<FEBS

Journal
REVIEW ARTICLE

Ryanodine receptor calcium release channels: lessons
from structure—function studies

Fernando J. Amador, Peter B. Stathopulos, Masahiro Enomoto and Mitsuhiko lkura

Ontario Cancer Institute and Department of Medical Biophysics, University of Toronto, Canada

Keywords

cryo-electron microscopy; excitation—
contraction coupling; inositol
1,4,5-trisphosphate receptor; malignant
hyperthermia; nuclear magnetic resonance
spectroscopy; ryanodine receptor;

X-ray crystallography

Correspondence

M. lkura, Ontario Cancer Institute and
Department of Medical Biophysics,
University of Toronto, Ontario M5G 1L7,
Canada

Fax: (416) 581-7564

Ryanodine receptors (RyRs) are the largest known ion channels. They are
Ca’" release channels found primarily on the sarcoplasmic reticulum of
myocytes. Several hundred mutations in RyRs are associated with skeletal
or cardiomyocyte disease in humans. Many of these mutations can now be
mapped onto the high resolution structures of individual RyR domains
and on full-length tetrameric cryo-electron microscopy structures. A closely
related Ca®' release channel, the inositol 1,4,5-trisphospate receptor
(IP3R), shows a conserved structural architecture at the N-terminus, sug-
gesting that both channels evolved from an ancestral unicellular RyR/
IPsR. The functional insights provided by recent structural studies for both
channels will aid in the development of rationale treatments for a myriad
of Ca®"-signaled malignancies.
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Introduction

Ryanodine receptors (RyRs) play a vital role in muscle
excitation—contraction (E-C) coupling [1,2]. They
release Ca’>" from the sarcoplasmic reticulum (SR)
into the cytosol, which sets off a cascade of events
resulting in muscle contraction. E-C coupling refers to
the close interaction between the dihydropyridine
receptor (DHPR) L-type Ca®>* channels and RyRs
(i.e. RyR1 and RyR2), where depolarization of the
plasma membrane is coupled to opening of RyRs [3].
Prior to their purification and identification, RyRs
were visualized by thin section or negative stain elec-
tron microscopy, where they appeared as electron
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dense regions spanning the intracellular junctions and
transverse tubules of striated muscle [4]. Several
groups successfully monitored the solubilization, puri-
fication and isolation of RyRs from striated muscle
using *H-ryanodine [5-7], a plant alkaloid and a
potent insecticide [8]. They showed that RyRs form
homotetramers with molecular weights of ~ 2.2 MDa
and each monomer consists of ~ 5000 amino acids.

In the same year that RyR1 was cloned, another
Ca’" release channel, the inositol 1,4,5-trisphospate
receptor (IP3R), from rat and mouse had its primary
structure determined [9,10]. These studies revealed that

ARVD, arrhythmogenic right ventricular dysplasia; CaM, calmodulin; CCD, central core disease; CPVT, catecholaminergic polymorphic
ventricular tachycardia; cryo-EM, cryo-electron microscopy; DHPR, dihydropyridine receptor; E-C, excitation—contraction; GFP, green
fluorescent fusion protein; HS, hot spot; IP3R, inositol 1,4,5-trisphosphate receptor; MH, malignant hyperthermia; NTD, N-terminal domain;
R2, spin—spin relaxation rate; RyR, ryanodine receptor; SR, sarcoplasmic reticulum; TM, transmembrane.
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RyR and IP3;R share ~ 17% sequence identity overall;
however, the identity increases to ~ 35% within the
predicted transmembrane region of the two proteins. It
was also revealed that IP;Rs are about half the size of
RyRs. Despite the difference in molecular weight, the
two receptors show similarities in their function and
regulation. Both permeate Ca®" and are regulated by
it in a bell-shaped manner [11,12]; both are transmem-
brane (TM) proteins that share a high sequence
homology in their ion-conducting pore; and both have
conserved domains outside the TM region. These
include the internal RyR and IP;R homology [13] and
mannosyl-transferase, IP;R, RyR domains [14].

The present review focuses on recent advances in the
structure—function studies on RyRs, highlighting new
insights on the N-terminal domain (NTD), regulatory
region and associating proteins of RyR. We also dis-
cuss the structural similarities between RyRs and
IP;Rs in light of structural data and genomic analyses
of the two subfamilies of Ca®" release channels.

