence of Ca2+, ATP, and Caffeine

(A) Global conformational changes between the closed

(orange, Ca2+/ATP/Caf. classes 3&4) and the open

(blue, Ca2+/ATP/Caf. classes 1&2) states identified in

the presence of Ca2+, ATP, and caffeine. Arrows show

the direction of movement of a semi-rigid entity en-

compassing S6c, the CTD, the core solenoid and the

junctional and bridging solenoids.

(B) Helix S6 bends during gating. Here, two opposite

S6/S6c helices (residues 4910–4956) are represented

as Ca traces viewed orthogonal to the channel axis for

both the closed state (dark gray) and the open state

(light gray), with several marker residues colored on

both models.

(C) A side view of the transmembrane pore (residues

4820–5037) is depicted in ribbon representation with

the hydrophobic gate residue, I4937, highlighted in

magenta for the closed state (left, Ca2+/ATP/Caf.

classes 3&4) and the open state (right, Ca2+/ATP/Caf.

classes 1&2). A dotted representation of the accessible

inner surface of the channel as calculated by HOLE

(Smart et al., 1996) is colored green (where accessible

to a sphere of greater than 4 Å radius) and red (where

inaccessible to such a sphere)

(D) 1D graph of the pore radius in the Ca2+-free closed

state (dark red), activated closed (orange), and acti-

vated open (dark blue) structures.

(E) Superposition of the rigid units (residues 1657–4253

and residues 4934–5037) between the closed (orange)

and open (dark blue) activated structures.
on the cytosolic end of S4, which is displaced internally within the

pVSD, resulting in the apparent formation of a salt bridge be-

tween R4563 on S1 and D4815 on S4 (Figure 5D), and the reor-

ientation of S4. A network of hydrogen bonds involving two

histidines in pVSD, H4650 from S2 and H4812 from S4, also re-

arranges during this process. Both R4563 and D4815 are

conserved in the IP3R family, highlighting the potential impor-

tance of this interaction. Last, the interactions between S6c

and S6c0 are altered. R4944 shifts from forming an apparent

salt bridge with E4942 on S6c0 in the closed state (Figure 5A)

to interacting with D4938 on S6c0 when opened (Figure 5B),

one turn closer to the membrane. All three residues involved in

this interaction are highly conserved in both RyR and IP3R fam-

ilies (Figure 5C). Concomitantly, R4944 rotates outward to leave

an electronegative ion conduction pathway lined by E4942 and

other carboxylate residues.

Ryanodine Locks the Pore in the Dilated State
In contrast to the closed state that predominates in the Ca2+-only

dataset, the addition of 10 mM ryanodine together with 300 mM
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Ca2+ results in a map in which both major

conformational classes have the pore maxi-

mally opened (Figures 1A, 1C, and 6A). The

ryanodine-modified pore structure is very

similar to that of theopen-pore reconstruction

(classes 1 and 2) of the Ca2+/ATP/caffeine-

activated state (Figure 1A), except for extra

density features in the ryanodine-modified
pore (Figure 6B). We attribute these features to one ryanodine

molecule averaged over four symmetrically equivalent binding

sites. Besides locking the channel in a partially open state, even

a single ryanodine molecule is likely to occlude part of the pore,

consistent with reduced conductance in the presence of ryano-

dine (Nagasaki and Fleischer, 1988). This putative ryanodine

position is directly adjacent to Q4933 (Figure 6B), mutation of

which specifically reduces ryanodine binding without affecting

channel function (Fessenden et al., 2001). The equivalent residue

in IP3R channels, which have a similar transmembrane pore but

do not respond to ryanodine, is a phenylalanine (Figure 5C).

DISCUSSION

Mechanism of Ryanodine Receptor Activation
We have developed a structural description of RyR1 activation

and gating (Figure S5) based on high-resolution cryoEM recon-

structions of multiple RyR functional states (Figure S6–S8). In

the absence of Ca2+, ATP, or caffeine, the RyR1 core as a whole

is extremely rigid and non-permissive of pore dilation. The minor
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Figure 5. A Conserved Network of Interactions

between S6c and S6c0 Rearranges during

Gating

(A) In the closed state (here Ca2+/ATP/caffeine clas-

ses 3 and 4), R4944 is in close contact with E4942 of

the adjacent protomer, and the guanadino moiety of

the arginine side-chain lines the conduction pathway

of the pore. Density map is shown at right (blue mesh,

contoured at 2.5s) with fitted model (Ca trace with

selected side chains shown and labeled).

(B) In the open state (here Ca2+/ATP/caffeine classes

1 and 2), S6 splays out away from the channel axis,

and R4944 rotates out of the conduction pathway,

approaching the side chain of D4938 from the adja-

cent protomer. Density map is shown at right (blue

mesh, contoured at 2.5s) with fitted model (Ca trace

with selected side chains shown and labeled).

(C) Portion of a sequence alignment of representative

RyR and IP3R genes, prepared using MUSCLE

(Edgar, 2004) with default parameters, visualized us-

ing Jalview (Waterhouse et al., 2009). The alignment is

colored by conservation using a modified version of

the Zappo coloring scheme, with a conservation

cutoff of 60%. Residues of particular interest are as-

terisked and labeled, including R4944, D4938, and

E4942. The Uniprot accession numbers of the rele-

vant sequences are given in parentheses.

(D) An apparent salt bridge between R4563 and

D4815, in the core of the pVSD (left), rearranges

during channel opening, due to the conformational

change of S4S5L and the rotation of S5. Here, the

fitted atomic models of the Ca2+/ATP/caffeine closed

(center, classes 3&4) and open (right, classes 1&2)

structures are shown with the density maps (blue

mesh, contoured at 3s).
displacements of the CTD and CSol that do occur in classes 1

and 3 (Data S2, 1) are not accompanied by pore dilation. In

contrast, the interfaces between the core and the shell are flex-

ible allowing for a large range of cytosolic shell conformations

without affecting dilation of the pore (Data S2, 1). Binding of ac-

tivators (Ca2+, ATP, and caffeine) at the CTD interfaces initiates a

rearrangement of the RyR1 core (‘‘priming’’), involving a reorien-

tation of the CTD and flexible changes in the activation module

(CSol-EF1 and 2, TaF, and CTD from the cytoplasmic core and

S2S3 and S6c from the 6TM channel pore) (Data S2, 6). The acti-

vation module now adopts a conformation and orientation

poised for pore dilation. In the presence of a single activator

(either Ca2+ or ATP), the population of open channels is too

low to isolate by our 3D classification; addition of ryanodine pre-

vents these channels from closing, by intercalating between the

pore-lining S6 helices and locking the channel in the open state.

Multiple activators (Ca2+, ATP, and caffeine), binding at different
sites on the CTD, increase the channel open

probability such that open channels are

observed (Data S2, 3). For our Ca2+/ATP/

caffeine sample, the populations with open

and closed pores are nearly equal.

