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Ryanodine Receptor Structure:
Progress and Challenges”

Published, JBC Papers in Press, October 16, 2008, DOI 10.1074/jbc.R800054200

Susan L. Hamilton*' and Irina I. Serysheva®

From the *Department of Molecular Physiology and Biophysics, Baylor
College of Medicine, and the SDepartment of Biochemistry and Molecular
Biology, University of Texas Health Science Center, Houston, Texas 77030

Ryanodine Receptors as Regulated Guardians of
Intracellular Ca** Stores

Ryanodine-sensitive Ca®" release channels, also known as
the ryanodine receptors (RyRs),” are homotetramers of an
~550-kDa subunit (Fig. 1) that are resident proteins of intra-
cellular membranes such as the sarcoplasmic/endoplasmic
reticulum. RyRs are responsible for the regulated release of
Ca®" from these lumenal stores.

Over the last 10 years, single-particle cryoelectron micros-
copy (cryo-EM) has produced several low resolution (~30 A)
structures of RyRs (for review, see Ref. 1). Recently, cryo-EM
reconstructions of RyR1 have reached subnanometer resolu-
tion (2, 3), a breakthrough due to improvements in cryo-speci-
men preparation, instrumentation, image processing, and
three-dimensional reconstruction techniques.

RyRs have a mushroom shape with 4-fold symmetry (Fig. 1B)
(2). Most of the mass of RyR forms a large cytoplasmic (CY)
assembly (280 X 280 X 120 A) that is connected to the trans-
membrane (TM) region by a stalk-like structure. The CY region
is strikingly empty with numerous distinctive structural
domains and intervening cavities that appear suitable for inter-
action with modulators that bind within the N-terminal regions
of RyR (Fig. 1). The clamp-shaped regions, located at the cor-
ners of the CY assembly, are likely regions for the interdigita-
tion of neighboring RyRs seen i situ (5) or for interaction with
modulators. The clamp-shaped regions are interconnected to
form a continuous network between the central rim and the CY
stalk-like structure via several bridging densities. The TM
region (120 X 120 X 60 A) is rotated by ~40° with respect to the
CY region.

Pore Region

The pore is thought to be composed of six to eight TM seg-
ments (RyR1 TM1-8, amino acids (aa) 4277-4323, 4343—
4363,4557-4576,4637-4662, 4776 —4800, 4803—- 4825, 4834 —
4854, and 4911-4935 with aa 4854-4911 forming the pore
helix and selectivity filter) (Fig. 1A, line I) (6). This arrangement
places both the N and C termini of RyR in the cytoplasm.
Sequence numbers used in this review refer to rabbit RyR1

* This minireview will be reprinted in the 2009 Minireview Compendium,
which will be available in January, 2010.
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2 The abbreviations used are: RyR, ryanodine receptor; cryo-EM, cryoelectron
microscopy; CY, cytoplasmic; TM, transmembrane; aa, amino acids; GFP,
green fluorescent protein; IP5, inositol trisphosphate; CaM, calmodulin;
FKBP, FK506-binding protein.
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(Swiss-Prot accession number P11716) and, where indicated,
RyR2 (Swiss-Prot accession number P30957).

The best current maps of RyR1 have resolutions of ~10 A (2,
3), allowing delineation of secondary structure elements in the
pore region (Fig. 2A): the helix running across the membrane
(helix 1, possibly TM8), the short helix (helix 2, which is likely to
be part of the pore helix) that forms the lumenal entrance of the
channel, and helix 3 (located parallel to the membrane plane on
the CY side of the TM region). Helices 1 and 2 lie near the 4-fold
channel axis and resemble the inner (pore-lining) and pore hel-
icesin K™ channel structures (7, 8). The orientation of helix 3 is
similar to the slide helix seen in the KirBacl.1 structure (9).

Two recent RyR1 structures (2, 3) were determined under
conditions favoring the closed channel, the arrangement of the
membrane-spanning helix that, in these structures, is quite dif-
ferent. Ludtke et al. (2) found a bent pore-lining helix (Fig. 24)
and suggested that the structure is similar to the open MthK
channel (8). This raises questions as to whether “kinking” of the
inner helix alone, as proposed for K channels, is adequate to
open RyRs. However, the conformation of the pore-lining helix
in the other high resolution RyR1 cryo-EM structure (3) is
straight and resembles the closed KcsA channel structure (7).
These differences may due to resolution or to the conforma-
tional state of the channel during the imaging. At the current
level of resolution in the three-dimensional structure of RyR, it
is not possible to elucidate the number of TM helices.