Genomic analyses of the RyR and IP;R
NTD from unicellular to multicellular
eukaryotes

In mammals, three different isoforms of RyRs exist.
The first to be studied and cloned was RyR1 [15,16].
It is primarily expressed in skeletal muscle. RyR2 is
highly expressed in cardiac muscle [17,18] but is also
found in smooth muscle and the nervous system
[19,20]. RyR3 is expressed at low levels in a variety of
cell types including the nervous system and skeletal
muscles of the diaphragm [20]. All three isoforms share
~ 66% sequence identity, the largest variation occur-
ring in three ‘divergent regions’ encompassing residues
42544631 (D1), 1342-1403 (D2) and 1872-1923 (D3)
in RyR1. Non-mammalian vertebrates such as chick-
ens and bullfrogs express two RyR isoforms, RyRa
and RyRp [21,22], while lower organisms only express
a single isoform [23,24]. Three isoforms of IP3;Rs
(IPsR1, TP3R2 and IP;R3) are also present in mam-
mals [25-27]. They are ubiquitously expressed and
have distinct cellular distribution patterns. In the ner-
vous system IP3;R1 is predominantly expressed,
whereas most other cell types express multiple isoforms
[28-31]. Knockout studies for both RyR and IP;R
demonstrate their critical role in development and
physiology. Mice missing RyR[ die perinatally due to
respiratory failure [32], RyR2-knockout mice die early
during embryonic development [33], while mice missing
RyR3 are viable [34-36] but exhibit impaired social
behavior [37-39]. IP;R-knockout studies reveal that
IP;RI-deficient mice die in utero or by the weaning
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period [40], whereas IP;R2- or IP;R3-deficient mice
exhibit physiological abnormalities such as decreased
olfactory mucus secretion and hypoglycemia [41,42].
Additionally, many studies have linked mutations on
the RyR genes to several human diseases (see Disease
mutations), yet only one mutation in /P;R has been
associated with human disease [43].

Both RyR and IP;R functional genes have been
identified in a variety of multicellular eukaryotes rang-
ing from Caenorhabditis elegans to human [44,45].
Recently, putative RyRs and IP;Rs have also been
observed in unicellular organisms such as Salpingoe-
ca rosetta, Monosiga brevicollis and  Capsaspora
owczarzaki [46,47] as well as in pathogenic unicellular
parasites including Tryponosoma brucei, Tryponoso-
ma cruzi, Leishmania infantum and Leishmania major
[13]. A recent study that examined the co-evolution of
these two channels suggests that RyRs arose from
ancestral IP;R-like channels by incorporating promis-
cuous ‘RyR” and ‘SPRY’ domains via horizontal gene
transfer [48]. These genomic analyses suggest that
RyRs and IP3Rs have co-evolved from a common
ancestor in unicellular species.

Despite the large difference in size, the two receptors
share a similar architecture consisting of an NTD fol-
lowed by a central regulatory domain that has various
binding partners in both proteins yet is nearly twice as
large in RyRs, a TM domain that contains the Ca®"-
conducting pore and a C-terminal tail (Fig. 1A). The
recent structural determinations of the NTD for both
proteins reveal conserved structural features [49-51]. It
is with this structural conservation in mind that we
examined the evolution of this region from unicellular
to multicellular eukaryotes. The phylogenetic relation-
ship of RyRs and IP3;Rs in unicellular and multicellu-
lar eukaryotes suggests that the NTD of IP;R evolved
from a lower organism RyR (Fig. 1B). This indicates
that the inositol 1,4,5-trisphosphate (IP;) binding abil-
ity of IP3Rs was not always inherent and may have
been attained during evolution. In fact, Arg and Lys
residues involved in IP; coordination are less con-
served in the lower eukaryotes, suggesting a mecha-
nism whereby IP;Rs evolutionarily acquired dual
control by Ca®>* and IP;.

Disease mutations

Several inheritable human diseases are associated with
RyR mutations. Currently, none are associated with
RyR3 mutations, but recent studies of neurodegenera-
tive disorders such as Alzheimer’s disease (AD) suggest
that overexpression of RyR3 as well as altered expres-
sion of alternatively spliced variants of RyR2 and
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RyR3 may play a role in the remodeling of neuronal
Ca?" signaling which leads to AD [52,53].