The comparison of open and closed

states under activating conditions allows

us to describe the structural changes that
occur in the channel upon stochastic channel gating at equilib-

rium. These closed-state structures are essentially the same as

those from the single-activator conditions. Cytoplasmic portions

of the channel protomers, including the activation modules,

move as rigid bodies and interface with the 6TM pore domain

from this closed state to open the pore. An unanswered question

concerns the activation barrier that restricts channels from open-

ing freely whenever activators are present.

The dilation of the opened transmembrane pore is particularly

evident at the S6 helix-bundle crossing, where I4937 forms a hy-

drophobic seal in the closed state (Data S1, 9). Pore dilation oc-

curs due to outward bowing and rotation of the transmembrane

S6 helices such that I4937 no longer points directly toward the

channel axis. S6 bowing is also coincident with a conformational

change in which S4S5L ,which otherwise curves inward toward

the outer edge of S6, straightens (Figure 1C; Data S1, 9), accom-

modating both the increased aperture of the open channel and
Cell 167, 145–157, September 22, 2016 153



Figure 6. Ryanodine Binding Site and Mecha-

nism of Channel Modulation

(A) 1D graph of the pore radius in the EGTA-only (red),

Ca2+/ATP/caffeine- activated open (dark blue), and

ryanodine-locked (purple and green) structures,

prepared using the HOLE software package. Classes

are as labeled.

(B) Difference map between Ca2+/ATP/caffeine-

activated open-pore reconstruction and 10 mM

ryanodine-locked open-pore reconstruction, super-

imposed onto the 10 mM ryanodine-locked open

model (gray ribbons; one protomer colored dark red)

and shown in two orientations (left, from the cytosol;

right, parallel to the membrane). The difference map

is represented as green/red mesh and contoured at

5s. Q4933 is depicted in stick representation.
associated changes in pVSD and in the interfaces between the

S6c pore helices. The structurally equivalent S4-S5 linker of Kv

channels plays a role in coupling conformational changes at

the activation gate to those in the voltage sensor (Labro et al.,

2008), and mutations in this region of RyR1 have been function-

ally characterized (Murayama et al., 2011). The bowing in S6 co-

incides with displacement of a region that encompasses CTD

and the BSol, JSol, and CSol solenoids away from the pore axis.

Ca2+-Binding Site
Previous work on Ca2+-dependent activation of RyR1 has sug-

gested that the channel contains a moderate-affinity Ca2+-

dependent activation binding site (mM KD), and a lower-affinity

Ca2+-dependent inhibition site at high (millimolar) Ca2+ (Bezproz-

vanny et al., 1991). Here, we have identified a Ca2+-binding site

that is highly occupied at a concentration of 30 mMCa2+, consis-

tent with a Ca2+-activation site. All residues involved in the Ca2+

coordination are conserved in bothRyRs and IP3Rs (Figure S3B).

Moreover, the putative Ca2+ activation site is located in proximity

to two other channel activators (ATP and caffeine). Finally, this

site is directly adjacent to an interface involving E4032, mutation

of which inhibits Ca2+-dependent activation of the channel.

Although E4032 has previously been proposed to form part of

the activating Ca2+-binding site (Fessenden et al., 2001), this

not so in the Ca2+-bound structures. Rather E4032 forms an

interface with CTD in the Ca2+-bound state, most likely stabiliz-

ing a conformation that permits Ca2+ binding.

ATP-Binding Site
Adenine-derived nucleosides and nucleotides are competitive

partial agonists of both skeletal (Laver et al., 2001) and cardiac

(Kermode et al., 1998) RyRs. ATP increases the maximal PO of
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the channel, without altering conductance

(Kermode et al., 1998). Given that the cyto-

solic concentration of ATP in a myocyte is

�5 mM (Kushmerick et al., 1992), ATP or

one of its analogs will likely be constitutively

bound to the channel. The adenine ring ap-

pears to be critically important for affinity,

as neither GTP (Chan et al., 2000) nor ino-

sinemonophosphate (Laver et al., 2001) ac-
tivates RyRs. Channel activation as assessed by the maximal PO

in the presence of varying [Ca2+] correlates with the number of

phosphates attached to the ribose ring (ATP > ADP > AMP > ad-

enosinezadenine), with adenine and adenosine exhibiting

minimal effects on the open probability of RyR2, whereas ATP in-

creases the maximal open probability of RyR2 to >0.9 (Chan

et al., 2000).

Studies using spin-labeled ATP analogs have shown that each

protomer of RyR1 possesses one to two ATP-binding sites (Dias

and Vogel, 2009). It has been suggested that the last 100 resi-

dues of the C-terminal ‘‘tail’’ contribute to the ATP-binding

pocket (Popova et al., 2012).We now confirm that this C-terminal

segment contains the ATP-binding pocket of RyR1.

Caffeine-Binding Site
The possibility that natural nucleotide metabolites may regulate

the caffeine site in vivo remains to be explored. The putative

caffeine-binding site identified here is at the interface of the

CTD, S2S3, and TaF domains. The co-localization of binding

sites for ATP, caffeine, and Ca2+ at interfaces of the CTD with

other channel domains highlights the importance of this region

in channel activation.

Ryanodine-Binding Site
At low (nM-mM) concentrations ryanodine binds to the open

channel and locks it in a partial conductance state of exception-

ally long duration, the fractional conductance of which varies

with the structural features of the ryanoid (Welch et al., 1997).

Increased ryanoid concentrations (�100 mM) lock the channel

in a non-conducting state (Zimányi et al., 1992). RyRs possess

one high-affinity ryanodine-binding site per tetramer, and up to

three lower-affinity sites (Carroll et al., 1991). Several lines of



evidence suggest that the high-affinity ryanodine-binding site is

located within the transmembrane pore of the channel. First, in

photoaffinity labeling experiments, an azido derivative of ryano-

dine specifically labels the C-terminal 76-kDa fragment of the

channel (Witcher et al., 1994). Concordant results were obtained

by proteolysis of the channel labeled with tritiated ryanodine

(Callaway et al., 1994). Second, ryanodine and the impermeant

cation tetraethylammonium (TEA) compete for the same binding

site, and ryanodine-binding results in relocation of the TEA-bind-

ing site toward the cytoplasm (Tanna et al., 2006). Third, muta-

tion of a pore-lining glutamine residue (Q4863 in RyR2; Q4933

in RyR1) located just luminal to the cytoplasmic gate (I4937)

dramatically affects ryanoid-binding kinetics (Ranatunga et al.,

2007). Comparison of RyR1 with structures of potassium and

sodium channels complexed with quaternary ammonium ions

demonstrates that the expected TEA-binding site is directly

adjacent to Q4933, consistent with the aforementioned report

that ryanoids and quaternary alkyl ammonium ions compete

for the same binding site (Tinker and Williams, 1993). Last, rya-

noid-binding kinetics are positively correlated with prior open

probability, such that RyR activators, including Ca2+ and ATP, in-

crease the rate of ryanoid association, while ryanoids do not bind

when the pore is closed (Chu et al., 1990).

