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Chirasani VR, Xu L, Addis HG, Pasek DA, Dokholyan NV,
Meissner G, Yamaguchi N. A central core disease mutation in the
Ca2�-binding site of skeletal muscle ryanodine receptor impairs
single-channel regulation. Am J Physiol Cell Physiol 317: C358–
C365, 2019. First published June 5, 2019; doi:10.1152/ajpcell.
00052.2019.—Cryoelectron microscopy and mutational analyses have
shown that type 1 ryanodine receptor (RyR1) amino acid residues
RyR1-E3893, -E3967, and -T5001 are critical for Ca2�-mediated
activation of skeletal muscle Ca2� release channel. De novo missense
mutation RyR1-Q3970K in the secondary binding sphere of Ca2� was
reported in association with central core disease (CCD) in a 2-yr-old
boy. Here, we characterized recombinant RyR1-Q3970K mutant
by cellular Ca2� release measurements, single-channel recordings,
and computational methods. Caffeine-induced Ca2� release studies
indicated that RyR1-Q3970K formed caffeine-sensitive, Ca2�-con-
ducting channel in HEK293 cells. However, in single-channel record-
ings, RyR1-Q3970K displayed low Ca2�-dependent channel activity
and greatly reduced activation by caffeine or ATP. A RyR1-Q3970E
mutant corresponds to missense mutation RyR2-Q3925E associated
with arrhythmogenic syndrome in cardiac muscle. RyR1-Q3970E also
formed caffeine-induced Ca2� release in HEK293 cells and exhibited
low activity in the presence of the activating ligand Ca2� but, in
contrast to RyR1-Q3970K, was activated by ATP and caffeine in
single-channel recordings. Computational analyses suggested distinct
structural rearrangements in the secondary binding sphere of Ca2� of
the two mutants, whereas the interaction of Ca2� with directly
interacting RyR1 amino acid residues Glu3893, Glu3967, and Thr5001

was only minimally affected. We conclude that RyR1-Q3970 has a
critical role in Ca2�-dependent activation of RyR1 and that a missense
RyR1-Q3970K mutant may give rise to myopathy in skeletal muscle.

central core disease; homology modeling; ryanodine receptor; sarco-
plasmic reticulum; single-channel recording

INTRODUCTION

The skeletal muscle (RyR1) and cardiac muscle (RyR2)
ryanodine receptor Ca2� release channels are responsible for
intracellular Ca2� release from sarcoplasmic reticulum (SR)

during muscle action potential. The RyRs are homotetramers
of ~5,000 amino acid subunits that have multiple regulatory
sites for physiological and pharmacological effectors (6, 13,
19). RyRs are activated by micromolar Ca2� and millimolar
ATP and caffeine and inhibited by millimolar Ca2� and Mg2�.
Calcium release through RyRs is critical for skeletal and
cardiac muscle contraction, and functional changes in the RyR
protein complexes have been implicated in human pathologies.
A large number of missense mutations are associated in RyR1
with malignant hyperthermia and central core disease (CCD)
and are associated in RyR2 with catecholaminergic polymor-
phic ventricular tachycardia (10–12, 14, 30). Structural anal-
yses of RyRs by crystallography and cryoelectron microscopy
(cryo-EM) have provided detailed insights into RyR structural
changes caused by disease-linked mutations and channel reg-
ulatory ligands (4, 5, 16, 24–26, 34–36).

The near-atomic resolution of the structure of purified RyR1
using cryo-EM and three-dimensional image analysis revealed
binding sites for the three RyR1 channel agonists Ca2�, ATP,
and caffeine (4). The Ca2�-binding site comprises amino acid
residues Glu3893, Glu3967, and Thr5001 that directly interact
with Ca2� and residues His3895 and Gln3970 that are part of the
secondary binding sphere of Ca2�. Mutagenesis and single-
channel recordings showed that the three amino acids directly
interacting with Ca2� play a critical role in Ca2�-mediated
activation of RyR1 (31). Single and double RyR1-E3893 and
RyR1-E3967 mutants were not activated by Ca2�, and RyR1-
T5001 mutant reduced the apparent affinity for Ca2�.

