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Abstract

Ryanodine receptors (RyRs) are calcium release channels located in the
endo/sarcoplasmic reticulum that play a crucial role in the excitation-contraction coupling. Over
500 mutations have been found in the skeletal muscle (RyR1) and cardiac (RyR2) isoforms that
cause severe muscle disorders or life-threatening arrhythmias. Mechanisms of these mutations
have remained elusive largely due to the lack of high-resolution structures. Here, we compare
pseudo-atomic models of the N-terminal region of RyR1 in the open and closed states together
with crystal structures and thermal melts of multiple disease-associated mutants. We describe a
model in which the intersubunit interface at the N-terminal region acts as a brake in channel
opening. Next, we depict crystal structures of mutants at the intersubunit interface of RyR2 Nterminal region that perturb the structure of a loop targeted by multiple mutations. Furthermore,
the crystal structure of the N-terminal domains of RyR2 reveals a unique, central anion-binding
site. This anion binding is ablated in a disease-associated mutant that targets one of the anioncoordinating arginine residues, resulting in domain reorientations. Several other disease-causing
mutations destabilize the protein. Taken together, the results illustrate a common theme across
the RyR isoforms and their homologous IP3 receptors that conformational changes at the Nterminal region caused by the destabilization of the interfaces are allosterically coupled to
channel opening.
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Chapter 1: Introduction

Calcium ions (Ca2+) are important intracellular messenger molecules in nearly every cell
type of the human body. Under so-called “resting” states of the cell, the concentration of Ca2+ in
the cytoplasm is extremely low (~10-7M), but this can rapidly rise ~2 orders of magnitude when
an appropriate signal is generated. Ca2+ can enter the cytoplasm either from the extracellular
space or from intracellular compartments through specialized membrane proteins. These
“calcium channels” are complex proteins, often consisting of multiple subunits, and are targets
for multiple regulatory events. The mobilization of Ca2+ from these organelles can trigger many
Ca2+-dependent events, such as the contraction of muscle tissue.
A major intracellular Ca2+ store is the endoplasmic reticulum (ER), or its specialized
form, the sarcoplasmic reticulum (SR) in muscle tissue. There reside ryanodine receptors
(RyRs), high-conductance Ca2+-release channels responsible for releasing Ca2+ from the
intracellular store into the cytoplasm (Figure 1.1). RyRs are involved in various physiological
events such as learning and memory, secretion, fertilization, and apoptosis. Their most prominent
role, however, is in the contraction of both cardiac and skeletal muscle.
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Figure 1.1: A schematic diagram of the components in E-C coupling. Depolarization of the plasma membrane
activates the voltage-gated Ca2+ (CaV) channels, embedded in the T-tubule, which conduct Ca2+ influx into the
cytoplasm. RyRs in the SR membrane sense this Ca2+ signal and amplify it by releasing more Ca2+ from the SR store
(Ca2+-induced Ca2+ release, CICR). This provides enough Ca2+ for the muscle contraction to occur. RyRs can also be
activated through an overload of the luminal Ca2+ in a process known as store-overload-induced Ca2+ release
(SOICR). SERCA pump in the SR membrane and Na+/Ca2+-exchanger in the plasma membrane restore the resting
[Ca2+]. The activity of RyR can be upregulated by the PKA phosphorylation upon the activation of β-adrenergic
receptor in the plasma membrane.

2

The naming of RyRs originates from the ability of the channel to bind the plant alkaloid
ryanodine, a toxic compound from the South American plant Ryania speciosa(1). Ryanodine
binds RyR at nanomolar affinity, which locks the channel in subconductance states at low
concentrations and blocks them entirely at higher concentrations(2). RyRs are the largest ion
channels currently known and form homotetrameric assemblies measuring approximately
2.3MDa (565kDa/subunit). In mammalian organisms three isoforms have been identified,
encoded on different chromosomes. RyR1 is the predominant isoform in the skeletal muscle(3),
while RyR2 is enriched in the heart(4). The third subtype (RyR3) was originally identified in the
brain(5), but all three isoforms are expressed in multiple cell types. They share about 70%
sequence identity, and the sequence variations mainly stem from three divergent regions in the
RYR genes, referred to as DR1, DR2, and DR3(6).
RyRs are crucial in excitation-contraction (E-C) coupling (Figure 1.1). In myocytes,
depolarization of the plasma membrane propagates through invaginations in the sarcolemma
(transverse tubules, or T-tubules), where L-type voltage-gated Ca2+ channels (CaVs) are located.
The activation of these CaVs by membrane depolarization stimulates RyRs in the SR. Thus, CaVs
act as the voltage sensors for RyRs(7-9). In the skeletal muscle, RyR1 and CaV1.1 interact
directly(10,11), and this mechanical coupling is sufficient for the activation of RyR1. On the
other hand, in the cardiac muscle, RyR2 is activated by the small influx of extracellular Ca2+
through CaVs in a process known as Ca2+-induced-Ca2+ release (CICR). In either case, the end
result is a massive release of SR Ca2+ into the myoplasm through RyRs in response to membrane
depolarization, leading to muscle contraction. RyRs, thus, act as the signal amplifiers, increasing
the Ca2+ message originating from L-type CaVs. The T-tubules and the SR form very close
contacts (~12nm) in junctional sites(12). In the skeletal muscle, junctional sites are known as
3

triads, while they form dyads in cardiac myocytes(13). The proximity between the two
membranes allows a rapid and precise communication between the voltage sensor and the signal
amplifier.
Mutations in RyRs have been linked to severe disease phenotypes, reflecting their
importance in the tight regulation of Ca2+ release during muscle contraction(14). More than 300
mutations have been identified in RyR1, and they are associated with malignant hyperthermia
(MH)(15), central core disease (CCD), and several other conditions(16). In the cardiac isoform,
more than 150 mutations have been linked to catecholaminergic polymorphic ventricular
tachycardia (CPVT)(17) and arrhythmogenic right ventricular dysplasia type 2 (ARVD2)(18),
two conditions that can lead to sudden cardiac death.
The RyR provides a platform for an abundance of small molecules and protein binding
partners, and this is the likely reason for the enormous size of this protein(19)(20-24). The
primary regulatory molecule is cytoplasmic Ca2+, which triggers the channel to open. However,
higher Ca2+ levels can trigger closing, indicating that there is more than one Ca2+ binding site:
activation sites and inactivation sites. Under conditions whereby the SR is overloaded with Ca2+,
RyRs can also open spontaneously in a process known as store-overload-induced Ca2+ release
(SOICR)(25,26). Some of the auxiliary proteins include, but are not limited to, calmodulin
(CaM), FK506-binding proteins (FKBPs), calsequestrin, kinases (PKA, PKG, and CaMKII), and
phosphatases (PP1, PP2A, and PDE4D3)(27). The size of this modulatory complex can be up to
7 MDa(20).
The presence of RyRs in the SR has been observed more than 40 years ago, long before
their identification. In electron microscopic images, regularly spaced electron-dense protrusions
were observed extending from the SR membrane and spanning the gap in the triads(28). Not
4

knowing the identity of these structures as the Ca2+ release channels at the time, these protrusions
were later referred to as the “feet” structures(29). Since then, multiple studies have generated 3dimensional structures of RyRs, which has provided a wealth of information on the molecular
mechanisms underlying these complex channels.
1.1

Ryanodine receptors and genetic disease
RyRs are target for plethora of disease-associated mutations, highlighting their

importance in the cellular processes and the need for their tight regulation. To date, more than
300 mutations have been identified in RyR1, and over 150 mutations have been found in RyR2.
Although there may be a significant amount of sequencing bias(30), many mutations are found in
three clusters or “hot spots” (Figure 1.2).
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Figure 1.2: Disease hot spots. A linear view of the RyR1 and RyR2 amino-residue sequences, with each vertical
line representing a disease mutation. The areas of solid colors correspond to domains A (blue), B (green), C (red),
phosphorylation domain (purple), and pore-forming domain (orange). The available crystal structures are shown
above the sequences: RyR1ABC (PDB accession code 2XOA) and RyR1 and RyR2 phosphorylation domains (PDB
accession codes 4ERT and 4ETV, respectively).

1.1.1

Malignant hyperthermia
Malignant hyperthermia (MH) is a pharmacogenetic disorder, requiring both a genetic

mutation and an external trigger to cause a disease phenotype. The condition is mostly linked to
mutations in RyR1, but some mutations in the skeletal muscle L-type Ca2+ channel (CaV1.1) can
also cause this disorder(31). It is typically triggered by the use of inhalational anesthetics or a
6

muscle relaxant, succinylcholine(32). The condition is considered rare, with an incidence of
1:60,000 for adults or 1:15,000 for children(33).
A MH episode is characterized by an abnormal rise in the core body temperature, skeletal
muscle rigidity, acidosis, and tachycardia. Most modern surgery rooms monitor for these signs
and will make use of dantrolene, which can rapidly reverse the symptoms. Dantrolene acts by
decreasing the intracellular Ca2+ concentration(34). Several studies suggest a direct interaction
between dantrolene and RyR1, and it is thought that dantrolene directly prevents Ca2+ release
through RyR1(35,36), although some studies failed to observe any effect of dantrolene on
purified RyR1, questioning the direct binding between the two(37).
The first link between MH and RyR1 came through a related disorder in pigs, known as
porcine stress syndrome (PSS). It was found that the pig RyR1 mutation R615C underlies
PSS(38), and soon after, the corresponding mutation in humans was linked to MH(15).
1.1.2

Core myopathies
Central core disease (CCD) is a congenital myopathy, characterized by progressive

muscle weakness and the presence of metabolically inactive tissue (or cores) in the center of
muscle fibers. These cores lack mitochondria, and the myofibrillar organization is disrupted. The
common phenotype of CCD includes muscle atrophy, floppy infant syndrome, and skeletal
muscle deformities(39,40). It was established early on that there is a connection between CCD
and MH susceptibility(41), and some RyR1 mutations have been found to cause both(40).
Multi-mini core disease (MmD) is another inherited congenital myopathy. Unlike CCD,
whose inheritance is autosomal dominant, MmD is usually considered recessive(39). As its name
suggests, MmD is characterized by the presence of multiple ill-defined cores in muscle fibers.
MmD can cause axial muscle weakness that can lead to severe scoliosis(39). Although MmD is
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mainly associated with mutations in RyR1(42), mutations in selenoprotein N1(43), a protein
required for RyR1 Ca2+ release(44), and α-actin (ACTA1) have also been found to underlie
MmD(45).
1.1.3

Catecholaminergic polymorphic ventricular tachycardia
Also known as CPVT, this disorder manifests itself in young individuals, with either

syncope or sudden cardiac death as the first symptom. Many affected individuals will develop
cardiac arrhythmias that are triggered by physical exercise or emotional stress. CPVT is mostly
detected through stress tests, which indicate bidirectional ventricular tachycardia. Typically no
morphological abnormalities of the myocardium are detected. The disease is mostly due to
mutations in the cardiac RyR2 isoform(17), but mutations in the associated proteins
calsequestrin(46), triadin(47), and CaM(48) can also be the cause.
As CPVT is triggered by β-adrenergic stimulation, it can be treated by β-blockers(49).
Flecainide, a sodium channel blocker, has also been found to be beneficial for CPVT
patients(50).
1.2

Functional studies of RyRs
Although increasing numbers of RyR mutations are identified in patients and their family

members, only a handful of them have been validated as causative disease mutations(33).
Functional studies are necessary to prove the molecular basis of the mutations as pathogenic, and
without such characterizations, the possibility that some of the mutations are the result of
polymorphism cannot be ruled out. Moreover, functional studies provide a number of clues on
how the mutations affect the channel function. For example, do the mutations facilitate channel
opening or do they inhibit the channels? Do the mutations affect the channel sensitivity towards
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cytosolic modulators or luminal modulators? In this section, different methods of performing
functional studies and their results are highlighted.
1.2.1

Model systems
Variety of model systems for studying the functional effects of RyRs, in physiological

and pathogenic states, have been developed over the years. These can be roughly divided into
three groups: endogenous and recombinant expression systems and in vivo models.
1.2.1.1

Native expression systems
In the early days, before and shortly after the discovery of RyR1 mutations in MH-

susceptible pigs and individuals, SR vesicles were prepared from muscle biopsies(51,52). SR
vesicles from non-MH-susceptible animals or individuals were also obtained to serve as controls.
These are endogenous expression systems since SR vesicles contain native RyRs. SR vesicles
can be used as a whole or can be further purified to obtain individual RyR channels.
SR vesicles prepared from biopsies are invasive, since they involve acquisition of native
RyRs expressed in patients or knock-in mice carrying mutations. For example, skeletal myotubes
have been isolated from MH-susceptible and/or CCD patients(53-56). Both RyR1 and RyR2 can
be studied by isolating skeletal myotubes and cardiomyocytes from knock-in mice,
respectively(57-59). Flexor digitorum brevis fibers, present in the feet, have also been derived
from knock-in mice for the study of RyR1 mutations(60-63).
In some cases, measures have been taken to alleviate some of the affliction on obtaining
native RyRs from patients by using less invasive approaches. In one study of a CCD-associated
mutation, fibroblasts from a CCD patient were differentiated into muscle by myoD conversion
with adenovirus(64). In other cases, immortalized lymphoblastoid cells were generated using Blymphocytes isolated from blood samples(65,66).
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1.2.1.2

Recombinant expression systems
A more commonly used model is a recombinant expression system. By using cells that

lack the native expression of RyRs, all results will arise only from the mutant RyRs. One of the
most well-used systems are dyspedic myotubes, which are derived from mice that lack RyR1, or
RyR1-null mice(67-70).
Also frequently used are human embryonic kidney (HEK)-293 cells. HEK-293 cells not
only lack native RyR expression but also lack other components involved in E-C coupling. Yet
HEK cells have been demonstrated to express functional channels when they are transfected with
RyR cDNA(71-76). Other cell lines used in functional studies include COS-7(77), myoblastic
C2C12(78), HL-1 cardiomyocytes(79,80), and CHO cells(81).
1.2.1.3

In vivo systems
Knock-in mice have served as valuable models for functional studies of mutations in

RyR1 and RyR2(57-59,82,83). The comparison between mice that are homozygous or
heterozygous for the mutation in question has provided clues about the gene dosage effects in
different disorders. Studying the effect of mutations on the body as a whole provides insights that
are more relevant to clinical phenotypes, such as mutational effects on multiple organs.
1.2.2

Methods
Multiple techniques have been implemented to characterize mutant RyRs in different

expression systems. Four commonly used methods are briefly introduced here.
1.2.2.1

[45Ca2+]-uptake and release assays
One way to measure Ca2+ release through RyRs is via [45Ca2+]-uptake and release

assays(84-86). Microsomal vesicles expressing recombinant RyR and SERCA1a are prepared.
SERCA1a (sarco/endoplasmic reticulum Ca2+-ATPase) is a Ca2+ ATPase that pumps back Ca2+
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from cytosol into the SR/ER lumen. The vesicles are then incubated with [45Ca2+], during which
SERCA1a drives [45Ca2+] into the vesicles. By comparing the amount of [45Ca2+] accumulation
in the presence or absence of the potent RyR inhibitor Ruthenium Red, the amount of Ca2+
release through RyR can be determined.
1.2.2.2

Whole-cell Ca2+ fluorescence assays
A more widely used technique is a Ca2+ fluorescence assay involving whole cell

samples(71-73,75,77,78,87). Cells, usually HEK-293 with recombinant expression of RyR, are
loaded with a fluorescent Ca2+ indicator, such as fura-2, which diffuses throughout the
cytoplasm. By measuring florescence with confocal microscopy, the resting [Ca2+] levels in the
cytoplasm, as well as the frequency, duration, and extent of Ca2+ release from RyR can be
calculated. The addition of caffeine to the cell leads to the depletion of the Ca2+ store in the ER
through RyR, and in this way, the [Ca2+] levels in the ER can also be measured.
1.2.2.3

[3H]-ryanodine binding assays
Also commonly used is a [3H]-ryanodine binding assay(72,73,75,76,88,89). SR vesicles

containing endogenous or recombinant RyR are incubated with ryanodine containing the
radioactive isotope of hydrogen: [3H]-ryanodine. Since ryanodine binds to RyR in the open state,
binding of [3H]-ryanodine is indicative of the measure of open channels. The extent of RyR
activation is then measured by radioactive counting on the [3H]-ryanodine bound to RyR at the
end of the experiment.
1.2.2.4

Single-channel electrophysiology
As opposed to whole-cell measurements, activities of a single channel can be recorded

using planar lipid bilayer electrophysiology(66,87,89,90). Recombinant or endogenous RyR
from crude SR vesicle preparations or from purified material are fused into an artificial lipid
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bilayer formed across two chambers. The current generated by ions passing through the channel
is then recorded. This method allows various properties of the single channel to be determined,
including the open probability, duration of the open and closed time, and conductance. The two
chambers can resemble cytoplasmic and luminal sides of the channel, allowing the studies of
Ca2+-induced Ca2+ release (CICR) from the cytoplasmic side or store-overload-induced Ca2+
release (SOICR) from the luminal side. The planar lipid bilayer technique also allows for
additional control because purified auxiliary proteins or pharmacological modulators can be
added to either side of the chambers.
1.2.3

Highlights of the results
Functional studies of mutant RyR channels have generated numerous insights into the

molecular basis of the RyR channelopathies. Accordingly, complex sets of results have been
generated that require careful interpretation and have resulted in debates. For example, many
mutations seem to make RyRs more active, but the exact nature of this change is still under
scrutiny. In some cases, mutations seem to be more sensitive to cytosolic activators, while other
evidence suggests they are more sensitive to luminal Ca2+ levels. Others suggest that altered
phosphorylation states of the channel or affinity to auxiliary proteins are the causative
mechanism. In this section, results of the functional studies are highlighted as mutations that
cause RyRs to be either hypersensitive (more prone to opening upon stimulation) or
hyposensitive (requiring more stimulus to open). RyR mutations can be pathogenic either
through gain or loss of function since alteration in Ca2+ homeostasis in either direction can cause
aberrant muscle functions. Yet other mutations have exhibited no apparent alterations in the
functional studies performed so far. The results are summarized in Appendix A.
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1.2.3.1

Gain-of-function mutations
The majority of the mutations in both RyR1 and RyR2 have been shown to make the

channels hyperactive. This includes the first disease-associated mutation found in porcine stress
syndrome, RyR1 R615C. Functional studies have revealed that RyR1 channels with this
mutation have significantly lowered threshold for activation by Ca2+, caffeine, and halothane
compared to wild-type channels, while having markedly increased threshold for inactivation by
Ca2+, Ruthenium Red, or Mg2+(51,52,77,78,84,85,88,91-93). These results are characteristic of
gain-of-function mutations that alter RyRs into hypersensitive channels. RyRs that are
hyperactive are often described as “leaky,” and in addition to their increased sensitivity towards
activators or reduced sensitivity towards inhibitors, they often exhibit increased resting [Ca2+]
levels in the cytoplasm, reduced SR Ca2+ store content, or altered maximal Ca2+ release.
1.2.3.2

Loss-of-function mutations
Although less common, some mutations in RyRs have been demonstrated to reduce

channel activity. For example, I4898T mutation in the transmembrane region of RyR1,
associated with an unusually severe and highly penetrant form of CCD, has been shown to cause
complete uncoupling of sarcolemmal excitation from SR Ca2+ release, in which activating
signals from L-type CaV channels to RyR1 are uncoupled(67). Mutations that disrupt signaling
between CaV1.1 and RyR1 are known as “E-C uncoupling” mutations. It has also been shown
that the I4898T mutation leads to a complete loss of Ca2+ release induced by caffeine
stimulation(94). Many other CCD-associated mutations located at the predicted pore region of
RyR1 (G4890R, R4892W, A4894P, I4897T, G4898R, G4898E, and R4913G) have also been
shown to abolish E-C coupling and/or exhibit reduced sensitivity to activation by Ca2+, caffeine,
or 4-CmC(70,86,95-98).
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In RyR2, fewer mutations thus far have been associated with a reduction in activity,
suggesting that a loss of function in RyR2 may be less tolerated than in RyR1. A4860G mutation
in RyR2 is associated with idiopathic ventricular fibrillation (IVF) and is located at the predicted
inner pore helix. It has been shown to diminish response or increase the threshold for activation
by SOICR(99,100). Furthermore, RyR2 A1107M mutation in mice (corresponding to T1107M
mutation in humans, associated with hypertrophic cardiomyopathy) has been shown to increase
the threshold for Ca2+ release termination(101,102).
1.2.3.3

Mutations with no discernible functional change
Effects of some disease-associated mutations are less apparent. For instance, single

channel measurements of RyR1 A1577T and G2060C mutants produced no discernible change
in the activity of the channels compared to that of the wild type(103). Similarly, [3H]-ryanodine
binding assays of RyR1 R2939K expressed in HEK-293 cells failed to show alteration in Ca2+dependent and caffeine-induced activation compared with wild-type channel(104). RyR1 I404M
expressed in dyspedic mice myotubes exhibited resting [Ca2+] levels and SR [Ca2+] content
comparable to that of the wild type(68). Furthermore, expressions of RyR1 D3987A and
G3939A rabbit cDNA (corresponding to MH-associated mutations D3986E and G3938D in
humans, respectively) in HEK-293 cells only showed responses to activation by Ca2+, caffeine,
and 4-CmC comparable to that of the wild type(72,75).
For those mutations where no clear functional effect has been observed, it is possible that
they are not causative of disease but, instead, simply represent polymorphisms. Alternatively,
their effect may only become apparent in the native environment, where particular regulatory
mechanisms exist that are not captured by the model systems.
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1.2.3.4

Remark on functional studies
Overall, there is an apparent theme between RyR activity and disease phenotype. MH and

CPVT are associated with RyR mutations that give an overall gain-of-function phenotype. On
the other hand, CCD can be due to either a gain or a loss of RyR1 activity. Loss of function
results in impaired Ca2+ release and, hence, decreased contractility observed in CCD. The gain of
RyR1 activity can lead to a general “leak” of Ca2+, resulting in an overall lowered concentration
of Ca2+ in the SR. The result is then an insufficient amount of Ca2+ being available for an E-C
coupling event, again resulting in decreased contractility.
For those mutations with less clear effects, as well as those which have been shown to be
causative for aberrant Ca2+ homeostasis, combining functional studies with structural
investigations would provide further useful insights into the molecular basis of diseaseassociated mutations in RyRs.
1.3

Structural studies of RyRs
Knowing the atomic details of a macromolecular assembly greatly enhances our insights

into a particular protein. Unfortunately, RyRs present major challenges to techniques such as Xray crystallography because of the enormous size, the integral membrane protein nature, and
dynamic features that result in a heterogeneity of functional states. For this reason, electron
microscopy of single particles and two-dimensional crystals has been the primary method of
choice in the field for many years. In the recent years, however, NMR and crystal structures of
several segments of RyRs have started to emerge. These atomic-resolution structures provide
details that are key to understanding the molecular mechanisms of the channel function in normal
and diseased states.
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1.3.1

Cryo-EM studies of closed RyRs
The presence of junctional “feet” structures has been observed almost half a century ago

in thin-section or negative stain electron microscopic images. In these studies, images captured
square-shaped, electron-dense protrusions from the SR membrane from both native muscle
tissues and isolated SR vesicles. For a limited set of examples, see references(10,28,29,105,106).
The feet were shown to be composed of four subunits(107), and their identity was confirmed
when the electron microscopic images of purified RyRs were able to show the characteristic
“feet” structures(108).
An intriguing property of RyRs is their ability to form two-dimensional arrays. It was
observed in native tissue preparations that skeletal muscle RyRs form checkerboard-like lattices,
touching the neighboring molecules near the corners(12,107,109).
It was later found that this is an intrinsic property, as purified RyR1 was able to assemble into
similar patterns and could form two-dimensional crystals(110,111). In the skeletal muscle
preparations, tetrads of CaVs were found to coincide with the cytoplasmic region of RyR1 in an
alternating fashion. This strongly suggested that the two membrane proteins, each being part of a
different membrane, physically interact(10). The functional implications of the clustering and
RyR-CaV interaction will not be discussed here but are reviewed elsewhere(7,14,22).
Numerous efforts have been made to improve the structural details of RyRs in the
electron micrographs. Due to its high abundance in the SR membrane and the relative ease of
purification, the RyR1 structure has been the most intensively studied. One group obtained a
37Å-resolution structure of RyR1 by generating computer-averaged images from multiple
negative stain images(109,112). The resolution was further improved to ~30Å by the use of
frozen-hydrated sample preparations in cryo-electron microscopy (cryo-EM)(102,113,114). By
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this time, enough details were present to identify globular-shaped domains in the cytoplasmic
region of the channel. Further description was given to the RyR structure: regions found at the
corners were termed “clamps” as they resembled the shapes of laboratory clamps, whereas the
regions that connected these corners were termed “handles”(114)(Figure 1.3).
Comparison between the structures of the three isoforms showed that the overall features
are universal among subtypes, which is not surprising given their high sequence homology(115118). The most striking trait of the RyR is its mushroom shape, composed of two parts: a larger
cytoplasmic region forming the cap (~80%) (previously known as the “foot” structure) and a
smaller transmembrane region forming the stem (~20%). Both form square prisms that are
rotated by ~40° relative to one another, and which are connected via four thick columns ~14Å
long. The transmembrane region measures 120 x 120 x 60Å3, whereas the cytoplasmic foot
measures approximately 270 x 270 x 100Å3. The latter portion contains numerous globular
masses and a series of cavities in which more than 50% of its volume is occupied by solvent.
Fifteen globular subregions have been identified so far and arbitrarily assigned numerical labels.
Based on segmentation of the highest resolution map(119,120)(Figure 1.3), these subregions can
be divided into four units: (i) clamps at each corner (subregions 5, 6, 7a, 7b, 8a, 8b, 9, and 10);
(ii) handles connecting two clamp regions (subregions 3 and 4); (iii) a central rim on the
cytoplasmic face around the fourfold symmetry axis (subregions 1, 2a, and 2b); and (iv) columns
(subregions 11 and 12) that connect the cytoplasmic and transmembrane regions. Some of the
subregions have received alternative labeling(121) (Figure 1.3, brackets). The subunit boundary
between each monomer was proposed to center around the handle region, containing one whole
handle, two halves of the clamp regions on either side, and a quarter of the central rim(120),
although there are some discrepancies (see Section 1.3.6.2 and Chapter 2).
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Figure 1.3: An overall structure of RyR. The ~10Å cryo-EM reconstruction (EMDB accession code 1275) of
RyR1 in the closed state. (a) Top view from the cytoplasm facing the SR and (b) side view from the plane of the SR
membrane. Subregions are labeled according to Serysheva et al.(120), with respective alternate labeling according to
Samso et al.(121) shown in brackets.

