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Abstract

Ryanodine receptors (RyRs) are large tetrameric calcium (Ca2+) release channels found on the sarcoplasmic
reticulum that respond to dihydropyridine receptor activity through a direct conformational interaction and/or
indirect Ca2+ sensitivity, propagating sarcoplasmic reticulum luminal Ca2+ release in the process of
excitation–contraction coupling. There are three human RyR subtypes, and several debilitating diseases are
linked to heritable mutations in RyR1 and RyR2 including malignant hypothermia, central core disease,
catecholaminergic polymorphic ventricular tachycardia (CPVT) and arrhythmogenic right ventricular dysplasia
type 2 (ARVD2). Despite the recent appreciation that many disease-associated mutations within the
N-terminal RyRABC domains (i.e., residues 1–559) are located in the putative interfaces mediating tetrameric
channel assembly, the precise structural and dynamical consequences of the mutations are not well
understood. We used solution nuclear magnetic resonance (NMR) spectroscopy and X-ray crystallography to
examine the effect of ARVD2-associated (i.e., R176Q) and CPVT-associated [i.e., P164S, R169Q and delta
exon 3 (Δ3)] mutations on the structure and dynamics of RyR2A. Our solution NMR data exposed a mobile
α-helix, unique to type 2; further, this α2 helix rescues the β-strand lost in RyR2A Δ3 but remains dynamic in
the hot-spot loop (HS-loop) P164S, R169Q and R176Q mutant proteins. Docking of our X-ray crystal/NMR
hybrid structure into the RyR1 cryo-electron microscopy map revealed that this RyR2A α2 helix is in close
proximity to dense “columns” projecting toward the channel pore. This is in contrast to the HS-loop mutations
that cause structural changes largely localized to the intersubunit interface between adjacent ABC domains.
Taken together, our data suggest that ARVD2 and CPVT mutations have at least two distinct structural
consequences linked to channel dysfunction: perturbation of the HS-loop (i.e., domain A):domain B
intersubunit interface and disruption of the communication between the N-terminal region and the channel
domain.

© 2013 Elsevier Ltd. All rights reserved.
Introduction

Calcium (Ca2+) is a universal signaling messen-
ger, controlling myriad cellular activities in all
mammalian cells. Cells compartmentalize most
intracellular Ca2+ in the sarcoplasmic/endoplasmic
reticulum, where it is spatiotemporally released into
the cytosol during signaling cascades. Sarcoplasmic/
atter © 2013 Elsevier Ltd. All rights reserve

: Amador Fernando J., et al, Type 2Ryanodi
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endoplasmic reticulum receptor operated channels
responsible for moving Ca2+ from the lumen to the
cytosol include the inositol 1,4,5 trisphosphate
receptors (IP3Rs), which are abundant in non-
excitable cells, and the ryanodine receptors (RyRs),
which are found more exclusively in electrically excit-
able cells. Dysfunction of Ca2+ release through these
receptor operated channels can have devastating
d. J. Mol. Biol. (2013) xx, xxx–xxx
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2 RyR2A contains a unique α2 helix
physiological consequences as several heritable
human diseases are associated with mutations
of the three RyR genes. These include malignant
hyperthermia [1,2] and central core disease [3,4]
that are associated with RyR1 mutations or cate-
cholaminergic polymorphic ventricular tachycardia
(CPVT) [5,6] and arrhythmogenic right ventricular
dysplasia type 2 (ARVD2) [7], which are associated
with RyR2 mutations. Furthermore, recent studies
have shown that overexpression of RyR3 and alter-
native splicing of RyR2 and RyR3may play a role in
Alzheimer's disease [8,9].
RyRs form tetrameric complexes that are the

largest known ion channels at ~2.2 MDa. They
reside on the sarcoplasmic reticulum in close
apposition to plasma membrane voltage-gated
dihydropyridine receptor (DHPRs). RyRs play an
integral role in excitation–contraction coupling in
skeletal muscle cells and cardiomyocytes [10,11], as
they propagate Ca2+ release from the sarcoplasmic
reticulum in response to increased cytosolic Ca2+

levels caused by DHPR activity or through direct
sensing of a voltage-dependent conformational
change in DHPR. RyR1 is found primarily in skeletal
muscle [12], RyR2 is found primarily in cardiac
muscle [13] and RyR3 is found in several cell types
but was originally discovered in brain cells [14]. Most
disease-associated mutations render the channel
hypersensitive to activating stimuli such as Ca2+