De novo CCD-linked mutation RyR1-Q3970K was identi-
fied in a 2-yr-old boy who was able to walk but not to run (28).
Morphological analysis indicated few cores and focal loss of
cross striations. Here, we tested the hypothesis that the CCD-
associated RyR1-Q3970K mutant and RyR1-Q3970E mutant,
corresponding to missense RyR2-Q3925E mutant, displayed
an altered Ca2�-dependent regulation. RyR2-Q3925E was re-
ported to be associated with arrhythmogenic syndrome in
cardiac muscle (18). Both RyR1-Q3970K and RyR1-Q3970E
mutants formed caffeine-sensitive, Ca2�-conducting channels
in HEK293 cells and displayed low channel open probability in
the presence of three RyR1-activating ligands, Ca2�, ATP, and
caffeine, in single-channel measurements. The results suggest
that altered regulation of RyR1-Q3970K by Ca2� and ATP
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may give rise to skeletal muscle myopathy and imply that
RyR2-Q3925E corresponding to RyR1-Q3970E is associated
with cardiac muscle myopathy.

MATERIALS AND METHODS

Materials. Protease inhibitors were obtained from Sigma-
Aldrich (St. Louis, MO), jetPRIME transfection reagent from
Polyplus (New York, NY), and phospholipids from Avanti Polar
Lipids (Alabaster, AL).

Preparation of mutant channels. Full-length rabbit RyR1 was
cloned into the mammalian expression vector pCMV5 (8). Rabbit
RyR1-Q3970K and -Q3970E mutations corresponding to human
RyR1-Q3969 were introduced by the QuikChange site-directed mu-
tagenesis method (Agilent, Santa Clara, CA) using Pfu-turbo DNA
polymerase and mutagenic oligonucleotides (7). Amino acid number-
ing is described using the rabbit sequence (29). Wild-type (WT) and
mutant RyR1s were transiently expressed in HEK293 cells using
jetPRIME according to the manufacturer’s instructions. Crude mem-
brane isolates were prepared from the transfected HEK293 cells in the
presence of protease inhibitors and 1 mM oxidized glutathione
(GSSG) as described (33).

SDS-PAGE and immunoblot analysis. Proteins in crude membrane
isolates of HEK293 cells (20 �g protein/lane) were separated using
3–12% gradient SDS-PAGE, transferred overnight to nitrocellulose
membranes at 4°C, and probed using primary rabbit anti-RyR1 poly-
clonal antibody 6425, prepared by �ProSci (Poway, CA) (31). Immu-
noblots were developed using horseradish peroxidase-linked second-
ary anti-rabbit IgG antibody (Cell Signaling, Danvers, MA), and
RyR1 proteins were quantified using Bio-Rad ChemiDoc MP Imaging
System and ImageQuant TL analysis software.

Cellular Ca2� release. Caffeine-induced Ca2� release in HEK293
cells was measured using the fluorescence Ca2� indicator Fluo-4.
Briefly, HEK293 cells expressing wild-type (WT) or mutant RyR1s
were grown on coverslips and incubated with membrane-permeable
Fluo-4-AM (31). After washing away excess extracellular Fluo-4 AM,
cellular Ca2� release was triggered by the addition of ~8 mM caffeine
and recorded in individual cells using Sola SEII Light Engine and NIS
Elements Software (Nikon Instruments, Melville, NY). We probed
nine coverslips for each genotype (WT, Q3970E, and Q3970K). On
each coverslip, 30–50 cells were examined.

Single-channel recordings. Single-channel activities of WT and
mutant RyR1s were recorded using the planar lipid bilayer method
(31). Crude membrane isolates were added to the cis (cytosolic)
chamber of a bilayer apparatus. Channel activities were measured
using 0.25 M KCl and 20 mM K-HEPES, pH 7.4 on both sides of the
bilayer, 2 �M trans (SR luminal) with indicated cis (cytosolic) Ca2�

concentrations and additions. The trans side of the bilayer was defined
as ground. Electrical signals were filtered at 2 kHz, digitized at 10
kHz, and analyzed at 50% threshold setting (31). Data acquisition and
analysis of 2-min recordings were performed using pClamp software
(Molecular Devices, San Jose, CA).