The major difference between RyR1 and RyR2 seems to be located in the clamp region,
where some masses were found to be either larger or smaller in RyR2 than in RyR1(115).
Similarly, comparison between RyR1 and RyR3 has revealed an extra mass in RyR1 that is
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missing in RyR3(118). These structural differences likely contribute to distinct functional
properties among the three isoforms.
A key question surrounding RyR structure is the transmembrane region. How many
helices are present, and what is the architecture of the pore-forming part? In order to analyze the
transmembrane assembly, the quality and resolution of the maps are of key importance. Two
groups have described the structures of closed RyR1 at resolutions near 1nm, with reported
resolutions of 10.2-10.3Å(121,122) and 9.6Å(119). It is noteworthy that both studies used
different criteria to report the resolution (Fourier shell correlation or FSC cutoff 0.15 versus 0.5,
respectively), adding to the debate of which criterion should be used(123-125). A recent
discussion on the validation estimates the highest resolution of RyR cryo-EM reconstructions to
fall between ~10Å to ~12Å(126).
The highest resolution currently available for any full-length RyR is at ~10Å for the
closed state of RyR1(119,126). At this resolution, five putative membrane-spanning α helices in
each subunit could be assigned inside rod-like densities. However, there are likely more
secondary structure elements, and it has been suggested that each subunit contains 6 or 8
transmembrane helices(127). Two out of the five putative helices (simply named helices 1 and 2)
are located near the 4-fold central axis and resemble the pore-lining and pore helix structures
observed in K+ channels (Figure 1.4). Helix 1 is about 45Å long and is kinked, bending away
from the 4-fold symmetry axis. At the SR luminal side, helices 1 from each subunit together
form a large, funnel-like cavity with a diameter of approximately 30Å, which likely forms the
channel entrance. The funnel tapers towards the SR membrane, and the narrowest part measures
about 15Å in diameter. Helix 1 is the likely candidate for the inner, pore-lining helix. Helix 2 is
shorter (~22Å) and is tilted about 50° with respect to the plane of the SR membrane. Helices 2
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from each subunit point towards the 4-fold central axis to form an opening of ~7Å and are,
therefore, prime candidates for the pore helices. Putative helices 3, 4, and 5 have lengths of about
18-22Å.

Figure 1.4: The pore-forming region. A close-up of the transmembrane region of the ~10Å closed RyR1 cryo-EM
map from the side view. The putative helices are outlined. The surrounding densities are clipped for clarity.

Because crystal structures are now available for the pore region of several K+ channels,
the helical arrangement can be compared directly with the presumed pore-forming region in the
cryo-EM reconstructions. Although the ~10Å cryo-EM reconstruction is thought to represent
RyR1 in the closed state, helices 1 and 2 only poorly match the helices of the closed KcsA K+
channel structure(128). Instead, a higher correlation was found for MthK channel in the open
conformation. Kinking of the inner helices in MthK channel is thought to open this channel(129).
Since helix 1 appears to be bent already, kinking of the inner helices in RyRs is likely not
sufficient for channel opening(119). A proposed model places a highly conserved glycine
(Gly4934) at the hinge position of the inner helix and two rings of negative charges at the
luminal and cytoplasmic opening of the pore. Such a charge distribution is commonly observed
in cation-selective channels. For a limited set of examples, see references(128,130-134).
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In contrast with this, different conclusions have been reported by Samso and colleagues.
In two RyR1 structures in the closed state at reported resolutions 10.2-10.3Å (FSC 0.15 cutoff),
manual docking showed a higher correlation between the closed RyR1 and closed KcsA or
KirBac1.1 channels(121,122,128,135). Therefore, there are discrepancies in the shape of the
transmembrane helices and in the interpretations of possible modes of channel gating. These may
be due to overall differences in the conformational purity of the samples, or simply due to
differences in resolution (~4Å of difference when the FSC 0.5 criterion is applied to all studies).
As the structures originated from detergent-solubilized preparations, it cannot be excluded that
there are differences depending on sample handling.
More recently, a feature detection program was used to identify secondary structures in
the cytoplasmic region using the ~10Å structure of RyR1(120,136). The authors identified 36
putative α helices and seven putative β sheets in the cytoplasmic foot. In particular, one putative
β sheet is located at subregion 12, near the tapered section of the “column” region. This β sheet
may play an important role in the gating of the channel since other channels, including Kir and
HCN2, share β sheets at the same location(135,137-140).
1.3.2

Opening and closing
Being such a large protein, it is conceivable that opening and closing of the channel is

allosterically coupled to the large cytoplasmic foot region. The first open structure of RyR was
obtained by Orlova and colleagues at 30Å resolution(141), followed by more structures in the
subsequent years(118,122,142). In these studies, the open conformation of RyR was stabilized by
the presence of Ca2+ and other modulators, such as ryanodine, PCB95, and ATP homologs.
The studies all agree that the closed and open RyRs share similar overall structures. One
obvious difference is a widening of the central pore upon opening. The authors also reported
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global conformational changes between the two states, especially in the clamps and the
transmembrane region. Since structural changes occur far away from the proposed pore region,
RyRs are clearly allosteric proteins, and interference with any of the movements is likely to
affect channel function.
The highest resolution available for the open-state RyR thus far is at reported 10.2Å (FSC
0.143 cutoff) for RyR1(122). The authors used PCB95, a neuroactive compound, to stabilize the
open state. The largest conformational changes were found in the cytoplasmic foot. In the open
conformation, subregions 7, 8, 9, and 10 in the clamp move down towards the SR membrane by
~8Å, while subregion 6 moves outwards by ~5Å (Figure 1.5). In addition, subregion 2 in the
central rim moves upward towards the T-tubule and outwards away from the 4-fold central axis.
Thus, the main conformational change in the cytoplasmic portion upon opening of the channel is
an outward movement away from the center.
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Figure 1.5: Opening and closing. (a) Top and (b) side views of superpositions of the cryo-EM reconstructions of
RyR1 in closed (gray, EMDB accession code 1606) and open (red mesh, EMDB accession code 1607) states. The
extent of some conformational changes is indicated by arrows.

Another large structural change was observed in the transmembrane region. The authors
identified at least six membrane-spanning α helices per subunit, based on the number of highdensity segments in the transmembrane region. Upon opening, the inner helices seem to kink, as
the bottom halves shift 3Å upward towards the cytoplasmic side, and tilt ~5°, widening the pore.
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This observation is consistent with other studies that reported rotating motions in the
transmembrane region and compared the opening and closing of RyR to that of a camera
aperture(118,141,142). The motions in the cytoplasmic and transmembrane regions seem to be
coupled via the column region, in particular the inner branches, which tilt by ~8° upon opening,
moving their midpoints ~6Å away from one another(122).
Manual docking of K+ channel structures in the open-state map showed that the open
RyR1 correlates better with open K+ channels(122). However, since there have been inconsistent
results for correlation between closed RyR1 and K+ channel structures(119,121,122), care must
be taken when interpreting these manual docking results. Although buffer conditions can favor
an open or closed state in intact membranes, this does not necessarily extrapolate to conditions
following detergent extraction. As differences in sample handling may also contribute to
structural changes, the conformational state is best deduced by analyzing the final model rather
than assuming a particular state. The discrepancies would be reconciled, for example, if the
~10Å RyR1 structure(119) represents an open or partially open (i.e. subconducting) channel,
rather than a fully closed structure. Future experiments will undoubtedly shed more light on this
matter.
1.3.3

Insertion studies
Despite the continued improvements into the quality of full-length RyR structures, the

cryo-EM reconstructions are of insufficient resolution to locate individual amino acids. In the
absence of atomic models, one alternative is to determine the rough location of regions of
interest via the use of antibodies or fusion proteins. In both cases, analysis of the difference
densities found in cryo-EM reconstructions puts restraints on the position of the insertion site or
the antibody epitope. The residual uncertainties of the locations depend on the resolution, the
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size of the insert or antibody, and the lengths of flexible linkers and loops at the insertion site.
The locations proposed in many of these studies are summarized in Figure 1.6.

Figure 1.6: Overview of difference densities observed for insertion studies (left) and protein binding partners
(right). (a) Top and (b) side views of the cryo-EM reconstruction of RyR1, with observed difference densities
indicated in spheres. Although the studies were performed on different RyR isoforms, all are shown here on the
RyR1 cryo-EM map to allow a direct comparison.

1.3.3.1

N-terminal region
The three-dimensional localization of the amino terminus of RyR has been of great

interest since the N-terminal region (residues 1-614 in RyR1) covers the first of the three hot
spots for disease mutations. (See also Section 1.3.5.2.) The 34Å cryo-EM reconstruction of
RyR3, N-terminally fused to GST (GST-RyR3), displays an extra mass at the clamp region in the
middle of subregions 7-10 and a smaller extra mass between subregions 1, 3, and 4(143). A 33Å
structure of RyR2 with GFP inserted after Ser437 presented additional density between
subregions 5 and 9(144). These studies led the authors to conclude that the N-terminal disease
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hot spot was most likely located in the clamp region. We will go over the location of the Nterminal region in greater detail in Section 1.3.6.2 and Chapter 2, showing that the region is
found in the central rim rather than in the clamp region.
Another site of interest in the N-terminal region is residues 590-609 in RyR1 and residues
601-620 in RyR2 which constitute the proposed binding site for dantrolene(35,145). Dantrolene
is the only effective treatment for malignant hyperthermia, thus knowing the exact location of its
binding site is of considerable interest. Insertions of GFP in the binding site did not yield any
well-behaved protein, but the 27Å structure of RyR2 with GFP inserted after Tyr846 showed a
major extra mass on the T-tubule side of subregion 9. Along with FRET studies, it was
concluded that dantrolene also binds close to subregion 9, near the binding site for
FKBP12(146).
1.3.3.2

Central region
The central region (residues 2163-2458 in RyR1) harbors another disease-mutation hot

spot. Insertion of GFP near RyR2 Ser2367 showed a significant extra mass in the bridging
density between subregions 5 and 6(147). This experiment suggests that it is possible for the Nterminal and central disease hot spots to interact, supporting the zipper hypothesis, which states
that the two regions interact and undergo relative conformational changes upon channel
opening(148).
A recent study showed that the clamp region of RyR2 under go conformational changes
in ligand-dependent manner(149). The study utilized CFP insertion at Ser2367 and YFP insertion
at Tyr2801, for which FRET signal was identified in subregion 6 of the clamp region.
Conformational changes in the region were detected for activators caffeine, aminophylline,
theophylline, ATP, and ryanodine. However, the presence of Ca2+ or 4-CmC, despite also being
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an agonist, did not induce detectable conformational changes in the clamp region. The authors
suggest that RyRs possess multiple ligand-dependent activation mechanisms, each accompanied
by distinct conformational changes in the clamp region(149).
1.3.3.3

Divergent regions
The three RyR isoforms share about 70% identity, and the major sequence differences are

located in three stretches known as divergent regions DR1, DR2, and DR3(6). These stretches
likely underlie functional differences between the isoforms, and, therefore, their threedimensional location is valuable for understanding the functional mechanisms in RyRs.
DR1 is the largest of the three divergent regions and includes residues 4254-4631 in
RyR1 and residues 4210-4562 in RyR2. This region is thought to be responsible for the varying
sensitivities towards Ca2+ inactivation in different isoforms(150-152). One study took advantage
of a monoclonal antibody raised against residues 4425-4621(153). The 34Å structure of RyR1 in
complex with the antibody showed an extra mass in subregion 3. In agreement with this
observation, an extra mass was observed in the same area after inserting GFP at Asp4365(154).
The second divergent region, DR2, includes residues 1342-1403 in RyR1 and residues
1353-1397 in RyR2. This region is thought to be involved in E-C coupling(155,156). DR2 is
absent in RyR3(6). Negative stain electron micrographs of RyR1 in presence of an antibody
against DR2 revealed an extra density in the clamp, close to subregion 9(117). Consistent with
the result, an extra mass appeared in the neighboring subregion 6 in a 34Å structure of RyR2
with GFP inserted after Thr1366(157).
DR3 includes residues 1872-1923 in RyR1 and residues 1852-1890 in RyR2. This region
has been implicated in modulation by CaV1.1, Ca2+, and FKBP(158-160), and is the target for
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some disease-associated mutations(161). Insertion of GFP after RyR2 Thr1874 leads to an extra
density in subregion 9, close to the proposed FKBP12.6 binding site(162).
1.3.3.4

Phosphorylation sites in the central region
RyRs are the target for phosphorylation by protein kinase A (PKA), which is known to

activate the channels(163,164). Both Ser2030 and Ser2808 are PKA phosphorylation sites(165167). The 27Å structure of RyR2 with GFP inserted after Thr2023 showed an extra mass in the
T-tubule face of subregion 4(168). Similarly, the 27Å structure of RyR2 fused to GFP after
Tyr2801 displayed an extra mass in the bridging density connecting subregions 5 and 6(169). In
agreement, an extra mass appeared in the periphery of subregion 6 in the 25Å structure of RyR1
in complex with a monoclonal antibody raised against residues 2756-2803 (RyR2 residues 27222769)(169). See Section 1.3.6.4 for pseudo-atomic models of phosphorylation domains.
One hypothesis concerning the effect of PKA phosphorylation on RyR2 is that it causes
the dissociation of FKBP12.6, a protein thought to stabilize the closed state of the channel(170172). PKA phosphorylation would thus lead to enhanced channel opening. However, given the
large distance between the FKBP12.6 binding site (see Section 1.3.4.1) and the presumed
position of Ser2808, it was concluded that Ser2808 cannot be directly involved in FKBP12.6
binding(169).
1.3.3.5

Remark on insertion studies
In the absence of atomic-resolution structures for the majority of the RyR parts, the use of

monoclonal antibodies and protein insertions in conjunction with three-dimensional
reconstructions continue to provide approximate locations of RyR components. Care must be
taken when interpreting the data, as a piece of difference density can also appear further away
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from the insertion site either due to overall conformational changes or due to the use of long
flexible linkers.
1.3.4

Binding sites of protein binding partners
Using a similar approach to the insertion studies, the analysis of difference densities is

very useful in locating the positions of RyR biding partners (Figure 1.6). The difference densities
are either due to the binding partner itself or due to conformational changes that arise because of
the binding. In contrast to fusion protein strategies, such results are not dependent on linker
lengths, and the confidence about the exact location is, therefore, much higher.
1.3.4.1

FK506-binding proteins
FK506-binding proteins (FKBPs), also known as immunophilins, bind to RyR1 and

RyR2 with high affinities and stabilize the closed state. FKBP12, a 12kDa protein as its name
suggests, is found predominantly in the skeletal muscle, where it binds to each subunit of
RyR1(173). In the cardiac muscle, FKBP12.6, a 12.6kDa protein, preferentially associates with
RyR2(174). In early studies, the three-dimensional structures of RyR1-FKBP12 complexes at
~35Å resolution showed that FKBP12 binds between subregions 3, 5, and 9(175,176). In
addition, less significant differences were observed in the bridging densities between subregions
5 and 6, which could indicate conformational changes due to the binding(176). The location was
confirmed by a more recent study which showed the structure of the RyR1-FKBP12 complex at
16Å resolution, whereby a crystal structure of FKBP12(177) was docked into the difference
density(178). In another recent study, a 33Å structure of the RyR2-FKBP12.6 complex
highlighted a binding site similar to the one for FKBP12(179). The binding of FKBP12.6 seemed
to cause conformational changes, as subregion 6 was more extended towards the T-tubule and
the electron dense parts in the transmembrane region splayed apart.
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1.3.4.2

Calmodulin
Calmodulin (CaM), or calcium-modulated protein, regulates various cellular processes

through binding and unbinding of Ca2+ in its two domains, N-lobe and C-lobe, each containing
two EF-hand motifs. CaM binds to RyR1 in both the absence (apoCaM) and presence
(Ca2+/CaM) of Ca2+. For further functional implication of CaM binding, see Section 1.3.5.1.
The binding site of Ca2+/CaM on RyR1 was first studied using gold-cluster labeled
CaM(180) and later confirmed by a 37Å RyR1-CaM complex(176). Ca2+/CaM binds between
subregions 3 and 8a, and its association did not seem to cause major alterations in the
conformation of RyR1. The Ca2+/CaM binding site is approximately 90Å away from the
FKBP12 binding site(176). Similarly, RyR1-apoCaM complex at 28Å resolution showed that the
apoCaM binding site is located at the outer surface of subregion 3, just above the binding site for
Ca2+/CaM and closer to the T-tubule(181). These studies suggest that binding of Ca2+ can cause
one or both CaM lobes to hop from one binding site to another, which supports the different
functional effects that Ca2+ binding and unbinding in CaM have on RyR1(182-184).
1.3.4.3

Chloride intracellular channel 2
Chloride intracellular channel 2 (CLIC-2) is a protein that is widely expressed in the

skeletal and cardiac muscle of vertebrates(185), and which exist in a soluble and membranebound form(186). This 247-residue protein is homologous to the glutathione-S-transferase (GST)
superfamily and was found to inhibit both RyR1 and RyR2(185,187). A 25Å structure of the
RyR1-CLIC2 complex showed that CLIC-2 binds between subregions 5 and 6(187). Moreover,
CLIC-2 binding seemed to separate subregions 9 and 10, resembling the open conformation
despite the fact that the pore appeared to be closed.
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1.3.4.4

Toxins
Being strictly required in E-C coupling and many other Ca2+-dependent events, it is not

surprising that RyRs are the targets of various toxins. Among these is imperatoxin A (IpTxa), a
33-residue peptide derived from scorpion venom, that is known to bind to both RyR1 and RyR2
with high affinity, locking the channels in subconductance state(188,189). Because IpTxa is too
small (3.7kDa) for cryo-EM studies, it was N-terminally fused to biotin and bound to avidin. A
29Å cryo-EM reconstruction of the resulting complex with RyR1 showed that IpTxa binds in the
crevice between subregions 3, 7, and 8a(190).
Another toxin known to associate with RyRs is natrin, a 221-residue protein derived from
venom of the snake Naja naja atra. Natrin belongs to the cysteine-rich secretory protein (CRISP)
family and inhibits RyR1(191). A 21Å resolution structure of the RyR1-natrin complex showed
that the toxin binds between subregions 5 and 6 on the surface exposed to the cytoplasm(191).
1.3.5

X-ray crystallography and NMR
Being giant eukaryotic proteins, RyRs present major challenges to high-resolution

studies. The cryo-EM reconstructions have shown that RyR consists of individual globular
regions, which opens up the avenue for a “divide and conquer” approach, or atomic-resolution
studies of individual RyR domains.
1.3.5.1

EF-hand proteins in complex with RyR peptides
The first high-resolution structures came from a small region (RyR1 residues 3614-3643)

in complex with CaM(192) and S100A1(193)(Figure 1.7).
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Figure 1.7: Binding partners containing EF hands. (a) Crystal structure of Ca2+/CaM (yellow) bound to RyR1
peptide (blue, residues 3614-3643; PDB accession code 2BCX). (b) NMR structure of an S100A1 dimer (purple)
bound to two RyR1 peptides (blue, residues 3616-3627; PDB accession code 2K2F). Aromatic anchors providing
major contacts are indicated (W3620 and F3636). Red spheres represent Ca2+ ions.