Mutations in RyR1 have been linked with malignant
hyperthermia (MH) [54-57], central core disease
(CCD) [58-60] and multiminicore disease [61]. MH is
a pharmacogenetic disorder characterized by a rapid
rise in body temperature, muscle rigidity and rhabd-
omyolysis in severe cases. An MH episode is usually
triggered by a volatile anesthetic or a muscle relaxant,
but in some cases stress can also be a trigger [62].
Administering dantrolene, a hydantoin derivative,
effectively treats MH episodes. Since the first clinical
use of dantrolene in the late 1970s [63], the mortality
rate for MH episodes has decreased from ~ 80% to
5% today [64]. Although dantrolene inhibits RyR1
and studies have shown a direct interaction with RyR1
[65,66], its molecular mode of action remains unre-
solved. CCD is a congenital myopathy that usually
presents during infancy and can lead to death. It is
characterized by regions devoid of mitochondria in
muscle fibers that histologically appear as circular
‘cores’ after oxidative staining [67,68]. Patients usually
present with delayed motor development and hypoto-
nia. Currently there are no known treatments for
CCD.

Mutations associated with RyR2 can give rise to dis-
eases associated with cardiac arrhythmias. Catechol-
aminergic polymorphic ventricular tachycardia (CPVT)

FEBS Journal (2013) © 2013 The Authors Journal compilation © 2013 FEBS

C. owczarzaki RyR (1-917)

gives rise to bidirectional ventricular tachycardia that
can result in sudden death [69]. These episodes are
usually triggered by physical or emotional stress and
patients do not present any structural evidence of
myocardial disease [70]. Another cardiac disease asso-
ciated with RyR2 mutations is arrhythmogenic right
ventricular dysplasia (ARVD). It is characterized by
replacement of cardiac tissue with ‘fibrofatty’ deposits
[71].

Well over 300 RyR mutations have been identified
with a link to human disease. Most of these tend to
cluster in three distinct regions on the protein: the
N-terminal region (1-600), central region (~ 2100—
2500) and the C-terminal region (~ 3900-5000)
(Fig. 1A). It should be noted, however, that mutations
have been found outside these regions (see Phosphory-
lation domain). Mutations associated with a specific
disease tend to cluster in particular regions within
RyRs. For instance, most MH mutations are found in
the N-terminal and central region, while those of CCD
are clustered in the C-terminal region [72]. Most muta-
tion studies point to a gain-of-function hypothesis,
whereby RyRs are rendered hypersensitive to activa-
tion either from the cytosolic [73] or luminal side of
the receptor [74]. One model for this increased sensitiv-
ity or ‘leakiness’ is the ‘zipper’ model proposed by
Ikemoto and colleagues [75,76]. In this model they
suggest that the N-terminal and central regions interact
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with each other. This interaction is thought to stabilize
the channel in its closed state. Mutations clustered at
interfaces between the N-terminal and central regions
of RyR would weaken these normal interactions
involved in the allostery of the channel, thereby desta-
bilizing the closed state and rendering the channel
more sensitive to stimuli. A caveat to this model is
that it is based on the study of smaller peptides [77] as
opposed to the larger folded N-terminal and central
domains. Another and somewhat controversial model
suggests that disruption of protein—protein interactions
between RyR2 and the 12.6 kDa FK506 binding pro-
tein (FKBP12.6) alters the sensitivity of the channel to
stimuli [78]. Dissociation of FKBP12.6 due to protein
kinase A phosphorylation of RyR2 leads to increased
sensitivity of the channel to cytosolic stimuli. More-
over, RyR2 mutations are also thought to weaken the
FKBP12.6-RyR2 complex and hence lead to a leaky
channel [79,80]. This FKBP12.6-RyR2 model has
proved contentious as several groups have not been
able to reproduce the results [81-85].

Regulators of RyR

Since ~ 80% of the RyR is found facing the cytosol, a
wide array of proteins, small molecules and post-trans-
lational modifications are able to regulate the function
of RyR in either a stimulatory or inhibitory fashion.
Here, we highlight those that have been studied using
high resolution structural methods. For a comprehen-
sive review of RyR regulation see Lanner et al. [44].

Dihydropyridine receptor (DHPR)

DHPR is the voltage sensor in myocytes. It is com-
posed of five subunits but only two are essential for
E-C coupling in skeletal cells: the II-III loop of the
ois subunit and the C-terminal tail of the B;, subunit
[86]. The II-III loop is well characterized as the critical
interaction site for E-C coupling [8§7-91]. Depolariza-
tion is sensed by charged residues, which cause a con-
formational change in the loop that is physically
transmitted to RyR1 [92]. One role of the B;, subunit
is to traffic the o5 subunit to the t-tubule membrane;
further, new studies show that it might also contribute
directly to E-C coupling via its C-terminal tail [86,93].
Although DHPR is a key component of E-C coupling,
two distinct mechanisms exist for triggering RyR
opening and subsequent Ca’" release from the SR
into the cytosol. In cardiomyocytes, depolarization of
the plasma membrane results in the opening of the
DHPRs, which allows extracellular Ca®" into the
cytosol. This influx is sensed by RyR2, which binds