We showhere that a ryanodine-binding site is locatedwithin the

pore, proximal to Q4933, and that binding of ryanodine to this site

locks the transmembrane pore in a dilated state. The structure of

ryanodine-modified RyR1 has several implications for under-

standing the mechanism of ryanodine binding and its modulation

of RyR channel activity. The four equivalent ryanodine-binding

sites within the pore are sufficiently close to one another that

the association of a ryanodine molecule to any one of them likely

adversely impacts ryanodine binding at the three remaining sites,

consistent with the observation that ryanodine binds to a single

site with high affinity, followed by slow association at lower-affin-

ity sites. The ryanodine-binding site is located within the perme-

ation pathway of the channel, but displaced from the vertical

axis of the channel, suggesting that association of a single ryanoid

may lock the channel in a fractional conductance state by partially

occluding the permeation pathway, while association of multiple

ryanoids would likely result in complete occlusion of Ca2+ perme-

ation. One implication of these observations is that the high- and

low-affinity ryanodine-binding sites may be one and the same, as

previously proposed (Callaway et al., 1994).

Conservation of Shared Functional Motifs in RyRs and
IP3Rs
IP3Rs are the other members of the intracellular Ca2+ release

channel family and are also tetrameric, Ca2+-modulated chan-

nels. IP3Rs share significant sequence and structural similarity

with RyR1 in the TM, CSol, and NTD-A/B/C regions (Fan et al.,

2015). IP3Rs also exhibit a biphasic response to Ca2+ and sensi-

tivity to ATP but lack sensitivity to ryanodine (Bezprozvanny et al.,

1991). Mapping sequence conservation across the RyR/IP3R

family onto our structure, we see that the residues comprising

the putative Ca2+-binding site at the CTD-CSol interface are

conserved, as aremany residues in the ATP-binding site. Notably,

both the EF1 and 2 and S2S3 domains are absent in IP3R, sug-

gesting that any function these two domains (and the interactions
between them) have is likely to be of a regulatory, RyR-specific

nature, rather than due to involvement in Ca2+ activation. This hy-

pothesis is supported by the observations that the EF1 and 2 pair

can be deleted without substantially affecting RyR2 activation by

Ca2+ (Guo et al., 2016), and that the EF hands of the equivalent re-

gion in RyR1 can be sequence-scrambled without abolishing

Ca2+ activation of the channel (Fessenden et al., 2004). Last,

the key residues in the ryanodine-binding site, most notably

Q4933, are not conserved in IP3Rs, supporting the hypothesis

that this is the functionally relevant ryanodine-binding-site.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

GST-Calstabin1 Zalk et al., 2015

GST-Calstabin2 Zalk et al., 2015

Calf intestinal alkaline phosphatase NEB Cat# M0290L

CHAPS Anatrace Cat# C316S; CAS: 75621-03-3

DOPC Avanti Polar Lipids Cat# 850375C; CAS: 4235-95-4

DOPE Avanti Polar Lipids Cat# 850725C; CAS: 4004-05-1

Na2ATP Sigma-Aldrich Cat# A2383; CAS: 34369-07-8

Ryanodine Abcam Cat# ab120083; CAS:15662-33-6

Caffeine Sigma-Aldrich Cat# C0750; CAS: 58-08-2

Critical Commercial Assays

GSTrap GE Healthcare Cat# 17-5281-01

Ni Sepharose 6 fast flow GE Healthcare Cat# 17-5318-01

Thrombin Biopharm Cat# 91-035

TSK-GEL G4SWxl Tosoh Cat# 20025

Deposited Data

N-terminal 3 domain of ryr1 Tung et al., 2010 PDB: 2XOA

RyR1-Cs2 EGTA closed-state Zalk et al., 2015 PDB: 3J8E

RyR1-Cs2 EGTA closed-state Yan et al., 2015 PDB: 3J8H

SPRY1 domain of RyR2 Yuchi et al., 2015 PDB: 5C33

SPRY2 domain of RyR1 Lau and Van Petegem, 2014 PDB: 4P9J

RY1&2 domain of RyR1 Yuchi et al., 2015 PDB: 5C30

RyR1-Cs2, Ca2+ only (all particles) This study PDB:5T15; EMDB: EMD-8342

RyR1-Cs2, Ca2+ only (Class 1) This study PDB: 5T9M; EMDB: EMD-8372

RyR1-Cs2, Ca2+ only (Class 2) This study PDB: 5T9N; EMDB: EMD-8373

RyR1-Cs2, Ca2+ only (Class 3) This study PDB: 5T9R; EMDB: EMD-8374

RyR1-Cs2, Ca2+ only (Class 4) This study PDB: 5T9S; EMDB: EMD-8375

RyR1-Cs2, EGTA (all particles) This study PDB: 5TB0; EMDB: EMD-8391

RyR1-Cs2, EGTA (Class 1) This study PDB: 5TB1; EMDB: EMD-8392

RyR1-Cs2, EGTA (Class 2) This study PDB: 5TB2; EMDB: EMD-8393

RyR1-Cs2, EGTA (Class 3) This study PDB: 5TB3; EMDB: EMD-8394

RyR1-Cs2, EGTA (Class 4) This study PDB: 5TB4; EMDB: EMD-8395

RyR1-Cs2, ATP/Caf. (all particles) This study PDB: 5TAP; EMDB: EMD-8381

RyR1-Cs2, ATP/Caf. (Class 1) This study PDB: 5TAS; EMDB: EMD-8383

RyR1-Cs2, ATP/Caf. (Class 2) This study PDB: 5TAT; EMDB: EMD-8384

RyR1-Cs2, ATP/Caf. (Class 3) This study PDB: 5TAU; EMDB: EMD-8385

RyR1-Cs2, ATP/Caf. (Class 4) This study PDB: 5TAV; EMDB: EMD-8386

RyR1-Cs2, Ca2+/ATP/Caf. (Class 1) This study PDB: 5T9V; EMDB: EMD-8376

RyR1-Cs2, Ca2+/ATP/Caf. (Class 2) This study PDB: 5TA3; EMDB: EMD-8377

RyR1-Cs2, Ca2+/ATP/Caf. (Class 1&2) This study PDB: 5TAL; EMDB: EMD-8378

RyR1-Cs2, Ca2+/ATP/Caf. (Class 3) This study PDB: 5TAN; EMDB: EMD-8380

RyR1-Cs2, Ca2+/ATP/Caf. (Class 4) This study PDB: 5TAM; EMDB: EMD-8379

(Continued on next page)
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RyR1-Cs2, Ca2+/ATP/Caf. (Class 3&4) This study PDB: 5TAQ; EMDB: EMD-8382