Computational methods. The structures of the Ca2�-binding site in
RyR1-Q3970E and RyR1-Q3970K mutants were modeled by per-
forming in silico amino acid substitutions in closed (PDB: 5TAQ) and
open (PDB: 5TAL) RyR1-WT cryo-EM structures in the presence of
Ca2�, ATP, and caffeine. Prior to mutagenesis, the missing residues
and atoms were relocated in both open and closed RyR1 structures
through homology modeling. Subsequently, in silico mutations at
chosen residue positions in RyR1 were performed using the Mutagen-
esis tool in PyMOL molecular visualization suite (https://pymol.org/
2/) (3). During mutagenesis, the side-chain orientations of the substi-
tuted residues were selected based on 1) backbone dependency and 2)
minimum clash score. The mutant RyR1 structures RyR1-Q3970E
and RyR1-Q3970K were subjected to energy minimization by em-
ploying steepest descent and conjugate gradient algorithms in the
GROMACS 4 package (9). Thus, generated optimal structures of
RyR1-WT, RyR1-Q3970E, and RyR1-Q3970K in both closed and
open conformations were analyzed and compared for loss/gain of
interactions in Ca2�-binding pocket, up to the second coordination
sphere of Ca2�, as described previously (31).

Biochemical assays and data analysis. Free Ca2� concentrations
were determined using a Ca2�-selective electrode. Free Ca2� con-
centrations following the addition of 2 mM ATP were calculated
using MaxChelator (https://web.stanford.edu/~cpatton/downloads.
htm) and constants from the Theo Schoenmakers’ Chelator (27). Data
are presented as the mean � SE. Differences between samples were
analyzed using ANOVA followed by Tukey’s test, where P � 0.05
was considered significant.

RESULTS

In addition to three RyR1 amino acid residues (Glu3893,
Glu3967, and Thr5001) that directly bind Ca2� (31), Gln3970 is
part of the secondary coordination sphere of the Ca2�-binding
site conserved in RyR1 and RyR2 (Fig. 1) (4). To assess the
significance of Gln3970 in Ca2�-dependent activation of RyR1
in skeletal muscle central core disease pathology (28), we
expressed RyR1-Q3970K in HEK293 cells and characterized
recombinant mutant proteins by using a cellular Ca2� release
assay, single-channel recordings, and computational methods.
We also prepared and characterized RyR1-Q3970E mutant,
which corresponds to the RyR2-Q3925E mutant identified in a
patient with arrhythmogenic syndrome (18). Some RyR1-WT
data were previously published using the methods described in
the present report (31).

Characterization RyR1-Q3970K and -Q3970E in HEK293
cells. Quantitative analysis of immunoblots showed specificity
of the RyR1 polyclonal antibody for RyR1 (Fig. 2A, left).
Protein levels of RyR1-Q3970E exceeded WT by 10- to
20-fold, whereas RyR1-Q3970K was twofold greater than WT
(Fig. 2A, right). HEK293 cells expressing RyR1-E3893 or
RyR1-E3967 also expressed at elevated levels compared with

Fig. 1. Location of Ca2�-, ATP-, and caf-
feine-binding sites of open type 1 ryano-
dine receptor-wild type (RyR1-WT; PDB
code 5TAL). Protein structure is shown as
a transparent surface. Ca2�-, ATP-, and
caffeine-binding sites are shown in green,
red, and blue, respectively. Inset: structure
of Ca2�-binding site of open RyR1-
Q3970K mutant in the presence of Ca2�,
ATP, and caffeine. [Modified from Xu et
al. (31) with permission.]
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WT (31). The functional expression of RyR1 mutants was
determined using fluorescent Ca2� indicator Fluo-4 and RyR1
agonist caffeine (Fig. 2B). Both RyR1-Q3970K and RyR1-
Q3970E exhibited caffeine-dependent intracellular Ca2� tran-
sients in intact HEK293 cells, indicating the expression of

Ca2�-conducting channels. A variable caffeine-induced Ca2�

release was observed in 40 � 6% of HEK293 cells (n � 9)
transfected with RyR1-WT. As previously reported (31), the
variable response may have resulted from uneven exposure to
caffeine and removal of released Ca2� from the cells. The
number of RyR1-Q3970E and RyR1-Q3970K cells responding
to caffeine was significantly less than WT (12 � 5%, n � 9,
P � 0.005) and 14 � 4%, n � 9, P � 0.005), respectively,
despite the expression of elevated protein levels of both mu-
tants compared with WT.

Single-channel analysis of mutant RyR1s. The lipid bilayer
method was used to determine the regulation of RyR1-Q3970E
and RyR1-Q3970K by endogenous activating ligands Ca2�

and ATP and exogenous ligand caffeine. Membrane isolates
were fused with lipid bilayers, and single-channels were re-
corded using 0.25 M KCl on both sides of the bilayer, taking
advantage of the impermeability of RyR1 to Cl� and high
permeability to K� compared with Ca2�.