F. J. Amador et al.

Ca’" and enables opening of the channel and a fur-
ther influx of Ca®" from the SR into the cytosol. This
process is known as Ca’’-induced Ca®>" release
[94,95]. In skeletal muscles RyRs are intimately tied to
DHPRs allowing a direct link between the two recep-
tors [88,96]. In this scenario, two components of the
DHPR interact with RyR1 in response to depolariza-
tion of the surface membrane. The sensitivity of
DHPR to voltage changes at the plasma membrane
results in a conformational change that is sensed by
RyRI1. Therefore, depolarization of the plasma mem-
brane alone is sufficient to open RyR1. However, not
all RyR1s are in direct contact with DHPR, and there-
fore those channels are activated by Ca’" released
from adjacent RyRls through Ca®"-induced Ca*"
release.

EF-hand containing proteins

Calmodulin (CaM) is a small (17 kDa) EF-hand con-
taining Ca”>" binding protein that is able to fine-tune
the activity of RyRs. It binds to the receptor in both
its Ca’"-bound (Ca’"-CaM) and Ca’"-free (apo-
CaM) states [97,98]. Two overlapping yet distinct
binding sites are proposed for apo- and Ca’’-CaM
on the tetrameric receptor [99], which is in close prox-
imity to residues 3614-3643 in RyR1 and 3581-3612
in RyR2 [9,100]. Each RyR isoform is affected differ-
ently by CaM. Apo-CaM weakly activates RyRI,
while Ca?*-CaM inhibits RyR1 [97,98,100-102]. For
RyR2, both apo-CaM and Ca?"-CaM inhibit its
activity [103,104]. The opposite effects of apo- and
Ca’"-CaM on RyRI activity may be due to the struc-
tural consequences of Ca®® binding to CaM. The
structural fold of apo-CaM allows it to bind to the
‘activating’ binding site while Ca®* binding to CaM
results in its structural rearrangement allowing it to
bind to the ‘inhibitory’ site. S100A1 1is another
EF-hand containing protein that binds and regulates
RyRs. It enhances the activity of both RyR1 and
RyR2 [105,106]. A crystal structure of Ca’’-CaM
bound to a RyRI1 peptide (3614-3643) [107] and an
NMR structure of SI00A1 bound to two RyRI1 pep-
tides (3616-3627) [108] reveal that both proteins com-
pete for the identical binding site by interacting with
the same hydrophobic residues. A simplified model for
apo-CaM, Ca’"-CaM and SI00A1 regulation pro-
poses that under resting conditions SI00A1 primarily
regulates RyR1, allowing it to potentiate maximal
Ca’" release from the SR when it is stimulated. As
Ca®" becomes elevated in the cytosol, Ca’"-CaM
begins to compete out S100A1, thereby promoting
channel inactivation [109].
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High resolution structural studies of
RyRs and its binding partners

Distal N-terminal domain (domain A)

The first reports highlighting atomic resolution struc-
tural features of folded RyR domains focused on the
distal N-terminal domain (domain A) of RyRI
[110,111] and RyR2 [111,112] and their disease-associ-
ated mutants (Fig. 2A). These reports revealed that
domain A folds into a f-trefoil made up of 12
B-strands and a single a-helix, which is similar to the
structure of the suppressor domain of IP;R [111]. Sev-
eral disease-associated mutations corresponding to
MH and CCD (RyR1A) and CPVT and ARVD
(RyR2A) were mapped onto the two structures.
Although there was some separation in the location of
the mutants, most were localized to a loop connecting

HS loop

Domain C

Fig. 2. High resolution crystal structures of folded domains in RyR.
(A) Crystal structure of RyR2 domain A (PDB accession code
M); secondary structure elements in black indicate residues
encoded by exon 3. The rescue loop is represented as a dashed
orange line and the HS loop is colored magenta. (B) Crystal
structure of RyR2 A exon 3 mutant (PDB accession code @);
rescue loop residues are colored as in (A). (C) Structure of
RyR1ABC domain (PDB accession code 2XOA). Disease-associated
mutations are shown in black. Mutations located at salt bridges are
marked with asterisks. The HS loop is colored as in (A) and (B). (D)
Crystal structure of RyR1 phosphorylation domain (PDB accession
code 4ERT). Tandemly repeated RyR domains are shown in
different colors (RyR domain 1 in gray and RyR domain 2 in gold).
Side chains of disease-associated mutations are colored in black,
and those not observed in the crystal structure are shown as black
filled circles. The unstable mutant L2867G is highlighted.
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B8 to B9, termed the hot-spot (HS) loop. X-ray crystal-
lography structures of RyR2A mutants, NMR studies
of RyR1A mutants and biophysical analyses on both
sets of mutants revealed minimal structural perturba-
tions as well as no significant changes in structural sta-
bility, suggesting that these mutations may disrupt
quaternary homotypic RyR interactions or heterotypic
interactions with other regulatory partners [110,111].