RyR1-Cs2, ryanodine (all particles) This study PDB: 5TAW; EMDB: EMD-8387

RyR1-Cs2, ryanodine (Class 1) This study PDB: 5TAX; EMDB: EMD-8388

RyR1-Cs2, ryanodine (Class 2) This study PDB: 5TAY; EMDB: EMD-8389

RyR1-Cs2, ryanodine (Class 3) This study PDB: 5TAZ; EMDB: EMD-8390

Experimental Models: Organisms/Strains

Male New Zealand rabbits skeletal muscle Sierra for Medical Science By request

Software and Algorithms

MaxChelator Bers et al., 2010 version 2.50; http://maxchelator.stanford.edu

Axoscope 10.1 Axon Instruments http://mdc.custhelp.com/app/answers/detail/

a_id/18779

Clampfit 10.1 Molecular Devices http://mdc.custhelp.com/app/answers/detail/

a_id/18779

MotionCorr Li et al., 2013 http://cryoem.ucsf.edu/software/driftcorr.html

UNBLUR Grant and Grigorieff, 2015 http://grigoriefflab.janelia.org/unblur

RELION 1.4 Scheres, 2015 http://www2.mrc-lmb.cam.ac.uk/relion

CTFFIND4 Rohou and Grigorieff, 2015 http://grigoriefflab.janelia.org/ctf

alignparts_lmbfgs Rubinstein and Brubaker, 2015 https://sites.google.com/site/rubinsteingroup/

direct-detector-align_lmbfgs

UCSF Chimera Pettersen et al., 2004 https://www.cgl.ucsf.edu/chimera/

ResMap Kucukelbir et al., 2014 http://resmap.sourceforge.net

EMringer Barad et al., 2015 http://fraserlab.com/2015/02/18/EMringer

Coot Emsley et al., 2010 http://www2.mrc-lmb.cam.ac.uk/personal/

pemsley/coot/

phenix.real_space_refine Afonine et al., 2013 https://www.phenix-online.org/documentation/

reference/real_space_refine.html

HOLE Smart et al., 1996 http://www.smartsci.uk/hole/

DOCK-PREP Lang et al., 2009 https://www.cgl.ucsf.edu/chimera/docs/

ContributedSoftware/dockprep/dockprep.html

VideoBlend Videoblend http://www.videoblend.org

Affinity Designer Serif https://affinity.serif.com

Gnu Image Manipulation Program GIMP https://www.gimp.org

Other

C-flat CF-1.2/1.3-2C-T grids Protochips Inc, NC CF-1.2/1.3-2C-T

Quantifoil R1.2/1.3 grids Quantifoil Micro Tools GmbH,

Germany

R1.2/1.3
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the Lead Contact Joachim Frank (jf2192@

cumc.columbia.edu).

METHOD DETAILS

Rabbit Skeletal Muscle RyR1 Purification
To obtain highly purified RyR1, 100 g of rabbit skeletal muscle flash frozen in liquid nitrogen were blended for 90 s in 500 ml of cold

buffer containing 10mM Tris-Maleate (pH 6.8), 1 mMDTT, 1 mMEDTA, 150 mMPMSF and 1mMbenzamidine. Themixture was then

centrifuged for 10 min at 80003 g. The supernatant was centrifuged for 20 min at 40,0003 g. Pellets were solubilized in 50 ml buffer

containing 10 mM HEPES (pH 7.5), 1% CHAPS, 1 M NaCl, 2 mM EGTA, 2 mM TCEP, and a protease inhibitors cocktail (Roche). The

solubilized membranes were diluted 1:1 in the same buffer without NaCl and centrifuged for 30 min at 100,0003 g. The supernatant
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was filtered using a 0.2 mm filter and bound overnight at 4 �C to a pre-equilibrated 5 ml GSTrap (GE healthcare) column with bound

GST-Calstabin1. The column was washed with 10 column volumes of cold modified solubilization buffer (0.5%CHAPS and 0.5M

NaCl) and RyR1 was eluted with two column volumes of 10 mM Calstabin2 in the same buffer (expressed in 1L IPTG induced trans-

formed BL-21 cells and thrombin cleaved for 1 hr at room temperature; Calstabin2 was used for elution because of its higher affinity

for RyR1 compared to Calstabin1). The eluent was pre-cleared with 0.5 ml glutathione beads to remove traces of GST-calstabin and

treated with calf intestinal alkaline phosphatase (CIP, NEB, 100 U/mL final concentration) for 3 hr at room temperature to dephos-

phorylate RyR1 (Zalk et al., 2015). The CIP-treated RyR1 was concentrated on a 100 kDa cut-off centrifugation filter (Millipore) to

less than 500 ml, loaded on a size-exclusion column (Tosoh TSKgel G4SWxl) and washed in modified solubilization buffer with

1 mM EGTA, 0.25% CHAPS and 0.001% (w/v) DOPC (Avanti). The peak fractions were combined and modulating regents were

added and allowed to bind (Ca2+, ATP and caffeine for 10 min at room temperature, ryanodine for 2 hr at room temperature followed

by overnight at 4 �C, See Table S1 for a summary of the final solution conditions of each sample). Final free [Ca2+] was determined

using MaxChelator (Schoenmakers et al., 1992). The samples were concentrated on a 100 kDa cut-off centrifugation filter (Millipore)

to 5-10 mg/ml determined using spectroscopy (Abs at 280 nm, 1% (w/v) = 1.018).

Single-Channel Recordings
To prepare SR vesicles, muscles were homogenized using a tissue vitamizer (Fisher Scientific) at the highest speed for 1 min with 2

volumes of 20 mM Tris-maleate (pH 7.4), 1 mM EDTA and protease inhibitors (Roche). Homogenate was centrifuged at 4,0003 g for

15 min at 4�C and the supernatant was centrifuged at 40,0003 g for 30 min at 4�C. The final pellet, containing the SR fractions, was

resuspended and aliquoted in: 250mM sucrose, 10mMMOPS (pH 7.4), 1 mMEDTA and protease inhibitors. Samples were frozen in

liquid nitrogen and stored at �80�C.
Purified RyR1/Cs2was reconstituted intomicrosomes as described by (Lee et al., 1994). Briefly, the purified receptor complex was

brought to 5mg/mL of lipid mixture (5:3 DOPC:DOPE) and placed in a dialysis cassette (10k MWCO). The sample was dialyzed over-

night in 1L of buffer containing 0.5M NaCl, 0.1mMEGTA, 0.2mMCa, 150uM PMSF, 1mMDTT, and 10mMHEPES (pH 7.4) to remove

free detergent. Following dialysis, samples were snap frozen in liquid nitrogen and stored at �80�C until use.