Single open-channel probability (Po) of WT and mutant
RyR1s was determined at various cis cytosolic Ca2� concen-
trations. Figure 3 shows representative single-channel traces of
RyR1-WT (Fig. 3A), RyR1-Q3970E (Fig. 3B), and RyR1-
Q3970K (Fig. 3C) at cytosolic Ca2� ranging from 0.01 �M to
1 mM. RyR1-WT exhibited a typical bimodal Ca2�-dependent
activation and inactivation profile with peak at ~20 �M Ca2�,
which indicated the presence of high-affinity Ca2� activation
and low-affinity Ca2� inactivation sites (Fig. 3D). RyR1-
Q3970E exhibited a low Po compared with WT and shifted
Ca2� activation rightward. RyR1-Q3970K exhibited very low
open probability (Po) at all tested Ca2� concentrations. A
bimodal Ca2� activation/inactivation profile comparable to
WT suggested that the Q3970K mutation did not markedly
alter RyR1 Ca2� affinity at activation and inactivation sites
(Fig. 3D, inset). The single-channel K� conductance for both
mutants was essentially the same as for RyR1-WT (776 � 17
pS, n � 8, for WT; 763 � 7 pS, n � 7, for Q3970E; and
720 � 23 pS, n � 4, for Q3970K; not shown).

Next, we tested whether mutant RyR1s can be activated by
the two RyR agonists caffeine and ATP (19). To compare
single-channel activities with the RyR1 structural models de-
termined by cryo-EM, Ca2�, caffeine, and ATP concentrations
were used as reported by des Georges et al. (4). Single channels
were recorded in the presence of 30 �M cytosolic Ca2� at three
different conditions: 1) without caffeine or ATP, 2) with 5 mM
caffeine, and 3) with 5 mM caffeine and 2 mM ATP (Fig. 4,
A–C). In the presence of 5 mM caffeine, single-channel open
probabilities of WT was 1.3-fold higher than Ca2� only (av-
erage Po were 0.20 and 0.26), and RyR1-Q3970E was 30-fold
higher (Po were 0.0003 and 0.009) (Fig. 4D). In the presence of
both caffeine and ATP single-channel open probabilities of
WT was 2.85-fold higher than 30 �M Ca2� (Po were 0.20 and
0.57), and RyR1-Q3970E was 123-fold (Po were 0.0003 and
0.037). No significant difference in Po was measured for
RyR1-Q3970K in the presence of 5 mM caffeine or 5 mM
caffeine and 2 mM ATP compared with 30 �M Ca2� only.

DISCUSSION

High-resolution cryo-EM and structural analysis of intact
RyR1 have shown that RyR1-Q3970 is part of a secondary
coordination sphere of Ca2�. De novo CCD-associated RyR1-

Fig. 2. Immunoblot and caffeine-induced Ca2� release by HEK293 cells
expressing wild-type (WT) and mutant type 1 ryanodine receptors (RyR1s). A:
immunoblots of HEK293 cells transfected with pCMV5 vector and RyR1-WT
expression vector (left), and 565 kDa RyR1-Q3970E, RyR1-Q3970K, and
RyR1-WT (right). The blots identified the RyR1 protein band by its absence
from the pCMV5 vector-transfected sample (left). B: Ca2� transients in
HEK293 cells expressing RyR1-WT (top), RyR1-Q3970E (middle), and
RyR1-Q3970K (bottom) as changes of Fluo-4 fluorescence before and follow-
ing the addition of 8 mM caffeine (arrow) to the bath solution. AU, arbitrary
units.
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Q3970K mutant exhibited a caffeine-induced Ca2� response in
HEK293 cells, indicating the expression of caffeine-sensitive,
Ca2�-conducting channels. In single-channel measurements,
activation by Ca2�, ATP, and caffeine was greatly reduced for
RyR1-Q3970K compared with WT. This suggests that RyR1-
Q3970K mutant channels underwent some structural changes
outside the cellular environment or required cofactors lost
during isolation. RyR1-Q3970E, which corresponds to RyR2-
Q3925E associated with arrhythmogenic syndrome in cardiac
muscle, also displayed a caffeine-induced Ca2� release in
HEK293 cells. RyR1-Q3970E was activated by Ca2� with
apparent reduced affinity and level of Ca2� activation com-
pared with WT. In contrast to RyR1-Q3970K, RyR1-Q3970E
maintained ATP and caffeine activation. However, the maxi-
mal open probability of RyR1-Q3970E in the presence of all
three activating ligands (Ca2�, caffeine, and ATP) was ~15-
fold lower than WT. Together, these findings suggest that the
two mutants formed loss-of-function channels in lipid bilayers.
Computational analysis of the two mutants suggested structural
rearrangements in the secondary binding sphere of Ca2�. On
the other hand, both RyR1 mutations only minimally affected
the interaction of Ca2� with RyR1 amino acid residues
Glu3893, Glu3967, and Thr5001 that directly interact with Ca2�

(Fig. 5).
Central core disease is a congenital skeletal muscle myop-

athy causing gradual muscle weakness after birth. In human

pathology, large cores in the center of skeletal muscle lacking
mitochondria and oxidative enzymes are observed (10). Thus
far, over 60 missense mutations in the RYR1 gene have been
reported to be associated with CCD (21), and a number of
human patients with these mutations are susceptible to malig-
nant hyperthermia, another RYR1-linked skeletal myopathy.
Using mutant RyR1 expressing dyspedic myotubes, two major
types of RyR1 mutants were proposed to mediate CCD: 1)
leaky RyR1 channel causing SR Ca2� store depletion, and 2)
loss-of-function RyR1 resulting in excitation-contraction “un-
coupling”. In both cases, reduced Ca2� release through the
mutant RyR1s caused muscle weakness (1, 2, 15).

Single-channel recordings have shown that CCD-associated
RyR1 mutations affect channel function by causing loss-of-
function ion conductances or gain-of-function gating activities.
Ion conductance mutants result in low or absent Ca2� conduc-
tance and are localized in the pore-forming carboxyl-terminal
domain (I4897T, G4898E, G4898R, and 	V4926-I4927 in
rabbit RyR1 sequence), but also include amino terminal do-
main mutants (R110W and R110W/L486V in rabbit RyR1
sequence) (15, 17, 32, 37). Gating mutants have essentially the
same single-channel Ca2� conductance but display an open
probability in single-channel recordings that results in “leaky”
RyR1 channels and SR Ca2� store depletion. Examples of
gain-of-function mutants are CCD-linked RyR1-	R4215-
F4217 (17), minicore myopathy mutant RyR1-N2283H (37),

Fig. 3. Effects of cytosolic Ca2� on type 1
ryanodine receptor-wild type (RyR1-WT)
and mutant channel open probability (Po).
A–C: representative single-channel cur-
rents of RyR1-WT (A), RyR1-Q3970E (B),
and RyR1-Q3970K (C) were recorded as
downward deflections from the closed
state (c–) in 250 mM symmetrical KCl at
�20 mV with 2 �M sarcoplasmic reticu-
lum (SR) luminal Ca2� and the indicated
cytosolic Ca2� concentrations. D: Ca2�

dependence of RyR1-WT, RyR1-Q3970E,
and RyR1-Q3970K channel open probabil-
ities. Data are the mean � SE of 3–21
recordings. Inset: open probabilities of
WT and Q3970K in a logarithmic scale.
[WT data in D were obtained from Xu et
al. (31) under recording conditions used in
the present report.]
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and likely RyR1-R164C and -Y523S, where the latter two
exhibited leakiness of stored Ca2� in skeletal myotubes or
HEK293 cells (1, 21). RyR1-Q3970K appears to be a rare
loss-of-function gating mutant. Recombinant homotetramer of
RyR1-Q3970K conducted Ca2� in HEK293 cells and, in con-
trast to conductance mutants (32), had a K� conductance
comparable to that of WT in single-channel recordings. Ca2�

conductance and Ca2�/K� permeability ratio could not be
determined due to low open-channel probability of RyR1-
Q3970K. The impact of the RyR1-Q3970K mutation on skel-
etal muscle excitation-contraction coupling may be further
clarified by future knock-in mouse experiments. One possibil-
ity may be that the RyR1-Q3970K mutation will reduce the
depolarization-induced Ca2� release via an impaired secondary
Ca2�-induced Ca2� release mechanism.