on either the luminal or the cytosolic side of the
receptor.
Structural investigations of the tetrameric channel

by cryo-electron microscopy (cryo-EM) [15–20] and
folded domains by X-ray crystallography [21–27]
have provided insight into how RyRs function and
how disease-associated mutations might affect
this function. A study by Tung et al. showed that
the majority of mutations found within the first 559
residues of RyR1 (RyR1-ABC) are clustered at
intersubunit and intrasubunit interfaces rather than
being buried within the folded domain cores [25]. The
“hot-spot” loop (HS-loop) is the location of over half
the mutations found within the A domain of the RyR1
and forms an interface with domain B from an
adjacent subunit. An investigation of the position of
the RyR1-ABC region in open and closed cryo-EM
maps suggests that this interface is severely altered
during channel opening and acts as a brake on
channel opening [28]. Another study investigated a
mutation involving elements within the A domain that
are deleted in a severe form of CPVT [23]. The
removal of exon 3 in RyR2 (RyR2A Δ3) results in a
35-residue deletion (N57-G91) that does not desta-
bilize the protein or cause misfolding. Surprisingly,
the β-trefoil fold of this domain is rescued by the
transformation of the preceding region of unknown
structure into the missing β-strand; moreover, this
insertion increases the thermal stability [22,23].
Docking studies reveal that the deleted portion of
Please cite this article as: Amador Fernando J., et al, Type 2Ryanodi
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RyR2 is at an interface with an electron dense region
that connects to the transmembrane region of the
receptor [23].
Despite progress in locating disease-associated

mutations within the structurally resolved N-terminal
RyR domains and relative to the tetrameric as-
sembly of the channel, the structural and dynamical
consequences of the mutations are not well under-
stood. Here, we use solution nuclear magnetic
resonance (NMR) spectroscopy and X-ray crystal-
lography to examine the effect of ARVD2-associated
(i.e., R176Q) and CPVT-associated (i.e., P164S,
R169Q and delta exon 3) mutations on the structure
and dynamics of RyR2A. Remarkably, our solution
NMR data elucidated the presence of a previously
unresolved α-helix in wild-type RyR2A; further,
docking of our X-ray crystal/NMR hybrid structure
into the cryo-EM map of RyR1 revealed that this
helix resides in close proximity to electron dense
“columns” projecting toward the channel pore. In
solution, this α-helix rescues the β-strand deleted in
RyR2A Δ3 but remains dynamic in HS-loop mutant
proteins (i.e., P164S, R169Q and R176Q). Muta-
tions in the HS-loop cause structural changes within
the A domain largely localized to the loop itself,
which presumably cause dysfunction via perturba-
tion of intersubunit HS-loop:domain B interfaces.
Our studies show that ARVD2 and CPVT mutations
found in the A domain result in at least two different
structural consequences that are presumably linked to
the functional defects found in the mutated channels
[29,30].
Results

RyR2A forms a dynamic α2 helix in solution

A construct encompassing residues 10–224 in
mouse RyR2 was used in solution NMR experiments
to assign the protein backbone atoms of RyR2A.
Deuteration and transverse relaxation optimized
spectroscopy (TROSY)-based experiments were
implemented to ameliorate spectral crowding and
broadened signals undergoing chemical exchange.
Assignment of the 1H–15N TROSY–heteronuclear
single quantum coherence (HSQC) spectrum was
achieved for approximately 88% of observable
cross-peaks (Fig. 1a).
A chemical shift index (CSI) plot derived from the