Mass Movements Associated with Channel Opening

Single-particle cryo-EM has been used to generate structures
of RyR1 in different conformational states to explore the struc-
tural transitions associated with the RyR gating. RyR1 was fro-
zen under conditions determined from electrophysiological
and biochemical studies (10-12) to drive the channel into
either an opened or a closed state. Although the resolution of
these structures was only 25-30 A, global conformational
changes associated with the closed-open transition of the RyR
channel were detected in both the CY region (opening of the
clamps) and the TM region (mass depletion from the center
and a twisting motion of the TM region). Channel opening was
proposed to be similar to the opening-closing of the iris in a
camera diaphragm.

Four approaches are used to identify the locations of specific
sequences in the three-dimensional structures: 1) difference
mapping with and without bound modulators; 2) difference
mapping with and without sequence-specific antibodies; 3)
insertion of tags such as green fluorescent protein (GFP) into
defined positions in the primary sequence, followed by differ-
ence mapping; and 4) docking of molecular models of domains
derived from crystal structures into the three-dimensional
maps.

RyR Isoforms and Divergent Regions

There are three known RyR isoforms encoded by three dis-
tinct genes: RyR1 (expressed primarily in skeletal muscle), RyR2
(expressed in cardiac muscle and brain), and RyR3 (expressed
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FIGURE 1. Correlating primary sequence motifs with subdomains in
the 9.6-A three-dimensional structure. A, sites identified in the primary
sequence of RyR1. DHPR, dihydropyridine receptor; MH, malignant hyper-
thermia; CCD, central core disease; mMC, multiminicore disease.
B, cryo-EM map viewed from the cytoplasm (upper panel) and from the
sarcoplasmic reticulum (SR) lumen (lower panel). RyR1 subunits are color-
coded; putative subregions are indicated. Circles indicate the ligand-bind-
ing sites and RyR sequences on the three-dimensional map of RyR by
single-particle cryo-EM: red, CaM-binding site; purple, FKBP12-binding
site; magenta, imperatoxin A (IpTxA)-binding site; green, sequences
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in diaphragm, smooth muscle, and brain). These isoforms share
~65% sequence identity. Regions of divergence (D1, aa 4254 —
4631 in RyR1 and aa 4210-4562 in RyR2; D2, aa 1342—-1403 in
RyR1and aa 1353-1397 in RyR2; and D3, aa 1872-1923 in RyR1
and aa 1852-1890 in RyR2) are indicated in Fig. 1A (line 2).
These divergent regions could be responsible for important iso-
form-specific functions, or they could represent regions that
are not evolutionarily conserved. Three-dimensional struc-
tures of all three RyR isoforms determined at ~30 A using sin-
gle-particle cryo-EM are virtually identical (10-12).

Using GFP insertions, D1 was mapped to subregion 3,
whereas both D2 and D3 were mapped to the clamp in subre-
gions 6 and 9, respectively (Fig. 1B). The three divergent regions
all appear to be located in the CY domains close to the top of the
structure, as would be expected for regions of RyR1 involved in
interactions with Ca, 1.1. However, whether they are involved
remains to be determined.

Primary Sequence Motifs

Analysis of the primary sequence of RyR1 has revealed sev-
eral motifs found in other proteins, but the functional roles of
these motifs in RyRs are unknown. These motifs include 1)
three SPRY domains (aa 582-798, 10141209, and 1358 —1571)
(Fig. 1A, line 3), which are domains found in members of the
immunoglobulin superfamily; 2) a sequence that is repeated
four times in two tandem domains (aa 842-955, 956 -1069,
2726 -2845, and 2846 -2959) (Fig. 1A, line 4) with two addi-
tional truncated repeats located between the two domains (aa
1345-1360 and 1373-1388); 3) five MIR domains (aa 98 —153,
160-205, 211-265, 271-334, and 336-394) (Fig. 14, line 5),
which are sequences found in RyRs, inositol trisphosphate
receptors, and protein O-mannosyltransferases; and 4) two or
more leucine zippers (aa 554 —575 and 3039 -3071 in RyR1 and
aa 565-594, 1604 -1632, and 3005-3036 in RyR2) (Fig. 14, line
6), which are protein-protein interaction motifs and have been
suggested to anchor PP1/spinophilin, PP2A/PR130, and pro-
tein kinase A/RII (protein kinase A regulatory subunit II)/
mAKAP (muscle A-kinase anchoring protein) to RyR2 (13).
The MIR domains are all located close to the N terminus, which
is part of the clamp domain, suggesting that these domains may
contribute to the structure/function of the clamps (4). Compu-
tational placement of a homology model based on the crystal
structure of the inositol trisphosphate (IP,)-binding and sup-
pressor domains of the IP; receptor (4) places the first leucine
zipper (aa 554 —-574) in the clamp domain in subregion 7 (Figs.
1B and 2B). If this is indeed the site that anchors kinases or
phosphatases to RyR1, the targets of the enzymes may be
sequences in close proximity to this site.