1.3.5.1.1

CaM-peptide complex

As described in Section 1.3.4.2, CaM is an EF-hand containing protein that can fine-tune
the Ca2+-dependent feedback to RyRs. For example, at low cytoplasmic Ca2+ concentrations,
apoCaM potentiates opening of RyR1, whereas Ca2+/CaM inhibits the channel(182-184). In
contrast, both apoCaM and Ca2+/CaM seem to inhibit RyR2(194,195).
A 2.0Å crystal structure of Ca2+/CaM in complex with a peptide from RyR1 (residues
3614-3643) was solved by Mackenzie and coworkers(192). The RyR1 peptide forms an α helix,
with both lobes of CaM binding in an anti-parallel arrangement, in which the N-lobe binds to the
C-terminal half of the peptide, and the C-lobe binds the N-terminal half (Figure 1.7a). The main
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hydrophobic anchors, Trp3620 and Phe3636, have an unusual “1-17” spacing, whereby the CaM
lobes do not interact with one another. In the same study, solution NMR 1H-15N residual dipolar
couplings (RDCs) suggest that the lobes experience independent domain motions in solution,
such that the RDCs for the two lobes cannot be fitted simultaneously to the crystal structure. This
is compatible with the notion that multiple CaM-binding domains (CaMBDs) are present within
RyR, and that individual lobes may associate with distinct CaMBDs(196,197). Since the cryoEM reconstructions showed only one CaM bound per RyR monomer(176,181), these stretches
have to be close for CaM to bridge. Given the large number of possible RyR fragments that can
bind CaM(3,198-200), understanding the binding and effects of apoCaM and Ca2+/CaM on RyRs
involves solving a complex puzzle.
1.3.5.1.2

S100A1

S100A1 is an EF-hand containing protein from the S100 protein family. It exists as
homodimers, with each monomer containing a low- and high-affinity EF hand. It enhances the
opening of both RyR1 and RyR2(201-204).
An NMR structure has shown the interaction between Ca2+/S100A1 and RyR1 (residues
3616-3627)(193)(Figure 1.7b). Interestingly, some residues (including Trp3620) are involved in
binding both CaM and S100A1, showing that both proteins compete for the same binding site. It
is, therefore, possible that the effect of S100A1 is due to a competition with CaM: at high Ca2+
levels, S100A1 can compete with Ca2+/CaM and, thus, abolish its inhibitory effect on the
channel.
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1.3.5.2

N-terminal region
The N-terminal region, covering the first ~600 amino acid residues, harbors many

disease-associated mutations in both RyR1 and RyR2. Several crystallographic and NMR studies
have focused on this region.
1.3.5.2.1

Domain A of RyR1 and RyR2

The first atomic-resolution structure of a RyR domain was reported by Ikura and
coworkers, covering the first domain of RyR1 (residues 1-205)(205). This was soon followed by
another study, describing the same domain in both RyR1 and RyR2(206). In both studies, the Nterminal domain (referred to as “domain A” from here on) consists of a β-trefoil core, built by 12
β strands, and a single α helix (Figure 1.8). In line with the high degree of sequence
conservation, only minor differences are present between domains A of RyR1 and RyR2.
However, a recent NMR structure of RyR2 domain A revealed a second α helix that is unique to
RyR2(207). This unique α helix is dynamic and is located in proximity to the column region in
the intact RyR2, suggesting an important role in the communication between the N-terminal and
transmembrane regions(207).
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Figure 1.8: Crystal structures of RyR1A and RyR2A. Superposition of RyR1A (blue; PDB accession code 3ILA)
and RyR2A (white; PDB accession code 3IM5) chains A. β8- β9 loop (HS loop) from RyR1A is highlighted in
orange. Residues targeted by disease-associated mutations and for which the structural studies have been performed
are shown in stick representations (RyR1 in black(205); RyR2 in gray(206)).

Both isoforms contain several disease mutations, many of which are located in a loop
connecting the strands β8 and β9 (or β8-β9 loop), also referred to as a HS (hot spot) loop(205).
Neither NMR nor crystallographic studies of mutant forms of this domain showed any
significant differences in the stability or structure(205,206). Because the mutations appeared to
be at the surface of domain A, it was assumed that they were located at interfaces for other RyR
domains or auxiliary proteins. In Chapter 3, we show that point mutations at β8-β9 loop in RyR2
domain A may cause structural instability of the loop.
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1.3.5.2.2

Domains ABC of RyR1

A recent study has depicted the 2.5Å crystal structure of the first 559 residues of RyR1, a
region that covers the bulk of the N-terminal region(208). The structure folds up as three
independent domains (A, B, and C) that interact with one another in a compact form (Figure
1.9a). Domains A and B both fold up as β-trefoil cores, whereas domain C consists of a bundle
of 5 α helices. The domain-domain interactions are mainly hydrophilic in nature and inherently
weak.
In RyR1 and RyR2 combined, over 75 disease-associated mutations could be located on
the structures. A significant portion of those are located at the interface between domains A, B,
and C, likely destabilizing the domain-domain interactions. These include mutations that abolish
ionic pairs across the domains(209) or abolish the anion binding(210). Detailed structural and
biochemical studies of these mutants are covered in Chapters 2 and 4.
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Figure 1.9: The structure and docking of RyR1ABC. (a) Overall structure of rabbit RyR1 for amino acid residues
1-559. This portion of RyR1 consists of domain A (blue; residues 1-205), domain B (green; residues 206-394), and
domain C (red; residues 395-532). The remaining 27 residues are not visible in the electron density. (b,c) Docking
of RyR1 ABC in the ~10Å RyR1 cryo-EM map (EMDB accession code 1275). A view from the cytoplasmic side
towards the endoplasmic reticulum (b), and a side view showing a vertical cut through the cryo-EM map at the fourfold axis (c).
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1.3.5.2.3

Exon-3 deletion in domain A of RyR2

A very severe form of CPVT is due to the deletion of a 35-residue segment (exon 3) in
the N-terminal domain (domain A) of RyR2. The deletion ablates an α helix and a β strand that is
part of the domain A β-trefoil core. However, the exon-3 deletion in RyR2 domain A
unexpectedly did not cause misfolding of the protein, and even more surprisingly, the deletion
enhanced the thermal stability of the domain(206). A recent crystal structure of RyR2A with
exon 3 deleted highlights a very unusual “structural rescue,” in which a flexible loop (exon 4),
unique to RyR2, takes over the deleted β strand(211) (Figure 1.10b). A recent NMR structure
revealed that exon 4 forms a dynamic α helix unique to RyR2, located close to the column region
of an intact channel(207)(Figure 1.10a). This switch from α helix to β strand suggests that
alternative splicing, allowing either exon 3 or exon 4 to insert itself in the β-trefoil core, enables
fine-tuning the activity of RyR2.

Figure 1.10: Structures of the RyR2A wildtype and exon 3 deletion mutant. (a) The X-ray crystallographysolution NMR hybrid structure of RyR2A wildtype (PDB accession code 2MC2). Exon 3 is colored in black, and
exon 4 is colored in red. The β strand in exon 3 (β4) is labeled. (b) The crystal structure of the RyR2A exon-3
deletion mutant (PDB accession code 3QR5). The coloring is the same as in (a).
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1.3.5.3

Phosphorylation domain in the central region
RyRs are regulated by several kinases (PKA, PKG, CaMKII) and phosphatases (PP1,

PP2A, PDE4D3)(27). In particular, phosphorylation of RyR2 by PKA provides a link between
physiological stress and RyR function: stress activates β-adrenergic receptors, which then
consequently activates PKA and ultimately RyR. For this reason, PKA phosphorylation of RyR2
has gained a large amount of interest.
Several phosphorylation sites have been identified in the cytoplasmic portion of RyRs:
Ser2843 in RyR1 and Ser2030 and Ser2808 in RyR2. Some groups believe that the
hyperphosphorylation of RyR2 is the leading cause of heart failure via dissociation of
FKBP12.6(165,172,212). Nonetheless, this proposed mechanism is still under debate since other
groups could neither detect PKA hyperphosphorylation in heart failure nor confirm FKBP12.6
dissociation by PKA phosphorylation(80,213,214).
Two recent studies report the crystal structures of a phosphorylation domain in
RyR1(215) and in all three isoforms(216): RyR1 residues 2734-2940 (rabbit numbering), RyR2
residues 2699-2904 (mouse numbering), and RyR3 residues 2597-2800 (human numbering).
This single domain consists of two symmetric halves, each half containing two α helices, one or
more short 310 helices, and a C-terminal β strand (Figure 1.11).
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Figure 1.11: Structure of RyR1 phosphorylation domain. The crystal structure of RyR1 phosphorylation domain
(rabbit residues 2734-2940; PDB accession code 4ERT). The symmetric two halves are colored in different shades
of green for clarity.

Multiple phosphorylation sites were identified in RyR2, and most of them cluster in a
long, flexible loop(216). Although RyR2 has no reported mutation in this domain thus far, the
corresponding domain in RyR1 contains up to 11 mutations. Several of these are located close to
the phosphorylation sites, on the same face of the domain. This indicates that phosphorylation
and disease mutations target the same interface and may have the same effect on the
channel(216).
Several disease-associated mutations in the phosphorylation domain have been studied.
L2867G mutation in RyR1 drastically reduced the thermal stability of the domain by more than
10°C, and the same mutation caused aggregation of the domain at room temperature(216).
Crystal structures of several RyR1 mutants (E2764K, S2776M, and R2939S) showed that these
mutations alter the surface properties and salt bridges within the domain(216), which may affect
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interfaces between binding partners (such as PKA) or neighboring domains (such as the FKBP
binding site).
1.3.6

Pseudo-atomic models
The cryo-EM images of the entire receptor currently cannot locate the positions of

individual amino acids. Concurrently, high-resolution structures of individual portions provide
limited information when their locations in the full-length proteins are unknown. With both
techniques combined, however, it is feasible to start constructing pseudo-atomic models by
docking high-resolution fragments into the cryo-EM maps.
1.3.6.1

Remark on docking reliability
Several algorithms exist to dock fragments, making use of six-dimensional searches

(three translational and three rotational parameters) along with a scoring function. Crucial
parameters for a successful experiment include the quality and resolution of the cryo-EM
reconstruction, as well as the relative size of the fragment compared to the intact protein. When
only small fragments are used, a simple cross-correlation coefficient may not suffice to provide a
reliable position(217,218). In those cases, it may be advantageous to make use of a Laplacian
filter, which enhances the features of the surface. Although the latter may increase highfrequency noise, the ideal method for any particular case can be identified through a statistical
analysis of the correlation coefficients, whereby a correct solution has a correlation coefficient
that is significantly higher than the second best solution. In the absence of such a docking
contrast, the reliability of the top solution may be questionable.
1.3.6.2

N-terminal region: domains ABC
Prior to the availability of high-resolution structures, some homology-based models were

prepared for the N-terminal region, and these were docked in the clamp region(120,219).
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However, using the crystal structure of the N-terminal domains, a high-contrast solution places
the N-terminal region in the central rim, forming a vestibule around the fourfold symmetry
axis(208)(Figure 1.9b,c). Using the segmentation described by Serysheva et al.(120), domain A
occupies subregion 1, whereas domains B and C occupy subregions 2a and 2b, respectively. The
different results with the prior docking studies are most likely due to discrepancies between the
homology based models and the crystal structure, and due to the use of different docking
algorithms. The docking is also at odds with the proposed subunit boundaries(120).
The N-terminal domains, thus, seem to form interactions with the same region in a
neighboring subunit, mostly involving contacts between domains A and B. This interface
contains the largest concentration of disease mutations in the region. A side view shows that the
area is located far away from the transmembrane region, but is connected to the pore-forming
region via electron dense columns (Figure 1.9c). All mutations at the periphery of the N-terminal
region were found to be located at one of six different interfaces with other RyR domains. No
mutation was found to be located in the exposed surface area, consistent with the fact that no
protein-binding partner has been found in this region.
The location of the N-terminal region shows apparent discrepancies with the cryo-EM
analysis of fusion proteins containing GFP inserted near residue Ser437 in RyR2(144), or with
GST fused to the N-terminal of RyR3(143). However, when the length of the linkers is taken into
account, together with the inherent length of the loop region containing Ser437, these studies can
be reconciled(208). In addition, the GST-RyR3 fusion construct displayed two main regions of
difference density, suggesting that the fusion created conformational changes. One of these is
located right next to the N-terminus of the docked RyR1ABC domains.
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The cryo-EM studies comparing RyR1 in the open and closed states have shown
significant movements in the central rim where the N-terminal region is located(122). Together
with the distribution of the disease mutations, it is plausible to assume that most or all of the
domain-domain interfaces involving the region are labile and subject to movement. This creates
an energetic penalty to open the channel, therefore, assigning the role of a “brake” to the Nterminal region. When disease mutations perturb any of these interfaces, the energetic penalty is
reduced, making it easier for the channel to open. This is consistent with the fact that most
mutations characterized so far lead to a gain of function, including increased sensitivity to
modulators and leakage of Ca2+(14). Combining the mutations with another event (increased
temperature, binding of halogenated anesthetics, phosphorylation, etc.) is then sufficient to open
the channels. The perturbation of domain-domain interfaces by the disease-associated mutations
is described in greater detail in Chapter 2 and Chapter 4.
1.3.6.3

N-terminal region: residues 850-1060
In a recent study, homology models of RyR1 residues 850-1056 and RyR2 residues 861-

1067 were built based on sequence homology with the crystal structure of RyR1 2733-2940
phosphorylation domain(220). The homology models were docked into the cryo-EM
reconstruction of RyR1, where they were found to be located in subregion 5, connecting the
central vestibule (where domains ABC are located) and the clamp region (where phosphorylation
domain is located)(220). Furthermore, subregion 5 is positioned adjacent to the proposed FKBP
binding site. Thus, the end of the N-terminal region may hold a key role in bridging multiple
regulatory mechanisms within the channel: phosphorylation, FKBP binding, and conformational
changes accompanying channel opening. However, care must be taken when interpreting
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homology models, as they may not always reflect the true structure. Also, pseudo-atomic models
from a small fragment may not give a reliable docking result, as discussed in Section 1.3.6.1.
1.3.6.4

Phosphorylation domain
Two recent studies have used the crystal structures of the phosphorylation domain to

dock into the cryo-EM reconstruction of RyR1(215,216). Both docking studies resulted in the
phosphorylation domain fitted in subregion 10 in the clamp region. Due to the two-foldsymmetry of the domain, two alternative orientations within subregion 10 are possible(216). In
one of the orientations, the side of the domain containing the phosphorylation-site loop and
disease-associated-mutation interface is facing an inner cavity within the channel. In the alternate
orientation, the same side is now exposed on the outer surface of RyR1. Future docking
experiments using a larger fragment or a cryo-EM map with much higher resolution would
enable the identification of the correct orientation of the domain within the channel.
The clamp region of RyR1 has previously been shown to undergo large motions upon
channel opening, with the corners bending down towards the ER membrane by ~8Å(122). A
recent study has also shown that the same region of RyR2 is subject to conformational changes
in ligand-dependent manner(149). Thus, phosphorylation and mutations in this area may affect
allosteric motions in the region that normally accompany channel gating(216). The
phosphorylation domain may also be involved in the formation of RyR lattices, as the
neighboring subregion 6 has been shown to mediate intermolecular contact between adjacent
RyRs(110,111,221,222).
1.3.7

Analogies with the inositol-1,4,5-triphosphate receptor
Inositol-1,4,5-triphosphate receptors (IP3Rs) are another family of Ca2+ release channels,

predominantly present in the ER membrane. Sizing ~1MDa, IP3R is the “little brother” of the
44

RyRs, and a significant amount of homology (~30% sequence identity) is found between the two
channels. Not surprisingly, a great deal of structural homology is present as well, and IP3R have
been studied by both electron microscopy and X-ray crystallography.
Several cryo-EM reconstructions of IP3Rs have been performed, but since most seem at
odds with one another, it has been difficult to directly compare these with RyR
reconstructions(223-228). In a recent study, however, a ~14Å cryo-EM reconstruction of IP3R
reveals an overall mushroom shape, sharing the same hallmark feature of RyR, while the
cytosolic cap is considerably smaller than that of RyR(229,230).
Three IP3R domains have been investigated with X-ray crystallography. Crystal
structures are available for the N-terminal suppressor domain (equivalent to domain A of
RyR)(231,232), and for the following two domains known together as the IP3 binding core
(equivalent to domains BC of RyR) in complex with IP3(233). A structure describing all three
domains together had been elusive until recently. Since then, crystal structures of the IP3RABC
domains, in absence of the ligand and in complex with IP3, have become available(234,235).
IP3RABC domains were docked in the central rim of the cryo-EM reconstruction of IP3R, very
much like the N-terminal domains of RyR(234)(Figure 1.12).
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Figure 1.12: Structural conservation between RyR and IP3R. (Left) The structure of RyR1ABC (domain A in
blue, domain B in green, and domain C in red; PDB accession code 2XOA) and the top and side views of the
docking in the RyR1 cryo-EM reconstruction (EMDB accession code 1606). The density of the cryo-EM
reconstruction is clipped for clarity. (Right) The structure of apo IP3R1ABC (PDB accession code 3UJ4) in the
same coloring scheme as in RyR1ABC and similar views of the docking in the IP3R1 cryo-EM reconstruction
(EMDB accession code 5278).
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The RyR ABC domains have a surprisingly large amount of structural homology with the
IP3R N-terminal domains, a feature that was predicted before the RyR1ABC crystal structure
was determined(120). The secondary structure elements in the two β-trefoil domains and the αhelical bundle in domain C superpose very well (Figure 1.12). The structural conservation
underlines the evolutionary relationship between the two channels, and the interactions between
the suppressor domain and the IP3 binding core have been suspected to be similar as
well(208,236). Indeed, the crystal structure of IP3RABC shows rearrangement of the three
domains upon binding of IP3(234,235), much like the rearrangement seen in RyR1ABC
mutants(209) (See Chapter 2 for detail). The movement in the N-terminal domains may be a
common theme among the Ca2+ release channels, where channel opening is facilitated through
targeting the ABC domain-domain interface via ligand binding or disease mutations(27,209).
1.3.8

Research question
Despite the efforts of numerous functional studies in understanding the molecular

mechanism behind RyR-linked diseases, such knowledge remains elusive largely due to the lack
of high-resolution structures of the channel. High-resolution structures of RyR domains and
biochemical studies provide great details on the mutations. For example, do disease-associated
mutations cause complete unfolding of the protein, or do they cause distinct structural changes?
Do the structural changes destabilize domain interfaces, or do they cause permanent
reorientations of the domains? Which side chains are involved? Are there new contacts caused
by the mutations?
One important step in uncovering the mechanisms of mutations is to locate their
positions in the full-length channel. By combining crystal structures of individual domains and
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cryo-EM reconstructions of the full-length RyR, pseudo-atomic models can be obtained. These
models give important clues, such as interfaces affected by the disease-associated mutations.
We combine X-ray crystallography, cryo-EM docking studies, and thermal melt assays to
analyze the folding and stability of the N-terminal regions of RyR1 and RyR2.
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Chapter 2: Disease mutations in the ryanodine receptor N-terminal region
couple to a mobile intersubunit interface

Mutations in ryanodine receptors (RyRs) can result in severe disease phenotypes. More
than 300 have been identified in RyR1, associated with malignant hyperthermia (MH)(15),
central core disease, and related conditions(16). In the cardiac isoform, more than 150 mutations
have been linked to catecholaminergic polymorphic ventricular tachycardia(17), arrythmogenic
right ventricular dysplasia type 2, and idiopathic ventricular fibrillation(18). Many mutations
cluster in three distinct “hot spots” within the sequence, but several others, especially for RyR1,
are increasingly found outside of these clusters (Figure 2.1).
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Figure 2.1: A linear view of RyR1 and RyR2 disease mutations. Amino acid residue numbers are shown below.
Vertical lines indicate disease-associated mutations. There is still a clear clustering of mutations in RyR2, but
several mutations are increasingly found outside of the initially proposed hot spots for RyR1. The RyR1 N-terminal
ABC domains and the pore-forming region are highlighted. The crystal structure of wild-type RyR1ABC (PDB
accession code 2XOA) is shown above.

The primary trigger for RyR opening is Ca2+, the same ion it permeates. RyRs can be
activated by either cytoplasmic or luminal Ca2+ ions(26,237), but higher cytoplasmic Ca2+
concentrations can inhibit RyRs(2). In the skeletal muscle, RyR1 can also be triggered to open
through conformational changes in the L-type calcium channel CaV1.1, which is thought to
interact directly with RyR1(11). In addition, a host of regulatory proteins and small molecule

50

ligands can alter the sensitivity to these primary triggers. The precise mechanisms by which Ca2+
or CaV1.1 alter channel gating are still unknown.
Several high- and low-resolution studies have shed light on the RyR structure(238).
Cryo-electron microscopy (cryo-EM) studies depict a mushroom-shaped structure with the stem
forming the transmembrane region, and the cap located in the cytoplasm(2,11). A study
comparing the open and closed states suggests that channel opening is the result of inner
transmembrane helices that bend, in agreement with high-resolution studies on other ion
channels(122). However, helix bending in RyRs is still a contentious issue(119). Channel
opening also coincides with many movements in the cytoplasmic area(122), showing that RyRs
are bona fide allosteric proteins. As a result, RyR-interaction partners that bind far away from the
pore region can influence channel opening. For example, any partner that preferentially stabilizes
the open state can facilitate channel opening. The overall open probability is, thus, the result of
the integrated effect of ligands with positive and negative input. Similarly, any mutation that
selectively affects one of the states may facilitate or inhibit channel opening.
Several crystallographic studies have shed light on RyR domains(205,206,208). The Nterminal region (RyR1 residues 1-532), containing the bulk of the proposed N-terminal disease
hot spot, is built up by three domains (A, B, and C) (Figure 2.1) and forms a cytoplasmic
vestibule(208). This position was recently confirmed via a cryo-EM reconstruction, whereby
green fluorescent protein was inserted in RyR2 domain B(239). For simplicity, we refer to the
three domains together as the N-terminal disease hot spot. In the related inositol-1,4,5triphosphate receptor (IP3R), the corresponding region forms the binding site for IP3, which
triggers channel opening(234,235). However, a direct functional role for the RyR N-terminal
domains is unknown.
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Most mutations studied so far seem to confer a gain-of-function phenotype, whereby
channel opening is facilitated(27). However, some mutations associated with central core disease
and idiopathic ventricular fibrillation, mostly located in the transmembrane area, can confer a
loss-of-function(70,99). How can N-terminal disease mutations, located >100Å away from the
transmembrane inner helices, facilitate channel opening? Most of them are found at domaindomain interfaces, suggesting that perhaps some or all of these interfaces undergo changes
during channel opening, and that disease mutations directly interfere with such events. Here we
compare pseudo-atomic models of the N-terminal area in the open and closed states, and look at
crystal structures of disease mutations that affect domain-domain interactions. We present a
model whereby neighboring N-terminal hot spots interact through an interface that is disrupted
upon channel opening.
2.1

Methods
Throughout the section, all numbering corresponds to the amino-acid sequence of rabbit

RyR1.
2.1.1

Cryo-EM docking
The RyR1ABC crystal structure (PDB accession code 2XOA) was docked into open and

closed RyR1 cryo-EM reconstructions described by Samso et al.(122) (EMDB accession codes
1607 and 1606, respectively). The full structure was placed four times in the four-fold symmetric
map using extensive six-dimensional searches using the colores program in the Situs 2.6
package(240). Contrast plots, showing the correlation coefficients of the top solutions were
prepared based on this docking. The positions of all twelve individual domains were further
refined by rigid-body refinement, taking steric clashes into account as implemented in the
collage program of Situs 2.6(240). A Laplacian filter was applied during all stages.
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2.1.2

Cloning and crystallization of disease mutants
RyR1ABC proteins (wild type and mutants) were expressed and purified as described

previously(208), with the difference that most constructs encompassed residues 1-536 instead of
1-559, because the C-terminal 27 residues were found to be unstructured. The exception is the
R45C mutant, where the 1-559 construct was used for crystallization. All thermal melts were
performed on the 1-536 constructs.
The RyR1BC construct (residues 217-536) was cloned in the same pET28HMT vector as
described before(208) and purified using a similar strategy as for RyR1ABC, with the following
differences. After cleavage with Tobacco Etch Virus (TEV) protease and collecting the PorosMC
flowthrough, the sample was run on a ResourceQ column (GE Healthcare) in 20mM Tris-Cl pH
8.0, 14mM β-mercaptoethanol (β-ME), with a gradient from 50 to 350mM KCl, and on a Phenyl
Sepharose column (GE Healthcare) in 20mM Tris-Cl pH 8.0, 14mM β-ME, with a gradient from
50 to 1500mM KCl. The sample was then run on a preparative Superdex 200 as for the
RyR1ABC proteins.
Before crystallization, the proteins were exchanged to 50mM KCl, 10mM Na-HEPES pH
7.4, 10mM dithiothreitol (DTT) and concentrated to 10mg ml-1 using a 10,000 MWCO
concentrator (Amicon, Millipore). All crystals were obtained using the hanging drop method at
4°C. L14R and D61N were crystallized in 1.4-1.6M ammonium sulphate (AS) and 0.1M HEPES
pH 8.0 or 0.1M Bicine pH 9.5, respectively. V219I was crystallized in 1.4M AS, 12% glycerol,
and 0.1M Bicine pH 9.0. G249R and I404M were crystallized in 1.3-1.5M AS, 12% glycerol,
and 0.1M Tris pH 8.0. To refute an impact of pH on the structures, we also crystallized wild-type
RyR1ABC in AS at three different pH values (pH 8.0, 9.0, and 9.5). C36R was crystallized in
1.2M lithium sulphate and 0.1M Bicine pH 9.5. R45C and R402G were crystallized in 20-22%
53