present solution NMR Cα and Cβ chemical shifts of
RyR2A revealed a previously invisible α2 helix that
is absent in the crystal structure of RyR2A (Fig. 1b).
This supplementary helix spans a 10-residue stretch
from V95 to T104 within a 12-residue insertion
specific to the RyR2 sequence compared to RyR1
and RyR3 (Fig. 2a). All other secondary structural
elements extracted from the CSI of RyR2A were in
neReceptorDomainAContains aUnique andDynamicα-Helix That
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Fig. 1. Protein backbone assignment and CSI of RyR2A.(a) 1H–15N TROSY–HSQC spectrum of 15N/13C/2H-labeled
RyR2A 10–224. Assignment was achieved for 88% of the protein backbone. The inset shows a zoomed view of the
crowded region of the HSQC. Cross-peaks connected by square brackets are derived from the same residue in two
conformations (i.e., in chemical exchange) with orange peaks corresponding to the minor population. Peaks (L133, G155,
H193 and W212) that were analyzed using zz-exchange spectroscopy experiments (Supplementary Fig. 1) are
designated by an asterisk. (b) The CSI was generated using Cα and Cβ chemical shifts of assigned residues. β-Strands,
α-helices and random coils are indicated by large negative, large positive and small CSI values, respectively. Residues
encompassing the newly discovered α2 helix are colored red. The secondary structure elements, which are derived only
from the present solution NMR data (i.e., CSI), are shown above in cartoon format.

3RyR2A contains a unique α2 helix
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Fig. 2. X-ray crystallography/NMR hybrid model.(a) A sequence alignment for residues 10–217 demonstrates a high
identity between RyR1A, RyR2A and RyR3A isoforms, with the exception of a 12-residue insertion, only present in RyR2.
The location of exon 3 and HS-loop residues is shown. Asterisks denote the location of HS-loop mutations. Secondary
structural elements derived from the X-ray crystallography/NMR hybrid structure are shown above the sequence. (b) The
20 lowest-energy backbone structures are shown for RyR2A. The newly identified α2 helix is colored red, and the HS-loop
and α1 helix locations are indicated.

4 RyR2A contains a unique α2 helix
excellent agreement with the previously solved
crystal structure [22].
The conservation of the number and location of

secondary structural elements between RyR2A in
solution and in the crystalline state allowed us to
generate an X-ray crystallography/NMR hybrid model
that includes the new α2 helix (Fig. 2b). The hybrid
structure was calculated using hydrogen bond, torsion
angle and distance restraints for the core RyR2A
domain extracted from the crystal structure and
combined with hydrogen bond and torsion angle
restraints derived from the chemical shift data of
RyR2A in solution. Alignment of the conserved
secondary structure components of the 20 lowest-e-
nergy hybrid structures revealed that the location of the
α2 helix exhibits a greater backbone RMSD compared
to the remaining secondary structure elements
(Fig. 2b). This increased variability is consistent with
theassessment of dynamics for this region (seebelow).
In our previous study, we observed that a number

of peaks in the RyR1 A domain (RyR1A) exhibited
peak doubling in 1H–15N HSQC spectra [21]. In this
Please cite this article as: Amador Fernando J., et al, Type 2Ryanodi
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study, we consistently observed peak doubling for
a large number of cross-peaks in 1H–15N TROSY–
HSQC spectra of wild-type and disease-related
mutants, P164S, R169Q, R176Q and Δ3 (Fig. 1a
and see below). To further test whether the peak
doubling was due to chemical exchange caused by
multiple protein conformations, we carried out a
zz-exchange experiment on RyR2A that showed a
build-up of exchange peak intensity and simulta-
neous decrease in auto peak intensity as a function of
mixing time, thereby confirming the relatively slow
chemical exchange phenomenon (Supplementary
Fig. 1). We also observed a negligible change from
low to moderately high temperatures on peak
doubling (i.e., ~9–30 °C) (Supplementary Fig. 2a),
suggesting that each conformation is moderately
stable. Ultimately, we quantified the peak doubling by
measuring the difference in the 1H and 15N chemical
shifts between each doublet to obtain a delta omega
(Δω) value (Supplementary Fig. 2b). Plotting a
gradient of Δω values on our hybrid structure
revealed that the highest values are concentrated
neReceptorDomainAContains aUnique andDynamicα-Helix That
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5RyR2A contains a unique α2 helix
on the face of the structure where the newly identified
α2 helix is located (Supplementary Fig. 2c). Since
folding is a highly cooperative process for compact
domains such as β-trefoils, the large Δω values
concentrated on β-strands far from α2 (Supplemen-
tary Fig. 2c) could be caused by propagation from β4
to other regions of the trefoil core. Taken together,
these data suggest that RyR2A slowly exchanges
between two moderately stable conformations in
solution and α2 undergoes the greatest change in
chemical environment.