Stewart et al. (15) proposed that the last 15 amino acids in the
C-terminal tail are required for tetramer formation. Galvan and
Mignery (16) also suggested a C-terminal tetramerization
domain but suggested that this was between aa 4869 and 5019
in RyR1. These regions are indicated in Fig. 14 (line 7). Because

mapped by reconstructions of expressed RyR2-GFP fusion proteins; cyan,
sequence-specific antibody-binding sites; yellow, the position of the glutathi-
one S-transferase tag fused to the N terminus of RyR3. C, enlargement of the
boxed region in B. Ligand-binding sites are labeled as described for B.
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FIGURE 2. RyR1 Ca?* release channel closed-state structure at 9.6-A res-
olution (2, 4). A, two subunits of RyR1 are shown as semitransparent surfaces.
a-Helicesin the Ca®* conduction pathway of the TM region are annotated. SR,
sarcoplasmic reticulum. B, malignant hyperthermia/central core disease
mutations are mapped to the homology models for the N-terminal region of
RyR1 (aa 12-565), localized to the clamp-shaped region of the channel struc-
ture (aa numbers correspond to Swiss-Prot accession number P11716). The
FKBP12-binding region is indicated in green; the LZ1 region is shown in blue;
and hyper-reactive cysteines (Cys®® and Cys®'”) are indicated in magenta. The
location of Cys®'® (magenta circle) is tentatively assigned because sequence
Ala®""-Glu** was excluded from the homology model due to lack of a struc-
tural template for this region.

the C termini of RyRs are cytoplasmic, the region of tetramer-
ization must also be in CY domains.

Channel Modulators

The activities of all three RyR isoforms are modulated by a
large number of agents, including ATP, Ca**, Mg®", calmodu-
lin, FKBP12, junctin, triadin, calsequestrin, SI00A, sorcin, and
many others. Most of these modulators bind to the CY domains
of the RyRs and allosterically regulate the opening of the Ca®"
conduction pathway in the TM region. RyR activities are also
modulated by post-translation modifications such as phospho-
rylation, oxidation, and S-nitrosylation. Prerequisites for the
delineation of the mechanisms of channel regulation by indi-
vidual modulators and modifications are the identity of the sites
of modulator interaction or modification in the primary
sequence and the location of these sites in the three-dimen-
sional structure. Single-particle cryo-EM has been used to ana-
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lyze macromolecular interactions of RyR with the modulatory
proteins calmodulin and FKBP12 (for original references on
these studies, see reviews in Refs. 1 and 17). Because most chan-
nel modulators bind in the CY assembly, there must be mech-
anisms whereby changes in the conformation of specific
domains in the CY assembly are transduced, first into changes
in the column-like structure and then into changes in the TM
helices of the pore.

Identification of Modulator-binding Sites in the Primary
Sequence of RyRs

Ca,1.1—In skeletal muscle, the interaction between Ca,,1.1
in the transverse tubules and RyR1 in the sarcoplasmic reticu-
lum has been shown to involve an orthograde signal, whereby
Ca, 1.1 signals RyR1 to open, and a retrograde signal, through
which RyR1 increases the Ca®>* current through Ca, 1.1 (18).
Multiple regions of RyR1 are likely to be involved in the cou-
pling to Ca,,1.1 (Fig. 14, line 8) (reviewed in Ref. 18), including
aa 1635-2636, 2659-3720, and 1837-2154 and multiple
regions between aa 1 and 1680 (19). The sites of interaction
appear to be distributed over a rather large part of the CY
domain of RyR1.

Based on freeze-fracture studies (20), the most likely regions
of RyR1 to be in contact with Ca, 1.1 include subregions 4 and 6
(Fig. 1B). Several of the sequences suggested to contribute to
mechanical coupling have been found within these two subdo-
mains. Ser*®” of RyR2 (Ser*?* in RyR1) maps to a location
between subregions 5 and 9. Ser***® in RyR2 (Arg**°® in RyR1)
maps to a location between subregions 5 and 6. An interaction
of Ca,/1.1 with these regions of RyR1 could directly control the
opening of the clamp and allosterically modulate the channel
gating.