PA5100 sodium salt (PA5100), 0.02M MgCl2, and 0.1M HEPES pH 7.0 or 0.1M Bis-Tris pH
6.5, respectively. RyR1BC crystals were obtained in 0.1M Tris-Cl pH 7-8, 100-250mM KCl, and
20-30% PEG 3350. All crystals were flash frozen in the corresponding mother liquor containing
25-30% glycerol.
2.1.3

Data collection and refinement
Data were collected at beamline 9-2 of the Stanford Synchrotron Radiation Laboratory

(Menlo Park) and 08ID of the Canadian Light Source (Saskatoon). The data were processed
using the HKL2000 package (HKL Research) and XDS(241). All structures were solved using
molecular replacement implemented in Phaser(242), using individual domains of
RyR1ABC(208) (PDB accession code 2XOA) as search models. Refinement consisted of
successive rounds of manual modeling in COOT(243) and refinement in REFMAC5(244) with
TLS restraints applied to individual domains. Data collection and refinement statistics are
available in Table 2.1. Coordinates and structure factors for all described structures are available
in the Protein Data Bank: L14R (PDB accession code 4I7I), C36R (4I0Y), R45C (4I6I), D61N
(4I3N), V219I (4I8M), G249R (4I1E), R402G (4I37), I404M (4I2S), and RyR1BC (4I96).
Superpositions and RMSD calculations were performed using ProFit
(http://www.bioinf.org.uk/software/profit). The structures of wild-type RyR1ABC at pH 8, 9,
and 9.5 were identical, indicating that the observed structural differences for the mutations were
not due to differences in pH (Figure 2.10).
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Table 2.1: Crystallographic parameters. Values in parentheses are for the highest-resolution shells. RMSD = root
mean square deviation.
L14R

C36R

R45C

D61N

V219I

G249R

R402G

I404M

RyR1BC

R32

R32

P6322

R32

R32

R32

P6322

R32

P3121

171.40,

170.38,

118.16,

168.63,

169.27,

167.49,

118.26,

171.37,

68.45,

300.48

302.11

246.95

301.65

305.60

304.70

243.93

299.43

131.89

50-2.9

50-2.8

50-2.5

50-2.8

50-2.4

50-2.5

50-2.7

(2.6-2.5)

(2.8-2.7)

Data
collection
Space group
Cell
dimensions
a=b, c (Å)
50-2.95
Resolution

50-2.95

(3.1(Å)

(3.1-2.9)

(3.0-2.8)

(2.6-2.5)

(3.1(3.0-2.8)

(2.5-2.4)

2.95)

2.95)

14.7

11.1

16.0

15.0

12.9

6.7

12.9

9.7

13.0

(212.7)

(152.9)

(151.2)

(151.5)

(130.9)

(100.0)

(64.5)

(101.9)

(81.4)

Rpim

3.1 (45.3)

3.4 (47.1)

5.0 (46.4)

4.6 (46.6)

4.5 (45.9)

3.1 (46.5)

7.4 (37.2)

3.7 (39.3)

4.1 (25.5)

I/σI

14.6 (1.8)

18.0 (1.9)

13.4 (1.9)

12.6 (1.8)

15.6 (2.0)

16.0 (1.8)

10.0 (2.1)

12.9 (1.9)

15.5 (3.4)

Completeness

100.0

100.0

100.0

100.0

100.0

100.0

99.8

100.0

100.0

(%)

(100.0)

(100.0)

(100.0)

(100.0)

(100.0)

(100.0)

(100.0)

(100.0)

(100.0)

22.7

11.4

10.9

11.4
9.1 (9.1)

5.7 (5.7)

3.9 (4.0)

7.6 (7.6)

Rsym or Rmerge

Redundancy

10.8

(22.8)

(11.5)

(11.1)

(11.5)

(11.1)

50-2.9

50-2.8

50-2.5

50-2.95

50-2.8

50-2.4

50-2.95

50-2.5

50-2.73

35972

39670

34297

33250

39637

61106

20871

55655

9595

22.8/24.9

24.3/24.6

26.0/27.7

22.7/25.7

23.5/25.3

23.9/25.8

25.1/28.9

23.2/24.9

22.4/24.1

3521

3495

3297

3546

3575

3603

3409

3598

1968

Refinement
Resolution
(Å)
No.
reflections
Rwork/Rfree
No. atoms
Protein
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L14R

C36R

R45C

D61N

V219I

G249R

R402G

I404M

RyR1BC

Ligand/ion

6

6

0

6

6

0

0

6

0

Water

16

17

56

14

36

99

27

70

16

Protein

61.7

24.1

22.3

39.2

31.3

31.5

18.9

21.4

26.4

Ligand/ion

132.7

104.2

n/a

91.1

107.8

n/a

n/a

95.7

n/a

Water

49.5

21.6

20.3

26.8

21.9

28.3

13.2

21.0

18.9

0.006

0.006

0.005

0.006

0.005

0.005

0.007

0.006

0.011

1.013

0.975

0.902

0.992

0.902

0.892

1.004

0.942

1.314

B-factors (Å2)

RMSD
Bond lengths
(Å)
Bond angles
(°)

2.1.4

Thermal melt analysis
The protein melting curves were measured by means of thermofluor experiments(245).

Samples for melting curves contained 50µl of 0.2mg ml-1 protein and 1× SYPRO Orange
solution (Invitrogen) using the manufacturer’s instructions. The melts were obtained in a DNA
engine opticon 2 real-time PCR machine (Bio-Rad), using the SYBR green filter option. The
temperature was changed from 20 to 95°C in 0.5°C steps. At every step, the temperature was
kept constant for 15s. The melting temperatures were obtained by taking the midpoint of each
transition.
2.1.5

CD spectra measurement
CD spectra of RyR1ABC WT and G216E were measured in buffer containing 50mM

KCl and 10mM Na3PO4 pH 7.4. Concentrations were determined using the calculated extinction
coefficient at 280nm in the presence of 6M guanidine. CD spectrum measurements were
performed using a Jasco J810 CD spectropolarimeter on samples at a concentration of 2µM. CD
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spectra of the samples and buffer alone were collected over a spectral window of 195-280nm at
22°C.
2.2
2.2.1

Results
Pseudo-atomic models of the N-terminal disease hot spot
The opening of RyRs is allosterically coupled to the cytoplasmic cap, which undergoes

large conformational changes(118,122,141,142). This includes movements in the central rim, a
region surrounding the four-fold symmetry axis on the cytoplasmic face, where the N-terminal
disease hot spot was found to be located(208,239). We, therefore, docked the crystal structure of
the RyR1 N-terminal domains (RyR1ABC) in the open- and closed-state cryo-EM maps of
RyR1, previously compared in a systematic study at reported 10.2Å(122). Consistent with
previous results in three other RyR1 cryo-EM maps(208), RyR1ABC docks around the four-fold
symmetry axis with a high docking contrast, whereby the top solution clearly stands out from the
next solutions down the ranking (Figure 2.2a). As it is possible that the individual domains A, B,
and C also undergo relative movements during channel opening, we further refined their
positions in both maps by allowing a positional refinement of each individual domain. Figure
2.2b shows their final refined positions. A direct superposition of these pseudo-atomic models
shows that there are substantial shifts up to 8Å (Figure 2.2c-f). The major rearrangement in the
models can be described as “tilting,” whereby all domains move upward and outward, as if
pivoting around a hinge outside the hot spot.
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Figure 2.2: Pseudo-atomic models of RyR1ABC in open and closed RyR1. (a) Docking contrasts for RyR1ABC
docking, before refinement of the individual domain positions, in the open (red) and closed states (blue), showing
the Laplacian-filtered cross-correlation coefficients for the top 15 unique positions. The correlation coefficients are
normalized to the highest score. (b) Positions of RyR1ABC (PDB accession code 2XOA) docked in the open (left,
EMDB accession code 1607) and closed (right, EMDB accession code 1606) RyR1 cryo-EM maps. Different colors
indicate the individual domains (A: blue, B: green, and C: red). (c,d) Top view (cytoplasmic face) of a superposition
of the entire cryo-EM maps and the docked RyR1ABC domains after refinement of the individual domain positions
in closed (blue) and open (red) RyR1. The arrow and black dotted line in c indicate a cross-section used for the side
view in e. (e,f) Side view of the cryo-EM maps and the docked RyR1ABC domains. The portion of the maps shown
is based on segmentation through Segger, as a plug-in for Chimera(246).
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These overall shifts are also visible when comparing the corresponding density in the
open- and closed-state cryo-EM maps(122) (Figure 2.2c,e). A key observation is that the changes
are concerted: where density is systematically disappearing “below” the domains, extra density
appears “above” (Figure 2.2e). Such concerted movements are highly improbable as a result of
poor resolution or noise in the maps, as this would only cause random scatter in both directions.
Although these pseudo-atomic models do not allow a detailed description of interactions
across subunits, they imply that domains A and B of neighboring subunits are juxtaposed, likely
forming interactions in the closed state (“interface 1”). However, in the open-state model, the
intersubunit gap is extended by ~7Å, a distance that is undoubtedly large enough to break or alter
many interactions (Figure 2.3a). Incidentally, the largest concentration of disease mutations in
the N-terminal region is found facing the intersubunit boundary (20 for RyR1 and RyR2
combined). The bulk of the mutations are clustered in only three loops that are juxtaposed. One
of these loops is located in domain A (connecting β strands 8 and 9), and was previously found
to contain a dense cluster of mutations(205,206). The two other loops reside in domain B and are
inherently flexible in the absence of their binding partner (Figure 2.3a, red dotted lines). How
could these mutations affect channel opening? Mutations in the β8-β9 loop were previously
found not to cause any major structural or stability differences(205,206). This implies that the
only way they can have an impact is by being directly involved in a functional interface, and we
propose that they form part of intersubunit interactions that are disrupted upon channel opening.
Any mutation that weakens these interactions will lower the energetic barrier to open the
channel, and thus facilitate channel opening.
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Figure 2.3: Relative positions between and within N-terminal disease hot spots. (a) Superposition of domain A
(blue) in the open- and closed-state models, showing the relative position of domain B in a neighboring subunit
(closed: green; open: grey). Disease mutations are shown as black sticks. Select mutations in three juxtaposed loops
are labeled. The β8-β9 loop in domain A is shown in red. Two flexible loops in domain B that contain multiple
disease mutations are shown as red dotted lines, with disease mutations indicated by black asterisks. This interface is
subject to a total of 20 disease mutations: P152S*, Q156K, R157Q*, E161G, R164C, R164L, R164Q*, G166R,
D167N, D167G, H226R, M227K, D228V, E229K*, R317L, R317W*, P362M*, R368L, R368Q, and H383N, where
asterisks indicate mutations found in RyR2 (all in rabbit RyR1 residue numbering). (b) Superposition of the closed
(colors) and open (grey) RyR1ABC models, based on domain A (blue), indicating the relative positions of domains
B (green) and C (red). These conformational changes are too small to be interpreted at the resolution of the cryo-EM
maps, so that channel opening does not seem to induce major conformational rearrangements within each hot spot.
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The study by Samso et al.(122) is the only one that systematically compared the open and
closed states at a resolution ~10Å. Comparing the docking in two other cryo-EM maps near
~10Å(119,121) also supports the idea that channel opening coincides with a widening of the
intersubunit gap (Figure 2.4).

Figure 2.4: RyR1ABC docking results for different cryo-EM maps. (a) Comparison of docking results for
RyR1ABC into two different closed RyR1 maps(121,122) (EMDB accession code 1606 – dark blue; EMDB
accession code 5014 – light blue) shows a near perfect superposition, indicating that the results for the closed maps
are consistent, with near identical intersubunit arrangements. The result for docking into the ~10Å map(119)
(EMDB accession code 1275 – red) shows increased intersubunit distances like in the open RyR1 map(122) (EMDB
accession code 1607) (Figure 2.2). Initially presumed to represent a closed state, it was later suggested that
EMDB1275 may rather represent an open RyR1, or a mixture of different states(122). The increased intersubunit
distances for docking in EMDB1275 would support this assumption. (b) Close-up view with arrows indicating the
shifts that the models undergo from EMDB1606 to EMDB1275.

Many mutations were previously found at interfaces involving domains A, B, and C
within a single subunit(208). Could these interfaces also be disrupted as part of channel opening,
and could those disease mutations, therefore, also facilitate channel opening? A direct
superposition of domain A of the open- and closed-state models shows that the intrasubunit
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domain-domain movements would be subtler (Figure 2.3b), with shifts of domains B and C
relative to domain A of ~2-3Å, which are too small to be interpreted at the given resolution of
the cryo-EM maps. Because there do not seem to be major relative movements at the intrasubunit
interfaces upon opening, we decided to further investigate disease-associated mutations at the
various intrasubunit interfaces between domains A, B, and C.
2.2.2

Disease mutations can weaken the thermal stability
MH is the result of increased sensitivity of RyR1 to halogenated anesthetics. In addition,

many mutations in RyR1 have also been associated with increased temperature sensitivity and
may underlie environmental heat stroke(57,247-253). We prepared nine different diseaseassociated mutants of RyR1ABC, all of which are associated with a gain-of-function phenotype
(Table 2.2). They are located at interfaces between domains A, B, and C or are buried within
individual domains (Figure 2.5a). Other RyR1 mutations located at the periphery of the hot spot
were not included, as their effect would only become clear in the presence of neighboring
domains. Thermal stability measurements show that wild-type RyR1ABC has a melting
temperature of ~47°C, and several (but not all) mutations lowered the thermal stability, with a
maximum effect of >9°C destabilization for the C36R mutant (Figure 2.5b,c). The lowered
stability of some RyR1 mutations may directly underlie a temperature-sensitive phenotype. For
example, the R402C mutation (rabbit RyR1 numbering), which is similar to the R402G mutation
that destabilizes the hot spot by >5°C, has been associated with rhabdomyolysis triggered by
exercise in hot weather(254).
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Table 2.2: Summary of functional characterizations of the mutants studied. Summary of functional
characterizations of the mutants studied in this report, along with references for identification and characterization.
All mutants are associated with malignant hyperthermia (MH), which is known to cause gain-of-function phenotype
in RyR1. Not all mutants have been functionally characterized (indicated by “n/a”). Residue numbering is for rabbit
RyR1. CCD = central core disease. MmD = multi-minicore disease.
Disease

Primary identification

Mutation

Functional
Functional characterizations

phenotype(s)

references

studies references
Abnormally enhanced Ca2+-induced

L14R

MH

(255)

C36R

MH

(256)

Ca2+ release.

(255)

Increased sensitivity to activation by
(71,74,256)
caffeine and halothane.
Increased sensitivity to activation by
R45C

MH

(257)

(257,258)
caffeine and 4-CmC.
Assumed increased sensitivity to

D61N

MH/CCD

(40,259)

activation by halothane, due to MH

n/a

phenotype.
Assumed increased sensitivity to
G216E

MH/CCD/MmD

(260,261)

n/a
halothane, due to MH phenotype.

V219I

MH

(255)

Enhanced Ca2+-induced Ca2+ release.

(255)

Increased sensitivity to activation by
caffeine, halothane, 4-CmC, and Ca2+.
G249R

MH

(262)

(71,74,97)
Decreased sensitivity to inactivation by
Mg2+.
Assumed increased sensitivity to

R402G

MH

(40)

n/a
halothane, due to MH phenotype.
Increased sensitivity to activation by

I404M

MH/CCD

(263)

(68,71,74)
caffeine, halothane, and depolarization.
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Figure 2.5: Thermal melt analysis. (a) Overview of the positions of the nine different mutations included in the
thermal melt study. (b) Melting curves for the wild-type RyR1ABC and disease-associated mutants using
thermofluor experiments. The curves are the average of four measurements. The melting temperatures are defined as
the midpoints of each transition. (c) Average melting temperatures (n=4). The error bar indicates the standard
deviation. Statistical analysis was performed using two-tailed, paired Student’s t-test. *p < 0.02 and **p <0.001. The
actual p-values (for comparison with wild type) are: C36R (3.3 ✕ 10-5), R45C (0.0016), R402G (8.2 ✕ 10-4), L14R
(0.0029), G216E (6.2 ✕ 10-4), I404M (0.0073), V219I (0.019), D61N (0.20), and G249R (0.17).
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2.2.3

Buried disease mutations affect the intersubunit interface
A small number of disease mutations are buried within individual domains. We analyzed

the effect of three such mutations (L14R, G216E, and G249R) on the structure of the N-terminal
disease hot spot. The G216E mutant expressed well with an intermediate destabilization (Figure
2.5b,c) but did not crystallize. The Gly216 Cα atom is buried within domain B, and a Glu216 side
chain would clash with a neighboring β strand (β16). The inability to crystallize suggests that the
structural changes are quite substantial. However, as circular dichroic (CD) spectra of wild type
and mutant are clearly identical (Figure 2.6), the changes do not seem to involve secondary
structure content but instead may include relative domain movements or increased flexibility.

Figure 2.6: Circular dichroic (CD) spectra of G216E. The CD spectra for wild type and G216E RyR1ABC are
very similar, suggesting that the disease mutation does not lead to changes in the overall secondary structure content.
This suggests that the inability of G216E to crystallize is likely due to relative domain movements or a generally
increased flexibility of the domains relative to one another.
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The G249R mutant introduces a bulky Arg side chain within a buried region of domain B
(Figure 2.7a). Its thermal stability is not altered significantly (Figure 2.5b,c), but the mutant
displaces the neighboring side chains of Glu229 and Leu372. In addition, the neighboring loop
226-229 (Figure 2.7a, red), which is partially disordered in the wild-type structure has an altered
conformation and is now completely visible. This loop harbors the positions of four different
disease mutations (including Glu229) in RyR1 and RyR2 combined and is located at the
intersubunit interface 1 between two neighboring ABC structures.

Figure 2.7: Buried disease mutations. Superposition of the wild-type (white) and mutant (colors) structures for (a)
G249R (PDB accession code 4I1E) and (b) L14R (PDB accession code 4I7I). Domain A (blue) and domain B,
(green). The mutated residues are shown in black. Loops directly located at interface 1 are shown in red.

L14R introduces a charged residue in a small hydrophobic core near the very amino
terminus, including Val165, Met202, and Pro204 (Figure 2.7b). The mutation displaces the main
chain and side chain of Val165, which is located on the β8-β9 loop of domain A, also located at
interface 1. Although L14R and G249R represent buried mutations, they both seem to affect an
interface that is altered upon channel opening.
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2.2.4

Salt-bridge mutations cause relative domain-domain movements
Three RyR1 mutants (R45C, D61N, and R402G) target ionic pairs between domains A

and C. They cause the largest structural changes, evoking relative domain-domain movements.
R45C breaks a salt bridge with Asp447 on domain C. This causes the Asp447 side chain to
become unstructured, and domain C to pivot with displacements up to ~3Å near the cytoplasmic
side of the helical bundle (Figure 2.8a,b).
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Figure 2.8: Disease mutation affecting interdomain ionic pairs. (a,b) R45C (PDB accession code 4I6I). (c,d)
D61N (PDB accession code 4I3N). (e,f) R402G (PDB accession code 4I37). Domain A (blue), domain B (green),
and domain C (red). Superpositions with the wildtype structure (white). All superpositions are based on domain A.
Arrows indicate changes relative to the wild-type structure. R45C and R402G are in comparison with the wild-type
structure crystallized in PA5100.
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Both Asp61 and Arg402 are involved in a salt bridge, together with Glu40. The D61N
mutation is isosteric, neutralizing a negative charge (Figure 2.8c). This causes a complete
disruption of the ionic pair network, with Arg402 swinging away, breaking the interactions with
both Asn61 and Glu40, and causing a relative change in the orientation of domain C with
displacement close to 1Å. In domain B, Arg283 is no longer attracted to the negatively charged
Asp61, causing a relative reorientation of the domains with shifts ~2Å (Figure 2.8d). The R402G
mutation disrupts the same ionic pair network. His113 and His405 close the gap created by
taking away the long Arg side chain (Figure 2.8e), and the domain C backbone has shifted by up
to ~2.5Å relative to domain A (Figure 2.8f).
Although domains A, B, and C interact through multiple ionic pairs, disruption of even
single ones is sufficient to cause relative domain reorientations. This shows how mutations
located at the interfaces between domains A, B, and C can affect regions at the periphery of the
hot spot. Keeping domain C fixed, for example, the mutations would affect the positions of
domain A and B, and hence, again, the intersubunit interface 1.
2.2.5

Uncharged mutations at the A-B-C interfaces cause local changes
We looked at the effect of three additional mutants at the intrasubunit interfaces between

domains A, B, and C that do not disrupt ionic pairs (C36R, V219I, and I404M). The C36R
mutant caused the largest effect on the melting temperature (Figure 2.5b,c). Cys36 is located at
the surface of domain A and has only minor effects on the structure of domain A in
isolation(205). However, it is buried at the interface between domains A and B, and a direct
placement of an Arg residue would clash with domain B. The mutation has several profound
effects on the structure. First, a neighboring loop in domain A (residues 52-60) moves ~2Å to
allow the Arg36 side chain to fit in a folded, rather than an extended, conformation (Figure 2.9a).
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This prevents a direct clash with domain B, but the moving loop contains several contact points
with domain B in the wild-type structure, and thus affects the domains A-B interface. The Gln23
and Asn203 side chains move towards the Arg36. The altered Asn203 side-chain conformation,
together with the longer Arg36 side chain, cause the neighboring domain B loop to be displaced
by ~1Å. All together, these significantly affect the A-B interface, destabilizing the RyR1ABC
protein by >9°C (Figure 2.5b,c).

Figure 2.9: Other mutations at the intrasubunit interfaces between different domains. (a) C36R (PDB
accession code 4I0Y). (b) V219I (PDB accession code 4I8M). (c) I404M (PDB accession code 4I2S). Superposition
with the wildtype and color scheme as in Figure 2.8. For I404M, dual conformations were observed in the electron
density. Arrows indicate changes relative to the wild-type structure. (d) RMSD values for superposition of the
mutants with the wild-type structure. The superposition is performed based on domain A, so the values for domains
B and C are the sum of intrinsic structural differences within the domains and relative domain reorientations
compared with the wild-type structure. R402G and R45C are in comparison with the wild-type structure crystallized
in PA5100.
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The V219I mutation is located at the B-C interface and is very subtle, as it only
introduces a single methyl group. It is surrounded by mostly hydrophobic residues, but no
appreciable effect is seen on the structure (Figure 2.9b). The only effect could be that the
hydrophobic packing is less-than-ideal, but as expected, the effect on the thermal melting is also
minimal (Figure 2.5b,c).
The I404M mutation is near the B-C interface. This mutation causes a clash with Met483
in domain C. As a result, both Met404 and Met483 adopt dual conformations. (Figure 2.9c). The
branched Cγ atom of Ile404 is in the van der Waals contact with Thr286 on domain B in the
wild-type structure. These changes result in a relatively small drop (~2°C) in the melting
temperature (Figure 2.5b,c).
Figure 2.9d shows the root mean square deviation (RMSD) values for each domain, after
superposing the modeled Cα atoms in domain A. The values for domains B and C thus also
indicate their degree of movement relative to domain A. Overall, the V219I and I404M mutants
are predicted to have the smallest functional impact, as these mutants do not cause large
structural changes and have only modest effects on the melting temperatures. Most mutants
crystallized in the same condition reported for wild-type RyR1ABC(208), but two of them,
R45C and R402G, crystallized in different conditions involving a polyacrylic acid (PA5100). We
also crystallized the wild-type protein in PA5100, which was at lower resolution (3.5Å) but
allowed us to investigate the relative domain orientations. The RMSD values and figures for the
R45C and R402G superpositions are based on comparison with the wild-type protein in PA5100,
showing that the conformational changes are due to the mutations, and not the crystallization
conditions. None of the observed conformational differences are due to pH changes (Figure
2.10).
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Figure 2.10: Domain reorientations are not due to pH differences. RyR1ABC wild-type structures crystallized at
pH 8.0 (white), pH 9.0 (cream), and pH 9.5 (orange) are superposed, based on domain A. The positions of domains
B and C relative to domain A are unchanged, indicating that the changes observed for the disease-associated mutants
are not due to pH differences in the crystallization conditions.