RyR2A A exon 3

Recently, Lobo et al. investigated a mutant associated
with a severe form of CPVT that employs a remark-
able structural adaptation [112]. The mutant consists
of a deletion encompassing the entire third exon of
RyR2 that encodes a 35-residue stretch made up of a
B-strand and o-helix in RyR2A (Fig. 2A). Rather than
this invasive deletion mutant inducing a misfolding,
the structural fold of RyR2A is rescued by an inser-
tion into the B-trefoil domain by a flexible loop imme-
diately downstream from the deletion (Fig. 2A,B).
This RyR2A A exon 3 mutant shows a significant
increase in thermal stability which is incongruent with
the severe nature of the disease state [111]. Therefore,
it seems likely that the mutation disrupts intermolecu-
lar and/or intramolecular interactions that gate chan-
nel function, while enhancing the structural stability of
the individual domain. Superimposing RyR2A A exon
3 with RyR1ABC allowed for docking of this domain
onto the cryo-EM map [112]. The docking revealed
that the o-helix from RyR2A is at an interface with
electron dense columns that point toward the TM
domain. Presumably, deletion of this helix in RyR2A
A exon 3 would disrupt this interface and lead to aber-
rant channel activity.

RyR1ABC

The most comprehensive study of the NTD outlines the
structural organization of the entire NTD (RyR1ABC)
as well the location of 56 disease-associated mutations
on its three-dimensional architecture [49] (Fig. 2C).
RyRIABC is composed of three domains, A-C.
Domains A and B fold into B-trefoil cores and domain
C is made of a five-helix bundle. All three domains are
stabilized by hydrophilic interactions. The mapping of
disease-associated mutations revealed that most are
located at intramolecular interfaces between the three
domains or at interfaces between ABC subunits in the
tetrameric channel modeled by docking the high resolu-
tion ABC structures into the cryo-EM map [49] (see
Cryo-electron microscopy). Close to a third of mutants
(19 out of 56) map to an interface between domain A of


http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3IM5
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3QR5
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2XOA
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=4ERT

Ryanodine receptor calcium release channels

one ABC subunit and domain B of the adjacent subunit.
This interface is made up of the HS loop found in
domain A and two flexible loops in domain B. Another
interface concentrated with mutations is located
between domains A and C from the same subunit. Two
salt bridges (Argd5 domain A and Asp447 domain C,
and Asp61 and Glu40 domain A and Arg402 domain C)
stabilize this interface [72]. Biophysical studies examin-
ing the effect of the Argd02Gly disease-associated muta-
tion revealed minimal disruption in the fold and
stability of RyR1ABC [49].

Phosphorylation domain

Recently, two groups independently solved the first
crystal structures outside the NTD [113,114] (Fig. 2D).
The phosphorylation domains from rabbit RyR1 (2734
—2940) [113,114], mouse RyR2 (2699-2904) [114],
human RyR3 (2597-2800) [114] and several disease-
associated mutants [114] were solved to resolutions
ranging from 1.6 to 2.2 A. In both RyR1 and RyR2,
the domain consists of a two-fold symmetrical struc-
ture in which each motif consists of two o-helices, one
or more 3¢ helix and a B-strand. A long and flexible
loop separates each motif and contains the previously
determined phosphorylation targets of S2843 (RyR1)
and S2808/2814 (RyR2). A structure for a protein of
unknown function from Bacteroides thetaiotamicron
VPI-5482 (PDB accession code 3NRT) forms a
homodimer that is strikingly similar to the phosphory-
lation domain of RyR [113,114]. Interestingly, a single
copy of this ‘RyR domain’ encodes this unknown pro-
tein, and despite a low sequence similarity (~ 33%) the
folding of these domains remains highly conserved.
There are 11 disease-associated mutations that can
be mapped onto the phosphorylation domain struc-
tures. These can be divided into three groups: the first
group contains seven mutants all found on the same
face of the structure near the S2843 phosphorylation
site; the second contains three mutants that are on the
opposite face; while the last group contains the
L2867G mutant (Fig. 2D). Most mutants have a mini-
mal effect on the stability of the domain except for
L2867G which demonstrated a melting temperature
13 °C lower than the wild type and readily aggregated
and precipitated at room temperature [114]. This
mutant did not crystallize, probably due to structural
rearrangements caused by the disruption of hydropho-
bic interactions with other residues (i.e. L2871 and
12927) [114]. The E2764K crystal structure revealed
minimal perturbations to the structure; however, a
change in the surface charge was noted [113,114].
S2776M disrupts the hydrogen bond network that
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maintains the structure of a loop connecting ol and
02, while R2939S disrupts three interactions: a salt
bridge between E2870 and Q2877, hydrogen bonds
with an ordered water molecule and van der Waals
contact between the R2939 side chain and two buried
residues (M2874 and W2821); yet for both mutants
their structural integrity remains intact.