Ca”*—Regulation of RyRs by Ca®" varies with the RyR iso-
form. The most important modulator of RyR2 activity in car-
diac muscle is Ca*>*, where Ca®" enters through Ca,1.2 and
activates RyR2. Ca®" also regulates RyR1 activity, but depend-
ing on the concentration, it can either activate or inhibit its
activity. These findings suggest that RyR1 has at least two Ca>*-
binding sites. Both RyR1 and RyR2 are activated at 0.1-10 um
Ca®" (21), but RyR1 is more sensitive to inhibition by higher
concentrations of Ca>". Lumenal Ca®" also regulates the activ-
ity of RyRs (22).

Possible binding sites for Ca*>" (Fig. 14, line 9) are located
between aa 1861 and 2094 (21), 3657 and 3776 (21), and 4381
and 4626 (23) and two putative EF-hand motifs located at aa
4079 -4092 (EF1) and 4115-4126 (EF2) (24). Mutation E3986A
(Glu***? in rabbit RyR1) in mouse RyR2 reduced Ca*" activa-
tion by >1000-fold (25). Fessenden et al. (26) scrambled the
putative EF-hand motifs and found that these mutations did
not alter the response to either depolarization or RyR agonists
(caffeine, 4-chloro-m-cresol) in intact myotubes. Surprisingly,
no high affinity [*H]ryanodine binding was observed in mem-
branes expressing the EF2 mutation, but the channels in bilay-
ers were activated by Ca?" in the micromolar range. These
findings suggest that the putative EF-hands contribute to Ca®>"
modulation of the channel but are not sufficient for Ca** reg-
ulation of this channel.
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Sites close to these putative Ca®>*-binding sites have not yet
been mapped in the three-dimensional structures of RyRs.
However, Xiong et al. (27) suggested an interaction of the
regions containing putative EF1 and EF2 with the calmodulin
(CaM)-binding region (aa 3614 —-3643), suggesting that these
two EF-hands are close to subdomain 3, where the CaM-bind-
ing site is located (see below).

Calmodulin—RyRs also bind CaM, which is itself a Ca®"-
binding protein. RyR1 is the major CaM-binding protein of sar-
coplasmic reticulum membranes (28). At micromolar Ca*"
concentrations, CaM inhibits both RyR1 and RyR2. However, at
lower concentrations, CaM activates RyR1 but inhibits RyR2
(29). RyR3 also binds CaM, and the effects of CaM on the chan-
nel are redox-sensitive (30). The CaM-binding site on RyR1
involves aa 3614 —3643 (Fig. 14, line 10) (31, 32) and exists atan
intersubunit boundary close to aa 1975-1999 (33).

By difference mapping, the CaM-binding site was found to be
located in CY subregion 3 (Fig. 1B). Moreover, the location of
the CaM-binding site is displaced to ~33 A in the presence of
Ca>" with respect to its position for Ca>"-free CaM (14). This
displacement of CaM could be due to a movement of CaM upon
binding Ca®>* and/or a movement of the CaM-binding site
when RyR1 binds Ca®". These findings suggest that subregion 3
includes a crucial regulatory site(s) for channel activation and
inhibition, but additional studies are required to further eluci-
date the molecular mechanism of CaM regulation of RyR1.

Immunophilins—The immunophilins FKBP12 and
FKBP12.6 bind to RyRs and regulate their activities (34).
Although FKBP12 and FKBP12.6 are able to bind to all RyR
isoforms, FKBP12 copurifies with RyR1, whereas FKBP12.6
copurifies with RyR2. The FKBP isoform normally bound to
RyR3 is not known. FKBPs bind to RyR1 and RyR2 on one site
per RyR1 subunit and stabilize a closed state of the channel (34).
The binding site has been suggested to be between aa 2458 and
2468 in RyR1 (Fig. 14, line 11). Mutation of this site abolishes
FKBP12 binding (35), but this may be due to an allosteric reg-
ulation of the actual binding site (36). Using difference mapping
of three-dimensional reconstructions of RyR1 with and without
FKBP12, the binding site for FKBP12 is found at the interface
between clamp subregions 5 and 9 and subregion 3, connecting
neighboring clamps in the RyR CY region (Fig. 1B). Compari-
son of the location of FKBP12 by difference mapping (37) with
the docking of the IP, homology model (4) suggests that there is
a binding pocket for FKBP12 created by Glu'®', Arg'®*, Arg*°?,
and Ile*** (Fig. 2B). Whether or not FKBP12 binds at this pocket
remains to be tested.

Homer—The scaffolding protein Homer has been shown to
interact with RyR1 and to regulate its response to both voltage
and caffeine (38). A possible Homer-binding sequence is found
between aa 1773 and 1783. Region 1727-2503 has been
mapped between domains 5 and 6 (39), suggesting that Homer
may also interact via the clamp domain of RyR1.