SR vesicles containing RyR1 or microsomes reconstituted with purified RyR1/Cs2 complex were fused to planar lipid bilayers

formed by painting a lipid mixture of phosphatidylethanolamine and phosphatidylcholine (Avanti Polar Lipids) in a 5:3 ratio in decane

across a 200-mm hole in polysulfonate cups (Warner Instruments) separating 2 chambers. The trans chamber (1.0 ml), representing

the intra-SR (luminal) compartment, was connected to the head stage input of a bilayer voltage clamp amplifier. The cis chamber

(1.0 ml), representing the cytoplasmic compartment, was held at virtual ground. Symmetrical solutions used were as follows (in

mM): 1 mM EGTA, 250/125 mM HEPES/Tris, 50 mM KCl (pH 7.35) as cis solution and 53 mM Ca(OH)2, 50 mM KCl, 250 mM HEPES

(pH 7.35) as trans solution. The concentration of free Ca2+ in the cis chamber was calculated with WinMaxC program (v.2.50; http://

web.stanford.edu/�cpatton/maxc.html). SR vesicles or microsomes containing purified RyR1/Cs2 complex were added to the cis

side and fusion with the lipid bilayer was induced by making the cis side hyperosmotic by the addition of 400-500 mM KCl. After

the appearance of potassium and chloride currents, the cis side was perfused with the cis solution. For the nominally Ca2+-free con-

dition, EGTA was added to the cis side to get a final concentration of 5mM EGTA. For the EGTA/ATP/Caffeine condition, ATP (2mM

final concentration) and caffeine (5mM final concentration) were added to the cis side. Ca2+ (30 mM final concentration) was added to

cis side to get the Ca2+-only condition. ATP (2mM final concentration), caffeine (5mM final concentration) and Ca2+ (30 mM final con-

centration) was added to cis side to get the ATP/Caffeine/Ca2+ condition. All ligands and additives were prepared as 100X stock

solutions solubilized in cis buffer. At the end of each experiment, Ryanodine (10 mM) was added to block the RyR channel. Sin-

gle-channel currents were recorded at 0 mV using a Bilayer Clamp BC-525C (Warner Instruments), filtered at 1 kHz using a Low-

Pass Bessel Filter 8 Pole (Warner Instruments), and digitized at 4 kHz. All experiments were performed at room temperature

(23�C). Data acquisition was performed using Digidata 1322A and Axoscope 10.1 software (Axon Instruments). The recordings

were analyzed by using Clampfit 10.1 (Molecular Devices) and Graphpad Prism software.

Electron Microscopy
Grid preparation and imaging were carried out in two different ways (see Table S1). For grid preparation, early samples (RyR-EGTA

andRyR-30 mMCa2+-ATP-caffeine) were prepared as previously described (Zalk et al., 2015). Briefly, 3 ml of each samplewas applied

to holey carbon grids (C-flat CF-1.2/1.3-2C-T, Protochips Inc, NC) without prior plasma cleaning. Grids were blotted for �1 s and

vitrified by rapidly plunging into liquid ethane at �180�C (Dubochet et al., 1988; Wagenknecht et al., 1988) with a Vitrobot (FEI).

For subsequent experiments (RyR-30 mM Ca2+, RyR-300 mM Ca2+-10 mM Ryanodine), holey-gold grids were prepared as

described by Russo and Passmore (Russo and Passmore, 2014) from either C-flat CF-1.2/1.3-2C-T (Protochips Inc, NC) or from

Quantifoil R1.2/1.3 (Quantifoil Micro Tools GmbH, Germany). 3 ml of each sample was applied to the holey-gold grids after plasma

cleaning with a mixture of H2 and O2. Grids were blotted for 3.5 to 4 s and vitrified by rapidly plunging into liquid ethane at �180�C
(Dubochet et al., 1988; Wagenknecht et al., 1988) with a Vitrobot (FEI). Optimal blotting time was reproducible across samples.

Data acquisition was done on a FEI Tecnai F30 Polara (FEI, Eindhoven) operating at 300 kV. Datasets were collected with the auto-

mated data collection system Leginon (Suloway et al., 2005) at a nominal magnification of 31,000x in electron counting mode on a K2

Summit direct electron detector camera (Gatan, Pleasanton, CA) with a camera pixel size of 5 mm, corresponding to a calibrated pixel

size of 1.255 Å on the specimen scale.
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After obtaining the initial reconstruction, the pixel size was calibrated by real-space correlation with a crystal structure of the N-ter-

minal 3 domains of the receptor (PDB ID: 2XOA). A clearmaximumwas observed at 1.255Å, and this value was found to be consistent

across multiple different reconstructions, data collections and samples, and the same value was obtained using crystal structures of

other fragments of the receptor. Applying the same approach to the reconstructions reported in (Yan et al., 2015) gave a calibrated

pixel size for that map of 1.38Å, compared to the nominal pixel size of 1.34Å. This discrepancy highlights the importance of always

performing pixel size calibration with a known crystal structure – a 3%difference in magnification could easily stymie interpretation of

global conformational changes between structures determined of the same molecule by different groups. This does not have to be

carried out on the molecule under investigation – the value determined here proved accurate for other datasets collected at this

magnification on the same microscope for structurally unrelated assemblies.

For the early experiments on holey carbon grids, images were recorded in dose-fractionated mode, each image being fractionated

into 20 frames, with an accumulation time of 0.2 s per frame. The dose rate on the camera was set to 8 counts per physical pixel per

second. The total exposure time was 4 s, leading to a total accumulated dose of 25 electrons per Å2 on the specimen. The beam

diameter was set at approximately 500nm in order to capture 2 images per hole using image shift.

For subsequent experiments using holey gold grids, data acquisition was done under the same conditions except that the dose

was increased from 25 to 50 e�/Å2 (100 e�/Å2 for the 10 mM ryanodine dataset)(Figure S6), with images fractionated into 34 frames

with 1.5 e�/Å2/frame. The total exposure time was 8 s (16 s for the 10 mm ryanodine dataset). The additional contrast provided by the

doubling of the electron dose improved the accuracy of orientation assignment estimated by RELION (Scheres, 2012) from 1.3 de-

grees to 1 degree. The beam diameter was also increased from �0.5 mm to approximately 2 mm in order to obtain more parallel illu-

mination and to expose gold on all sides of the hole to further limit beam-induced movement of the ice layer(Russo and Passmore,

2014). Therefore, only one image per hole was collected. Imageswere collected every second hole to reduce the possibility of double

exposure of the imaged areas, which we found to be frequent with automated acquisition procedures.

Image Processing
The image processing followed the same protocol for every dataset. Datasets initially processed with a different protocol were sub-

sequently reprocessed to match the established protocol. Dose-fractionated image stacks were aligned using either MotionCorr (Li

et al., 2013) or UNBLUR (Grant and Grigorieff, 2015), depending on the dataset, and the sum of aligned frames was used for further

preprocessing. The first two frames were omitted in the early datasets collected on C-flat holey-carbon grids, as they contained mo-

tions greater than 4Å per frame on average. For the datasets collected on holey-gold grids all frames were kept, as the motion was

measured as less than 1Å per frame in the first frames. The particles were pickedwith the reference-based automated particle picking

procedure implemented in RELION 1.3 (Scheres, 2015) and their defocus values estimated by CTFFIND4 (Rohou and Grigorieff,

2015). Those particles were subjected to 3D classification using RELION with the number of classes, K, varying between 8 and

10. The particles from the highest-resolution classes were then pooled and their frame stacks realigned using alignparts_lmbfgs (Ru-

binstein and Brubaker, 2015) with optimized alignment parameters (See Figure S7). Radiation-damage weighting following the pro-

cedure described by Grant and Grigorieff (Grant and Grigorieff, 2015) was used as incorporated in alignparts_lmbfgs, as follows. For

each dataset, individual frames were filtered according to the optimal exposure curve calculated for Rotavirus VP6 (Grant and Gri-

gorieff, 2015), modulated by a constant (the effective dose per frame), chosen based on the overall resolution of the resulting recon-

struction. The resulting per-frame resolution-dependent weighting factors are presented in Table S2. In the case of the ryanodine

dataset, for which the largest dose of 100e�/Å2 was collected, the dose-filtered reconstruction using the full 100e�/Å2 dose reached

a resolution of 4.7Å for the core, while a resolution of 4.2Å in the core was obtained for a reconstruction using only the frames up to

60e�/Å2 total dose.