2.2.6

The relative orientation of domains B and C
As breaking favorable interactions between domains A-B or A-C causes relative domain

reorientations, we wondered whether the destabilization simply allows a preferred relative
orientation between domains B and C. In this scheme, domain A would act as a “clamp” that
prevents the most favorable interactions between domains B and C. This situation is then
analogous to IP3 receptors, where domain A, also known as the suppressor domain, decreases the
ligand-binding affinity by clamping domains B and C in a conformation that disfavors IP3
binding(231,234-236). We, therefore, solved the structure of domains B and C in the absence of
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domain A. Superposition of domain B shows that the relative orientation of domain C differs
appreciably between the RyR1ABC and RyR1BC crystal structures (Figure 2.11). In the absence
of domain A, domain C swings towards the position of domain A, showing that domain A
prevents a more favorable interaction between domains B and C through steric hindrance. The
results suggest that weakening the A-C interaction through disease mutations allows more
favorable B-C interactions to occur. However, the disease mutations cannot cause the exact same
B-C reorientation because domain A still provides steric hindrance.

Figure 2.11: The clamping action of domain A. Superposition of domains B of the RyR1BC and RyR1ABC
crystal structures, showing the relative conformational changes of domain C (arrow). Gray: RyR1BC (PDB
accession code 4I96). Colors: RyR1ABC domains A (blue), B (green), and C (red).
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2.3

Discussion
RyRs are allosteric membrane proteins, whose major function is to release Ca2+ from the

endoplasmic or sarcoplasmic reticulum. Primary triggers for channel opening include
cytoplasmic and luminal Ca2+, as well as voltage-dependent conformational changes in the Ltype calcium channel CaV1.1. These likely cause channel opening by stabilizing the open-state or
destabilizing the closed-state conformations of the cytoplasmic portion.
Disease-causing mutations in RyR1 and RyR2 interfere with channel gating. With some
exceptions, most mutants have been associated with a gain-of-function, for example, by lowering
the threshold for activating ligands. Several theories have been put forward to explain their
effect. In the “zipper hypothesis,” it was postulated that the N-terminal and central disease hot
spots interact, and that disease mutations are located at their interface(148). However, it is now
clear that most disease mutations in the N-terminal region are already involved with other
domain-domain interfaces, and only a small fraction could remain available for binding the
central hot spot(208). It was also postulated that the mutations may affect the binding of FK506binding proteins (FKBPs), and that the resultant dissociation facilitates channel
opening(171,264-266). One group suggested that the N-terminal region might interact directly
with FKBPs(120), but our isothermal titration calorimetry (ITC) experiments failed to detect any
appreciable binding. This is in agreement with cryo-EM studies showing that FKBPs bind at the
periphery of the cytoplasmic foot (for example, see Samso et al.(178), far away from the docked
position of the N-terminal disease hot spot.
Here we built pseudo-atomic models of the N-terminal region in the open and closed
states of RyR1, which suggest that channel opening results in ~7Å widening of an intersubunit
contact area at the central rim. A recent study also supports this result, where FRET experiments
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between domains B and C of the full-length RyR2 validated the docked positions and revealed
dynamic conformational changes within the N-terminal region(239). One likely interpretation of
the widening of the intersubunit interface is that there are direct contacts between domains A and
B of the neighboring subunits in the closed state, and that those contacts are disrupted or
drastically altered as the channel opens. The interaction thus serves as a “brake” on channel
opening, imposing an energetic barrier that needs to be overcome to allow channel opening
(Figure 2.13). This energy would be delivered by binding of triggering agents, such as Ca2+,
which likely cause long-range conformational changes that couple allosterically to the Nterminal region. This also implies that the contacts must be extremely weak: a high-affinity
interaction would require an extremely high energetic penalty for the disruption, as the effective
concentration of two juxtaposed segments within a macromolecule can be in the molar
range(267). Indeed, using various approaches (pull-down experiments, cross-linking, gel
filtration chromatography, dynamic light scattering, and ITC), we failed to observe any
interactions between individual RyR1ABC monomers in solution, implying that they do not
drive tetramerization. The latter was shown to be mediated by the C-terminal area, which
contains coiled-coil region(268). The proposed intersubunit interactions in the N-terminal region
can, therefore, only arise in the context of a high effective concentration. The same applies to
interactions between domain A and domains BC within a subunit, as the two separately purified
constructs also failed to show any interaction in solution, despite their unambiguous contacts in
the crystal structures.
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Figure 2.12: Model for the effect of N-terminal disease-associated mutations in RyRs and ligand binding in
IP3Rs. In wild-type RyR1, channel opening requires breaking the interaction along interface 1 between two
neighboring N-terminal disease hot spots. This involves an energetic penalty. Disease-associated mutations directly
at interface 1 weaken the interaction, which reduces the energetic penalty and facilitates channel opening. Some
disease-associated mutations within a hot spot can change the relative domain-domain orientations, thus affecting
other interfaces at the periphery of the hot spot, such as interface 1. These long-range structural changes, therefore,
also facilitate channel opening. In IP3R, binding of IP3 (hexagon) results in relative domain reorientations, which
also affects interface 1 and facilitates channel opening.

Incidentally, the intersubunit contact area between domains A and B contains the largest
cluster of disease mutations within the N-terminal region (20 for RyR1 and RyR2 combined)
(Figure 2.3a), all of which are associated with gain-of-function phenotypes (MH and
CPVT)(208). How could these affect channel opening? Mutations in the domain A β8-β9 loop,
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one of the loops located at the contact region, were previously found not to cause any structural
or stability differences(205,206). This implies that their only possible involvement is to be
located at a functional interface, and we propose that they form part of intersubunit interactions
that are disrupted upon channel opening. When a random disease mutation is introduced, there is
a much higher probability that the mutation will weaken, rather than strengthen intersubunit
contacts. Such mutations will lower the energy barrier to open the channel, which in turn
facilitates channel opening (Figure 2.13). Important to point out is that they do not cause channel
opening on their own. They simply weaken the “brake” on channel opening, and some amount of
energy, albeit less, is still needed through binding of triggering agents. This can, for example,
explain the shift in Ca2+ dependence and voltage dependence of channel opening(269,270).
Many mutations are not located at the intersubunit interface. However, we previously
observed that most mutations in the N-terminal disease hot spot are located at the domaindomain interfaces, including the interfaces between domains A, B, and C within individual
subunits(208). We found that several mutations that disrupt salt bridges between domains A and
C can cause relative domain movements. Therefore, such mutations cause long-range structural
changes, which automatically affect the interfaces at the periphery of these domains. One
straightforward interpretation is that this domain “misalignment” also affects the intersubunit
interface 1, and thus also lowers the energetic barrier to open the channel (Figure 2.13). In fulllength RyRs, the relative domain orientation could be stabilized by the surrounding domains.
However, even if the ABC domains have the wild-type orientation in full-length RyR mutants,
there is now an additional strain on the other interfaces to keep the ABC domains in a wild-type
orientation, away from their favored orientation in isolation, thus reducing the stability of the
closed state. Upon channel opening, the mutant ABC domains can then relax back to their
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favored orientation. The closed state is thus destabilized relative to the open state, resulting in
facilitated channel opening.
Mutations that are buried (G249R and L14R) also seem to affect the intersubunit
interface through conformational changes that couple within the protein. These results highlight
the overall importance of this interface in channel opening.
Finally, some mutations did not seem to cause any large structural changes, but only had
an effect on the thermal stability (V219I and I404M). The largest effect was observed for the
C36R mutation, destabilizing the RyR1ABC protein by >9°C (Figure 2.5b,c). The altered
melting temperatures imply that there may be temperature-dependent conformational changes,
which could then also affect one or more individual domain interactions.
The RyR N-terminal region shares ~21% sequence identity with the corresponding region
in IP3Rs, suggesting that both channels may have adopted similar allosteric strategies(236). In
IP3Rs, the N-terminal domain A is also known as the “suppressor” domain, which lowers the
affinity for IP3 by clamping domains B and C in a conformation that is unfavorable for IP3
binding(231). Importantly, domain-domain reorientations have also been observed in IP3RABC
through binding of IP3(234,235), suggesting a common theme in both types of calcium-release
channels (Figure 2.13). In RyRs, the relative domain orientation can be altered permanently
through a disease mutation, whereas in IP3Rs, the reorientation is reversible through binding and
unbinding of IP3(234,235). The IP3RABC domains also dock near the four-fold symmetry axis of
a reported 9.5Å IP3R cryo-EM map(229), making intersubunit contacts that are very similar to
the RyR1ABC interactions(234). It has been suggested before that IP3 binding may also
rearrange the intersubunit interface(234). Future cryo-EM studies comparing open and closed
IP3Rs may show a similar widening of the intersubunit gaps. Whether an activator can bind the
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RyR N-terminal region and cause domain rearrangements similar to IP3 in IP3Rs remains to be
discovered.
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Chapter 3: The cardiac ryanodine receptor N-terminal domain contains a hot
spot loop that is perturbed by disease-causing mutations

Dysfunction of ryanodine receptors (RyRs) through mutations has devastating
consequences, leading to life-threatening diseases. RyR2 is the target for over 150 mutations,
many of which are associated with catecholaminergic polymorphic ventricular tachycardia
(CPVT) that can result in sudden cardiac death(17). Other conditions linked to mutations in
RyR2 include arrhythmogenic right ventricular dysplasia type 2 (ARVD2) and idiopathic
ventricular fibrillation(18). Most disease-associated mutations render gain of function, increasing
the sensitivity of the channel towards stimuli, such as cytosolic or luminal Ca2+.
Several structural studies of RyRs have provided insights into how disease-associated
mutations affect the channel function(238). In particular, the crystal structure of the N-terminal
region of RyR1 (RyR1ABC), that comprises of three domains and forms a cytoplasmic vestibule
in an intact channel, has shown that the mutations are either clustered at interfaces or are buried,
rather than exposed to the surface of the full-length channel(208). Further investigation of
RyR1ABC docked in the closed and open cryo-EM maps led to a model of channel gating
whereby an intersubunit interface, normally serving as a brake, is broken upon channel
opening(209). This interface between domains A and B across the subunit (“interface 1”) harbors
the largest number of disease-associated mutations in the N-terminal region, further highlighting
its key role in the channel gating. In particular, the β8-β9 loop found at interface 1, also called
the “hot spot” loop (HS-loop), is the target for over half the mutations found within domain A.
Crystal structures have been solved for domain A in both RyR1(205,206) and RyR2(206). The
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structural effect of two mutants in the HS-loop of RyR1A (R164C and R178C, rabbit RyR1
numbering) have been probed through solution NMR, which showed no overall structural
perturbation(205). Despite being the prime target for disease-associated mutations and its critical
location at interface 1 that acts as a brake in channel opening, no structural insight has been
available for the HS-loop mutants in RyR2. Here, we provide the crystal structures of three HSloop mutants in RyR2A: P164S, R169Q, and R176Q (mouse RyR2 numbering).
3.1
3.1.1

Methods
Cloning, expression, and purification
Mouse RyR2 (residues 1–217) was cloned into a modified pET28 vector containing, in

tandem, a His-tag, maltose binding protein (MBP), and a tobacco etch virus (TEV) cleavage site,
followed by the construct of interest(271). The HS-loop mutants (P164S, R169Q, and R176Q)
were made using the Quikchange protocol (Stratagene). Proteins were expressed at 37°C in E.
coli Rosetta (DE3) pLacI strains (Novagen), induced at OD600 of ~0.6 with 0.2mM IPTG, and
then harvested after 4 hours. Cells were lysed via sonication in buffer A (250mM KCl and
10mM HEPES pH7.4), supplemented with 25mg mL-1 DNaseI and 25mg mL-1 lysozyme. The
resulting lysate was applied to a PorosMC column (Tosoh Biosep), washed with 5 column
volumes (CV) of buffer A and 5CV of buffer A and 10mM imidazole, and eluted with buffer B
(250mM KCl and 500mM imidazole pH7.4). The protein was dialyzed overnight against buffer
A, while cleaved simultaneously with recombinant TEV protease. The sample was then run on
another PorosMC column in buffer A, and the flowthrough was collected and dialyzed against
buffer C (10mM KCl and 20mM Tris-Cl pH8.8), applied to a ResourceQ column (GE
Healthcare), and eluted with a gradient from 0% to 40% buffer D (1M KCl and 20mM Tris-Cl
pH8.8). Finally, the protein was run on a Superdex200 (GE Healthcare) gel filtration column in
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buffer A. The protein sample was exchanged to 10mM KCl and 5mM HEPES pH7.4,
concentrated to 10-20mg mL-1 using Amicon concentrators (10K MWCO; Millipore), and stored
at -80°C.
3.1.2

Crystallization and data collection
All crystals were obtained by hanging drop vapor diffusion using 0.1M malonate (pH

4.6–4.9) and 5%-20% saturated (NH4)2SO4. Crystals were transferred to paratone oil and flashfrozen in liquid N2 prior to data collection. The datasets were collected at the Stanford
Synchrotron Radiation Lightsource (SSRL) beamline 11-1 and the Canadian Light Source (CLS)
beamline 08ID-1 and were processed using the HKL2000 package (HKL Research). Molecular
replacement was performed using Phaser(242) with a modified structure of RyR2A A77V (PDB
accession code 3IM7) as a starting model, in which the HS-loop was deleted to remove bias. The
models were completed by successive rounds of manual model building in Coot(243,272) and
refinement with PHENIX(273). The coordinates and structure factors have been deposited in the
Research Collaboratory for Structural Bioinformatics database with PDB accession codes 4KEI
(P164S), 4KEJ (R169Q), and 4KEK (R176Q). Data collection and final refinement statistics are
available in Table 3.1.
Table 3.1: Data collection and refinement statistics. Values in parentheses are for the highest resolution shell.
P164S

R169Q

R176Q

I41

I41

I41

a=b, c (Å)

111.75, 37.82

112.86, 38.09

100.27, 37.99

α=β=γ (°)

90

90

90

Resolution (Å)

50-2.40 (2.49-2.49)

50-2.55 (2.64-2.55)

50-2.15 (2.19-2.15)

Data collection
Space group
Cell dimensions

82

P164S

R169Q

R176Q

Rsym or Rmerge

5.9 (44.9)

9.3 (49.3)

6.1 (43.1)

I/σ

32.1 (2.5)

24.9 (2.3)

33.3 (2.1)

Completeness (%)

99.8 (98.4)

98.8 (90.0)

98.1 (86.0)

Redundancy

7.2 (5.5)

6.6 (3.3)

4.9 (2.4)

Resolution (Å)

50-2.40

50-2.55

50-2.15

No. reflections

8805

7484

9885

Rwork/Rfree

24.2/27.3

23.6/29.7

25.0/29.0

Protein

1256

1264

1233

Ligand/ion

0

0

5

Water

15

19

14

Protein

61.6

47.3

51.1

Ligand/ion

N/A

N/A

61.8

Water

52.2

37.8

47.8

Bond lengths (Å)

0.002

0.003

0.002

Bond angles (°)

0.554

0.696

0.649

Refinement

No. atoms

B-factors

R.m.s. deviations

3.2

Results
In order to investigate the structural impact of disease-associated mutations located

within the hot spot (HS-)loop of RyR2, or the β8-β9 loop (residues 164-179 in mouse RyR2
numbering), we solved the crystal structures of RyR2A mutants (P164S, R169Q, and R176Q) to
resolutions between 2.15 and 2.55Å (Table 3.1). Because the conformation of the loop might be
affected by crystal contacts and the wild-type RyR2A structure was solved in a different space
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group (C2), we compared these structures with the previously published A77V mutant(206),
which crystallized in the same space group as the three HS-loop mutants in this study. The A77V
mutation only affects the surface and is distantly located from the HS-loop, thus unlikely to
impact the conformation of the loop.
The P164S and R169Q mutations are linked to CPVT, while the R176Q mutation is
associated with ARVD2. Pro164 is located at the beginning of the HS-loop and presumably
provides a degree of conformational rigidity to this loop. Mutating this residue to serine likely
results in partial flexibility, as a portion of the loop exhibits weak electron density (Figure
3.1a,b). The side chain of Arg169 also appears inherently flexible with poorly defined electron
density and was not modeled in the A77V structure. In the R169Q mutant structure, several
residues, including Gln169, were not visible in the electron density, consistent with the higher
degree of flexibility (Figure 3.1c,d). The R176Q mutation facilitates the formation of a new
hydrogen bond between Gln176 and Arg169. This interaction also positions Arg169 for a salt
bridge with Asp179 (Figure 3.1e,f). However, several neighboring residues still showed missing
electron density, suggesting that the R176Q mutation, despite the formation of new interactions,
destabilizes the loop.

84

Figure 3.1: The RyR2A HS-loop mutant structures. Structures of mutants (colors) are superposed onto the
RyR2A A77V structure (white). The HS-loop (residues 164-179) is highlighted in orange (respective mutant) and
white (A77V). The site of mutation is shown in black. The dashed line indicates the portion of the loop that could
not be modeled due to flexibility. (a,b) P164S (PDB accession code 4KEI). (c,d) R169Q (PDB accession code
4KEJ). (e,f) R176Q (PDB accession code 4KEK).

Although the HS-loops in the mutant structures appear partially flexible, as indicated by
the poor electron density, crystal contacts may have affected the resolution of the loops. For
example, in the wild-type RyR2A structure, which was crystallized in a different space group,
the loop position is different from that of the A77V mutant structures(206) (Figure 3.2).
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Although crystal contacts usually do not impart huge structural changes, the conformations of
loops that are inherently flexible can be particularly sensitive. Therefore, we performed more
detailed solution NMR experiments, in collaboration with the laboratory of Dr. Mitsuhiko Ikura
(University of Toronto), to circumvent any effects by crystal contacts on the HS-loop properties.

Figure 3.2: The HS-loop of RyR2A wild type and A77V mutant. The superposition of the RyR2A wild type
chain B (white) (PDB accession code 3IM5) and RyR2A A77V (blue) (PDB accession code 3IM7) structures. The
HS-loop of the A77V mutant is colored in orange for clarity. The structural difference in the loop is due to the
different crystal contacts between the wild-type (space group C2; two molecules in the asymmetric unit) and A77V
(space group I41; one molecule in the asymmetric unit) structures and not due to the mutation since the A77V
mutation only alters the surface of the mutation site, and residue 77 is not involved in contact with the HS-loop.

The spectra of the P164S, R169Q, and R176Q mutants were assigned by transference
from wild-type RyR2A and using 15N-resolved nuclear Overhauser enhancement (NOE)
spectroscopy-TROSY data for peaks that did not coincide sufficiently between spectra. We
examined the effect of the three HS-loop mutations on the structural fold of RyR2A by
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monitoring the chemical shift perturbations (CSPs) (Figure 3.3a). Plotting the CSPs on the
hybrid structure of RyR2A revealed distinct magnitudes of structural perturbations caused by
each mutation (Figure 3.3b). The P164S mutation resulted in the largest CSPs for residues
throughout the HS-loop and for residues immediately adjacent to the loop. The R169Q mutation
had a moderate conformational effect on the HS-loop and the core structure, while the
perturbation of R176Q was limited to the immediate vicinity of the substituted residue. Taken
together, the data suggest that P164S, R169Q, and R176Q cause local structural perturbations
within or near the HS-loop, overall consistent with the crystal structures.
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Figure 3.3: Chemical shift perturbations (CSPs) on RyR2A caused by the HS-loop mutants. (a) CSPs of
RyR2A TROSY-HSQC. CSP values in Hz are plotted for each mutant. Colored arrows indicate the site of mutations
in the sequence. Secondary structural elements for RyR2A are shown above the plot. Regions outside the HS-loop
showing significant CSPs are the N-terminal region and β12, colored in brown and pink, respectively. The boxed
inset is a close-up view of the HS-loop region showing the site of mutations (in asterisks) and perturbed structural
elements including Tyr115, which fits into a cleft of the HS-loop, as well as the aforementioned N-terminus and
β12. (b) CSPs generated by each HS-loop mutant are mapped onto the hybrid model of RyR2A. The P164S, R169Q,
and R176Q perturbations are shown in blue, red, and green, respectively. The HS-loop is outlined in yellow. An
asterisk shows the site of each mutation. Image provided by the Ikura Lab.
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3.3

Discussion
RyRs are large tetrameric Ca2+ release channels located in the membranes of the SR or

ER. Previous low-resolution structural studies of the channel revealed an overall mushroom
shape, comprised of many globular domains(238). Some of the domains are involved in the
binding of modulatory proteins or ligands, while others are coupled to conformational changes
connecting the movements in the transmembrane area to the cytoplasmic region(27). Each
subunit consists of many domains that have individual functions(27). RyRs are the target for
over 500 disease-associated mutations. In particular, the N-terminal region of RyR1 and RyR2
has been described as a “hot spot” for mutations that cause MH, CCD, CPVT, and other
conditions, although the number of mutations identified outside of the hot spots are increasing,
especially for RyR1 (Figure 1.2). Understanding of the mechanisms of these disease-associated
mutations, as well as the exact nature of the conformational changes that regulates the channel
opening, has been hampered due to the lack of high-resolution structures of RyRs.
The first crystal structures to be solved for RyRs were that of the very N-terminal domain
of RyR1 and RyR2, or RyR1A and RyR2A(205,206). The domain consisted of a β-trefoil core
and an α helix at one side of the domain. The structures of two disease-associated mutations in
RyR2A (A77V and V186M) only altered the surface of the protein and, thus, the most likely role
of these mutations was predicted to affect the binding interface with other parts of the
channel(206). Similarly, solution NMR of RyR1A disease-associated mutations (C36R, R164C,
and R178C) showed that mutations do not perturb the global structure, again indicating that they
likely cause local structural changes that would affect the binding interface(205). Nonetheless, a
single domain construct was insufficient for reliably docking onto the full-length cryo-EM map