Using a [3H]ryanodine ligand-binding assay, Murayama et
al. (22) showed that, in the presence of 1 M NaCl, RyR2-
Q3925E, which corresponds to RyR1-Q3970E, shifted the
Ca2� activation curve to the right without reducing maximal
activity at millimolar Ca2�

. In our single-channel recordings,
RyR1-Q3970E exhibited reduced affinity of Ca2� activation

and peak activity at 100 �M Ca2� compared with WT at 20
�M Ca2�. The differences in peak activities may have resulted
from isoform-specific differences between skeletal and cardiac
muscle RyRs and the high salt concentration used in the
[3H]ryanodine-binding assay. High salt concentrations are
known to enhance RyR channel activity and levels of bound
[3H]ryanodine (20, 23). In addition, we found for the first time
that RyR1-Q3970E maintained ATP and caffeine activation,
although open probability of RyR1-Q3970E in the presence of
three channel activators Ca2�, ATP, and caffeine was low
compared with WT. The impact of low open-channel proba-
bility on cardiac cellular Ca2� signaling and the arrhythmo-
genic syndrome remain to be determined.

Our mutagenesis experiments have shown that glutamine
substitution with lysine greatly reduced Ca2�-mediated chan-
nel activity, and substitution with glutamate, carrying an op-
posite charge to lysine, decreased the apparent affinity of
activating Ca2�. Computational analysis using cryo-EM den-
sities (4) determined the structure of the Ca2�-binding sites
of Ca2�/ATP/caffeine-bound WT and mutant channels. In
the closed RyR1-WT channel in the presence of activating

Fig. 4. Effects of caffeine and ATP on type
1 ryanodine receptor- wild type (RyR1-WT)
and mutant channel open probabilities (Po).
A–C: representative single-channel currents
of RyR1-WT (A), RyR1-Q3970E (B), and
RyR1-Q3970K (C) were recorded as down-
ward deflections from the closed state (C–)
in 250 mM symmetrical KCl at �20 mV.
Luminal Ca2� was 2 �M. Cytosolic solu-
tions contained 30 �M Ca2� (top traces), 30
�M Ca2� and 5 mM caffeine (middle

traces), and 30 �M Ca2�, 5 mM caffeine,
and 2 mM ATP (bottom traces). Free Ca2�

was 5 �M in the presence of 5 mM caffeine
and 2 mM ATP as described under MATERI-
ALS AND METHODS. D: channel open proba-
bility in the presence of 30 �M cytoplasmic
Ca2� (open symbols), 30 �M Ca2� and 5
mM caffeine (shaded symbols), and 5 �M
Ca2� plus 5 mM caffeine and 2 mM ATP
(closed symbols). Data are the mean � SE
of 3–6 recordings. *P � 0.05 compa-
red with respective controls by one-way
ANOVA followed by Tukey’s test. [WT
data in D were obtained from Xu et al. (31)
under recording conditions used in the pres-
ent report.]
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ligands Ca2�, ATP, and caffeine, Gln3970 did not directly
interact with Ca2�, whereas Ca2� strongly interacted with
the side-chains of Glu3893, Glu3967, and Thr5001. It is also
apparent from the Ca2�-binding site in Ca2�/ATP/caffeine-
bound closed WT and mutant channels that Ca2� has weak
interaction with the backbone carbonyl oxygen of Glu3893

(Fig. 5 and Table 1). Furthermore, our computational anal-
ysis indicated the presence of energetically favorable inter-
actions between His3895 and Gln3970, and between His3895

and Glu3893. Rearrangements in the primary and secondary
binding spheres of Ca2� may have stabilized open WT channel
states. These included loss of a weak interaction of Ca2� with

Fig. 5. Interactions of Ca2� with wild type (WT)
and mutant type 1 ryanodine receptors (RyR1s).
Shown are predicted interactions of Ca2� with WT
and mutant RyR1s in the presence of Ca2�, ATP,
and caffeine. Residues displaying electrostatic inter-
actions with Ca2� in the Ca2�/ATP/caffeine closed
(5TAQ) and open (5TAL) states are depicted in
stick representation. Backbone of RyR1 is shown as
a ribbon. Ca2� is shown as a green sphere. Strong
electrostatic interactions (distance �3.2 Å) are
shown as blue dashed lines and weak electrostatic
interactions (distance �4 Å) are shown as red
dashed lines between Ca2� and RyR1 residues.
Attractive and repulsive amino acid interactions
(distance �3.5 Å) are depicted as blue and green
dashed lines, respectively.