HS-loop mutations in RyR2A cause local
perturbations in RyR2A structure

In order to investigate the structural impact of
disease-associated mutations located within the
HS-loop of RyR2, we solved the crystal structures of
RyR2A mutants, P164S, R169Q and R176Q, to
resolutions between ~2.15 and 2.55 Å (Supplemen-
tary Table 1). Because the conformation of the loop
might be affected by crystal contacts and thewild-type
RyR2Astructurewas solved in a different space group
(C2), we compared these structures with the previ-
ously published A77V mutant [22], which crystallized
in the same space group as the three hot-spot
mutants. A77V is located far away from the HS-loop
and is, therefore, not expected to impact the confor-
mation of the loop.
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 Ser likely
results in partial flexibility, as a portion of the loop
exhibitsweakelectron density (Supplementary Fig. 3a
and 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
R169Q, were not visible in the electron density,
consistent with the higher degree of flexibility
(Supplementary Fig. 3c and d). The R176Q mutation
facilitates the formation of a hydrogen bond between
Gln176 and Arg169. This interaction also positions
Arg169 for a salt bridge with Asp179; however,
several neighboring residues still showed missing
electron density (Supplementary Fig. 3e and f).
Although the HS-loops in the mutant proteins

appear partially flexible, as indicated by poor elec-
tron 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 these mutant structures [22]. Although
crystal contacts do not impart large structural
changes, the conformations of loops that are inher-
ently flexible can be particularly sensitive. Therefore,
we performed more detailed solution NMR experi-
ments to circumvent any effects by crystal contacts on
the HS-loop properties.
Please cite this article as: Amador Fernando J., et al, Type 2Ryanodi
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The spectra of the P164S, R169Q and R176Q
mutants were assigned by transference from wild-
type RyR2A and using 15N-resolved nuclear Over-
hauser 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, including the α2 helix by monitoring chem-
ical shift perturbations (CSPs) (Supplementary
Fig. 4a). Plotting the CSPs on the hybrid structure
of RyR2A revealed distinct magnitudes of structural
perturbations caused by each mutation (Fig. 3).
The P164S mutation resulted in the largest CSPs
for residues throughout HS-loop and for residues
immediately adjacent to the HS-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. It is noteworthy
that no mutation-induced structural perturbations
were observed in α2 despite the close proximity of
the C-terminal region of α2 to the HS-loop (Fig. 2a
and Supplementary Fig. 4b). 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 structure
analyses.

Residues in the α2 region undergo fast
internal motion

We acquired 15N–{1H} backbone relaxation data
to probe the dynamics of RyR2A. Plots of the
longitudinal (R1) and transverse relaxation (R2)
rates and steady-state 15N–{1H} NOE reveal several
areas of increased mobility. In particular, the N- and
C-terminal regions and the loops flanking the α2
helix exhibit increased R1, decreased R2 and
attenuated 15N–{1H} heteronuclear NOE ratios,
indicative of increased mobility (Supplementary
Fig. 5). The increased R1 and decreased 15N–{1H}
NOEs suggest that these regions are undergoing
fast dynamics on an approximate picosecond-to-
nanosecond timescale (Supplementary Fig. 5). The
P164S, R169Q and R176Q HS-loop mutants all
exhibited very similar relaxation parameter profiles
as the wild-type protein (data not shown).
We subjected the relaxation data for wild type and

the P164S mutant that showed the greatest CSPs
among the HS-loop mutants to a model-free analysis
in order to obtain parameters describing the internal
motion of the individual NH bond vectors (Fig. 4).
The generalized order parameter, S2, suggests that
the majority of RyR2A is rigid with an average S2

value of 0.86 ± 0.03; however, the two loops flanking
α2 demonstrate high mobility on an approximate
picosecond-to-nanosecond timescale as evidenced
by their lower S2 values (Fig. 4a). The internal cor-
relation time (τe) extracted for residues 85–109
neReceptorDomainAContains aUnique andDynamicα-Helix That
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Fig. 3. CSPs on RyR2A caused by the disease-associated P164S, R169Q and R176Q mutations.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, and the HS-loop is outlined in yellow. An asterisk shows the site of each
mutation.