89

of RyR, and, therefore, which interfaces are targeted by disease-associated mutations remained
elusive.
Since then, the crystal structure of a larger N-terminal region of RyR1, comprising of
three domains (RyR1ABC), allowed for a definitive positioning of the N-terminal region within
the full-length RyR1, where four subunits of RyR1ABC form a cytoplasmic vestibule around the
four-fold symmetry(208). RyR is an allosteric channel, where its opening coincides with
coordinated conformational changes throughout the channel(122). In particular, the N-terminal
region goes through significant conformational change during the channel opening. Interface 1,
formed between domains A and B across subunit, have been identified as the key interface for
channel gating and is the target for a large proportion of disease-associated mutations found in
the region(209). At this interface, the β8-β9 loop harbors the largest cluster of disease-associated
mutations and was previously termed the hot spot loop, or the HS-loop(205,206).
In the initial investigations of crystal structures of RyR1A and RyR2A, the HS-loop was
fully visible, forming a rigid structure(205,206). Mutations in the HS-loop (R164C and R178C,
rabbit RyR1 numbering) did not cause an overall structural perturbation, and the effect of
mutations in the loop remained unclear. In RyR1ABC, the HS-loop was once again revealed as a
rigid structure. The close proximity of domain B from the adjacent subunit in the full-length
channel would further imply that the mobility of the loop is restricted. Furthermore, two buried
disease-associated mutations adjacent to the intersubunit interface have been shown to alter the
structures of loops located at the interface, including the HS-loop, suggesting that the
conformation of the loops at the interface is important in channel regulation(209).
Here, we show the crystal structures of three HS-loop mutants in RyR2A: P164S, R169Q,
and R176Q. The mutations did not cause structural change in the overall domain, but the loop in
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each mutant became partially flexible (Figure 3.1). This observation differed from the previous
structures of the wild-type RyR1A, RyR1ABC, and RyR2A, in which the loop formed a rigid
structure(205,206,208). The increased mobility of the loop in the HS-loop mutants was also
confirmed through solution NMR, where chemical shift perturbations were significantly higher
only at the loop and its vicinity in the mutants compared with the wild type (Figure 3.3).
Thus, mutations in the HS-loop perturb the structure of the loop and its vicinity. The loop
is located at the interface involved in conformational changes upon channel opening. This
interface (interface 1) likely works as a brake, whereby interactions formed at the interface
stabilize the closed state. Incidentally, interface 1 is the prime target for disease-associated
mutations in the N-terminal region, with the HS-loop harboring the largest number of mutations
in domain A. Taken together, structural changes induced by disease-associated mutations in the
HS-loop would likely disrupt the intersubunit interface and lead to increased channel opening.
Two of the mutations in this study, P164S and R169Q, are associated with CPVT, while
R176Q is linked to ARVD2. Yet all three mutations are located on the same loop, and they all
cause perturbation of the loop to a similar extent. In RyR1, many mutations cause gain of
function and target the cytoplasmic portion, while others confer loss of function and are mainly
located near the transmembrane region(27). This difference in the function and location of the
mutations may explain why some are associated with MH and others with CCD. In some cases,
nonetheless, the same mutations have been linked to both diseases, and the reason for different
phenotypes are still unclear. Could R176Q mutation in RyR2 differ from the other two mutations
in this study due to its formation of new hydrogen bond and salt bridge within the HS-loop? This
question remains to be answered.
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The previous structure of RyR2A wild type was crystallized in space group that differs
from mutant structures, both in the earlier and current studies(206,207). The comparison of the
wild type structure with that of the A77V mutant shows that the HS-loop conformation differs
between the two, although A77V is located away from the loop and only alters the surface
structure (Figure 3.2). Therefore, the loop conformation is affected by the crystal contact, and the
exact conformation of the loop in the crystal structures, as well as the extent of increased
mobility due to mutations, are uncertain. However, the solution NMR of the HS-loop mutants
confirms that the mutations increase the flexibility of the loop. The existence of multiple
conformations of the loop and the increased flexibility in the disease-associated mutants strongly
suggest that the HS-loop plays a crucial role at the intersubunit interface in the physiological
context, in which the motion of the loop contributes to the regulation of channel opening. Future
experiments involving the HS-loop in the natural conformation formed by tetramerization of the
N-terminal region would shed further light on the effect of the HS-loop mutants.
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Chapter 4: The cardiac ryanodine receptor N-terminal region contains an
anion-binding site that is targeted by disease-associated mutations

Several high- and low-resolution studies have shed light on the ryanodine receptor (RyR)
structure(238). Cryo-electron microscopy (cryo-EM) reconstructions show that the RyR has an
overall mushroom shape(119,121,122), with the stalk crossing the membrane and the large cap
located entirely in the cytosol. In addition, several crystal structures of cytoplasmic domains or
domain clusters have been solved(205,206,208,209,211,215,216). In some cases, these can be
docked reliably into the available cryo-EM maps. This includes the N-terminal region of RyR1,
an area consisting of three domains (A, B, and C), which was found to be located near the fourfold symmetry axis, forming a cytoplasmic vestibule(208). Opening and closing of RyRs result
in many allosteric motions within the cytoplasmic cap(122). This includes movements in the Nterminal region, and an attractive model suggests that intersubunit contacts, mediated by domains
A and B from neighboring subunits, can be disrupted upon channel opening(209). As such, it
appears that the N-terminal region acts as a “brake” on channel opening.
RyRs are targets for hundreds of disease-associated mutations. Over 150 mutations have
been found in RyR2 that are mostly associated with catecholaminergic polymorphic ventricular
tachycardia (CPVT), a condition that leads to triggered cardiac arrhythmias and can result in
sudden cardiac death(17). In addition, some mutations are associated with arrhythmogenic right
ventricular dysplasia type 2 (ARVD2) and idiopathic ventricular fibrillation(18). In RyR1,
mutations can lead to several disorders, including malignant hyperthermia (MH)(274) and central
core disease (CCD)(263,275). Based on the crystal structure of the RyR1 N-terminal region, it
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was found that disease mutations are mostly found at interfaces between domains and are
capable of altering relative domain orientations(209). Although many mutations have been
mapped onto the RyR1 crystal structure, our high-resolution insights into the corresponding
region of RyR2 have been limited to the very N-terminal domain(206). Here, we describe the
crystal structure of the N-terminal region of RyR2 (residues 1-547), an area encompassing 29
distinct disease-associated mutations. The protein folds up in three individual domains
(“RyR2ABC”), which are, unlike RyR1, held together via a central chloride anion that shields
repulsive positive charges. This anion-binding site is the target for disease mutations that cause
CPVT. The results suggest that anion binding affects relative domain orientations and may
regulate RyR2.
4.1
4.1.1

Methods
Cloning, purification, and crystallization of RyR2 N-terminal region
Mouse RyR2 residues 1-547 (RyR2ABC) was cloned and expressed as previously

described for the RyR1 constructs(208). All point mutants were prepared using the QuikChange
protocol (Stratagene). The delta exon 3 variant of RyR2ABC was cloned using a full-length
construct as a template (gift from the laboratory of Dr. Wayne Chen, University of Calgary). The
proteins were purified similarly to the corresponding RyR1 construct, except that following a
ResourceQ column (GE Healthcare), they were run on a Phenyl Sepharose column (GE
Healthcare) in 10mM Tris-Cl pH 8.0 and 14mM β-ME, with a gradient from 50 to 1500mM KCl.
The samples were then run on a preparative Superdex 200 (GE Healthcare).
Protein crystals were produced by exchanging the samples to 250mM KCl, 10mM NaHEPES pH 7.4 and 5mM dithiothreitol (DTT) and concentrating them to 10mg ml-1 using 10,000
MW cutoff concentrators (Amicon, Millipore). All crystals were obtained at room temperature
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using the hanging drop method. Wild-type proteins were crystallized in 0.1M Tris pH 8.15, 510% PEG3350, and 1% EtOH. Bromide-bound protein and the R420Q mutant crystallized in
similar conditions, except that seeding using wild-type crystals was necessary. All crystals were
flash-frozen in the corresponding mother liquor containing 40% PEG200 or 35% glycerol.
Crystals in complex with bromide were obtained by exchanging KCl for KBr through dialysis.
4.1.2

Data collection, structure solution, and refinement
Data were collected at beamlines 08ID of the Canadian Light Source (CLS, Saskatoon)

and 9-2 of the Stanford Synchrotron Radiation Laboratory (SSRL, Menlo Park). The data were
processed using XDS(241). The RyR2ABC wild-type structure was solved using molecular
replacement implemented in Phaser(242) with the individual domains of RyR1ABC structure as
search models. An improved structure was then generated through autobuilding using
Arp/wArp(276). Refinement consisted of successive rounds of manual modeling in COOT(243)
and refinement in REFMAC5(244) with translation, libration, and screw-rotation (TLS)
restraints applied to individual domains. The RyR2ABC R420Q and R414C mutant structures
were solved using the individual domains of RyR2ABC as search models and refined as
described for wild-type RyR2ABC. Data collection and refinement statistics are available in
Table 4.1. Coordinates and structure factors for the RyR2ABC wild-type and R420Q mutant
structures have been deposited in the RCSB Protein Data Bank with the accession numbers
4L4H and 4L4I, respectively. Anomalous maps for the bromide-grown crystal were obtained
using calculated phases from the RyR2ABC structure and using anomalous differences from a
data set collected at the peak absorption of bromide.
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Table 4.1: Crystallographic parameters. Values in parentheses are for the highest-resolution shell. RMSD = root
mean square deviation.
WT

R420Q

R414C

P42212

P42212

P42212

a, b, c (Å)

78.04, 78.04, 248.38

78.22, 78.22, 248.65

79.49, 79.49, 250.43

α, β, γ (°)

90, 90, 90

90, 90, 90

90, 90, 90

Resolution (Å)

50-2.00 (2.05-2.00)

50-2.15 (2.27-2.15)

50-2.15 (2.19-2.15)

Rsym or Rmerge

9.1 (173.2)

10.3 (188.8)

6.8 (84.7)

I/σI

15.6 (2.0)

20.2 (2.4)

47.5 (2.2)

Completeness (%)

99.6 (99.9)

99.7 (99.7)

99.7 (98.9)

Redundancy

5.7 (5.8)

14.3 (14.7)

13.7 (9.9)

Resolution (Å)

50-2.00

50-2.15

50-2.15

No. reflections

50190

40856

44761

Rwork/Rfree

22.03/25.11

22.83/26.29

19.65/21.95

Protein

3564

3553

3580

Ligand/ion

18

6

7

Water

83

64

146

Protein

45.4

21.6

63.8

Ligand/ion

51.9

58.5

91.7

Water

44.6

23.1

59.4

0.021

0.013

0.007

Data collection
Space group
Cell dimensions

Refinement

No. atoms

B-factors

RMSD
Bond lengths (Å)
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Bond angles (°)

4.1.3

WT

R420Q

R414C

1.809

1.430

0.981

Fluorescence-based thermal shift assays
Protein melting curves were measured using thermofluor assays(245). A total of 10µl of

1mg ml-1 protein was mixed into a 40µl solution containing 1× SYPRO orange dye (Invitrogen),
150mM KCl, 10mM HEPES pH 7.4, and 14mM β-ME. Melting curves were obtained using a
DNA Engine Opticon 2 real-time PCR machine (Bio-Rad), using the SYBR filter option. The
temperature was increased from 25°C to 95°C with 0.5°C steps, with the temperature held
constant for 15s before data acquisition. Melting temperatures were obtained by taking the
maxima of the first derivatives of the melting curves.
4.2
4.2.1

Results
Overall structure of the RyR2 N-terminal region
We solved the structure of mouse RyR2 residues 1-547 (RyR2ABC) at 2.0Å resolution.

The structure consists of three individual domains (A, B, and C) that form a compact
arrangement (Figures 4.1a and 4.2). Domains A and B display β-trefoil folds, whereas domain C
forms an α-helical bundle typical of armadillo repeats. Domain A contains an α-helix, previously
observed for the structure of the individual domain(206) and RyR1ABC(208), but in this case the
helix was disordered, suggesting there is some intrinsic flexibility to this secondary structure
element. The domains are held together by a number of ionic interactions (Table 4.2). In the
corresponding RyR1ABC structure, ionic interactions are also responsible for the compact
domain arrangement, and the overall domain orientations between the two isoforms are similar
(Figure 4.1b). We compared the thermal stabilities of RyR1ABC and RyR2ABC via thermofluor
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assay. The RyR2ABC protein appeared less stable than RyR1ABC (rabbit residues 1-536), with
an approximately 5°C difference in melting temperature, although the melting transition occurred
later and was steeper (Figure 4.1c).

Figure 4.1: Overall structure of the RyR2 N-terminal region. (a) Cartoon representation of mouse RyR2 residues
1-547 (RyR2ABC). Blue, domain A; green, domain B; and red, domain C. Select secondary structure elements are
labeled. (b) Superposition of RyR1ABC (gray) and RyR2ABC (colors). (c) Thermal melt curves indicating thermal
stability. The melting temperatures, obtained by the maxima of the first derivatives, are 48.0°C ± 0°C (RyR1ABC),
43.1°C ± 0.4°C (RyR2ABC), and 42.3°C ± 1.4°C (RyR2ABC R420Q), where errors indicate standard deviation of
the mean. The RyR2ABC wild-type (WT) and mutant melting curves show two transitions, but due to the shallow
nature of the second transition, a melting temperature for this portion could not be obtained reliably.
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Figure 4.2: Sequence alignment of RyR2 and RyR1 N-terminal regions. Sequence alignment of the N-terminal
regions of mouse RyR2 and rabbit RyR1, showing the secondary structure obtained from each crystal structure
above and below, respectively. Coils represent α helices, while arrows represent β strands. Portions present in the
crystallized construct but not modeled due to flexibility are indicated by dashed lines. Gray boxes highlight residues
conserved between the two isoforms, and residues shown in red are targets of disease-associated mutations.

Table 4.2: Interdomain salt bridges. Ionic pairs between domains in RyR1ABC and RyR2ABC structures. The
“✕” marks ionic pairs that do not exist in RyR2ABC.
Domains involved

Rabbit RyR1

Mouse RyR2

B-C

Arg242-Glu481

Arg257-Glu492

B-C

Arg221-Glu397

Arg235-Glu412

B-A-C-A (network)

Arg283-Asp61-Arg402-Glu40

Arg298-Asp61✕Arg417✕Glu40

A-C

Arg45-Asp447

Arg45-Asp458
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Despite the similarity in the overall domain arrangement, a closer inspection of the
domain-domain interactions reveals a crucial difference. In RyR1, there is an ionic-pair network
consisting of four residues that are located in all three domains (Table 4.2 and Figure 4.3a):
Arg283 (domain B) forms a salt bridge with Asp61 (domain A), which also forms an ionic pair
with Arg402 (domain C), which finally forms a further salt bridge with Glu40 (domain A). Such
networks of interactions are more stable than individual pairs, and this is, therefore, a major
stabilizing element for the RyR1ABC structure. The latter three residues in the network also
form multiple hydrogen bonds with one another, further adding to the stability. In RyR2,
however, this network is disrupted (Figure 4.3b). Although the four residues involved in the
network are conserved, there is a substitution of RyR1 His405 (domain C) by Arg420 in RyR2.
Instead of a four-residue network, only a single ionic pair remains, formed by Arg298 and
Asp61, and all hydrogen bonds within the network are lost.
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Figure 4.3: Details of the anion-binding site. (a) Inter-domain interaction area for RyR1ABC showing the saltbridge network involving residues in all three domains. Black dashed lines indicate hydrogen bonds between ionic
pairs. Orange dashed lines indicate a salt bridge between Arg283 and Asp61 that is not formed by hydrogen bonds.
(b) The corresponding region in RyR2ABC. Domains are colored as in Figure 4.1. Fo-Fc density, contoured at 3σ, is
shown for the chloride site. Dashed lines indicate contacts with positively charged arginine atoms and a hydrogen
bond between Tyr125 and Arg420. Two histidine residues in RyR1 are replaced by Arg420 and Tyr125 in RyR2.
This results in a disruption of the ionic pair network and the creation of a chloride-binding site. Arg298 and Asp61
form a salt bridge that is not mediated by hydrogen bonds. (c) Surface representation of RyR2ABC, with the
chloride ion shown as a black sphere. The chloride is inaccessible to solvent. (d) Anomalous difference maps for the
bromide-bound structure, contoured at 7σ (outer mesh) and 20σ (inner mesh). The peak is visible up to 34σ.
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Instead, the ionic pair network seems to be replaced by a chloride ion. It is coordinated by
electrostatic interactions with residues from domains B and C: Arg420, Arg298, and Arg276.
The hydroxyl group of Tyr125 is within 4.5Å, too far to create a hydrogen bond, but the Tyr125
side chain forms a “lid” that further shields the anion and its hydroxyl group hydrogen bonds
with the Arg420 side chain. Arg417, involved in the network in RyR1, is near the chloride ion,
but its positive guanidinium group is pointing away. The chloride site is almost completely
buried (Figure 4.3c).
4.2.2

Chloride can be exchanged
The RyR2ABC protein was purified in the presence of high KCl concentration. The

chloride binding appeared essential for stability, as removal of chloride prevented the protein
from remaining soluble at concentrations required for crystal growth. The absence of an anion
would allow several positively charged arginines to be in proximity, which destabilizes the
domain-domain interactions.
Does the site also accommodate other anions? In order to answer this question, we
exchanged KCl with KBr, and the concentrated protein remained stable in solution under these
conditions. We then grew RyR2ABC crystals in bromide and obtained a 2.3Å structure. Data
were collected at the absorption edge for bromide, allowing us to calculate anomalous difference
maps. An anomalous peak was visible up to 34σ (Figure 4.3d), providing an unambiguous
assignment for a bromide ion at the anion binding site. As the ionic radius for bromide (1.82Å) is
only slightly larger than for chloride (1.67Å), it is not surprising that it can bind to the same site.
Bromide ions are not physiologically relevant, but the bromide anomalous signal confirms the
presence of a halide-ion binding site. Since the KCl was exchanged for KBr only at the end of
the purification, this also means that anion binding to this site is a reversible process. Although
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the anion is buried and protected from solvent within the structure, this shows that dynamic
breathing motions allow ion exchange.
4.2.3

Chloride dissociation constant is below 4mM
The chloride binding seems important for the structural stability of RyR2ABC since the

protein is unstable without the presence of high KCl concentration. We wondered if the chloride
ion also has a physiological function in RyR regulation. To answer this question, we probed the
chloride affinity of RyR2ABC. If the affinity for the anion were at the physiological level, this
would strongly suggest that the chloride binding has a functional role rather than simply being a
structural part that is always bound to the protein.
We attempted to measure the affinity of the chloride binding in RyR2ABC using ITC.
For this experiment, we used the HMT-RyR2ABC fusion protein since RyR2ABC on its own
becomes insoluble at the concentration required for ITC experiments when chloride ions are
dialyzed out. The maltose binding protein in the HMT portion would help stabilize RyR2ABC.
We titrated 800µM of NaCl into 43µM of HMT-RyR2ABC but could not detect any binding.
Subsequent gel filtration chromatography showed that the protein was partially aggregated,
indicating that the removal of chloride ions caused protein misfolding.
Next, we wondered if we could crystalize RyR2ABC at lower KCl concentrations and
capture different levels of bound-chloride occupancies. We performed serial dilutions of
RyR2ABC in lower KCl concentrations starting from 50mM in the presence of 150mM NaHEPES pH7.4 to compensate for the ionic strength in the buffer. A protein concentration of
6.5mg ml-1 was used, which is high enough for the crystallization to occur but still lower than
usual, which may prevent the insolubility in low salt. RyR2ABC was soluble up to 5mM KCl but
was partially precipitated at 4.5mM and 4mM KCl. The protein was completely insoluble at KCl
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concentrations of 0, 2, and 3mM. We collected diffraction data for crystals obtained at 10, 5, 4.5,
and 4mM KCl and solved the respective structures. However, the chloride ion occupancy was
100% in every KCl concentration after performing an occupancy refinement, and lower KCl
level did not cause structural changes in the protein (Figure 4.4). This suggests that the
dissociation constant for the chloride binding is somewhere below 4mM.

Figure 4.4: Structure of RyR2ABC crystallized in 4mM KCl. The superposition of the structures of RyR2ABC
crystalized in the presence of 4mM KCl (colors) and in 250mM KCl (white) shows no structural alterations. For
better comparison, the 250mM KCl structure was solved from a crystal soaked in glycerol as the cryo-protectant
prior to data collection (unpublished). The spheres represent chloride ion (orange, 4mM KCl; and white, 250mM
KCl). The 4mM KCl structure contains an extra helix in domain B that is discussed in detail in Section 4.2.7.

Since we could not obtain crystal structures of RyR2ABC at KCl concentrations lower
than 4mM, we performed soaking experiments using crystals grown at 250mM KCl. The crystals
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were transferred into drops containing KCl concentrations between 0mM and 4mM, washed by
transferring into new drops, and equilibrated over several days. Crystals at all levels of KCl
tested stayed intact after the soaking experiment and diffracted well. However, subsequent
occupancy refinement of the structures showed that chloride was bound at 100% occupancy in
every concentration tested. Moreover, chloride was bound even in crystals that were soaked in
the absence of KCl. This suggests that although chloride can be exchanged in solution, it cannot
be removed after the protein crystal formation. This is consistent with the observation that the
chloride ion bound within RyR2ABC is inaccessible to the solvent (Figure 4.3c), where the
crystal lattice tightly packs the ABC domains into rigid structure that no longer “breathes.”
4.2.4

The R420Q disease-associated mutation affects chloride binding
One of the arginines that coordinate the chloride ion, Arg420, is the target for two

disease-associated mutations (R420Q and R420W). We investigated the structure of the R420Q
mutant, which has been linked to CPVT(277). In RyR1, the corresponding residue is a histidine
instead and no chloride binding was detected. We therefore expected the R420Q mutation to
abolish the binding site and to re-establish the central ionic pair network observed in RyR1. We
solved the crystal structure of RyR2ABC R420Q at 2.15Å resolution (Figure 4.5). As expected,
no density was observed for a chloride ion. However, the ionic pair network was not restored. In
particular, the Arg417 side chain, which is involved in the network in RyR1 by pairing up with
Asp61 and Glu40, still does not pair up with either residue in the R420Q mutant, despite the
absence of the chloride ion. This seems to be due to the side chain of Tyr125, which would
sterically clash with Arg417 in its configuration necessary for the salt bridges. Both Tyr125 and
Arg420 appear to be strongly conserved among all mammalian RyR2 sequences as well as in
some other species (Figure 4.6). The exception is RyR2 from Myotis davidii, which does contain
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Arg420 but not Tyr125. Overall, this suggests that the anion binding is strongly conserved
among mammalian RyR2s and may play a functional role.

Figure 4.5: Structure of the R420Q disease-associated mutant. (a) Crystal structure of the R420Q diseaseassociated mutant (gray) superposed on the RyR2ABC wild-type structure (colors). No chloride density was visible
for the disease mutant. (b,c) Superposition of wild type (colors) and R420Q RyR2ABC (white) based on domain C,
showing the relative positions of domains A (b) and B (c). Shifts in the domain arrangement are indicated by arrows.
Domains A and B are shifted relative to domain C. (d) Superposition of wild type and R420Q based on domain A,
showing a near-perfect superposition of domain B, indicating the relative orientation of domain A versus domain B
is unchanged.
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Figure 4.6: Sequence alignment of various mammalian RyR2 sequences. Sequence alignment of various
mammalian RyR2 sequences, clustered around Tyr125 and Arg420 (mouse RyR2 numbering; highlighted in gray),
along with select RyR sequences from non-mammalian vertebrates. With the exception of Myotis davidii, both
Tyr125 and Arg420 are strongly conserved.