Table 1. Interactions between Ca2� and amino acids of WT and mutant Ca2� activation sites

Amino Acid Interactions

Ca2� Interactions
Class 5TAQ (Closed)

Distance, Å
Class 5TAL (Open)

Distance, Å Class 5TAQ (Closed) Distance, Å Class 5TAL (Open) Distance, Å Type

WT variant
E3893(OE1) 2.4 2.3 H3895(ND1) - Q3970(O) 3.0 H3895(ND1) - Q3970(O) 3.0 Attractive
E3893(OE2) 2.1 2.2 H3895(N) - E3893(O) 3.5 H3895(N) - E3893(O) 3.5 Attractive
E3893(O) 3.8 Q3970(OE1) - E3967(OE1) 3.3 Repulsive
E3967(OE1) 2.5 2.4
E3967(OE2) 2.2 2.3
T5001(O) 2.6 2.5

Q3970E variant
E3893(OE1) 2.4 2.3 H3895(ND1) - E3970(O) 3.0 H3895(ND1) - E3970(O) 3.0 Attractive
E3893(OE2) 2.1 2.2 H3895(N) - E3893(O) 3.5 H3895 (N) - E3893 (O) 3.5 Attractive
E3893(O) 3.8 E3970(OE1) - E3967(OE1) 3.3 E3970(OE1) - E3967(OE1) 3.0 Repulsive
E3967(OE1) 2.5 2.4
E3967(OE2) 2.2 2.3
T5001(O) 2.6 2.5

Q3970K variant
E3893(OE1) 2.4 2.3 K3970(NZ) - T3966(OG1) 3.9 K3970(NZ) - T3966(OG1) 3.8 Attractive
E3893(OE2) 2.1 2.2 K3970(NZ) - E3967(OE2) 2.9 K3970(NZ) - E3967(OE2) 2.6 Attractive
E3893(O) 3.8 K3970(O) - H3895(ND1) 3.0 K3970(O) - H3895(ND1) 3.0 Attractive
E3967(OE1) 2.5 2.4 H3895(N) - E3893(O) 3.5 H3895(N) - E3893(O) 3.5 Attractive
E3967(OE2) 2.2 2.3
T5001(O) 2.6 2.5

Strong electrostatic interactions (distance �3.5Å) are shown in Fig. 5 as blue dashed lines and weak electrostatic interactions (distance 
3.5Å) are shown as
red dashed lines between Ca2� and type 1 ryanodine receptor (RyR1) residues. Distances less than 3.5Å formed between inter-residues in RyR1-Q3970K are
shown as blue dashed lines; repulsive interactions are shown as green dotted lines. WT, wild type.
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Glu3893 carbonyl oxygen and gain of repulsive interaction be-
tween Gln3970 and Glu3967 in open channel states.

In closed- and open-channel RyR1-Q3970E and RyR1-
Q3970K structures, there were no marked changes in the
interaction of Ca2� with the side chains of Glu3893, Glu3967,
and Thr5001 (Fig. 5 and Table 1). Neither the negatively
charged glutamate in Q3970E nor the positively charged lysine
in Q3970K directly interacted with Ca2�. However, in RyR1-
Q3970E, there occurred a repulsive interaction between two
negatively charged Glu3970 and Glu3967. Further, additional
energetically favorable interactions formed by Lys3970 with its
neighboring residues Thr3966 and Glu3967 were observed in
RyR1-Q3970K (Fig. 5 and Table 1). These secondary struc-
tural changes and gain of interactions may be correlated to low
channel activities as observed in RyR1-Q3970K single-channel
recordings. Differences between the structural rearrangements
in the Ca2�-binding site of Q3970K and Q3970E variants are
consistent with the different single-channel activities of the two
RyR1 mutants.

Overall, our experimental and computational findings sug-
gest that RyR1-Q3970K and RyR1-Q3970E did not alter chan-
nel activity by modifying the strong interactions of Ca2� with
Glu3893, Glu3967, and Thr5001 but rather by causing secondary
structural changes in the presence of the three activating
ligands Ca2�, ATP, and caffeine. RyR1-Q3970 in the second-
ary coordination sphere of Ca2� appears to be involved in
Ca2�-dependent activation of RyR1. Our data also suggest that
RyR1-Q3970K is likely a CCD-associated loss-of-function
channel that conducts Ca2�, and functional characterization of
this mutation in skeletal muscle will provide further insights
into CCD pathology.
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