6 RyR2A contains a unique α2 helix
(average of 15 ns), which correspond to α2 and
the two loops flanking the helix, demonstrates that
this entire region of RyR2A is undergoing fast
internal motions on an approximate picosecond-to-
nanosecond timescale compared to the overall
rotational motion of the protein (Fig. 4b). The higher
internal mobility of this region is consistent with the
lack of electron density observed for α2 in any crystal
structure of RyR2A and the variability observed
in the position of α2 in our hybrid structure. The
lack of systematically fitted and clustered Rex
values (Fig. 4c) suggests that the peak doubling
(i.e., chemical exchange) phenomenon is on a
slower timescale than the backbone relaxation ex-
periments, corroborated by the zz-exchange ex-
periments clearly demonstrating the exchange in
a greater than millisecond timescale. Surprisingly,
the P164S HS-loop mutation did not significantly
alter the model-free parameters within the HS-loop
or any other part of the structure compared to wild
type (Fig. 4a and b). Overall, the NMR backbone
relaxation data suggest that the globular domain
of RyR2A is relatively rigid with the newly identified
Please cite this article as: Amador Fernando J., et al, Type 2Ryanodi
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α2 helix and associated loop residues undergoing
fast internal motion.

Exon 3 deletion induces an α2 helix-to-β4
transformation in RyR2A

In order to calculate the CSI of RyR2A Δ3, we
required the relatively complete backbone assign-
ment. The 1H–15N TROSY–HSQC for the RyR2A
Δ3 protein was ~92% assigned using conventional
three-dimensional backbone experiments, exhibiting
a similar peak doubling/chemical exchange phe-
nomenon as wild type (Supplementary Fig. 6). The
CSI-derived secondary structure components were
in excellent agreement with the previously solved
crystal structure [23]. Comparison of the wild-type
RyR2A with the RyR2A Δ3 CSI data provides evi-
dence in solution for the rescue of the β-trefoil fold of
RyR2A via the remarkable α-helix-to-β-strand switch
(Fig. 5). We calculated the CSPs of RyR2A Δ3
relative to the wild-type spectrum and mapped them
as a gradient on the wild-type structure, demonstrat-
ing that the conformational changes are localized
neReceptorDomainAContains aUnique andDynamicα-Helix That
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Fig. 4. Backbone dynamics of wild-type and P164S RyR2A.(a) Plot of generalized order parameter, S2, derived from
model-free analysis. Lower values indicate dynamic regions of the protein on a fast timescale (picosecond to nanosecond).
(b) A plot of the internal correlation time, τe, outlines regions undergoing faster than average internal motions on an
approximate picosecond-to-nanosecond timescale. (c) Rex contributions are shown for residues undergoing slower
internal motions (approximately microsecond to millisecond). Secondary structure elements for RyR2A are shown above.
The mobile α2 region is outlined by a broken box.

7RyR2A contains a unique α2 helix
to the region involved in the switch mechanism
(Supplementary Fig. 7). Taken together, the RyR2A
Δ3 solution NMR data suggest that the core β-trefoil
fold remains largely unaltered despite the drastic
change in primary structure.
Backbone dynamics parameters were also ob-

tained for RyR2A Δ3 (Supplementary Fig. 8). RyR2A
Δ3 remains a relatively rigid protein with an average
S2 of 0.87 ± 0.2. However, in the case of this
deletion mutant, the loops flanking the rescued β4
strand exhibited increased dynamics on fast time-
scales (i.e., elevated R1 and decreased 15N–{1H}
NOEs). Increased mobility of residues in the loop
immediately after β4 (i.e., residues 104–109) as
indicated by systematically lower S2 values com-
pared to RyR2A was observed. The consistently
fitted τe values for residues 104–109 suggests that
this loop also undergoes fast internal motions rela-
tive to the global tumbling; further, the lack of fast
Please cite this article as: Amador Fernando J., et al, Type 2Ryanodi
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internal mobility for the rescued β4 is consistent with
this strand robustly stabilizing the trefoil structure as
a result of the exon 3 deletion.
Discussion