All pooled particles were then refined using RELION 1.4 with C4 symmetry imposed. The combination of per-particle frame align-

ment, radiation-damage weighting and use of CTFFIND4 brought the resolution of our RyR-EGTA closed-state dataset (Zalk et al.,

2015) from 4.8 to 4.4Å in the core (see Tables S1 and S4). This procedure was applied to all subsequent datasets. On the later data-

sets, the combination of holey-gold grids, higher total electron dose and parallel illumination greatly reduced the number of particles

needed to reach resolutions of 4.5Å and better (see Table S4 and Figure S8), with the highest resolution dataset reaching 3.6Å res-

olution in the core from only 65,000 particles. Plots of the orientation distribution for each dataset reveals that preferred orientations of

the particles vary between datasets, independently of the grid support material (Figure S6B).

3D Classification
The first one or two rounds of 2D/3D classification were used to remove low-quality particles or non-particle contaminants from the

dataset and to obtain a first assessment of the conformational variability in the dataset. The particles retained were then classified

following the same protocol for each dataset in order to minimize bias in the classification results. The results were also compared

with those of earlier non-standardized rounds of classification and showed consistent results. The remaining factors varying between

experiments were the number of particles and the imaging conditions.

For each dataset, the orientation parameters of the retained particles were first refined together as a single class (Table S4). The

orientations were then kept for a classification with C4 symmetry imposed, a local orientation search and a number of classes set at

K = 4. Maps from the previous combined refinement filtered at 25Å served as initial references. Orientational sampling was set to 0.9

degrees until convergence (�5 to 10% of particles changing class assignment) and then to 0.5 degrees for an additional 10 iterations
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(1% or less particles changing class assignment). Each class was then refined using RELION autorefine procedure with C4 symmetry

imposed (Table S4). Deviations from C4 symmetry were observed in non-symmetrized reconstructions. These deviations were

difficult to interpret due to the constraints introduced by the local nature of the particles alignment search at fine increment, which

prevents particles from changing between the 4 possible orientations about the symmetry axis. This prompted us to impose C4

symmetry during classification to simplify interpretation of the results and to maintain consistency with subsequent refinements,

which reached higher resolution when carried out with C4 symmetry imposed.

Those classifications gave very similar ranges of motions of the shell and similar radius for the maximally open and the maximally

closed pores as in the primary classifications. To measure the reproducibility of those classifications, we ran the Ca2+/ATP/Caffeine

dataset classification 3 times with the number of classes constant at K = 4, but with randomly generated seeds and with slightly

different initial model resolutions (25, 30 and 35Å resolution) to introduce more variability in the starting parameters. The resulting

classifications gave similar results with differences in min and max shell height between each run of 0.9 and 1.2Å SD, respectively.

We have not refined the classes of all the runs to high resolution; we therefore cannot estimate the SD in pore aperture as precisely as

for the shell height. But based on the �7Å resolution classification volumes obtained, we do not see significant differences in pore

aperture among the maximally open classes nor among the maximally closed classes of the Ca2+/ATP-Caffeine dataset.

Resolution Estimation
Reported resolutions are based on the ‘gold-standard’ protocol with the FSC = 0.143 criterion using soft masks with a 8 pixel soft

edge, and were corrected for the effects of the mask on the FSC curve using high-resolution noise substitution (Chen et al., 2013).

Because of the intrinsic flexibility of the channel, in particular the cytosolic assembly, resolution varies substantially between do-

mains (Figure S6C). To characterize the local resolution on a domain level, FSCswere calculated domain by domain. The fitted atomic

model of the ryanodine receptor was segmented following domain boundaries described in Figure S2 to create simulated density

maps for each domain in UCSF Chimera (Pettersen et al., 2004). These simulated maps were then used to create masks for each

domain of the receptor using relion_mask_create, with mask edges having an 8 pixel falloff. The FSC of each domain was then calcu-

lated by masking the two half-sets with the corresponding masks using relion_postprocess. Domain-by-domain resolutions are re-

ported in Table S3 for each dataset. For the highest-resolution dataset (30 mM Ca2+) resolutions vary among domains from 8.5Å

(RY34) to 3.5Å (CTD). Resolutions reported by this method agreed well, in most cases, with features visible in the corresponding do-

mains and with the local resolution estimated by ResMap (Kucukelbir et al., 2014) (Figure S6B). However, in lower-resolution do-

mains, local resolutions determined by domain masking tend to be artificially high due to the width of the mask edge overlapping

with neighboring domains of much higher local resolution.

For each class of every dataset, average resolution for the whole protomer, the core, and the shell regions, as well as class dis-

tributions and shell height are reported in Table S4. Shell height is measured from the membrane plane (approximated by a plane

intersecting with the S4-S5 linkers) to the centers of mass of the RY1&2 domains at the corner of the shell.

Prior to visualization, all density maps were sharpened by applying a negative B-factor estimated according to Rosenthal and Hen-

derson (Rosenthal and Henderson, 2003) on solvent-flattened maps. An additional negative B-factor, empirically determined based

on visual inspection of the map in Coot, was applied for visualization and model fitting in areas of particularly good local resolution

within the core of themolecule. In preparation formodel building andmap comparison, all mapswere aligned (using the ‘fitmap’mod-

ule of UCSF Chimera) to a single reference map, comprised of the transmembrane region of the highest-resolution map, such that all

maps are effectively aligned on the transmembrane pore.

Model Building
Model building proceeded in two stages. First, an optimal model was built and refined into the highest-resolution map (Ca2+-only

classes 1-4 combined), and then, in the second stage, this model was used for fitting the other states – Ca2+/ATP/Caffeine (classes

1&2 and classes 3&4), EGTA/ATP/Caffeine (all classes combined), EGTA-only (all classes combined), and Ca2+/ryanodine (all classes

combined). The Ca2+-only model had an EMringer score of 2.3, consistent with a well-refined model.