A previous study had shown that the most probable
binding site for CaMKII was near R2840 since a
mutation to Ala caused a 300-fold decrease in V. /Kn
for CaMKII [115]. Sharma et al. show that in vivo
CaMKIIB does indeed bind to the phosphorylation
domain and that S2843A reduced this binding affinity
by ~20% [113]. A possible reason for the modest
decrease in binding affinity may be due to the fact that
up to four additional phosphorylation sites in this area
exist for CaMKII [114].

RyR1-DHPR interactions

Downstream from the NTD is a region encoding three
‘SPRY’ domains, so named because they were identi-
fied in both Dictyostelium discoideum tyrosine kinase
spore lysis A (SplA) and the mammalian RyR [116].
SPRY domains normally function as protein—protein
interaction motifs and are composed of a B-sandwich
[117]. Although the precise function of SPRY domains
in RyRs is still unknown, several reports support the
idea that SPRY2 (residues S1085-V1208 in RyR1)
plays a role in E-C coupling and, in fact, may be the
binding partner for DHPR [118-120].

NMR studies carried out on the II-III loop of the
o1s subunit [120,121] and the C-terminal tail (V490—
M524) of the By, subunit of DHPR [93] have probed
the interaction with SPRY?2 and in vitro work has dem-
onstrated that the II-III loop of the ;g subunit is an
activator of RyR1 [122-124]. An NMR study revealed
that the II-1IT loop of DHPR is intrinsically unstruc-
tured [120]. However, there was a propensity for two
regions (A, residues 672-686, and B, 700-709) to form
weak a-helices. The interaction between the II-III loop
and SPRY2 was probed by monitoring the chemical
shift perturbations (CSPs) in the II-III loop 'H-'°N-
HSQC spectra as a function of unlabeled SPRY2 con-
centration. The CSPs were clustered in the A and B
region of the II-III loop. In addition, spin—spin relaxa-
tion (R2) rates were measured for the II-III loop alone
or in complex with SPRY2 to probe for subtle confor-
mational changes. The differences in R2 values were
consistent with the measured affinity (equilibrium dis-
sociation constant Ky ~ um) for the II-III loop to
SPRY?2 [120]. These differences were most pronounced
in the A region which corroborated the CSP data.
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Binding studies probing the effect of mutating key
residues in the A region of the II-III loop (681-
RKRRK-685) revealed an eight-fold increase in Ky for
SPRY?2 indicating that this helical region of the II-III
loop is critical for binding SPRY2 [120]. In order to
stabilize the loop structure, similar to its native
environment where it is bound to DHPR TM domains
at the N- and C-termini, a follow-up study used
intein-mediated technology to cyclize the loop [121].
This study showed that the cyclic loop stabilized the
o-helices in the A and B region as evidenced by an
increased secondary structure propensity score and ele-
vated R2 values compared with the linear loop. The
increased helical stability led to a three-fold increase in
activation of RyR1 channels in SR vesicles [121].

A direct interaction between RyR1 and the C-termi-
nal tail of the B, subunit of DHPR has also been
demonstrated in vitro [125]. The C-terminal 35 residues
form an o-helix that contains a hydrophobic surface
containing three key residues (L496, L500 and W503)
that bind to RyR1 [93]. By mutating all three residues
to Ala, binding was abolished while the structural
integrity of the helix was maintained. Including a
hydrophobic heptad repeat, previously implicated in
E-C coupling [126], to the N-terminus of the 35-resi-
due tail did not increase RyR1 activation. Moreover,
this study demonstrated that mutating this heptad
repeat to Ala did not alter RyR1 activity [93]. Taken
together, this new report suggests a key role for the
hydrophobic face of the new helix from the C-terminal
tail of the P, subunit. In contrast to this in vitro
work, it has not been shown that B;, can bind to
RyR1 in vivo [127,128]. Therefore, future work is
needed to establish the binding mechanism of B, to
RyR1 as well the importance of the three key hydro-
phobic residues in vivo.