Mutation-driven structural alterations in theN-terminal
region of RyR1 have been implicated in malignant
hypothermia and central core disease pathophysiol-
ogies [25], in which the Ca2+ gating function of RyR1 is
compromised. We previously suggested that the
three key domains of the N-terminal region are
dynamically intermolecularly and intramolecularly
interacting with each other and that the mutations
may affect this interplay required for the gating
function of RyR1 [25,28]. In the present study, we
employed NMR and X-ray approaches to investigate
RyR2A, a cardiac isoform of the RyR proteins, which
neReceptorDomainAContains aUnique andDynamicα-Helix That
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Fig. 5. Rescue of β-trefoil fold in solution by the α2-to-β4 switch in RyR2A Δ3.Solution NMR evidence of an α2
helix-to-β-strand switch as a consequence of exon 3 deletion. Residues in exon 3 are colored black in the sequence.
Cartoon representation of the secondary structural elements is derived from X-ray crystallography structures and
solution-based NMR methods. CSI values are plotted for both wild-type RyR2A and RyR2A Δ3. (b) Important structural
elements involved in the α2 helix-to-β-strand switch are highlighted in the hybrid model of RyR2A (right panel). The
rescued β4 strand is shown in the crystal structure of RyR2A Δ3 (right panel) (PDB ID: 3QR5).

8 RyR2A contains a unique α2 helix
possesses a unique insertion in the A domain
(Fig. 2a). We show that the 12-residue insertion in
RyR2A forms a mobile α2 helix, not detected in the
X-ray structure of RyR2A due to its mobility [22]. Our
previous NMR study on RyR1A established that a
similar α2 helix does not form in the type 1 homologue
[21]; moreover, the absence of the α2 helix in RyR1A
and in RyR3A is consistent with deletion of the α2
forming residues in the RyR1A and RyR3A primary
sequences (Fig. 2a). Interestingly, a structurally
analogous helix within a similar helix–turn–helix
motif is found in the suppressor domain of IP3R1
despite a low sequence identity with RyR2A [31].
Structural alignment of our hybrid RyR2A structure
with the IP3R1 suppressor domain demonstrates
that the longer helix in IP3R pivots closer to the α1
Please cite this article as: Amador Fernando J., et al, Type 2Ryanodi
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helix than the range of orientations determined for
the present RyR2A hybrid structure (Supplementary
Fig. 9).
Previous docking studies highlighted two inter-

molecular interfaces involving domain A [23,25].
In the first interface, the HS-loop of domain A is
modeled in close apposition to domain B of an
adjacent subunit (Fig. 6) [23]. The exact position of
the domains across this intersubunit interface differs
between open and closed RyRs, and it is likely that
the interactions are significantly altered during
channel opening [25,28]. The precise conformation
of the HS-loop would, therefore, play a critical role
in defining this interface. Crystallographic, cryo-EM
and NMR data of the HS-loop suggest that it is
relatively rigid. Specifically, it is visible in the isolated
neReceptorDomainAContains aUnique andDynamicα-Helix That
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Fig. 6. Location of the RyR2A hybrid structure in the tetrameric cryo-EM map of full-length RyR1.(a) Side view of the
RyR2A hybrid model (blue) superimposed with the RyR1-ABC structure (PDB ID: 2XOA) docked on the 9.6-Å cryo-EM
map of “closed” RyR1 (EMDB code 1275). The B (green) and C (pink) domains from the N-terminal of RyR1-ABC are also
shown. Black arrows indicate the location of the α1 helix and α2 helix, which is colored red for clarity. The electron dense
columns are shaded cyan and outlined by a broken oval. (b) Top view of the docked RyR2A hybrid model. Small black
arrows indicate the location of the HS-loop region that is shown in yellow. The interface between A and B is indicated by a
broken line.
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A domain of wild-type RyR1 [21] and RyR2 [22] and
in RyR1-ABC [25] crystal structures, exhibiting low
backbone RMSD among structures; further, back-
Please cite this article as: Amador Fernando J., et al, Type 2Ryanodi
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bone dynamic parameters of RyR2A are consistent
with this rigidity (Fig. 4). Additionally, the docking of
RyR1-ABC into the tetrameric full-length receptor
neReceptorDomainAContains aUnique andDynamicα-Helix That
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10 RyR2A contains a unique α2 helix
implies restricted mobility due to steric limitations
(i.e., from the close apposition to domain B). The
CSPs observed for the HS-loop mutants are pri-
marily localized near the site of the mutation, and
only marginal global structure, stability and back-
bone dynamics changes are observed for these
mutant proteins, suggesting that local mutation-
induced alterations to the HS-loop may perturb this
important interface in disease-associated dysfunction.
The second interface is modeled between the α1