In the first stage, fitting began by placing the highest-resolution model of the Ca2+-free closed state (PDB ID: 3J8H; (Yan et al.,

2015)), into the Ca2+-30mM map and rigid-body fitting each domain using a Python script launched from within Coot (Emsley

et al., 2010). Recently determined crystal structures of SPRY1 (PDB ID: 5C33), SPRY2 (PDB ID: 4P9J) and the RY1&2 tandem repeat

(PDB ID: 5C30) were incorporated into the model (Lau and Van Petegem, 2014; Yuchi et al., 2015), and the model was manually

rebuilt and corrected in Coot based on the improved map, resulting in an increase in the overall number of placed and sequenced

residues and a reduced number of chain breaks. Global real-space refinement of the model was carried out using phenix.real_

space_refine, and this model became the initial model for subsequent fits to maps of other samples and conformational classes.

Two regions of unassigned sequence remain. These are a large portion of SPRY3 (1275-1573) and the second half of BSol (2487-

2735 and 2939-3613). Either a cryoEM reconstruction of substantially improved resolution, or in the case of SPRY3 a crystal structure

of this region, will be required to address these remaining ambiguities in the structure. Residues with uncertain sequence assignment

have been given the residue name ‘‘UNK’’; The sequence numbering still reflects our best guess at the most likely assignment of the

residue in question. All maps used in model fitting were first aligned to a reference map consisting of density corresponding to the

RyR1 transmembrane region alone, and resampled upon the grid of this map, allowing facile comparison of the different structures.

The map used in model fitting has had B-factor sharpening applied to a level appropriate for optimal visualization of high-resolution
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features such as sidechains in the best resolved parts of the structure. In order to have a better view of connectivity, model fitting, and

interpretation used two maps in conjunction – the aforementioned map, and a version of it that had been filtered at 4.5 Å, for which

connectivity and low resolution features are more clearly defined due to the absence of high-resolution noise.

In the second stage, the refined atomic model was rigid-body fit to each map, domain by domain, using the same Python script as

used in the initial stages of building the referencemodel. The entire chain wasmanually inspected, and sections of themain chain that

were flexibly deformed (for example, S6/S6c and interdomain interfaces) were corrected using the real-space refine zone tool within

Coot, with Ramachandran restraints applied. In the case of the EGTA-only, Ca2+/ATP/Cafeine and ryanodine sets, the putative

transmembrane helix hairpin was modeled in, although sequence was not assigned. After identification and placement of ligands

(see below), a final round of global real space refinement was carried out using phenix.real_space_refine.

Ligand Identification and Assignment
Candidate ligand binding sites (for ATP, caffeine, ryanodine and Ca2+) were identified using locally aligned difference maps, calcu-

lated as follows for each domain (implemented as a command line alias in UCSF Chimera). First, the density within a 5Å border of the

atoms is extracted (using the ‘vop zone’ command) for both map/model pairs. Then, the two map fragments are aligned, using the

‘fitmap’ command, and a difference map is calculated in real space using the ‘vop subtract’ command. This procedure allows for

the identification of ligand densities from a difference map in the presence of domain reorientation, which would otherwise introduce

too much noise into the difference map to visualize the bound ligands. Most of the locally aligned difference maps generated by this

procedure were essentially featureless, but two had strong peaks of distinctive shape – those calculated around the CTD, and those

calculated around the transmembrane region. The presence and morphology of these density features corresponded to the addition

of specific ligands – a spherical density feature at the interface of the CTD and CSol was exclusively present when Ca2+ was included,

while two larger, more elongated features at the S6c/CTD boundary and the CTD-S2S3 interface only appeared in the presence of

ATP and caffeine. The larger of the pair of features correlating with the addition of ATP/caffeine could readily be assigned as ATP

based on density fit considerations and the local chemical environment at the S6c/CTD/TaF interface. The smaller feature was

more ambiguous, but was assigned as caffeine based on size, shape, and the fact that it was not present in a map obtained in

the presence of Ca2+ and ATP alone (unpublished data). A peak was also located within the transmembrane pore, above Q4933 spe-

cifically in the presence of ryanodine, and was assigned as such.

Pore Radius Calculations
Pore radius calculations were carried out on the final atomic models of the core region of the channel (residues 3639-5037) using

HOLE (Smart et al., 1996), with the default set of atomic radii; graphs of the pore radius versus the channel coordinate were generated

using gnuplot. Prior to HOLE, incomplete sidechains were replaced using the DOCK-PREP tool as implemented in UCSF Chimera,

which picks the most probable rotamer from the Dunbrack rotamer library that introduces the least severe steric clashes. HOLE cal-

culations carried out on models with sidechains omitted yielded qualitatively consistent results (in terms of the differences between

conformational classes) to those performed using the full atomic models with sidechains intact.

Movie Preparation
The movies included in Data S1, which are intended to convey the nature of the conformational changes observed between different

states of the channel based solely on linear interpolation of the aligned density maps, were prepared in UCSFChimera as follows: The

‘‘Morph Map’’ tool in UCSF Chimera was used to create a trajectory consisting of a linear interpolation at each voxel of the density

values of the pair of maps being compared. Each resulting trajectory was displayed as a maximum intensity projection using the

following command line alias,

alias ^volume_project background solid black; volume $1 step 1 sdlevel 0,0 color white sdlevel 20,1 color white style solid projec-

tionMode 3d maximumIntensityProjection true btCorrection true linearInterpolation true; unset depthCue

such that the intensity of each voxel is related to the density values (higher density is white, while zero density is black). In each

case, five key density slabs of 5-10Å thickness were chosen to best represent the observed conformational changes. These con-

sisted of two slabs parallel to and intersecting with the channel axis, spaced 45 degrees apart about the channel axis; and three slabs

orthogonal to the channel axis, one of which is at the putative activation gate (I4937), the second of which is at the height of the EF1&2

domains, and the third of which is in the plane of NTD-A&B. The location and thickness of each slab is depicted on an orthogonal view

of the entire volume as a thumbnail in the lower right-hand corner of the movie frame. Movies were saved in UCSF Chimera as MP4,

converted to Graphics Interchange Format (GIF) using VideoBlend, labeled and annotated frame-by-frame using Affinity Designer

and Gnu Image Manipulation Program (GIMP), and finally converted back to MP4 format.
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Figure S1. Functional Characterization of RyR1/Cs2 Complex, Related to Figure 1

(A–D) Representative single-channel current traces of purified RyR1 channels measured under the following conditions: 1) cis chamber, 5 mM EGTA and no

added Ca2+ (nominally Ca2+ free) [Ca2+]; 2) cis chamber, nominally Ca2+ free plus 2 mM ATP and 5 mM caffeine; 3) cis chamber, 30 mM cytosolic [Ca2+]; 4) cis

chamber, 30 mM cytosolic [Ca2+] plus 2 mM ATP and 5 mM caffeine. The trans chamber contained [Ca2+] = 53 mM. Channel openings are shown as upward

deflections; the closed (C�) state of the channel is indicated by horizontal bars at the beginning of each trace. Representative traces are displayed with two

different timescales (100 ms for upper trace and 1000 ms for lower trace) as indicated by scale bars, and the PO, TO (average open time) and TC (average closed

time) are shown above each trace. Specific modification by 10 mM ryanodine is displayed. Bar graph summarizing single channel PO (B), TO (C) and TC (D)

nominally Ca2+-free with 2 mM ATP and 5 mM caffeine, 30 mM cytosolic [Ca2+] and 30 mM cytosolic [Ca2+] with 2 mM ATP and 5 mM caffeine (n = 6) channels.
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Figure S2. Domain Organization of RyR1, Related to Figure 1

(A and B) Revised domain boundaries are colored both on a 2D schematic of the sequence (with the length of each box proportional to the number of residues it

contains) and (B) on a low-pass filtered surface representation of the model, using the same coloring scheme. The hypothetical location of the TMx2 trans-

membrane hairpin is indicated in (A) with a black box.