Phosphorylation—Marks and co-workers (40) have sug-
gested that RyR hyperphosphorylation (aa 2843 in RyR1 and aa
2808 in RyR2) displaces FKBPs from RyRs, leading to Ca®* leak.
A number of other laboratories have failed, however, to repro-
duce these findings (41-43). Another potential site of phos-
phorylation is aa 2065 (aa 2031 in RyR2). Possible phosphoryl-
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ation sites are indicated in Fig. 1A (/ine 12). Insertion of GFP at
position 2801 in RyR2 (Ser®**® in RyR1) localized this site to
domain 6, distal to the FKBP12.6-binding site (44). The second
putative phosphorylation site was mapped by inserting GFP at
position 2023 and was found to be located in subdomain 4,
again distal to the FKBP-binding site (45).

Redox Modifications—RyRs are highly redox-sensitive.
Cys®*®, in the CaM-binding site, is the primary target of S-ni-
trosylation (Fig. 1, line 13, in green) (46). Durham et al. (47)
recently showed that RyR1 S-nitrosylation underlies the abnor-
mal temperature sensitivity found with RyR1 mutations associ-
ated with malignant hyperthermia. Redox-sensitive cysteines
have been identified by Aracena-Parks et al. (48) under condi-
tions in which the channel was primarily in a open conforma-
tion (Fig. 14, line 13) and by Voss et al. (49) under conditions in
which the channel was in a primarily closed conformation.
Although the differences may be due to differences in label-
ing reagents, it is also possible that different cysteines are
reactive when the channel is in the open versus closed
conformation.

Where are the redox-sensitive cysteines in the three-dimen-
sional structure? Several can be identified in the docking model
(Fig. 2C). In addition, Cys®** is in the CaM-binding site and is
therefore located in subdomain 3. Other hyper-reactive cys-
teines are probably located in subdomains 5 and 6 (Fig. 1B)
because the region from aa 1727 to 2503 localized to these sub-
domains (39).

Disease-causing Mutations—Mutations in RyR1 underlie
malignant hyperthermia, central core disease, and some cases
of multiminicore disease (see recent review by Durham et al.
(17)). Although there is some tendency for the mutations to
cluster in three regions of RyR1, it now appears that disease-
associated mutations can occur throughout the primary
sequence (Fig. 14, line 14). Mutations that produce malignant
hyperthermia generally cause the channel to be more sensitive
to activators, whereas central core disease mutations either
make the channel leaky or block efflux through the channel.
Predictions for the location of some of the N-terminal muta-
tions can be made from the docking model (Fig. 2B).

Correlating Structure with Function

Channel opening is associated with significant structural
transitions in the CY region, involving clamp subregions 5-7
and 9 (Fig. 24) (10, 11). Given the three-dimensional locations
of the FKBP12- and CaM-binding sites and other important
functional sites, the clamp subregions are likely to be involved
in allosteric modulation of the channel activity. These findings
suggest a direct connection between the conformation of the
clamp and channel opening. Consistent with this, many muta-
tions associated with malignant hyperthermia and central core
disease in humans, mutations that allow the channel to open
more readily, are located in clamp subregions 5, 7, and 9 (Fig. 2)
(4).

Near-atomic Resolution Structure of RyR1: Perspectives
and Challenges

Although RyR1 was among the first non-icosahedral struc-
tures solved by single-particle cryo-EM at 30-A resolution (50,
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51), the RyR assembly remains the most challenging target for
structural analysis due to its complex dynamic nature. Recent
RyR1 reconstructions at ~10 A by two groups have provided
important insights into its pore structure, gating, and control by
multiple intracellular molecules (2, 3).

Several factors limit obtaining higher resolution structures of
RyR1, including variability arising from cryo-specimen prepa-
ration (vitrification) of detergent-solubilized membrane pro-
teins, removal of the protein from its natural lipid environment,
incomplete saturation with modulators, and mixtures of differ-
ent conformational states. Approaches are needed to trap the
channel population in a single functional state and either to
remove all modulators or to saturate all binding sites with mod-
ulators. New computational methods are needed to sort heter-
ogeneous molecule populations. To approach near-atomic res-
olution, the number of particles has to be increased. Thus,
automated data collection and the use of charge couple device
cameras are needed. Approaches that allow some of these lim-
itations to be bypassed are 1) fitting crystal structures of indi-
vidual components or their subdomains into the cryo-EM den-
sity map and 2) comparative modeling and fitting the models
into the cryo-EM map. Despite the difficulties, continued
breakthroughs in the resolution of RyR structure are highly
likely to occur in the foreseeable future.
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