helix region of domain A and other RyR domains
not yet structurally elucidated at high resolution [23].
In order to find the location of the RyR2A α2 helix
in the tetrameric RyR structure, we first docked the
RyR1-ABC structure onto the map of tetrameric
RyR1 using the same unbiased protocol applied by
Yuchi et al. [26]. Subsequently, we superimposed
our hybrid structure onto the A domain of the docked
RyR1-ABC structure (Fig. 6a). In this orientation,
the α2 helix projects away from the cytosol and is
in close apposition to the electron dense region,
previously designated a “column” that extends
toward the transmembrane region [17,20]. The α2
helix, which is adjacent to α1, is the closest structural
element to the electron dense column connected to
the pore (Fig. 6a). Interestingly, the α2 helix of the
IP3R1 suppressor domain also projects toward the
transmembrane region in cryo-EM docking studies
[32,33]. Thus, it is tempting to speculate that α2
interacts with a downstream RyR2 segment in the
electron dense region in one of several interactions,
including those mediated by α1, that connect the
pore to the N-terminal domain. While this interaction
may render the α2 helix less dynamic compared
to the isolated RyR2A domain, the mobile nature of
α2 suggests an intrinsic ability to move, and this
movement may have important regulatory conse-
quences for the channel. The α2 helix interaction
may be specific for RyR2, conferring a distinct mode
of channel regulation compared to RyR1 or RyR3.
The peak doubling indicates chemical exchange
on a slow timescale, suggesting that the isolated
RyR2A domain accesses at least two conformations
of similar stability; further, the ability to access two
similarly stable conformations may be related to an
ancillary mode of regulating the channel specific to
RyR2 since peak doubling is not observed for
RyR1A.
In the RyR2A Δ3 mutant protein, the α2 helix is

transformed into a β-strand and sequestered in the
β-trefoil fold. This structural conversion preserves
wild-type-like rigidity in the β-trefoil core, consistent
with an energetically favorable α2-to-β4 transition
[23]. When the RyR2A Δ3 is studied in isolation,
structural perturbations associated with this deletion
mutation are limited to the regions involved in the
motif conversion. However, our cryo-EM docking
revealed that the location of the α2, which is omitted
in the exon 3 deletion mutant, coincides with the
Please cite this article as: Amador Fernando J., et al, Type 2Ryanodi
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interface between the mutation-rich N-terminal re-
gion and the “column” density immediately above the
transmembrane channel region (Fig. 6a). These
observations strongly argue that the exon 3 dele-
tion may affect the communication between the
N-terminal region and the channel domain via the
“column” density identified in the cryo-EM struc-
ture. Consistent with this notion, a recent study
revealed the functional consequences of removing
the 35 residues in exon 3 on Ca2+ release termi-
nation [30], which is a critical step in excitation–
contraction coupling and controlling cytosolic Ca2+

transients. Tang et al. demonstrated that RyR2
with the exon 3 deletion has a reduced luminal
Ca2+ threshold for Ca2+ release termination and
increased fractional Ca2+ release [30]. Consider-
ing the aforementioned structural analyses, we
suggest that these functional observations are due
to the uncoupling of a conformational linkage be-
tween the luminal Ca2+ sensing [34,35] function
and the cytoplasmic regulatory function, part of
which is played by the N-terminal region where
numerous mutations including the exon 3 deletion
have been identified.
Taken together, our data suggest that the HS-loop

and the RyR2A Δ3 mutations are detrimental
through a disturbance of the interfaces facilitated
by the formation of the tetrameric receptor and/or
regions involved in the allosteric regulation of the
receptor, rather than a global conformational desta-
bilization or structural change of domain A. Consis-
tent with this notion, the mutant RyR2A proteins
show a conservation in the backbone dynamics
with wild type, and the structural perturbations are
limited to the sites of mutation modeled in the
interfaces through docking experiments. Further,
high-resolution structural analyses are needed to
elucidate the precise mechanisms of interface pertur-
bation and the allosteric dysfunction they cause in
disease states.
Materials and Methods

Protein expression and purification of NMR samples

Cloning, expression and purification of mouse RyR2A
(10–224), HS-loop mutants (P164S, R169Q and R176Q)
and RyR2A Δ3 (10–217) were carried out as in Amador
et al. [21].