Cryo-electron microscopy

The large size of RyRs, their inherent dynamics and
TM region make high resolution structural studies of
the entire receptor extremely challenging. Advances in
single-particle cryo electron microscopy (cryo-EM)
have accelerated our understanding of the structure—
function relationship in RyRs. Initial cryo-EM studies
of RyRI1 isolated from rabbit skeletal muscle exam-
ined the channel in the closed state at a resolution of
~ 2.4 nm [129,130]. Subsequent studies have pushed
the resolution to ~ 10 A [131,132]. These later studies
reveal a tetrameric structure that is made up of a
large cytoplasmic domain (~ 80% volume), with the
remainder of the structure encompassing the TM
region (Fig. 3A,C). The structure exhibits a four-fold
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Fig. 3. Structural comparison of docked NTDs. Cryo-EM structures
of RyR1 (A,C) (EMDB code 1275) and IP3R1 (B,D) (EMDB code
5278) in the closed state are shown in top (A,B) and side view
(C,D). Docked crystal structures of NTDs from RyR1 (PDB
accession code 2XOA) and IP3R (PDB accession code 3UJO) are
colored as in Fig. 1. Docked crystal structure of the phosphorylation
domain (PDB accession code 4ERT) is colored in yellow. Dotted
black lines indicate subregions with associated labels on the cryo-
EM map of RyR1. Solid black line represents interfaces between
different subunits. The scale bar applies to all panels in both
dimensions. Docking was carried out as outlined in [49,50,114].

symmetry axis along the pore of the channel. The
cytoplasmic region measures 270 x 270 x 100 A,
while the smaller TM region measures 120 x 120 x
60 A. The former is full of cavities that separate dis-
tinct regions from one another and ostensibly provide
access to a host of RyR regulators for docking onto
the structure [72]. Several cytoplasmic subregions
have been identified and are thought to play a role in
the allosteric modulation of RyR. These include the
‘clamp’ and ‘handle’ regions as well as the ‘central
rim’ [132,133] (Fig. 3A,C). A study characterizing the
open and closed state of RyR1 at 10.2 A revealed
not only a change in channel pore size but also con-
siderable changes in the conformation of the cyto-
plasmic region [134]. Specifically, the clamp region
moved down towards the SR membrane by ~ 8 A,
while the central rim moved up towards the t-tubules
by 4 A. In addition there is evidence for a twisting
motion in the TM region [134]. These studies reveal
that RyR undergoes allosteric coupling between the
distinct regions in its transition from open to closed
state, with easy access for its regulators to modulate
this coupling.

The insertion of green fluorescent fusion proteins
(GFPs) or antibody epitopes into full-length RyRs has


http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2XOA
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3UJ0
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facilitated approximations of the location of several
RyR regions and accessory proteins in the tetrameric
receptor (reviewed by Kimlicka and Van Petegem
[135]). A caveat of these studies, however, is that the
chromophoric center of fluorescent proteins inserted
into RyR which report on relative localization can be
as far away as 45 A from the insertion site inferred
from primary sequence [136].

The increased resolution of recent cryo-EM maps
for RyR1 in the open and closed state along with fluo-
rescence resonance energy transfer and antibody-based
cryo-EM studies have provided insight into quaternary
interactions during channel opening and approximate
locations of RyR regulatory partners. Additionally, it
has advanced our knowledge of the architectural
arrangement of individual domains in RyR.

Docking of RyR1ABC into the cryo-EM map of
RyRI1 revealed that the NTD forms a vestibule around
the four-fold symmetry axis [49]. A number of disease-
associated mutations within RyR1ABC are located in
the interfaces between different subunits (Fig. 3A). By
comparing the cryo-EM maps of the open and closed
states, subtle changes in the cytoplasmic domain can
be seen, which indicate global conformational changes
that are thought to affect interfaces between individual
subunits [134]. It is probable that mutations located at
these interfaces weaken the interactions, facilitating the
opening of the channel.

The independent docking by two groups of the
phosphorylation domain into the cryo-EM map of
RyR1 placed it in the clamp region [113,114] (Fig. 3A,
C). The results are compatible with previous cryo-EM
studies that used GFPs to generate difference maps
showing the approximate location of this phosphoryla-
tion domain [137]. The fact that there is ambiguity in
the exact orientation may be due to the increased flexi-
bility of this region as it has been shown to move
~ 8 A toward the SR membrane during channel open-
ing [134]. Interestingly, the location also coincides with
a region implicated in mediating contacts with neigh-
boring RyRs [138,139].