The absence of chloride in the R420Q structure removes a link between domain C
(Arg420) and domain B (Arg276 and Arg298). Although the local rearrangements around the
chloride site are small, the mutation seems to affect relative domain reorientations. Superposition
based on domain C alone shows that the positions of domains A and B relative to domain C are
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changed; main-chain atoms in domain A and B shift by as much as 1.4Å (Figure 4.5b,c). These
shifts seem to be the result of a tilting around an axis near the domain B-C interface. As a result,
the shifts are almost invisible right next to the chloride-binding site and are largest further away.
In contrast, the relative position of domains A and B is unchanged (Figure 4.5d). We have
previously observed that interdomain salt bridge mutations in RyR1 can cause similar relative
domain reorientations(209). Altering domain orientations, thus, seems to be a common theme
with several disease-associated mutations in both RyR1 and RyR2.
Although no chloride was detected for the R420Q mutant, we wondered whether there is
still some residual affinity, resulting in a lower occupancy of the anion-binding site that could
not be detected in conventional difference maps. We, therefore, also co-crystallized the R420Q
mutant with KBr and kept a high concentration of KBr (500mM) during the soak into cryoprotectant. After creating an anomalous difference map, a peak was visible at the anion-binding
site but only visible to 5.5σ compared with 34σ for the wild type, suggesting a much lower
occupancy despite the increased KBr concentration. The mutant, therefore, has a reduced affinity
for anions but can still bind them at much higher concentrations.
4.2.5

Additional RyR2 disease-associated mutations
Figure 4.7a shows the positions of the known disease-associated mutations that target the

RyR2ABC domains. In total, 29 RyR2 mutations can be mapped on the RyR2ABC structure,
dispersed over 27 distinct sites (as two sites are the target for multiple mutations).
The Δexon3 is an abnormal mutation that ablates residues 57-91, causing a severe form
of CPVT(277-279). The deletion includes a β strand (β4) that is part of the β-trefoil fold of
domain A, but a crystal structure of RyR2A Δexon3 showed that exon4, a flexible stretch in
wild-type RyR2A, can rescue this by inserting itself into the β-trefoil core(211). In a recent NMR
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study, the exon4 was shown to form a second α helix in domain A, which replaces the missing β
strand in Δexon3 protein(207). We were unable to purify the RyR2ABC Δexon3 construct, as it
was readily degraded and appeared unstable. Several residues in exon3 interact with domain B
(Figure 4.7b). This includes Asp61, which forms a salt bridge with Arg298 on domain B (Figure
4.3b). As the identities of amino acid residues in exon4 are all different(211), the contacts
between domains A and B mediated by the exon3 residues are very different. Our inability to
obtain pure, non-degraded RyR2ABC Δexon3 suggests that the alternative contacts involving
exon4 are significantly less stable.
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Figure 4.7: Additional RyR2 disease-associated mutants. Domains are colored according to Figure 4.1. (a)
Mapping of known disease-associated mutations on the RyR2ABC structure, with the target residues shown as black
sticks. Exon3 is shown in black cartoon representation. (b) Detail of several exon3 residues (black) interacting with
domain B. (c-f) Details of the environments for four disease-associated-mutation target sites for which purification
was attempted. The mutated residue in each case is shown in a black stick representation. All four caused
destabilization of the protein, resulting in heavily degraded material. Shown are positions of L62F (c), F329L (d),
T415R (e), and L433P (f).
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In addition, we created a number of point mutants in RyR2ABC that correspond to
individual disease-associated mutations. These include the mutants L62F, G230C, F329L,
R414C, T415R, R420Q, and L433P and are either located at intrasubunit domain interfaces or
are buried within individual domains (Figure 4.7a). All have been linked to CPVT(277), except
for L433P, which has been found to associate with ARVD2(280).
The G230C mutation was reported in a recent study and exhibited increased sensitivity
towards activation by cytosolic Ca2+(266). Another study showed that the mutation also
sensitizes RyR2 for activation by luminal Ca2+(281). The corresponding residue on RyR1 is also
the target for disease-associated mutation(209). On the RyR2ABC structure, Gly230 is located in
the loop that connects domains A and B (Figure 4.8). The residue is part of a conserved Gly-Gly
motif (Gly230 and Gly231), forming a tight turn just before the fist β strand of domain B (β13).
The Gly230 Cα atom is buried near the domains A-B interface, and the addition of the Cys side
chain would clash with the adjacent β strand (β16). We were able to purify the G230C mutant in
the RyR2ABC construct, but the majority of the protein readily degraded, and we could not
obtain enough intact protein for crystallization experiments. Thermal melt analysis reveals that
both the RyR2ABC wild type and G230C mutant unfold in a two-step process, and the G230C
mutation causes a leftward shift in the first transition, indicating a decreased thermal stability
(Figure 4.8b). Thus, G230C has a destabilizing effect on the N-terminal domains, and the
location of the residue at the domains A-B interface suggests that the mutation likely alters the
fold and stability of the interface, possibly affecting the relative orientations of domains A and B.
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Figure 4.8: The G230C mutation reduces the thermal stability of RyR2ABC. Coloring scheme of the three
domains is the same as in Figure 4.1. (a) Structure of RyR2ABC, with Gly230 represented by black spheres. (b)
Representative thermal melting curves of the wild type and G230C mutant RyR2ABC (n=3). The melting
temperatures, obtained by taking the maxima of the first derivatives, are 42.0°C ± 0.5°C (wild type) and 39.7°C ±
0.3°C (G230C). Errors indicate standard deviation of the mean. Both curves show two transitions, but due to the
shallow nature of the second transition, a melting temperature for this portion could not be obtained reliably. (c,d)
Close-up views showing the Gly230 residue (black) as part of the turn preceding the first β strand of domain B
(β13). The loop connecting domains A and B that harbors Gly230 is shown in cream color. In d, Gly230 and the
neighboring residues in the loop are shown as stick representations that clearly reveal a tight turn formed by the two
Gly residues. The Cα atom of Gly230 is located in close proximity to β16, which would not easily accommodate a
Cys side chain.
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Arg414 is the target of two CPVT-associated mutations (R414C and R414L)(282-284).
The residue is located at the A-C interface but is also exposed at the surface of RyR2ABC. The
side chain of Arg414 is not involved in hydrogen bonds or salt bridge interactions, and there is
plenty of space for Cys or Leu substitution. We wondered how R414C is able to cause the CPVT
phenotype. To gain such insight, we solved the crystal structure of R414C. The overall structure
of the R414C mutant does not differ from that of the wild type, but the mutation confers subtle
changes at the A-C interface (Figure 4.9). The R414C mutant is able to bind a chloride ion, but
two of the arginine residues that coordinate the anion adopt conformations that differ from the
wild type, in which Arg417 acquires and Arg276 loses a dual conformation in the mutant (Figure
4.9a). Although this swap does not seem to affect the chloride binding, it may cause subtle
changes to the affinity. The Arg414 side chain is not involved in hydrogen bonds or salt bridges,
but it does interact with the Phe42 side chain through van der Waals interaction (Figure 4.9a,c).
The removal of the arginine side chain in the R414C mutant disrupts this interaction, and the
Phe42 side chain swings away from Cys414 (Figure 4.9a,d).
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Figure 4.9: The structure and thermal stability of R414C. (a) The crystal structure of RyR2ABC R414C (colors)
superposed onto the wild-type structure (white), showing the close-up view around the mutation site. Since the
R414C structure was solved using crystals frozen in glycerol, the wild type structure was also solved using crystals
frozen in the same cryo-protectant (unpublished) for a better comparison. Coloring scheme of the three domains is
the same as in Figure 4.1. Arrows indicate shifts of select side chains in the mutant with respect to the wild type. The
chloride ion is represented by a sphere (orange in the mutant and white in the wild type). (b) Representative thermal
melting curves of the RyR2ABC wild type and the R414C mutant (n=4). The melting temperatures, obtained by
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taking the maxima of the first derivatives, are 42.6°C ± 0.25°C (wild type) and 39.5°C ± 0.0°C (R414C). Errors
indicate standard deviation of the mean. Both curves show two transitions, but due to the shallow nature of the
second transition, a melting temperature for this portion could not be obtained reliably. (c) The surface
representation of Phe42 and Arg414 shows van der Waals interaction in the wild type, (d) but Cys414 in the R414C
mutant is unable to retain this interaction, resulting in Phe42 to swing away. (e,f) Two different views of the electron
densities around Cys414 in the R414C mutant. Black mesh represents weighted 2Fo-Fc contoured at 1.5σ. Green
mesh represents positive Fo-Fc contoured at 3.0σ and is visible up to 5.0σ. Water molecules are shown as red
spheres. All three domains are shown in white for clarity.

We observed extra electron densities associated with the Cys414 side chain that could not
be modeled (Figure 4.9e,f). The positive Fo-Fc density was visible up to 5σ. This strongly
suggests that Cys414 is reactive and is involved in cysteine modification, which is not surprising
since Cys414 is exposed to the solvent, and swapping the bulky Arg for Cys makes the site more
accessible to modifying agents. The likely combination of modifications by βME and DTT
(present at ~1mM and ~5mM in the sample, respectively), as well as being in multiple
conformations, could explain the ambiguity in the electron densities that prevented the modeling
of the structure. The modification at Cys414 would work as a “wedge” at the A-C interface and
destabilize the domain-domain interaction. In fact, the R414C mutation destabilizes the protein
by ~3°C (Figure 4.9b).
With the exception of R420Q, G230C, and R414C, all other mutant versions of
RyR2ABC in this study behaved poorly and were heavily degraded upon extraction and during
the first two chromatography steps. This is in sharp contrast with point mutations in RyR1ABC,
where multiple mutations destabilized the protein, but could still be purified(209). L62F is
located within exon3, at the interface between domains A and B (Figure 4.7c). There is no space
for a bulkier Phe group, so domain rearrangements would be necessary. Phe329 is completely
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buried within domain B, where it forms part of a hydrophobic core that consists of several Leu,
Ile, and a Phe residues (Figure 4.7d). The F329L mutation thus introduces a smaller hydrophobic
side chain, reducing the packing and destabilizing the folding of domain B. Thr415 is buried
between two α helices within domain C (Figure 4.7e). There is no space for the much longer Arg
side chain, so this residue would cause misfolding of domain C. The L433P mutation has
previously been shown to reduce the luminal Ca2+ threshold at which Ca2+ release
terminates(101). Leu433 is completely buried within domain C, where it is part of a hydrophobic
core (Figure 4.7f). Mutation to a Pro residue has two effects: it affects the hydrophobic packing,
and, being a helix breaker, it can also destabilize the α helix in domain C.
4.2.6

Putative ligand binding sites
For the wild-type crystal structure, extra density was observed in two areas near the

interfaces of domains A and C and between domains A, B, and C (Figure 4.10). These densities
were attributed to low molecular weight polyethylene glycol (PEG) molecules, which were used
as cryo-protectant. High molecular weight (MW) PEG was used as a crystallization agent, but
small amounts of low MW PEG are often present as contaminant. Using glycerol as cryoprotectant instead, some uninterpretable density remained at these sites, likely corresponding to
disordered glycerol or partially occupied low MW PEG that could not be modeled reliably. The
cryo-protectants were only used to soak existing crystals and, as expected, did not cause any
significant rearrangements.
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Figure 4.10: PEG binding sites. (a) Surface representation of RyR2ABC, showing two binding pockets for short
polyethylene glycol (PEG) molecules. Coloring is according to Figure 4.1. Weighted 2Fo-Fc density is shown in
black mesh, contoured at 1σ. The view is from the “bottom” compared to Figure 4.1, as viewed from the ER/SR
lumen toward the cytosol. (b) Details of the two binding pockets, showing all residues within 4Å. The chloride ion
(sphere, not within 4Å) is shown for reference.

Both PEG molecules bind in very deep pockets. Pocket 1 is located at the interface
between domains A and C, whereas pocket 2 is located primarily between domains B and C.
Although PEG molecules are not physiologically relevant, these pockets may form ideal sites for
developing small molecules with higher affinity. Since many disease mutations seem to
destabilize domain-domain interactions, targeting molecules to such pockets may stabilize the
interactions and thus have therapeutic potential.
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4.2.7

Interface 1 contains an additional α helix
In the process of solving multiple structures of RyR2ABC in different KCl

concentrations, we have unexpectedly come across several structures for which the previously
missing β22-β23 loop of domain B is now visible (Figure 4.11a). When superposed to
RyR1ABC docked into the closed cryo-EM map of RyR1, the loop is found at the intersubunit
interface 1 and is juxtaposed to the β11-β12 loop across the subunit (Figure 4.11b). Two residues
in the loop are the targets of disease-associated mutations in RyR1 and RyR2 combined: Val377
and Arg383 (mouse RyR2 numbering). The middle portion of the loop forms an α-helix that
contains Arg383.
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Figure 4.11: The structure of the β22-β23 loop at interface 1. (a) The structure of the β22-β23 loop within
RyR2ABC is shown in orange. The two residues targeted by disease-associated mutations are colored in black. (b)
Two subunits of RyR2ABC are shown after superposition with RyR1ABC (PDB accession code 2XOA) subunits
according to their docked positions in the closed RyR1 cryo-EM reconstruction (EMDB accession code 1606). The
interface 1 area is indicated with a box, whose enlarged views are shown in c and d. The two juxtaposing loops (the
β11-β12 and β22-β23 loops) are labeled. (c) Close-up of the interface 1 that corresponds to the boxed area in b.
Relevant side chains are represented in sticks. Disease targets (Val377 and Arg383) are shown in black. The
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residues on the β22-β23 loop are shown in van der Waals surface representation, showing that the Val377 side chain
is tightly packed inside the loop. The side chains of Gln208 and Arg383 are modeled from the most common
rotamers. (d) Similar view as in c, but with the RyR1ABCD structure (white) superposed on top. The residue
numbering in parentheses represent rabbit RyR1 numbering. (e) Two molecules of RyR1ABCD from the
asymmetric unit of the crystal, where the Arg383 side chain is involved in contact with another molecule. One
molecule is shown in lighter colors for clarity. The residue numbering in parentheses represents rabbit RyR1
numbering.

The V377M mutation in RyR2 is associated with CPVT(277). The Val377 side chain
faces the tightly packed inner side of the β22-β23 loop (Figure 4.11c). The V377M mutation
would replace a compact Val side chain for a long Met side chain, which would not be
compatible in the tight space and would likely result in the destabilization of the loop, altering
the interface 1 contact.
Since the β22-β23 loop is juxtaposed to the β11-β12 loop of domain A of a neighboring
subunit, the two loops are the prime candidates for interacting partners at interface 1. Two
charged residues reside in the α helix of the β22-β23 loop (Lys380 and Arg383), which could
form salt bridges across the intersubunit. Lys380 faces away from domain A across the subunit
and is unlikely to be involved in the interface 1 interaction. The observation that Lys380 is not
found at any interface agrees with the fact that this residue is not a target for disease mutation
even though the residue is conserved between the two isoforms. On the other hand, Arg383 is the
target for two disease-causing mutations in RyR1: R383Q and R383L(285,286). Although the
Arg383 side chain is flexible and could not be modeled in the crystal structure, when the most
common rotamer is added to the residue, the side chain extends towards interface 1, close to
Gln208. When the Gln208 side chain is replaced with the most common rotamer, the Arg383 and
Gln208 side chains extend toward each other with 3.5Å distance in between, strongly suggesting
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a formation of hydrogen bonds (Figure 4.11c). Gln208 is not a disease-mutation target and is not
conserved across the isoforms. However, Arg383 is conserved, and the R383Q and R383L
mutations would break the interaction across interface 1.
We compared the β22-β23 loop between RyR2 and RyR1 isoforms. The crystal structure
of the longer construct RyR1ABCD (unpublished) also revealed the loop, but it contains a short
310 helix instead of an α helix (Figure 4.11d). Also, Arg383 (or Arg368 in rabbit RyR1
numbering) is placed further away from interface 1, out of reach with the β11-β12 loop. The loop
in RyR1ABCD, however, is involved in a contact between two molecules from the asymmetric
unit of the crystal, and the loop conformation in the crystal structure could deviate from the
physiological form (Figure 4.11e). Nonetheless, the interaction partner Gln208 in RyR2 is
replaced with a Met residue in RyR1, and it is also possible that the nature of interface 1 contacts
between the isoforms is truly different, which may explain the functional differences between the
two.
4.3

Discussion
RyRs form large tetrameric assemblies that release Ca2+ from the SR or ER. Each subunit

consists of many domains that have individual functions(27). Some form binding sites for
auxiliary proteins or small molecule ligands, whereas others couple conformational changes in
the transmembrane area to movements in the cytoplasmic head. The N-terminal area of RyR1
and RyR2 was previously described as a “hot spot” for disease-associated mutations that cause
MH, CCD, CPVT, and other conditions. However, many more mutations are continuously found
in between the originally defined hot spots, especially for RyR1 (Figure 1.2). Previous
crystallographic studies of the RyR1 N-terminal region have shown that this area consists of
three domains: two β-trefoil domains (domains A and B) and an armadillo repeat domain
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(domain C). They are located in the cytoplasmic area, forming a continuous ring around the
central four-fold symmetry axis(208). Comparison of this area in closed and open RyR1 cryoEM maps shows that conformational changes in the pore are allosterically coupled to the Nterminal region(122). A plausible model suggests that channel opening results in the disruption
of favorable intersubunit interactions, an event that requires an energetic penalty to be paid(209).
As such, the N-terminal region would act as a brake on channel opening, and energy through
binding of external ligands is required to open the channel. The N-terminal region of inositol1,4,5-triphosphate receptors (IP3Rs) shows a similar arrangement of three domains(234,235) and
is also located within the cytoplasmic head near the four-fold symmetry axis(234).
The three mammalian RyR isoforms share a large amount of sequence conservation
(~65%), but they differ strongly in their functional properties, such as their sensitivity to various
inhibitory and activating ligands(24). Some of these differences may be attributed to divergent
regions, three stretches within the sequence where the sequence conservation is very low.
However, it is likely that some of these differences lie in the remaining >4,500 amino acids,
despite their higher sequence conservation. Although we were previously able to crystallize the
RyR1 N-terminal three domains, we wondered whether there might be intrinsic differences in
this region between RyR1 and RyR2.
Our insights into the RyR2 N-terminal region were limited to the structure of the very Nterminal domain (“RyR2A”)(206), which did not allow us to peer into the interdomain contacts.
In order to get further insights into the cardiac RyR, we solved the crystal structure of mouse
RyR2 (residues 1-547), covering three N-terminal domains (A, B, and C). The structures of the
individual domains are very similar to those in the skeletal muscle isoform (RyR1), but the
interactions between these domains are surprisingly very different. In RyR1, the three domains
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are kept in a compact conformation through a series of salt bridge interactions. This includes a
central ion pair network involving four charged residues that are distributed over the three
domains. Networks of ionic pairs are more stabilizing than individual ionic pairs because of the
reduced desolvation penalties(287). As such, this network is a great contributor to the overall
stability of the domain interactions. In RyR2ABC, however, this salt bridge network is disrupted
by the addition of a chloride ion that occupies the space where the three domains meet and
shields electrostatic repulsion created by several arginine residues. Although all four residues
involved in the salt bridge network in RyR1 are conserved in RyR2, it seems to be specifically
disrupted because of two mutations: H420R and H125Y (RyR2 numbering) (Figure 4.3a,b).
Arg420 provides an extra ligand for the chloride ion, whereas Tyr125 forms a lid, preventing
Arg417 to form salt bridges with Asp61 and Glu40. In addition, Tyr125 hydrogen bonds with the
Arg420 side chain. Both Arg420 and Tyr125 are strongly conserved in mammalian RyR2
sequences, suggesting that they are both required for chloride binding (Figure 4.6).
RyRs are complex macromolecules that open and close in response to a range of stimuli.
Previously, it has been reported that the activity of RyRs can be influenced by anions(288,289).
For RyR2, titrated ryanodine binding was found to be higher in 250mM KCl versus 250mM
KMes(290), suggesting that chloride can increase the activity of RyR2. However, in another
study, chloride was found to have little or no effect on RyR2 Ca2+ release, and the effect likely
depends on the extraction conditions(289). The ability of chloride to modulate RyR2 may be due
to binding to the RyR2 N-terminal region. Removal of chloride has a large effect on the stability
of the RyR2ABC protein, as it no longer shields repulsive interactions between arginines on
different domains. Therefore, it is likely that removal or addition of chloride to this site has a
functional consequence. The activity of RyR1 is also dependent on chloride, yet it does not
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contain a chloride-binding site within the N-terminal region. Chloride dependence on activity
may, therefore, be a complex event involving multiple sites, and the previously reported effect of
chloride on RyR2 could be the result of multiple sites.
Could chloride binding to the N-terminal region within a physiological setting be a
dynamic event that is regulated and provide a functional role, or is the chloride binding simply
“structural” (that is, always bound)? The cytosolic concentration of chloride is in the low mM
range, so the answer to this question depends on the inherent affinity. A high affinity would
mean the site is always occupied, whereas an affinity in the low mM range would imply that
RyR2 may exist in both chloride-bound and unbound conformations in physiological settings.
Although chloride could be removed from RyR2ABC through dialysis, the protein readily
precipitated at concentrations required to detect binding through, for example, isothermal
titration calorimetry. As a result, we were unable to directly determine the affinity. We also
dialyzed the protein at different levels of KCl and determined that at relatively high protein
concentration (6.5mg ml-1), RyR2ABC is insoluble below 4mM KCl. However, crystal structures
of RyR2ABC in the presence of 4mM KCl showed that chloride is fully occupied at the binding
site, and thus we were also unable to measure the affinity indirectly.
We previously analyzed the effect of disease-associated mutations on the structure of
RyR1ABC(209). Disease-associated mutations that abolish inter-domain salt bridges (R402G,
D61N, and R45C in rabbit RyR1) resulted in relative domain reorientations. As the RyR2ABC
protein could not be concentrated in the absence of chloride or bromide, we were unable to
assess the effect of chloride removal on the structure. Removal of the chloride would not only
take away favorable interactions, but it would also remove the shielding effect around repulsive
interactions between several arginine residues. These would likely result in altered domain
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orientations. It is not clear at this point which of the states (chloride-bound or chloride-free)
would correspond to an activated state of the N-terminal region.
We expressed several disease-associated mutant forms of RyR2ABC. However, with the
exception of R420Q, G230C, and R414C, all other mutants readily aggregated or showed signs
of aggregation. It is possible that some of the RyR2ABC disease-associated mutations perturb
the structures of the individual domains to a level that affects chloride binding, resulting again in
repulsive interactions between the exposed arginine residues that further destabilize the protein.
Gly230 is buried near the domains A-B interface, and CPVT-associated G230C mutation
destabilizes the N-terminal domains, as indicated by the lowered melting temperature and a large
portion of the protein sample being degraded during the purification process. The corresponding
residue in RyR1 is also the target for a disease-associated mutation (G216E in rabbit RyR1). We
showed in Chapter 2 that G216E expressed well but did not crystallize, and because its CD
spectra did not differ from the wild type, the mutation likely affects relative domain movements
or increases the flexibility of the domains. This indicates that the tight turn formed by the GlyGly motif right before β13 in domain B is critical for keeping the proper geometry at the
domains A-B interface, and the same mutation in RyR2 may also alter domain-domain
interfaces. Furthermore, a functional study revealed that the G230C mutation sensitizes RyR2
channel for activation by either cytosolic or luminal Ca2+, suggesting a long-range crosstalk
between N-terminal region and the luminal side of the channel with the pore(281). Opening of
RyR has been shown to coincide with the allosteric motions of the channel and the disruption of
the domains A-B interface across intersubunits(209), and it is likely that the G230C mutation in
RyR2 facilitates the channel opening by destabilizing the domains A-B interface, ultimately
altering the intersubunit contacts.
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Arg414 is located at the domains A-C interface and is the target for two CPVT-associated
mutations. The structure of the R414C mutant revealed that the overall structure of the protein is
unchanged, although the mutation confers subtle changes at the A-C interface. More strikingly,
the mutation seems to add a reactive cysteine, as indicated by the extra electron densities
connected to Cys414 side chain. In the present study, the likely candidates for the modifying
agents are βME and DTT. Physiologically, known post-translational modifications on RyRs
include glutathionylation and S-nitrosylation, both of which have been shown to regulate the
channel(291). The mechanism of disease through the R414C mutation could be that it introduces
a reactive cysteine that causes altered channel regulation through post-translational modification.
The 3°C drop in the thermal stability of the R414C protein likely represents the combination of
the subtle structural alteration at the A-C interface and the modification of Cys414 that
introduces a “wedge” between the interface. The Cys414 modification would present a foreign
moiety at the A-C interface and disrupt or alter the interface interaction, but the relative
orientations of the three domains did not differ between the wild type and the mutant. Not seeing
a domain-domain reorientation in the crystal structure could be that the crystal contact
overcomes the tendency for the domains to rearrange. It is still possible that such movements
occur in solution, where a reactive Cys414 facilitates the domain-domain shift. Future NMR
studies may shed more light on this speculation, although it would be difficult given the size of
the ABC construct.
Two RyR2 disease-associated mutations directly target the chloride binding site: R420Q
and R420W. R420W has previously been shown to reduce the luminal Ca2+ threshold for Ca2+
release termination(101). We analyzed the structure of R420Q and found that chloride binding
was abolished. Using the anomalous signal of bromide, we could detect some residual binding of
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an anion at very high concentrations, but the occupancy was clearly much lower. In addition, the
small perturbations around the chloride-binding site resulted in relative domain reorientations as
a result of tilting around an axis near the domain-domain interfaces. Domains A and B maintain
the same relative orientation, but both are displaced relative to domain C, with maximum shifts
~1.4Å furthest away from the tilting axis.
Disease-associated mutations at domain-domain interfaces are insightful on disease
mechanisms, where they could weaken the interface interactions and facilitate domain-domain
reorientations that lead to channel opening. However, mutations at interface 1 could provide
direct evidence of this model since this interface is clearly broken when the channel opens(209).
Through solving the structure of the β22-β23 loop at interface 1, we have identified the likely
interaction partners at this interface, Gln208 and Arg383, which are within hydrogen-bond
distance. Using this candidate interaction as a guide, future experiments may be able to establish
more direct evidence of the involvement of interface 1 in the disease mechanism and channel
gating.
The observations of domain reorientations are based on an isolated fragment, and the
extent of conformational changes may be different in full-length RyR2. However, relative
domain reorientations seem to become a common theme in the activation of calcium release
channels. IP3Rs are activated by the ligand IP3, which binds to a pocket between domains B and
C. The binding also causes a relative reorientation of the N-terminal domains(234,235). Thus,
what is a regulatory event in IP3Rs is a permanent event in several disease-associated mutant
forms of both RyR1(209) and RyR2. The altered domain reorientations likely destabilize the
intersubunit interface, resulting in facilitated channel opening(209,234).
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Chapter 5: Conclusion