X-ray crystallography

Cloning, expression and purification of mouse RyR2A
(residues 1–217) HS-loop mutants (P164S, R169Q and
R176Q) for crystallography were performed as previously
described [22]. All crystals were obtained by the hanging-
drop vapor diffusion method using conditions described
previously for RyR2Amutants [22]. Data collection statistics
neReceptorDomainAContains aUnique andDynamicα-Helix That
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are available in Supplementary Table 1. Molecular replace-
ment was performed using Phaser [36] with a modified
structure of RyR2A A77V (PDB ID: 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 [37,38] and refinement with
PHENIX [39]. The final refinement statistics can be found in
Supplementary Table 1.
Backbone assignment of RyR2A and its
disease-associated mutants

Protein samples for NMR backbone analyses contained
0.4 mM and 0.6 mM uniformly 15N/13C/2H-labeled wild-
type and disease-associated mutant RyR2A, respectively.
NMR buffers consisted of 20 mM sodium phosphate
(pH 7.0), 300 mM NaCl, 5 mM DTT and 2 mM tris(2-
carboxyethyl)phosphine for wild-type and HS-loop mu-
tant RyR2A and of 20 mM sodium phosphate (pH 7.4),
300 mM NaCl, 5 mM DTT and 2 mM tris(2-carboxyethyl)
phosphine for RyR2A Δ3. All samples contained 10% (v/v)
D2O. All experiments were carried out at 288 K on an
800-MHz Bruker spectrometer equipped with a cryogeni-
cally cooled triple resonance probe. Experimental setup,
spectral processing and resonance assignment were
carried out as previously described [21]. In addition, 15N-
edited three-dimensional NOE spectroscopy–TROSY [40]
spectra were recorded for P164S and R169Q to aid with
backbone assignment.
X-ray crystallography/NMR hybrid model

Restraints for backbone φ and ψ torsion angles and
hydrogen bonds for the mobile α2 region (i.e., residues 85–
109) were derived from the backbone chemical shifts using
TALOS [41]. Coordinates from the RyR2A crystal structure
(PDB ID: 3IM5) were used to generate restraints for the
remaining residues of RyR2A. Both sets of restraints were
combined and used to anneal an extended polypeptide
chain in CNS [42] using the RECOORD scripts [43]. The
20 lowest-energy models out of 200 were chosen as a
representative ensemble.
15N Relaxation analysis

15N Relaxation data were collected on all samples at
282 K, employing TROSY versions of the T1, T2 and 15N–
{1H} NOE pulse sequences [44]. Relaxation delays for
RyR2A and the HS-loop mutants were as follows: T1: 10,
100, 400, 800 × 2, 1200 and 1600 ms; T2: 0, 15.84 × 2,
31.68, 47.52, 63.36, 79.2 and 95.04 ms. Delays used for
RyR2A Δ3 were as follows: T1: 10, 100 × 2, 200, 500,
1000, 1200 and 1600 ms; T2: 0, 15.84 × 2, 31.68, 47.52,
63.36 and 79.2 ms. Duplicate spectra were used to
estimate experimental error. Peak intensities were mea-
sured using SPARKY (University of California, San
Francisco). 15N–{1H} NOE experiments were carried out
in the presence and absence of a 3-s proton saturation
period before the 15N excitation pulse. Peak intensity
uncertainties were estimated from the noise level of the
two spectra. Relaxation rates and heteronuclear NOE
ratios were determined using the program Relax [45,46].
Please cite this article as: Amador Fernando J., et al, Type 2Ryanodi
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The relaxation data were analyzed according to the model-
free approach of Lipari and Szabo [47,48] using TENSOR2
[49].
Cryo-EM docking

The RyR2A hybrid structure was superimposed onto the
A domain of RyR1-ABC docked onto three different RyR1
cryo-EM maps (EMDB codes 1275, 1606 and 1607) as
previously described [25].
Accession numbers

The coordinates and structure factors of the crystal
structures have been deposited in the Research Colla-
boratory for Structural Bioinformatics database with PDB
accession codes 4KEI for P164S, 4KEJ for R169Q and
4KEK for R176Q. The X-ray crystallography/NMR hybrid
structural ensemble has been deposited in the Research
Collaboratory for Structural Bioinformatics database with
PDB accession code 2MC2, and the chemical shift assign-
ments have been deposited in the Biological Magnetic
Resonance Bank with accession codes 19424 and 19425.
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