Structural comparison between RyRs and IP;Rs

The recent determination of high resolution crystal
structures for the NTDs of RyR (RyR1ABC) [49]
and IP;R (IP;R-NT) [50,51] along with improved
cryo-EM maps of the full-length RyR [131,132] and
IP;R [140] has revealed organizational similarities at
the domain level and in the context of functional tet-
ramers. Individual domains from RyRIABC and
IP3;R-NT superimpose very well despite only 19-25%
sequence identity [141]. Moreover, their relative
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orientation is similar with an rmsd of <3 A. In fact,
the critical gating loop in IP;R and the HS loop in
RyR show remarkable structural conservation [50]
indicative of the importance of this structural feature
to the mechanistic action of both receptors. Both
NTDs form tetrameric rings around a four-fold sym-
metry axis with similar positions for each domain
(Fig. 3A,B). This similarity in structure extends to
their function as demonstrated by chimeric studies
[50]. Deleting the suppressor domain of IP3R results
in defective gating [142]. Seo et al. [5S0] demonstrated
that exchanging domain A of RyR1 with the suppres-
sor domain of IP;R recapitulates IP;-dependent chan-
nel opening and reproduces the effect of the
suppressor domain. These results demonstrate that
the two domains can be functionally swapped, consis-
tent with the notion of a common ancestry indicated
by our phylogenetic analysis (Fig. 1). This chimera
study was also extended to the TM region of IP;3R,
where the C-terminal TM region was swapped with
the corresponding RyR region [50]. Again IP; was
able to activate this chimera, demonstrating a com-
mon gating mechanism between the two receptors.
Taken together, these data strongly support the co-
evolution of these two receptors, allowing key
domains to be swapped with retention of function.

Conclusions

The last decade has provided the first high resolution
structures of these critically important Ca®" release
channels. It is evident from these and cryo-EM studies
that the N-terminus of both receptors plays a crucial
role in gating the two channels. EM studies show that
the central rim of RyR experiences large movements
during channel opening and closing. It is possible that
disease-associated mutations disrupt these allosteric
movements, thereby perturbing the normal function of
the channel (Fig. 4A,C). The large distance between
the two investigated cytosolic regions (NTD and phos-
phorylation domain) and the TM domain precludes
any direct interaction. It remains to be determined
which parts of the regulatory region are the crucial
link that relays information to the pore. This scenario
is also mirrored in IP;R where the same domain archi-
tecture is present (Fig. 4B,D). Again, the large dis-
tances between the pore and IP3;R-NT suggest the
involvement of other parts of the receptors, despite an
earlier biochemical study which proposed a hypotheti-
cal model of direct coupling between the pore and the
IP;R-NT [143].

Our evolutionary analysis suggests that IP3;R-NT
evolved from a lower order RyR (Fig. 1). The
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Fig. 4. Model of coupling between the TM domain and NTD via
the regulatory domain in RyR and IP3R. Cartoon representation of
the proposed gating mechanism for both receptors. Panels and
coloring are the same as in Fig. 3. (A), (B) Double headed arrows
represent proposed allosteric interactions between domains on
different subunits. (C) Red double headed arrows represent
observed movement caused by the opening of RyR1. Estimated
distances are indicated in angstroms (A). (D) Small black double
headed arrows represent proposed movement by TM segments
during channel opening. Gradient arrows in (C) and (D) indicate
hypothetical allosteric interactions between the TM domain and
NTD in RyR1 and IP3R. These interactions most probably occur via
the regulatory domain which may interact with the A/suppressor
domain from RyR1 and IP3R.

remarkable structural similarities observed between
RyR1ABC and IP;R-NT and the functional inter-
changeability of these domains strongly support this
notion. It is noteworthy that the primary sequences of
RyRs are almost twice as large as the IP3Rs, implying
that RyRs may have a larger array of small molecule
and protein regulators than IP3;Rs. Further work is
needed to test this notion, as important questions still
remain unanswered: where are the Ca®" binding sites
for both proteins and how does this divalent cation
regulate receptor activity; what are the structural
mechanisms for RyR regulation by key partners such
as DHPR, FKBP and ATP, to name a few; how do
these binding partners affect the observed allosteric
interactions in the tetrameric context of RyR? Under-
standing the structural mechanisms of receptor func-
tion for these vital Ca’>" release channels will promote
new rationale and approaches to the treatment of
myriad Ca®"-signaled malignancies and increase our
understanding of fundamental physiological mecha-
nisms in human health.
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