Ca2+ is a potent secondary messenger involved in major cellular processes, such as
neurotransmission and muscle contraction. RyR is a Ca2+ release channel that plays a major part
in E-C coupling by unleashing large amounts of Ca2+ from the SR/ER store into the cytoplasm.
Three isoforms of RyR have been identified in mammals (RyR1 – RyR3). RyR1 is
predominantly found in skeletal muscle, RyR2 in heart, and RyR3 is more ubiquitously
expressed. RyR1 and RyR2 are the targets for over 500 disease-associated mutations, underlying
the importance of its strict regulation.
Several cryo-EM studies revealed that all three isoforms of RyR resemble a mushroom
structure: a huge cap in the cytoplasm and a smaller stem forming the transmembrane region that
extends to the SR/ER lumen. RyR is a tetrameric channel, with each subunit comprised of
globular domains. Due to its enormous size and its transmembrane nature, high-resolution
structures of RyR have been lacking, greatly hampering our knowledge of the detailed
mechanisms of normal and diseased-state functions of RyR. The average molecular weight of the
available crystal structures in RCSB to date is ~80kDa, far below the full-length size of
~2.3MDa in RyR. In addition to its enormity, the transmembrane nature of RyR imposes
difficulty in crystallization, requiring detergent extraction, which increases the mobility and
heterogeneity in the sample. A few years ago, the first crystal structure of the very N-terminal
domain of RyR1 and RyR2 became available, along with structural analyses of several diseaseassociated mutations at the periphery of the domain. However, a single-domain construct was
insufficient to unambiguously dock the structure into the cryo-EM reconstruction of the full-
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length RyR1. Thus the effect of the peripheral mutations remained elusive, although it was
supposed that they affect the binding interface.
5.1

Pseudo-atomic structures
In this thesis, we described the crystal structures of the largest portion of RyR1 and RyR2

available to date that encompass three domains in the N-terminal region (RyR1ABC and
RyR2ABC), harboring over 80 disease-associated mutations. Docking of RyR1ABC into the
RyR1 cryo-EM reconstruction unambiguously placed the N-terminal region at the four-fold
symmetry axis, forming a cytoplasmic vestibule. This enabled us to pinpoint the locations of the
disease-associated mutations within the full-length channel, which revealed that the mutations
are either buried within a domain or found at interfaces between domains or other parts of the
channel. Combined with the observed allosteric motion in the region upon channel opening, we
proposed a model whereby the disease-associated mutations in the N-terminal region of RyR
facilitates channel opening through weakening the interfaces that undergo domain-domain
reorientation during channel opening.
The RyR1ABC docking strategy proved the feasibility of the “divide and conquer”
approach, in which high-resolution structures of small portions of RyR, in unit of domain, can be
pieced together by creating a pseudo-atomic model inside the cryo-EM map. The four-fold
symmetry inside the RyR tetramer greatly facilitates this process. Combined with
phosphorylation domains, we have already uncovered ~11% of the entire RyR structure.
However, there are limitations and difficulties with this approach. Algorithms used for
docking experiments tend to give high scores for crystal structures placed within electron dense
regions of the cryo-EM map, such as the clamp region and column region in RyR. This “noise”
is especially significant in small crystal structures, such as RyR1A, where the docking contrast
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tends to be low. To compensate for this bias towards unspecific placing of fragments to electron
dense regions, we have implemented a Laplacian filter in our RyR1ABC docking experiment,
which takes into account surface contours of the fragment and the cryo-EM map, thus avoiding
the nonspecific placement of a fragment inside electron dense regions with no matching surface
features. This approach is especially useful for docking experiments in RyR, since the channel is
comprised of multiple globular domains filled with numerous vestibules, each with unique
surface contours.
In addition to the implementation of a Laplacian filter, there are several alternative
techniques to validate the docking results. One approach is to compare the result from insertion
studies, where extra density that arises from fusion protein, such as GFP or GST, is mapped onto
the full-length RyR. However, limitations to this approach include the positioning of the
insertion site, which may affect the fold of the protein and lead to artificial conformational
changes. For example, difference density maps from two insertion studies prior to the availability
of the RyR1ABC structure indicated the N-terminal region to be located at the clamp region, but
the insertion sites were later found to be likely unfavorable for the proper fold of the protein,
causing conformational changes outside the true location(143,144). Another important
consideration is the length of the linker that tethers the fusion protein. If the linker were too
short, it would hamper proper folding of RyR, but if it were too long, the extra density might
appear far away from the true insertion site. These hurdles are easier to overcome using the
crystal structure of the portions to be located in RyR. With the appropriate sites of insertion and
linker length, fusion protein insertions within domains B and C of RyR2 indicated extra densities
consistent with the RyR1ABC docking result, thus validating the docking study(239).
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Another approach to validate the docking result is to perform a “superdocking”
experiment, where structures of multiple domains of RyR are incorporated in one docking
experiment. If one domain occupies a certain location of the full-length RyR, another domain
should not overlap in the same location. Since ~11% of the cryo-EM reconstructions is already
accounted for by the N-terminal and the phosphorylation domains, one only needs to locate other
domains within the remaining ~89% of the area. This technique should prove useful as structures
of more domains of RyR become available in the future.
Lastly, docking studies can be further validated through comparison with functional and
binding studies. Does the docked position make sense in terms of previous reports of functional
properties and protein interactions? The docked position of RyR1ABC, which is far away from
the proposed FKBP binding site, was consistent with the failure to observe binding between
RyR1ABC and FKBP. The locations of the disease-associated mutation sites in the N-terminal
region, in which none of them pointed towards the outer surface of the channel, were also
consistent with the failure to observe RyR1ABC binding to peripheral modulatory proteins and
ligands. Instead, the sites of disease-associated mutations were distributed across six interfaces in
the docked position, with some buried within a domain, indicating that the universal effect of the
N-terminal mutations are to weaken the interdomain interfaces.
These validation techniques would be important especially in more difficult docking
experiments, such as small fragments or domains sharing similar structural properties. The
successful docking of the N-terminal portion of RyR1 brings promise to producing pseudoatomic structures for the remaining part of RyR.
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5.2

Models of disease mutation mechanisms
Two predominant models in the field describe the mechanism of disease-associated

mutations in RyR: the zipper hypothesis and FKBP dissociation theory. We proposed an
additional model in this thesis that describes the interfaces at the N-terminal region as a restraint
in channel opening. Here, we compare our new model to the existing models.
The zipper hypothesis model states that the N-terminal region (residues 1-600) and the
central region (residues 2000-2500) form an interdomain interaction that is broken, or
“unzipped,” during channel opening through allosteric coupling(292,293). The supporting
evidence of the model comes from spectroscopic measurements using peptides of central region,
which was reported to competitively inhibit the binding of the endogenous central region to the
N-terminal region and led to increased channel activity. This theory originated from the
observation that a number of disease-associated mutations cluster in two hot spots in the
cytoplasmic portion of RyR, the N-terminal and central regions. The results presented in the
current thesis contradict this model because the majority of the disease-associated mutations
harbored in the N-terminal region are buried within a domain, found at domain-domain
interfaces, or located at the interface between the N-terminal subunits. We investigated these
mutations that are buried or found at domain-domain interfaces and showed that they perturb the
relative domain orientations, likely weakening the interfaces around the N-terminal region. In
fact, the majority of the disease-target residues (66%) are already accounted for at the N-terminal
interfaces and are not available for a direct interaction with the central region. The N-terminal
region on its own, thus, already has a significant impact on the channel opening, and the zipper
hypothesis does not describe a major mechanism, accounting only for 33% of the mutations at
most. Also, direct binding of the N-terminal region and the central region has not been observed.
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Furthermore, more and more disease-associated mutations are being identified outside of the
previously proposed hot spots, and many agree that the notion of hot spots in the RyR has been
the result of sequencing bias. Altogether, the theory that proposes a direct interaction between
hot spots that no longer exist is no longer valid.
The difference between the two models likely arises from the techniques used. Peptides
that are not properly folded can aggregate and cause unexpected, but nonspecific, interference in
channel function and spectroscopic experiments. Our approach utilized soluble domains that are
well behaved and properly folded. Continued effort of this approach would identify soluble
domains of the central region, which then can be used to test direct binding to the N-terminal
region. Also, by obtaining pseudo-atomic models of the central region, we could identify if the
two regions are located close enough for interaction and whether disease mutations from the two
regions share the same interface. Further functional experiments on the N-terminal region, such
as cross-linking the intersubunit interface and seeing if the channel is locked in the closed state,
may also show that the mutations in the N-terminal region alone can have an impact on channel
function.
There are still remaining disease-associated mutations in the N-terminal region that are
located at interfaces with other parts of the channel, which could be the central region. Thus,
zipper hypothesis cannot be excluded, but the model should be redefined to include interdomain
interactions within the N-terminal region. In addition, the experimental tactic of using ill-defined
peptides should be replaced with our “divide and conquer” approach, in which soluble domains
are identified and studied and then pieced together in a pseudo-atomic model.
Another model describes the disease-associated mutations in RyR as reductions in the
affinity of FKBP, causing the dissociation of FKBP and, thus, destabilizing the closed state of
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the channel(264). Again, the results in this thesis show otherwise. Our N-terminus construct
failed to directly bind FKBP and is located far away from the proposed FKBP binding site in the
clamp region of the channel. Furthermore, we have shown that the interfaces at the N-terminal
region, the intersubunit interface in particular, are the prime targets of mutations and have
proposed that they play an important role in regulating channel opening.
Although our results indicate that the mutations in the N-terminal region alone can
already impact channel gating, it is possible that the FKBP dissociation model holds true in other
parts of the channel. For instance, the study that supports this model used disease-associated
mutations in the central region(264). In addition, we cannot exclude the possibility that the
conformational changes at the N-terminal region indirectly alter the affinity for FKBP at the
clamp region through allosteric coupling. In fact, we expect a reduced affinity for FKBP when
RyRs open. The FKBP unbinding is, then, not the cause of channel opening but rather the effect.
In this regard, the FKBP dissociation theory describes the epiphenomenon rather than the
mechanism of channel opening. To further support this point, multitudes of functional studies,
such as mutated RyRs expressed in HEK cells, demonstrated that the mutations alter the
functions of RyR even in the absence of FKBP. Thus, it seems that the involvement of FKBP is
not necessary for RyR mutations to cause perturbed channel activity. Future experiments using
the domains that are located at the proposed FKBP binding site would clarify the exact effect of
mutations around the FKBP binding interface.
Despite the differences, the existing models in the field and our model share a common
theme, in which an allosteric coupling holds a key to channel regulation. This theme is also
shared across the homologous Ca2+ release channel, IP3R, where channel opening is triggered by
ligand-dependent conformational changes at the N-terminal region. Thus, it has become
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increasingly clear that allosteric movements throughout the entire channel are responsible for
channel gating, and to understand this process, the detailed atomic structure of the entire channel,
or a complete pseudo-atomic model, is necessary.
5.3

Ligand-dependent modulation
RyR activation is triggered by various ligands, such as Ca2+, caffeine, and volatile

anesthetics. Mutations in RyR rarely cause disease symptoms on their own, but usually require
additional triggers, in the form of stress, heat, volatile anesthetics, etc. Ligand-dependent
modulation of RyR, thus, seems to hold key for regulating the channel opening.
We have shown that the N-terminal region of RyR2 contains an anion-binding site at the
core of the three domains. Although the functional significance of this binding site is yet to be
investigated, the chloride shields the repulsive charges at the center of the three domains that
replaces the stable salt-bridge networks in RyR1. The removal of this chloride in the form of
CPVT-associated R420Q mutation caused domain-domain reorientation. The functional study of
this mutant is not available, but the similar mutation R420W has been reported to cause gain of
function. Furthermore, we have proposed a model where the domain reorientations in the Nterminal region of RyR1 causes channel opening, in much like the way IP3R opens upon liganddependent domain reorientation in the N-terminal region. Therefore, it seems that destabilizing
the N-terminal region of RyR leads to channel opening. For the majority of the mutations that
cause a gain of function, it would be attractive to stabilize the N-terminal domains in order to
compensate for the oversensitivity of the diseased-state channel towards activators.
The affinity of chloride toward RyR2ABC, based on our preliminary results, seems to be
at the physiological level of chloride (0-4mM). In many cell types, including the skeletal muscle
and neurons, whose intracellular chloride levels are ~3-4mM(294,295), we can expect the
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chloride binding at an equilibrium. On the other hand, a chloride ion may bind to RyR2ABC at a
mostly full occupancy in other cell types with much higher intracellular chloride concentrations,
such as epithelial cells (~40mM)(296) and ventricular cells (~25mM)(297). The chloride binding
at the RyR2 N-terminus, thus, could function as a regulatory mechanism in a cell-type dependent
manner, in which the ion can bind and unbind according to the chloride flux in some cell types or
stay permanently bound to provide a structural stability in other cell types. We have shown that
chloride can also be replaced with bromide. It is possible that other anions that are
physiologically relevant, such as phosphate, can bind at the same site. Anions that are either
smaller or larger than chloride may be able to bind RyR2 at different affinities, and this could be
a way to control the binding affinity. Future functional experiments of the wild type and R420Q
mutant channels in varying levels of chloride and other anions would clarify the effect of the
anion binding at the N-terminal region.
We have also identified other ligands that could potentially modulate the N-terminal
domain stability. The R414C mutation destabilized the N-terminal region likely through cysteine
modification that puts a wedge between domains A and C. There is currently no functional data
on this mutation. Future functional experiments of the R414C channel would clarify if this
mutation causes gain of function through redox modification.
Furthermore, we have shown PEG binding sites at intradomain interfaces of RyR2ABC.
PEG is not physiologically relevant and high levels were required for the binding, but the
binding pockets between the domains could accommodate other molecules that could stabilize
the interfaces.
Although the N-terminal constructs failed to bind currently known modulators of RyR,
larger construct may reveal binding sites in the future. In addition, the N-terminal region in its
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physiological tetramer form, for example through cross-linking, might reveal a ligand-binding
site at the intersubunit interface.
Taken together, we have shown that the N-terminal region of RyR harbor key interfaces
that are broken upon channel opening and are targeted by disease-associated mutations that
weaken such interfaces. Stabilizing these domain-domain interfaces through ligands would be of
therapeutic value, where channels over-sensitized towards activators via mutations could be
compensated.
5.4

Future directions
We have combined structural and biochemical data to propose an attractive mechanism

for mutations at the N-terminal region of RyRs. Here, we propose the next set of experiments
that involves obtaining functional data for mutant channels to relate the structural data to the
channel gating properties. Functional studies can be performed using the planar lipid bilayer
electrophysiology on an intact channel, which enables the observation of single channel
properties, including open probability, duration of open/closed time, and conductance.
The RyR1ABC mutants showed variations in the degree of structural changes. Are there
correlations between the degree of structural changes or thermal destabilization and channel
gating properties? In particular, salt bridge mutants, such as R45C, displayed long-range domain
reorientations. Does the R45C mutant channel have properties different from other types of
mutants that display only local structural changes, such as the C36R mutant? In addition, would
the mutants with only modest structural changes also confer modest changes in functional
studies? If the mutant channels display a similar degree of channel activation regardless of the
different degrees of structural changes in the crystal structures, then it could suggest that modest
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structural changes in the crystal structures are the reflection of rigid restraints due to the crystal
packing and that all mutations destabilize the domain-domain interfaces to a similar extent.
Another crucial study is to test the functional consequence of the intersubunit interface
between the four subunits of N-terminal regions. Is the motion in the N-terminal region directly
coupled to the channel gating? This could be tested by locking the domain-domain interfaces in
the region through disulfide bonds or cross-linking. One candidate is one of the salt bridges at
the A-C interface that are targeted by disease mutations, such as Arg45 and Asp447 (rabbit RyR1
numbering). Another candidate is the proposed intersubunit interface contact, Gln208 and
Arg383 (mouse RyR2 numbering). If locking the interfaces prevents the channel opening, it
would serve as a direct evidence for the allosteric coupling of N-terminal motions and channel
gating. If the intersubunit interface can be locked through disulfide bonds or crosslinking, it
would also be of great interest to obtain the crystal structure of the RyRABC protein in tetramer
form. By doing so, we can gain better understanding of the nature of the intersubunit contact
area, since the current ABC structure in isolation contains several flexible loops, and the contact
area in the absence of the neighboring subunits is unclear.
The N-terminal region of RyR2 contains a unique chloride-binding site, and the
preliminary data suggest that this anion-bindig site could have a functional role. The R420Q
mutation abolishes the anion binding and results in a domain-domain reorientation. Could this
mutant confer gain of function through removing chloride from the N-terminal region? We can
perform functional studies comparing channel opening between the wildtype and R420Q
channels in the presence of different chloride concentrations. Previous studies showed that the
wildtype channels are activated by chloride. This could be due to other chloride-binding sites
elsewhere on the channel. By directly comparing the wildtype with a mutant that no longer binds
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chloride at the N-terminal region, the effect of the anion binding in this region can be
determined. The effect of chloride can be calcium dependent, so that we would perform
functional studies using varying levels of chloride and calcium.
The structure of the R414C mutant suggested that the mutation may introduce a reactive
Cys that can be modified at the A-C interface. Previous studies, using mass spectroscopy, have
identified several Cys residues in RyR that are redox modified. The same experiment can be
repeated for the R414C mutant channel. Also, functional studies of the R414C mutant channel
can test if the mutant channels are sensitive to redox modification.
By continuing studies on the N-terminal region of RyRs using planar lipid bilayer
experiments and combining the structural and functional data, we can get a better, fuller picture
of the mutation mechanism at this region. By verifying the importance of the N-terminal domaindomain interfaces in the channel gating through functional studies, we can justify the pursuit of
molecules that can stabilize the contacts, which would have therapeutic values in RyR
channelopathies.
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Appendices

Appendix A
Table A.1: Summary from functional studies on RyR disease-associated mutations. Mutations that alter RyR
functions are listed as gain or loss of function. Mutations with no discernible change compared with wild-type
channels are listed as “uncertain.” References to the functional studies are listed beside the corresponding mutations.
Amino residue numbering is for human RyRs. (Δ) = deletion mutation. (/) = double mutation. (MH) = Malignant
hyperthermia, (CCD) = central core disease, ((MmD) = multi-minicore disease, (CNMDU1) = congenital
neuromuscular disease with uniform type 1 fiber, (CPVT) = catecholaminergic polymorphic ventricular tachycardia,
(ARVD2) = arrhythmogenic right ventricular dysplasia type 2, and (IVF) = idiopathic ventricular fibrillation.
Effect

Isoform

Mutation

Disease

References

C35R

MH

(71,74)

R44C

MH

(258)

R163C

MH/CCD/MmD

(58,60,68,69,71,74,97,258,298,299)

G248R

MH

(71,74,97)

R328W

MH

(300)

G341R

MH

(69,71,74)

H382H

MH

(301)

R401C

MH

(258)

I403M

MH/CCD

(71,74)

Y522S

MH/CCD

(57,68,70,71,74,94,248,302,303)

R530H

MH

(304)

R533C

MH

(258)

R533H

MH

(258)

R552W

MH

(71,74)

A612P

MH

(56)

Gain of
RyR1
function
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Effect

Isoform

Gain of

Mutation

Disease

References

R614C

MH

(51,52,69,71,74,77,78,84,85,88,89,91-94,305)

R614L

MH

(71,74)

E1058K

MH

(301)

K1393R

MH

(301)

R1679H

MH

(301)

R2163C

MH

(69,71,74,305)

R2163H

MH

(68,71,74,305)

R2163 P

MH

(304)

V2168M

MH

(69)

T2206M

MH

(53)

N2283H

CCD/MmD

(103)

N2342S

MH

(304)

ΔE2347

MH

(305)

A2350T

MH

(55,76)

R2355W

MH

(55)

E2371G

MH

(304)

G2375A

MH

(55)

G2434R

MH

(71,74,306)

R2435H

MH/CCD

(68,71,74)

R2435L

MH/CCD

(64,305)

I2453T

MH/CCD

(54)

R2454H

MH/CCD

(304)

R2458C

MH

(71,74)

R2458H

MH

(69,71,74)

MH

(56)

RyR1
function

R2458H/
R3348C
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Effect

Isoform

Mutation

Disease

References

R2508C

MH/CCD

(307)

R2508G

MH

(301)

CCD

(308)

T4637A

CCD

(305)

Y4796C

CCD

(70,305)

T4826I

MH

(63,69,97,309)

H4833Y

MH

(97,258,310)

R4861H

CCD

(65)

CCD

(66)

R4893W

CCD

(65)

A4894T

MH

(98)

I4898T

CCD

(65,73,94)

G4899R

CCD

(65)

ΔExon 3

CPVT

(101)

A77V

CPVT/ARVD2

(101)

R176Q

ARVD2

(83,311-313)

ARVD2

(79,100,101,314)

E189D

CPVT

(315)

G230C

CPVT

(266,281)

R420W

ARVD2

(101)

L433P

ARVD2

(79,101,314)

S2246L

CPVT

(79-81,100,316)

R2267H

CPVT

(317)

ΔR4214_
F4216

RyR1

ΔF4863_
D4869
Gain of
function

R176Q/T
2504M
RyR2
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Effect

Isoform

Mutation

Disease

References

P2328S

CPVT

(266,318,319)

N2386I

ARVD2

(311,314)

R2474S

CPVT

(79,265,320)

T2504M

ARVD2

(311)

N4104K

CPVT

(26,80,81)

Q4201R

CPVT

(79,100,319)

R4497C

CPVT

(26,80,81,87)(59,82,321-323)

S4565R

CPVT

(317)

V4653F

CPVT

(100,319)

I4867M

CPVT

(79)

N4895D

CPVT

(26)

CCD/MmD

(103)

CCD/MmD

(96,103)

C4664R

MH

(304)

G4891R

CCD

(70)

R4893W

CCD

(70,86)

A4894P

CNMDU1

(98)

I4898T

CCD

(67,70,73,86,94,97)(61,62,95)

G4899R

CCD

(70,96,97)

G4899E

CCD

(86,96)

A4906V

CCD

(70)

R4914G

CCD

(70)

CCD

(96,308)

Gain of
RyR2
function

S71Y/N2
283H
R109W/
M485V

Loss of
RyR1
function

ΔV4927_
I4928
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Effect

Isoform

Mutation

Disease

References

L433P

ARVD2

(311)

CPVT

(101)

A4860G

IVF

(99,100)

I403M

MH/CCD

(68)

CCD

(103)

MmD

(104)

MH

(324)

MH

(72)

A1107M
Loss of
RyR2

(T1107M

function
)

A1577T/
G2060C
R2939K
G3938A
Uncertain

RyR1
(G3938D

effects
)
D3986A
(D3986E
)
RyR2
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