(C) The junctional solenoid (JSol, here shown as a khaki molecular surface) forms the attachment site for the three other solenoid domains – NTD-C (dark blue

ribbon), BSol (green ribbon) and CSol (purple ribbon), as well as for calstabin2 (gold). In the case of each of the interacting solenoids, only the first repeat of the

solenoid is represented here for clarity. Both opposed views represented here are parallel to the membrane plane.
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Figure S3. Coordination of Bound Ca2+ at a Conserved Site at the CTD-CSol Interface, Related to Figure 1

(A) Region of the density map and model around the Ca2+-binding site in the Ca2+-only structure, with fitted model. Residues believed to participate in Ca2+-

coordination either directly (E3893, E3967, T5001) or indirectly (Q3970, H3895) are labeled, as is the auxiliary interaction at the same interface formed by E4032

and Q5006. Labeled residues are depicted in full; all others are shown as a Ca trace only. Core solenoid residues are colored sea-green here, and CTD residues

depicted in dark red. The Ca2+ ion is represented by a green sphere. The density map is contoured at 2 s.

(B) Portion of a sequence alignment of representative RyR and IP3R genes, prepared using MUSCLE (Edgar, 2004) with default parameters, visualized using

Jalview (Waterhouse et al., 2009). The alignment is colored by conservation using a modified version of the Zappo coloring scheme, with a conservation cutoff of

60%. Residues involved in Ca2+ coordination (E3893, H3895, E3967 and Q3970) in addition to a residue (E4032) previously identified as playing a role in Ca2+-

activation of RyR1 and RyR2 are labeled. The first sequence in the alignment is that of rabbit RyR1; the Uniprot accession number of each sequence is given in

parentheses.
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Figure S4. Gating-Independent Motions of the Cytoplasmic Assembly, Related to Figure 2

(A–E) A comparison of the cytoplasmic assembly conformations for each class of four different datasets: (A), nominally Ca2+-free, (B), Ca2+-only, (C), ATP/caffeine

only, (D), Ca2+/ATP/caffeine, and (E), all of (A-D) together, in two orientations (left, in the membrane plane, and right, from the cytoplasm). In all panels (A-E), the

structure of one EGTA class is shown for reference in dark gray, and a single rigid unit, comprising the bridging solenoid of one protomer and NTD-A-JSol of the

adjacent protomer, is shown in colored ribbon for each of the four classes in the dataset. Pairwise comparisons between the rigid units from each class give

the rotation axes, which are depicted as sticks in each panel.

(F) An alternative visualization of the conformational variability in each dataset, displaying the height of the RY1&2 domain above the SRmembrane plane for each

class of each dataset as a box andwhisker plot. The fraction of particles in each dataset belonging to each class is represented by the size of each circularmarker;

the class number is given by the color of the marker.



Blocked

Open

Closed

Open

Closed

Ca2+

Open (locked)

Open

Closed

Shell

Activation module

Pore domainMembrane

ATP

ATP

Caffeine

Caffeine

Ryanodine

Ca2+

Closed

Apo

Primed

(1)

(2)

(4)

(6)

(3)

(5)

Figure S5. Schematic Representation of Ryanodine Receptor Activation and Pore Opening, Related to Figure 4

Boxes represent datasets in particular conditions: (1) EGTA, (2) EGTA/caffeine/ATP, (3) Ca2+, (4) Ca2+/ATP/caffeine, (5) ryanodine-activated, (6) ryanodine-
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from bilayer recordings.
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Figure S6. Representative Data and Local Resolution, Related to Figure 1

(A) Motion-correctedmicrograph from the EGTA dataset collected on holey-carbon grids, compared with micrographs from the 30 mMCa2+ and 10 mM ryanodine

datasets collected on holey-gold grids at different electron doses.

(B) Euler angle distribution of all particles used for calculating the 3D reconstruction of each dataset with C4 symmetry imposed. The Euler angle distributions

displayed here correspond to reconstructions of all the particles of a given dataset; the reconstructed volume is displayed at the center of the distribution as a

reference for orientation. The height and color of cylinders indicate the number of particles in each view. Dark blue: Orientation with the smallest number of

particles, Red: orientation with the largest number of particles. The plot is calculatedwith an angular sampling of 3.7 degrees between views. Datasets from left to

right: EGTA, Ca2+/ATP/Caffeine, EGTA/ATP/Caffeine, Ca2+, Ryanodine.

(C) Reconstruction colored by local resolution (from 3.0 Å, blue, to 6.0 Å, red) using ResMap (Kucukelbir et al., 2014), viewed from the membrane plane, together

with an orthogonal slab through the reconstruction.

(D) Density quality in the core of the assembly (centered on the CTD) with fitted atomic model displayed as a Ca-trace with sidechains. Many bulky residues are

well defined in the density.
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Figure S7. Particle Polishing Optimization, Related to Figure 1

Plots of local motion correction with individual particle trajectories obtained from alignparts_lmbfgs. The color of each line represents the frame number, from 0

(black) to 35 (blue). All plots are exaggerated 25 times. The smoothing parameter is used as a penalty for having abrupt changes in direction during a trajectory.

This is based on the assumption that particles are unlikely to have sudden changes in direction. The ‘‘neiflag’’ parameter determines the extent of local averaging

for the smoothing of particle trajectories. This parameter is derived from the assumption that nearby particles have correlated trajectories.

(A) Series of plots showing the change in individual particle trajectories as the rmax2 (maximum resolution used during alignment; in Å) variable is decreased.

(B) The original particle trajectories determined with the default parameters (left) and the new particle trajectories determined with the optimized parameters

(right).



(legend on next page)



Figure S8. Fourier Shell Correlation Curves and Central Slices for Each Dataset, Related to Figure 1

(A–F) Dataset: (A) EGTA, (B) Ca2+-ATP-Caffeine (class 1-2), (C) Ca2+-ATP-Caffeine (class 3-4), (D) EGTA-ATP-Caffeine, (E) Ca2+, (F) Ryanodine. (Top) FSC

curves using the ‘gold standard’ protocol for the complete protomer (gray), the shell (light blue) and the core (light red), with the respective resolutions derived

from FSC = 0.143. Resolutions for the shell, the core, and the entire protomer were calculated using relion_postprocess, using masks created from the molecular

model of the respective regions and shown as thumbnails in (A). (Bottom) Central slices from the 3D reconstruction in the y and z axis with (left) and without (right)

B-factor sharpening.
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